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Taylor Woodrow Construction has designed and constructed Major Contractor of the Year 2003
prestressed concrete oil storage structures that are operating Building Contractor of the Year 2003
successfully in the North Sea and we have carried out detailed designs
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Foreword

Steel storage tanks are an important and costly part of oil refineries, terminals, chemical plants
and power stations.

They should function efficiently and be trouble-free at their maximum storage capacity to ensure
that these installations can have their planned maximum production capacity.

A sudden, unexpected loss of storage capacity due to accidents will cause a serious handicap
for the production capacity of these installations and result in serious financial losses. It is
therefore essential that accidents with storage tanks should be avoided as much as possible.

Forthis purpose itis not only essential that designers have adequate knowledge and experience
of the design regulations and limits of storage tanks but also maintenance engineers and
operation-personnel should be efficiently aware of important and crucial details of the storage
tanks to avoid unexpected problems.

Thousands of steel storage tanks are operating at ambient temperature for oil and chemical
products in almost every country in the world. The reported accidents with those tanks are in
most cases caused by human errors or operational mistakes. Investigations demonstrate that
in many cases they could have been avoided through adequate knowledge of the personnel
involved.

Refrigerated steel storage tanks, for liquefied gases, eg. butane, propane and LNG are
operating at storage temperatures of respectively - 6 °C, - 45 °C and - 165 °C. Their number is
limited. The design and construction of such tanks is complicated and costly. Many special
requirements are given, in addition to or deviating from the regulations of tanks operating at
ambient temperatures.

For these tanks it is highly essential that designers, maintenance engineers and
operation-personnel should have adequate and accurate knowledge of all requirements and
crucial details. For such tanks, losses of capacity due to accidents would have very serious
consequences.

This book will be most helpful in supplying the knowledge required and should therefore be
available for designers, maintenance engineers and operation-personnel.

The guidance given is essential to ensure a trouble-free operation of the storage tanks. |
therefore sincerely hope that this book will find its way worldwide.

John de Wit

Ex-tank specialist of Shell, The Hague

Previously chairman of the tank committees of:
The British Standards Institution, London
The Engineering Equipment and Materials Users Association, (EEMUA), London
The European Committee for Normalisation, Brussels.
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How to use this book

Storage Tanks & Equipment is a practical reference book written for specifiers, designers,
constructors and users of ambient and low temperature storage tanks. It has been designed to
provide practical information about all practical aspects of the design, selection and use of
vertical cylindrical storage tanks. Other tank types are covered but in less detail. Although the
emphasis is on practical information, basic theory is covered.

The book is aimed at everyone who has technical problems as well as those wanfing to know
more about all aspects of tank technology and also those who want to know who supplies what,
and from where.

Storage Tanks & Equipment is not intended to be a comprehensive design manual, but
sufficient information is included to enable the reader to understand the design process and to
identify potential problem areas in tank type selection, fabrication and erection. The principal
Standards are covered and detailed comparisons between the main ones are given. The main
Codes™ include: BS 2654, BS 7777, API 650, API 620, prEN 14015 and prEN 14620. Other
Standards include those such as NFPA, DOT, IP, CEN, HSE etc.

Storage Tanks & Equipment can be used in a variety of ways depending on the information
required. For specific problems it is probably best used as a reference book. The detailed
contents section at the front of the book and in particular the Reference index, Chapter 29, atthe
end of the book, will simplify finding the appropriate topic. The introductions at the start of each
chapter will also provide valuable guidance. Technical and other references are listed at the end
of most chapters. Consulting these will lead to more references and hopefully sufficient
information to satisfy those who need to know more on any particular subject.

As a practical textbook, though, Storage Tanks & Equipment may be read from cover to cover to
obtain a comprehensive understanding of the subject. Of course, individual chapters may be
studied separately. Storage Tanks & Equipment follows a logical sequence, starting with a
general history of storage tanks, the design of tanks for the storage of products at ambient
temperatures together with sections covering material selection, fabrication, erection,
foundations, layout, venting, seismic design and operation of these tanks. There than follows a
parallel series of chapters which concern themselves with tanks for the storage of products at
low temperatures.

The various formulae used in Storage Tanks & Equipment have come from a large number of
sources and many of the formulae are well known, as is their use of the variables contained
within them. Rather than use a single system of variables in the book, which could give rise to
confusion, it was decided in all cases to define the variables local to the equations themselves.
Please note also that all pressures referred to throughout Storage Tanks & Equipment are
gauge pressures unless otherwise stated.

The Classification guide in Chapter 28 is an invaluable and important part of Storage Tanks &
Equipment. It summarises ambient and low temperature liquid storage tanks, classifying them
according to tank type, size or capacity, materials of construction, products stored, materials of
construction etc. Companies are listed alphabetically here and in the other sections including
ancillary products and services, by their country of origin. The information and data is for
guidance only. It is strongly recommended that direct contact with all companies be made to
ensure their details are clarified wherever necessary.

*Extracts from British Standards are reproduced with the permission of the British Standards Institution .

under licence number 2003SK/075. BSI publications can be obtained from BSI Customer Services, 389

Chiswick High Road, London W4 4AL. United Kingdom. (Tel + 44 (0)20 8996 9001).
Email: cservices@bsi-global.com.

Extracts from AP| Standards are reproduced courtesy of the American Petroleum Institute. To purchase
these AP publications, please contact Global Engineering Documents on the Web at

http://www.global.ihs.com.
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1 Introduction

Storage tanks are a familiar part of our industrial landscape. They are used to store a multitude
of different products and come in a range of sizes, from small to truly gigantic.

The transport of fluids such as oil, gas and water from their places of production or collection to
the end users is rarely a continuous process. Even in cases where there seem to be direct links
between the point of production and the point of use, such as gas from the United Kingdom's
suppliers in the North Sea where there is a direct pipeline from the offshore rig to the consumer,
the inability to match exactly production to consumption means that a pause in the overall
scheme must be introduced. For water the rate of collection is a weather dependent matter and
a pause is clearly a matter of necessity.

The ability to store large quantities of liquid and gaseous products was an essential element in
the development of a number of industries. The petrochemical industry and locally-based town
gas (i.e. gas made from coal) manufacturing facilities are those which most immediately come
to mind. The movement of crude and refined oil products from their places of origin to the
various markets would not be possible without the existence of economic and safe storage
facilities. Similarly from the mid 19th century onwards, the ability to store large guantities of
towns gas in gasholders was an essential link in the industrial chain. More recently the liquid
natural gas (LNG) trade, accounting for the bringing to markets of some 20% of the world's
natural gas, would not be possible without the development of large scale cryogenic storage
units at both export and import terminals.

In a processing plant such as an oil refinery, a chemical works or a food processing factory,
production pauses are often necessary at stages in the process, perhaps to allow reactions to
occur at different rates, or because products from differing intermediate processes must be
brought together for a finishing process. At the end of the production process, the product
cannot be immediately delivered to the customer and a further pause may be necessary to allow
a suitable batch of material to be accumulated for transport. All of these pauses create the need
for bulk storage.

Storage tanks are to be found constructed above ground, in ground and below ground. In shape
they are most usually of vertical cylindrical form, but also come in horizontal cylindrical,
spherical and rectangular forms. Products range from gases, liquids, solids and mixtures
thereof. Tanks for the storage of particulate solids are more usually known as silos.
Temperatures range from high temperature heated storage tanks (for products such as
bitumen) through to -163 °C for the storage of LNG and -196 °C for liquid nitrogen.

A wide variety of storage tank types exist, including those with fixed roofs, floating roofs, internal
roofs, with single walls, double walls and insulated tanks to name but a few.

Itis important to distinguish between storage tanks and pressure vessels. This at first appears
to be a difficult task, but help is at hand in the form of the European Pressure Equipment
Directive (97/23/EC) and the United Kingdom Pressure Equipment Regulations. Both of these
regulatory documents define pressure vessels as those vessels with a maximum allowable
pressure greater than 0.5 bar.

Note: All pressures in this book are gauge pressures unless stated otherwise.

Thus it is convenient to define storage tanks as vessels with a maximum allowable pressure
(which has been loosely taken by the industry to mean a maximum design pressure) less than
0.5 bar. The majority of storage tanks have design pressures much lower than this. For various
reasons which will be discussed later, low temperature tanks have increasingly tended to have
higher design pressures, but 500 mbar is still a sensible maximum. Various UK and European
design Codes share this view . The USA view is somewhat different and AP| 620 allows a
maximum design pressure of 15 psi (approximately 1000 mbar).

Pressure vessels are the subject of a companion volume in this series of publications entitled
European Pressure Equipment written by Simon Earland, ISBN 1 86058 345 8. Pressure
vessels will not be discussed in this book.

The companion books in the European Series confine themselves to European practices and
design Codes. In the case of storage tanks, this approach does not make sense. As will become
apparent, many of the major customers for the storage tank industry come from the
petrochemical industry which is very much American dominated. The majority of storage tanks,
including those constructed within the European Community, are specified and built to
American Codes. Storage Tanks & Equipment therefore will seek to cover the practices and
Codes of the UK, Europe and the USA.

As mentioned above the majority of storage tanks are of the vertical cylindrical type, constructed
of steel or of steel alloys and fitted with fixed or floating roofs for the storage of liquids at ambient
or low temperatures. It is to these tanks that this book will direct its main effort. Other tank types
will be discussed, but in less detail.
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2 History of storage tanks

Storage tanks in one form or another have been around for a long time. This Chapterincludes a
brief historical background describing how and why the current types of tanks have evolved.

Afewwords are devoted to in-ground tanks and to the transition from rivetted to welded tanks.
The historical development of the relevant American, British, European and some company
specific design and construction Codes are reviewed.

Contents:

2.1 Introduction

2.2 Water storage

2.3 Oil storage

2.4 Storage needs of the petrochemical and other industries

2.5 Gas storage

2.6 Refrigerated liquefied gas storage

2.7 Above ground and in/below ground systems

2.8 Rivetted and welded structures

2.9 History of design and construction regulations
2.9.1 American Standards
2.9.2 British Standards
2.9.3 European Standards
2.9.4 Other European national Standards
2.9.5 Related Standards
2.9.6 The EEMUA Standard
2.9.7 Company Standards
2.9.7.1 Shell Standards
2.9.7.2 Chicago Bridge Standards
2.9.7.3 Exxon Standards
2.9.8 Standards for non-petrochemical products

2.10 References
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2 History of storage tanks

2.1 Introduction

This Chapter provides a brief resume as to why the need for lig-
uid storage has come about and the driving forces which have
caused the storage systems to increase in size and change in
form with the passage of time.

2.2 Water storage

The need for the storage of water for domestic and other rea-
sons has played a relatively minor part in the development of
modern storage tanks.

Water is easily stored in reservoirs making the best use of local
geographic features, clay-lined excavations or indeed in under-
ground features accessed by wells.

Water storage tanks designed to provide a suitable pressure for
local distribution systems are not uncommon. In the UK these
frequently take the form of concrete tanks on elevated support-
ing structures located at the highest point that the local land-
scape will allow. These are usually of relatively modest
capacity.

Elevated rectangular steel tanks of the Braithwaite type are
also a common sight in industrial settings and airfields, again
with the purpose of providing a suitable head of water.

In the USA and in particular in the flat landscapes of the mid-
west, water towers have been used to advertise the products
for which the particular town is best known. Hence water towers
in the form of beer cans, pineapples and other unlikely items
can often be seen. Figure 2.1 shows a typical example of such
a water tower.

Figure 2.1 An unusual water tower
Courtesy of Chicago Bridge & Iron Company (CB & I)

The USAis also the main home of the prestressed concrete wa-
ter tank. Usually these are of the Preload wire wound type. Fig-
ure 2.2 shows such a tank.

Water storage for industrial use is common, especially at power
stations but despite this the real reasons for the rapid increase

4 STORAGE TANKS & EQUIPMENT

Figure 2.2 Wire-wound concrete water tank
Courtesy of Preload Inc

Figure 2.3 A 45 m diameter water tank
Courtesy of Whessoe

in the number and size of storage tanks lies elsewhere. Figure
2.3 shows a water tank of 45 m in diameter at the Peterhead
power station in Scotland.

2.3 Oil storage

The first successful oil wells in the USA were generally agreed
to have been drilled in Titusville, Pennsylvania in 1859. In Rus-
sia and Romania the first wells were drilled in 1860 and in the
Dutch East Indies in 1865.

Oil-based products prior to the drilling of wells came from a vari-
ety of sources and were used in modest quantities. In addition
to animal and vegetable sources, the distillation of naturally oc-
curring mineral oil, often in the form of oil bearing shales, and
the residual tars from gasworks, were the starting off point for
the lighter oil products required for domestic lighting amongst
other uses.

The drilling of the first wells in the USA were driven by the needs
for cheaper sources of oil-based products, in particular kero-
sene, or paraffin as it is known in the UK. The dramatic expan-
sion of the oil industry in the USA following the drilling of the
early wells is well recorded. The formation of Standard Oil by
John Raockefeller in 1870, led to this company dominating the
industry from wellhead, through the refining process to the dis-
tribution and marketing of the finished products. Standard Oil
not surprisingly eventually fell foul of the US antitrust laws and
was broken up in 1911 into 34 separate and independent com-
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panies. Many of these companies continue to exist to this day
as household names such as Exxon, Mobil, Chevron, Texaco to
name but a few.

Oil from the early wells in the US was placed in whisky barrels,
these being a readily available receptacle at the time. The
wooden barrels were not entirely suited to the storage of oil.
They were originally designed for the storage of aqueous fluids
which caused the wooden staves to swell and become progres-
sively more leak tight. Oil did not have a similar effect and de-
spite efforts to coat the insides of the barrels with glue, leakage
caused by lack of tightness and mechanical damage was
always a problem.

A report of the time records that at Vacuum Qil's Wandsworth
works in the UK, barrels were stored in a field and during the
summer they would dry out and leak. Eventually the ground be-
came oil logged and pits had to be dug to recover the leaked oil.
Figure 2.4 shows the piles of wooden barrels at Vacuum Qil's
Millwall works.

Courtesy of Amadeus Press Ltd

Despite the drawbacks, wooden barrels were popular with cus-
tomers providing a convenient means of storage; the general
rule being that the barrel could be kept for one week before
charges were imposed. They were also of appropriate size and
weight for the transportation systems of the time.

Large depots included cooperages, barrelling sheds and stack-
ng grounds where wooden barrels could be steam-cleaned,
re-glued and stacked prior to being returned to service.

The wooden barrels were eventually replaced by steel barrels
of 42 US gallon capacity. The barrel is to this day the most
widely used measure of volume for oil based products. One US
oarrel = 0.159 cubic metres.

As late as 1921 it was reported that “..the barrel remains the
one means of transporting and keeping oil in small volumes, al-
ough they are far from satisfactory as regards leakage.
~nglo-American alone have half a million barrels in circula-

)

aon...... "

The inconvenient fact that in general oil is found where there is
no call for its immediate use, inevitably gave rise to the need to
orocess, store and transport the various oil based products.
=efineries were originally located close to the producing fields
2nd the refined products transported to their markets.

Originally the bulk of the demand was for “illuminating oil” (Ker-
osene). As gas and electricity took the place of this oil deriva-
“ve, the demand turned to lubricating oil, fuel oil and motor
spirit. The spectacular increase in demand for the latter product
=d to refineries being gradually moved to the market end of the
supply chain, where the various oil based products were pro-
Zuced and distributed, largely by rail in the first instance. Anin-

2 History of storage tanks

Year Site Owner Number off | Diameter | Height
(feet) (feet)
1896 | Hull Crichton's Qil 1 78 30
1898 | South Shields Anglo Caucasian Oil 1 80 30
1898 | Sunderland Anglo American Oil 1 70 30
1897 | Manchester Lane and Macaudrew 1 80 38
1897 | Manchester Lane and Macaudrew 1 78 30
1897 | Eccles Lane and Macaudrew 2 80 38
1898 | Eccles Angle Caucasian Oil 1 86 k)
1899 | Hull Anglo Caucasian Ol i 70 35
1801 | Thameshaven LATHOL 3 77 39
1901 | Thameshaven LATHOL 1 7 29
1801 | Thameshaven LATHOL 1 68 30
1901 | Thameshaven Caucasian Petroleum 1 95 39
1902 | Purfleet Anglo American Oil 1 70 30
1802 | Manchester Anglo American Oil 1 70 30
1902 | London A.Stuarl 1 110 33
1802 | Silvertown J.Wilson 1 80 40
1903 | Foynes Consolidated Petroleum 1 80 30
1803 | London Caucasian Petroleum 1 70 30
1904 | Manchester General Petroleum 2 77 39
1907 | Grangemouth Anglo American Oit 1 70 30
1908 | Portishead British Petroleum 1 85 30
1908 | Portishead British Petroleum 2 60 30
1908 | Thameshaven LATHOL 2 7T 39
1910 | Felixtowe Jacobs and Barringer 2 73 28
Figure e 2.5 A list of early storage tanks supplied by Whessoe
Courtesy of Whessoe
Year Site Number | Diameter | Height
{feet) (feet)

1804 | Portland 2 90 ar

1905 | Portland 1 80 37

1907 | Gosport 4 90 37

1807 | Portland 2 90 37

1908 | Plymouth 4 90 37

1910 | Portland 2 20 a7

1911 | Portsmouth 4 80 37

1913 | Pembroke 2 90 37

1913 | Haulbowline 2 90 37

1913 | Invergordon 17 90 37

1914 | Invergordon 3 90 37

1916 | Perth 1 70 30

1916 | Immingham 1 82 30

1916 | Immingham 2 93 30

1919 | Portland 1 g0 37

Figure e 2.6 A list of early tank suppliers to the Admiralty
Courtesy of Whessoe

teresting book on this subject is entitied Oil on the rails (Refer-
ence 2.1). Storage tanks of ever increasing capacity were an
essential element of this business and the listing of early tanks
supplied by Whessoe (Figure 2.5) bears witness to this.

Up to the turn of the 19th century, most non sailing ships were
fuelled by coal. Apart from the fact that “coaling” was hard and
filthy work detested by all involved, it also ensured that around a
quarter of any fleet was in port coaling up at any one time. In mil-
itary terms this was a matter of serious inconvenience. The Brit-
ish Royal Navy prompted initially by Lord Fisher, the First Sea
Lord, and later by Winston Churchill as First Lord of the Admi-
ralty, changed the fuel of its major ships to oil prior to the start of
the First World War. Oil fuelling gave the added bonus of ships
being able to refuel at sea. The appearance of this new practice
gave rise to the naval fuelling depots around the coast of the UK
and the need for substantial reserves of storage capacity. This
is reflected again in the early list of storage tanks supplied by
Whessoe to the Admiralty, (Figure 2.6). Some of these tanks
are still in service.

Increasing use of and trade in oil products gave rise to ever in-
creasing requirements for transport and storage facilities. The
early trade in oil and refined products was shipped in loads of
around 5000 tons, carried in wooden barrels on tramp steam-
ers or sailing ships. The earliest bespoke ships were barges
used on the Caspian Sea to transport oil which was poured into
the hold. These leaked so badly that ballast was placed on the
decks to force the boat down and increase the water pressure
to limit or reverse the leakage. Marcus Samuel of Shell ordered
eight bulk oil carrying vessels of between 5000 and 6000 tons
capacity each, the first one in 1892. The subsequent burgeon-
ing in the number and size of oil tankers brought in turn corre-
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2 History of storage tanks

sponding changes in the number and size of shore-based stor-
age facilities.

As refining activities moved from the producing end of the chain
to the supply end, refineries grew up. In the UK the first was in
1916 at Shell Haven, producing bunker fuel oil for the British
Admiralty. Llandarcy followedin 1921 and in 1924 Shell opened
refineries at Stanlow, Grangemouth and Adrossan, all refining
imported crude oil.

The trend of increasing shipping capacity was for a while
matched by the capacities of land-based storage tanks, provid-
ing the convenience of one ship filling one storage tank. The ar-
rival on the scene of the Very Large Crude Carriers (VLCCs) of
up to 500,000 dwt brought this situation to an end.

The speed at which storage facilities were being required
around the world, particularly from the late 1950s up to the late
1970s gave rise the development of a standard range of tank
designs, an initiative by Shell. These pre-designed tanks
speeded up the ordering, fabricating and erection timescale for
the refinery builders and will be discussed later in Storage
Tanks & Equipment.

2.4 Storage needs of the petrochemical
and other industries

The gradual appearance of the petrochemical industry around
the world gave rise to the needs for storage of a much wider
range of, mainly, liquid together with some solid products. Most
were stored above ground in vertical cylindrical tanks. The
properties of the different products caused the types of tanks to
vary widely. Hence the development of heated tanks for bitu-
men storage, low temperature tanks for refrigerated liquid
gases, corrosion resistant tanks for aggressive products, clean
tanks for water, food and pharmaceutical materials, silos for
solids and special measures for toxic materials.

2.5 Gas storage

The early gas industry in the UK was based on the production of
coal gas in gasworks. Rather than transport the gas for large
distances from producer to user, it was more convenient to
transport the raw material (coal) and manufacture the gas close
to the user. Hence the growth of the gasworks in most towns of
any size in the UK.

As the production of gas was at best a batch process and as de-
mand was on an uneven daily, and indeed often a longer term
cycle, there arose a need to provide for buffer storage of gas.
There was also a need to maintain the gas in the distribution
system at a small positive pressure and it would be clearly be
convenient to the user if this pressure could be relatively
constant.

These two needs were admirably achieved by the evolution of
the gasholder, once a familiar landmark of most UK towns, but
perhaps less so these days. Incidentally, the gasholder seems
to have become one of the very few forms of storage tank to
have achieved a measure of affection in the eyes of the public,
several indeed to the point where they have become listed
buildings. The best known in the UK are perhaps the group
which could be seen on leaving King's Cross Station in London,
although sadly only one seems to have survived the current
building developments in the area.

The gasholders seem to have increased in capacity earlier and
faster than their liquid storage cousins and would have encoun-
tered and solved the various structural problems associated
with size at an earlier date.

The list in Figure 2.7 of early gasholders designed and con-
structed by Whessoe shows this, indeed the 180 ft diameter
tank at Newcastle, designed and constructed around the turn of

6 STORAGE TANKS & EQUIPMENT

Year Site Owner Number off | Diameter

(feet)
180
42

44

1891 | Redheugh Newcastle and Gateshead Gas Co.
1892 | Willington J.Coates

1893 | Stanley West Stanley Colliery

1893 | Durham Durham County Assylum 80
18084 | Easinglon Gas Light and Coke Co. 38
1895 | Blyth Biyth Gas Co. 86
1896 | Appelby Appleby Gas Co. 42
1896 | Huntley Huntley Gas Co. 45
1896 | Kilmamock Kilmarnock Gas Co. 100
1896 | Malton Maiton Gas Co. B4

1896 | Market Weighton | Market Weighton Gas Co. 42

R i el R e ek T i e

1895 | Pickering Pickering Gas Co. 45
1897 | Guisbobough Guisborough Gas Co. 45
1898 | Filey Filey Gas Co 60
1903 | Shildon N.E.Railway Co. 60
1905 | Tymemouth Tynemouth Gas Co, 15x%10° #°
1914 | Stanley West Stanley Colliery 118

Figure 2.7 A list of early gasholders
Courtesy of Whessoe

the last century, would even have been considered a big tank
some 50 years later. A 12 million cubic feet gasholder built in
Sydney, Australia, during the First World War was considerable
bigger with a diameter of 300 feet. Wet and dry seal gasholders
are discussed briefly in Chapter 27 of Storage Tanks & Equip-
ment.

2.6 Refrigerated liquefied gas storage

Products such as propane and butane were originally stored in
small quantities in pressure vessels or spheres. As the require-
ment came to store ever larger quantities of these products, the
pressure storage option became increasingly expensive and
unattractive from a practical and safety point of view. Low pres-
sure storage in refrigerated liquid form became the norm and
the development of these tanks in terms of their increasing size
and sophistication from a safety point of view will be covered in
detail in later Chapters.

Natural gas is a methane-dominated mixture of gases which is
often found with oil and used to be considered an inconve-
nience to the oilindustry. Consequently the gas was often flared
at the discovery site. Apart from being an economic nonsense
to waste such a useful and valuable raw material, it is now sen-
sibly considered environmentally unacceptable to burn large
quantities of gas. The growth of the world’s LNG trading from its
early days between Arzew in Algeria, Canvey Island in the UK
and Fos sur Mer in France, will be considered in the low temper-
ature section of this book.

As with the oil trading, the scale of activities has changed here
too. The first LNG carrier was Methane Pioneer which was a
converted liberty ship with a liquid capacity of 5000 m?. This
was followed by Methane Princess and Methane Progress
each of 27,400 m? capacity. The latest carriers are of up to
140,000 m3 in capacity. Similarly the first LNG tank at Canvey
Island was of 2000 m? capacity whilstin Japan an above ground
tank of 180,000 m? has been constructed and even larger tanks
are being discussed.

2.7 Above ground and in or below ground
storage systems

The bulk of the world's storage capacity for liquids is in the form
of above ground tanks of the vertical cylindrical type. Itis to this
type of tank that the majority of Storage Tanks & Equipment will
be devoted.

There are a number of areas where in ground storage is com-
monly adopted. One of these is petrol station forecourt tanks
storing petrol and diesel fuels for sale to motorists. These tanks
together with the smaller above ground tanks for the same pur-
pose are described in considerable detail in Wayne Geyer’s
book (Reference 2.2). There seems little point in revisiting this
type of tank in this book.
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Another use for such tanks is for the storage of aviation fuel,
particularly at military air bases, where the above ground stor-
age of such flammable products would represent unacceptable
risks.

Various products including LPG are stored in below-ground
caverns. These caverns are conventionally mined in suitable
rock and usually consist of interlinked horizontal tunnels of con-
stant cross-section. These can have storage capacities of up to
250,000m?3.

In Germany, a substantial part of the Federal Fuel Reserve is
stored in caverns in salt domes. Saltdomes are natural geolog-
ical phenomena and can be mined by a technique known as
“solution mining”. These can be gigantic as illustrated by
Figure 2.8.

All of these in and below ground storage solutions are briefly
described in Storage Tanks & Equipment.

2.8 Riveted and welded structures

Most of the early liquid storage tanks were constructed from
steel with riveted joints. API Standard 12A was the specification
for “Oil Storage Tanks with Riveted Shells” (it allowed either riv-
eted or welded bottoms) for tanks with capacities of between
240 bbl (38 m?) and 255,000 bbl (40,545 m?). The maximum
end of the capacity range represents quite a big tank even by to-
day's standards. Allowing for dead space at the bottom and top,
this is a tank of 55 m in diameter and some18 m in shell height.
Much of the technology came from the shipbuilding industry.

Welding progressively took over from riveted construction from
the late 1920s and riveted tanks became unusual from the late
1930s. The foreword to API 12A stated “at the November 1941
meeting the tank committee agreed that all committee activity
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Figure 2.8 Salt domes are natural geological phenomena; these can be
gigantic
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involving modifications and revisions of Standard 12A be sus-
pended". This was clearly the end of the line for riveted tanks.

The Standard was last issued in 1951 and any copy currently
provided bears the legend “copy provided for historical pur-
poses only”. The lengthy transition between the two metal join-
ing technigues owed much to a suspicion within the more con-
servative operators of storage tanks that the newfangled
welding was an unsuitable technique. This was based on a
number of sudden failures of early welded tanks. Electric arc
welding was not the closely controlled and well understood
technique that it is today and the importance of toughness in
preventing brittle fracture, particularly in the weld metal and the
heat affected zone, (HAZ), was not appreciated.

It is interesting that welded bottoms with riveted shells were al-
lowed. This is perhaps a tacit appreciation that the tank bottom,
with its very low operating stresses, is not susceptible to brittle
failure in the same way as is the more highly-stressed tank
shell.

API 12C, first issued in 1935, covered welded tanks. This Stan-
dard imposed a “nick break test”. This was a welded specimen
which had a notch or nick made in it and was then subjected to
an unquantified beating with a hammer. Brutal though this
sounds, it was an attempt to ensure some measure of tough-
ness in the welded joint, something that would be done by
Charpy V-notch testing today.

Although riveted tanks are now only of historical interest, the
reader of API 12A cannot fail to be impressed by the skills which
must have been required at the design, fabrication and erection
stages by the personnel involved with this type of tank. Even the
simple shell joints appear complex and fittings must have been
a nightmare to produce. Caulking of the shell (outside) and the
bottom (inside) is a requirement. Bottoms, as a matter of neces-
sity, had to be constructed at a height, and had the lower shell
course added and the whole assembly water-tested whilst still
supported.

2.9 History of the design and construction
regulations

The storage of large volumes of products which were in the
main highly flammable is a subject which was bound to attract
regulation and standardisation from a number of interested
parties.

2.9.1 American Standards

Tank owners, tank makers, fire officials and insurers in the USA
were the first to address this subject and an association of tank
manufacturers, later to become the Steel Tank Institute (STI)
was formed in 1916. At or around the same time Underwriters
Laboratories Inc (UL) was developing its safety standards for
atmospheric storage tanks.

The first Standard for above ground steel storage tanks was
produced by UL in 1922. UL 142 was entitled Stee/ Above-
ground Tanks for Flammable and Combustible Liquids. The
same organisation published the first edition of IL 58 entitled
Standard for Steel Underground Tanks for Flammable and
Combustible Liquids in 1925, a reaction to the increasing num-
ber of urban petrol stations in the USA.

The National Board of Fire Underwriters (NFBU) published
NFBU 30 around 1904 with the unwieldy title Rules and Re-
quirements for the Construction and Installation of Systems for
Stering 250 Gallons or Less of Fluids Which at Ordinary Tem-
peratures Give Off Inflammable Vapors, as Recommended by
its Committee of Consulting Engineers.

Over a period of time the NFBU became the National Fire Pro-
tection Association (NFPA), an organisation which is familiar to
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us today. NFBU 30 became NFPA 30L published in 1913, and
today this document has become NFPA 30 (Flammable and
Combustible Liquids Code) first published in 1957. NFPA
Codes are influential worldwide in both the ambient and the low
temperature storage industries.

The American Petroleum Institute (API) was formed in 1919
and went on to produce two of the most influential Codes in the
areas of ambient tankage (API 650, formerly AP 12C) and low
temperature tankage (APl 620). These documents and their in-
fluence will be discussed in later Chapters at some length. API
12C is one of a family of Codes covering liquid storage tanks.
The full set contains the following:

e 12A: Specification for oil-storage tanks with riveted shells.
This covers material selection, design, fabrication and
erection requirements for vertical, cylindrical, above ground
steel tanks with riveted shells in nominal capacities of
240 bbl (38 m?) to 255,000 bbl (40,545m?) (in standard
sizes) for oil storage.

o 12B: Specification for bolted production tanks. This covers
the material selection, design and erection requirements of
vertical, cylindrical, above ground, bolted steel production
tanks in nominal capacities of 100 bbl (16m3) to 10,000 bbl
(1590m?) (in standard sizes) for oilfield service. It also in-
cludes appurtenance requirements.

o 12C: Specification for welded oil storage tanks. This covers
the material selection, design, fabrication and erection re-
quirements for vertical, cylindrical, above ground, closed
and open top, welded steel tanks in various sizes and ca-
pacities, for oil storage. It also includes appurtenance re-
quirements and recommendations for the use of low alloy
high strength steels, and aluminium alloys, in tank construc-
tion. The second edition of this part was published in 1936,
so it must have its origins at an earlier date.

e 12D:Large welded production tanks. This covers the mate-
rial selection, design, fabrication and erection requirements
for vertical, cylindrical, above ground, welded steel, produc-
tion tanks in nominal capacities of 500 bbl (80 m?) to 3,000
bbl (477m?3) (in standard sizes) for oilfield service.

e 12E : Specification for wooden production tanks. This cov-
ers the material selection, design, fabrication and erection
requirements for vertical, cylindrical, above ground, closed
top, wooden production tanks in nominal capacities of
130 bbl (21 m3) to 1,500 bbl (239 m3) (in standard sizes) for
oil field service.

e 12F : Specification for small welded production tanks. This
covers the material selection, design and construction re-
quirements for vertical, cylindrical, above ground, shop-
welded, steel, production tanks in nominal capacities of 90
bbl (14 m?3) to 400 bbl (63 m3) (in standard sizes up to a max-
imum diameter of 12 feet) for oilfield service.

e 12G : Specification for aluminium alloy welded storage
tanks. This covers the material selection, design, fabrica-
tion, erection and testing requirements for vertical, cylindri-
cal, above ground, closed and open top, welded aluminium
alloy storage tanks in various sizes and capacities.

The latest editions of the American Standards which interest
tank designers and builders are:

e APl 650 — Welded Steel Tanks for Qil Storage: Tenth Edi-
tion, November 1998

s APl 620 — Design and Construction of Large, Welded,
Low-Pressure Storage Tanks: Tenth Edition, February
2002

API 620 provides rules for ambient tanks for pressures up to
15 psig and is not restricted to vertical cylindrical forms. It has
been used to produce designs for such interesting vessels as

8 STORAGE TANKS & EQUIPMENT

40,000-BARREL CAPACITY

10 LBS. PER 5Q. IN. PRESSURE 92 FT. | M. DIAMETER
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ELEVATION SECTION SAND CUSHION

Figure 2.9 Noded hemispheroids

the noded hemispheroids shown in Figure 2.9. It also contains
two Appendices for low temperature tank design. These are:

e Appendix R— Low pressure storage tanks for refrigerated
products. This covers design metal temperatures from
+40 °F to -60 °F.

e Appendix Q— Low pressure storage tanks for liquefied hy-
drocarbon gases. This covers design metal temperatures
down to -270 °F.

2.9.2 British Standards

The first UK Standard for welded steel storage tanks was
BS 2454: Part 1: 1956 Vertical Mild Steel Welded Storage
Tanks with Butt Welded Shells for the Petroleum Industry:
Part 1 Design & Fabrication.

This was prepared for BS| by the Petroleum Equipment Indus-
try Standards Committee, which consisted of representatives of
the following organisations:

Council of British Manufacturers of Petroleum Equipment
Engineering Equipment Users Association

Institute of Petroleum

Ministry of Fuel and Power

il Companies Materials Committee

Association of British Chemical Manufacturers

British Chemical Plant Manufacturers Association
British Electrical and Allied Manufacturers Association
British Iron and Steel Federation

Institute of Welding

Tank and Industrial Plant Association

It seems perhaps a little unnecessary to list all of the participat-
ing organisations in the preparation of this national Standard,
but it serves to illustrate the width of industrial knowledge can-
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«assed atthat time and the size of the committee involved in the
oroduction of the document. This is something which contrasts
with the present day where it is often difficult to assemble a via-
o'e committee to write or edit a Standard.

This Standard classified tanks into a number of categories:

*» Non-pressure fixed roof tanks

Pressure fixed roof tanks (limited to 128 ft diameter)

Open-top tanks

t also proposed standard shell plate sizes and tank diameters
ving effectively a standard range of tanks. This followed the
hell approach, which will be discussed later. This standardi-
sation was a reaction to the level of tank building activity within
e petroleum industry at that time. A range of standard tank
sizes which had in effect been pre-designed was clearly in the
nterests of the industry in speeding up the fabrication and erec-
“on process and opening up the business to companies who
cerhaps did not have the facilities to carry out the detailed de-
sign aspects of this work.

A ()

The tanks were referred to by a coding system, which contained

nformation on the tank diameter, shell height, pressure cate-
gory and plate width. Hence the customer needed only to order
= BNPB 1608, for the tank manufacturer to know that a
‘non-pressure fixed roof tank of 160 ft in diameter with eight
shell courses each 7.25 ft wide” was required. Extracts from
this Code are shown in Figure 2.10, explaining the coding sys-
‘=m and show a few of the standard capacity/shell plate thick-
ness tables.

Jnlike the API Standard of the same period, the British Stan-
dard required a design product specific gravity of 1.00 in all
cases. This was quite deliberate and allowed for the tank to be
used for any product commonly encountered in the petrochem-
cal industry without fear of over-stressing the tank shell. Itis not
uncommon for tanks to change their service from one product
0 another during the course of their operating lifetime and hav-
ng tanks designed “bespoke” for particular product gravities
runs the risk of misuse, particularly when records are not well
maintained or dimmed with the passage of time.

The allowable shell stress based on the available carbon steels
of the time was 21,000 Ib/in? and the joint efficiency factor was
0.85in all cases. The two further parts of BS 2654 followed:

» BS 2654: Part2: 1961 Site erection, inspection and testing
This covered tolerances, site welding, tank testing and in-
spection in detail. Much of these Standards owed a great
deal to the API Standards which proceeded them, indeed
BS 2654: Part 2 gives a specific acknowledgement to this
effect in its introduction.

» BS 2654: Part 3: 1968 Higher Design Stresses allowed the
use of stronger steels and higher joint efficiencies. BS 4360:
1968 was published in the same year and added to the
steels referred to in BS 2654: Part 1 (i.e. BS 13 and BS
1501-101) a range of steels with differing strength grades
and toughness measured by Charpy V-notch impact test-
ing. Figure 1 firstappeared in this Standard relating the min-
imum design metal temperature during operation, the
minimum water temperature during hydrostatic testing and
plate thickness to the required Charpy V-notch test temper-
ature. The higher joint efficiency of 1.0 was accompanied by
an enhanced requirement for radiographic weld inspection.

The three parts of BS 2654 were consolidated into a single vol-
ume some time ago and the current version is:

» BS2654:1989: British Standard Specification for the Manu-
facture of vertical steel welded non-refrigerated storage
tanks with butt-welded shells for the petroleum industry.
This Standard has not been updated since 1989 as may
have been expected because of the “standstill” imposed

2 History of storage tanks

whilst the European Standard covering the same subject
area was being prepared.

For the storage of low temperature products, the British Stan-
dards followed the practice adopted by API in providing sepa-
rate rules for temperatures down to -50 °C and for temperatures
from -50 °C down to -196 °C. Rather than using the AP| method
of having two appendices covering the specific requirements of
the two temperature ranges with the main body of the code ad-
dressing more general issues, it was decided to produce two
separate codes. These were:

e BS 4741 ;1971 Vertical Cylindrical Welded Steel Tanks for
low temperature service. Single wall tanks for tempera-
tures down to — 50 °C. BSI London
(now superseded by BS 7777 : 1993).

e BS 5387 : 1976 Vertical Cylindrical Welded Storage Tanks
for low temperature service. Double Wall Tanks for Temper-
atures down to — 196 °C. BSI London
(now superseded by BS 7777 : 1993).

These Standards only considered single containment storage
systems. As will be described, various events created the need
for a Standard which provided a framework for double and full
containment systems for low temperature products. Following
the work of the EEMUA storage tank committee described in
Section 2.9.6, a new British Standard was issued in 1993 which
addressed all of the low temperature products and all forms of
containment. This was:

o BS 7777:1993 Flat-bottomed, vertical cylindrical storage
tanks for low temperature service: Parts 1 to 4.

2.9.3 The European Standards

Around 1993 the European Standard Committee TC 265 was
formed. The secretariat of this committee was given to the Brit-
ish Standards Institution (BSI) and most of the meetings were
held at BS| headquarters in London. The work of the committee
was divided into:

« A Standard for ambient temperature tanks entitled:

Specification for the design and manufacture of site built,
vertical, cylindrical, flat-bottomed, above ground, welded,
metallic tanks for the storage of liquids at ambient tempera-
ture and above — Part 1 — Steel Tanks ( prEN 14015-1).

Note: Part 2 is intended to cover aluminium alloy tanks and
will possibly follow later. It is currently suffering from
limited industrial interest.

+ A Standard for low temperature tanks entitled:

Specification for the design, construction and installation of
site built, vertical, cylindrical, flat-bottomed steel tanks for
the storage of refrigerated, liquefied gases with operating
temperatures between - 5°C and -165°C (prEN 14620 -
Parts 1/2/3/4/5)

Note: The pr prefix indicates a provisional Euronorm, i.e. one
where the committee responsible has finished its com-
plete draft which is then issued for public comment. The
comments received are reviewed by the committee
and the draft edited prior to the Standard being issued
as a full Euronorm without the prefix.

The work proceeded slowly, not least because of difficulties in
resolving strongly held views from the various national delega-
tions regarding differing practices in the countries which they
represented. Indicative of the rate of progress was the com-
ment by John de Wit, then chairman of CEN TC 265, that afinal
draft of the low temperature document would not be ready until
the end of 1995.

The group working on the ambient tank Code issued a draft for
public comment in 2000. Comments have been received and
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B.S. 2654 : Part 1 : 1956

BRITISH STANDARD SPECIFICATION FOR
VERTICAL MILD STEEL WELDED
STORAGE TANKS, WITH BUTT-WELDED SHELLS,

FOR THE PETROLEUM INDUSTRY
PART 1. DESIGN AND FABRICATION

FOREWORD

This British Standard, prepared under the authority of the Petroleum Equipment Industry Standards Committee, is designed
to provide the petroleum industry with tanks of adequate safety, reasonable economy and in a range of suitable capacities.

In the further interests of economy, supply-and uniformity of practice it is strongly recommended that the sizes of
plates used for tanks of all capacities shall be limited to three (Clause 4). The standard tank sizes which result from the

adoption of this proposal are given in Tables 1 to 8.

This part of the standard deals with design and fabrication of tanks; Part 2 will deal with site erection, inspection

and testing.

SPECIFICATION
SECTION ONE : GENERAL

SCOPE,

1. This British Standard relates to the materials, design and
fabrication of vertical mild steel cylindrical welded tanks
for the petroleum industry, for erection above ground, of
the following designs:—

a. Non-pressure fixed roof tanks (all sizes).
b. Pressure fixed roof tanks (up to 128 ft diameter only).

¢. Open-top tanks (all sizes).

This standard specifies the use only of butt-welded
shells and includes reference to mountings, stairways and
handrailings.

This standard does not include the design and con-
struction of floating roofs.

NOTE. Attention is drawn to Appendix F which tabulates the
information to be supplied by the purchaser on alternatives per-
mitted by this British Standard.

DESIGN CONDITIONS

2. a. Non-pressure tanks shall be suitable for working at
atmospheric pressure, but designed for an internal pressure
of 3 in. water gauge and a vacuum as specified for shells in
Clause 14 fand for roofs in Clause 26 (see also Clause 15).

b. Pressure tanks shall be designed for an internal pres-
sure of 8 in. water gauge and 234 in. water gauge vacuum
(see Clauses 15 and 26).

c. Tanks may be designed in accordance with this
specification to withstand higher pressure andfor vacuum
conditions, provided the allowable stresses given in this
standard are not exceeded.

6

Figure 2.10 Extract from BS 2654 : Part 1 - page 1
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STANDARD TANK SIZES
3. Standard ranges of tank sizes based on the plate sizes
specified in Clause 4 are given in the following tables:—

Table 1 Capacity in cubic feet

Type A (Maximum | Table 2 Capacity in cubic metres
plate width 6-00 ft) | Table 3 Shell plate thicknesses
Table 4 Heights in feet.
able 5 Capacity in cubic feet
Type B (Maximum | Table 6 Capacity in cubic metres

plate width 7-25 ft) | Table 7 Shell plate thicknesses
Table 8 Heights in feet.

NOTE. Tables of equivalent capacity in U.S. barrels and imperial
gallons are given in Appendices A, B, C and D.

In Tables 1 to 8 a maximum diameter of 200 ft and a
maximum height of nine courses are given. These values
may be exceeded provided the maximum shell plate thick-
ness does not exceed 134 in.

STANDARD PLATE SIZES
4, a. General. The standard plate sizes, which form the
basis of the standard tank sizes and heights in Tables 1 to 8,
are given below:

Width
Thickness Length
Type A Type B

Inches Feet Feet Feet
Heor Y 15-7 (5 ¢ ft) 5-00 500
14 up to but
excluding 3§ 25:13 (8 7 ft) 600 6:00
% and over 25-13 (8 7t ft) 6-00 7-25

The above plate sizes may be modified by agreement
between the purchaser and the manufacturer.




2 History of storage fanks

B.S. 2654 : Part 1 : 1956

b. Rolling margins. Unless otherwise agreed between calculated weight by more than the appropriate rolling
purchaser and manufacturer, no plate shall be under the weight tolerance as shown in the following table:—

specified thickness at any part, nor shall it exceed the
SCHEDULE OF PERCENTAGE ROLLING WEIGHT TOLERANCES FOR SHELL PLATES

Widths
Ordered
thickness 48 in. 60 in. 72 in. 84 In. 96 in. 108 in. | 120 in. 132§
Under | 45 under | to under | to under | to under | to under | to under | to under Ppin
48in. | 'Goin, | 72in. | Bdin. | 96in. | 108in. | 120in. | 132 in. over
Per Per Per Per Per Per Per Per Per
cent cent cent cent cent cent cent cent cent
e in. to 10 10 10 10 10 — — —
under %4 in.
14 in. to 5 5 5 i 9 12 12 —
under %46 in,
%46 in. to L} 8 5 6 75 10 13 12
under 34 in.
% in. to 5 5 5 6 6 8 9 11 15
under X in.
e in. to 5 ) 5 5 6 75 8 9 12
under 34 in.
14 in. to 5 5 5 5 6 6 75 9 10
under 54 in.
54 in. to 5 5 5 5 5 5 4 8 9
under 3 in.
34 in. to 5 § 5 5 5 5 6 7 8
under 1 in.
1lin. to 5 5 5 5 5 5 5 6 7
134 in.
CODING b. The above prefixes to be followed by a type symbol

5. For easy reference to tank sizes and types in cables and A or B denpting the. maximum plate width adapted, see

correspondence, efc., a coding system for each size of Ciazp 4 2, togethier with » number consisting ef the

tank is given below. diameter of the tank in feet and number of courses.
The code system consists of a letter prefix denoting the c. Examples.

three designs of tanks as listed below: Pressure roof, maximum plate width 6-00 ft 96 ft

diameter four courses deep = BLPA 964.

a. Prefix. Non-pressure roof, maximum plate width 7-25 ft
Fixed roof tank, non-pressure = BNP 160 ft diameter eight courses deep = BNPB 1608.
Fixed roof tank, pressure = BLP Open-top, maximum plate width 6-00 ft 80 ft dia-
Open-top tank = BOT meter six courses deep = BOTA 806.

Figure 2.10 Extract from BS 2654 : Part 1 - page 2
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Figure 2.10 Extract from BS 2654 : Part 1 - page 3
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are currently being reviewed and where appropriate edited into
the final text. The document is hoped to be issued as a
=Zuronorm (EN) shortly. As is the case with all new EN Stan-
dards, the national Standards in the areas covered by the new
Standard are subject to standstill. This means that they are in
effect frozen at the point when TC 265 began its work. In this
oarticular case the standstill has been in force for much longer
than was originally anticipated.

n terms of its contents the new ambient tank Standard willin the
main follow the directions set by the earlier European national
Standards, which in turn owe a great deal to the corresponding
AP| Standards. The volume of fossilised experience in these
earlier documents is both difficult and probably unwise to
gnore.

The low temperature Euronorm is following close behind its am-
oient temperature counterpart and was issued for public com-
ment in March 2003. It is hoped that the comments can be re-
7iewed and consolidated into this Euronorm rather more
quickly than has been the case with the ambient tank Standard.

Again, in terms of content it follows earlier European and API
Standards as well as the EEUMA Standard discussed in Sec-
tion 2.9.6.

The differences will be described and discussed later in Stor-
zge Tanks & Equipment.

2.9.4 Other European national Standards

!lost European countries have their own national Standards for
ambient tanks (e.g. Germany has DIN 4119 Parts 1 and 2).

4s these Standards are now about to be replaced by the two
new Euronorms, there seems little point in discussing them fur-

aer.

2.9.5 Related Standards

There are numerous Standards covering a whole variety of sub-
‘=cts such as materials, site layout and tank spacing require-
ments, safety issues, etc which are necessary for tank design-
ers and manufacturers and which will be mentioned in this
oook. These come from organisations such as API, ASTM, The
ational Fire Protection Association (NFPA), European Stan-
dards, British Standards Institution (BSI) and bodies such as
The Institute of Petroleum (IP).

These will be discussed as and when required.
2.9.6 The EEMUA Standard

Jp to about 1976 refrigerated gases were stored in single con-
zinment tanks surrounded by a low remote bund. An event in
1976 caused the industry to review liguid containment systems
for these products from a safety point of view. The Standards in
‘orce at the time (API 620, BS 4741and BS 5387) considered
only single containment systems and there was clearly a need
“or a Standard which encompassed other forms of containment
‘o avoid misunderstandings and misinterpretations.

The Engineering Equipment and Materials Users Association

EEMUA) is a UK-based equipment users association and was
‘et to be an appropriate body to propose and draft a set of rules
‘0 cover this regulatory shortfall. In 1987 EEMUA 147 was pub-

shed, and after a period of time sufficient to allow for the indus-
iry’s views of the document to be known, was given to the
Sritish Standards Committee PVE/15 to form the basis of BS
7777,

The subject of the various containment systems for the safe
storage of refrigerated liquid gases will be discussed at greater
ength later in Storage Tanks & Equipment.

2 History of storage tanks

2.9.7 Company Standards

Over the years, and for a number of reasons, some of the major
companies involved with the use of or the design and construc-
tion of storage tanks found the need to produce their own Stan-
dards. This could be because they thought that the national
Standards available at the time did not reflect their require-
ments sufficiently, or for a need to standardise a range of tank
types or sizes. Some of these have become influential within
the industry and have attained the status of unofficial Stan-
dards.

2.9.7.1 The Shell Standards

The method of categorising and coding of vertical tanks used in
BS 2654: Part 1: 1957, is almost identical to that used in the
Shell publication Standard Tanks, also first published in 1957.

The closeness of the Shell and BS approaches in this matter is
no real surprise. John de Wit, the Shell tank expert from SIPM in
The Hague, was Chairman of the British Standards Committee
CP12 (later PVE 15), which looked after ambient and low tem-
perature storage tank codes. Shell always used BS Codes, un-
like much of the petrochemical industry which was firmly wed-
ded to Codes of US origin.

These Standards were updated and republished in three vol-
umes in 1962/3. They included standard designs for a range of
sizes of fixed roof and open top vertical tanks, together with a
range of horizontal tanks. Not only did these designs cover the
shell plating as the early BS, but they also included standard
designs for roofs, bottoms and a range of standardised tank fit-
tings as well. The roof types used were the folded plate cone,
radial rafter cone, truss-supported cone and internally-framed
dome. An example of a 96ft diameter trussed cone roof tank is
shown in Figure 2.11.

Although these Standards were prepared for the exclusive use
of the Shell Company to procure large numbers of tanks for the
refinery expansions of the 1960s and 1970s. The need to issue
the documents to tank building contractors ensured that they
rapidly spread throughout the industry and were shamelessly
copied and used by others. Consequently they became an “un-
official” Standard and are used as such to this day. Whilst this
may have been annoying for the company, it is a tribute to the
authors of these documents and to the sound and practical
engineering that they contain.

2.9.7.2 The Chicago Bridge Engineering Standards

Chicago Bridge & Iron Company was responsible for numerous
significant developments in the storage tank field and licensed
its technology to a number of other companies over the years.
Its floating roof designs were encapsulated in a series of partic-
ularly well-produced documents, which through the licensing
process filtered out into the tank building industry and were
again shamelessly plagiarised, becoming in effect the “unoffi-
cial” Standard.

2.9.7.3 The Exxon basic practices

The Exxon/Esso organisation published its own Standards cov-
ering a wide range of subjects including storage tanks for a
number of products. These Standards were based on US Stan-
dards and practices adjusted to suit the perceived needs of the
company.

2.9.8 Standards for other products

The foregoing has concentrated somewhat myopically on the
storage of flammable products, mainly for the petrochemical in-
dustry. Indeed a number of the Standards discussed above
have “petrochemical” or “oil industry” in their titles.There are
other products and some of these have their own Standards.

STORAGE TANKS & EQUIPMENT 13
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2 History of storage tanks

The American Water Works Association (AWWA) has pro-
duced a number of Standards on its own and some of these are
listed below:

ANSI/AWWA D100-96
Welded Steel Tanks for Water Storage

ANSI/AWWA D103-97
Factory-Coated Bolted Steel Tanks for Water Storage

ANSI/AWWA D110-95
Wire and Strand Wound Circular Prestressed Concrete
Water Tanks

ANSI/AWWA D115-95
Circular Prestressed Concrete Water Tanks with Cir-
cumferential Tendons

These are all interesting documents and they will be discussed
in later Chapters of Storage Tanks & Equipment.

14 STORAGE TANKS & EQUIPMENT

AWWA D100 has a particularly good seismic design section.
This is not surprising as the chairman of the D100 Revision
Task Force is Bob Wozniak, a “world guru” in the area of seis-
mic tank design and someone whose work will be discussed in
detail in later Chapters.

2.10 References

2.1 Oil on the rails, Alan Coppin, The Historical Model Rail-
way Society and Amadeus Press Ltd of Huddersfield.
Published 1999, ISBN 0 902 835 17 3.

2.2 Handbook of storage tank systems, Edited by Wayne
B. Geyer, Marcel Dekker Inc., ISBN 0 8247 8589 4.
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3 Ambient temperature storage tank

design

The design of vertical, cylindrical tanks for the storage of liquids at ambient temperatures can be
divided into three basic areas:

e The shell
¢ The bottom
e The roof

The design of each of these is discussed in detail in this Chapter.
Contents:

3.1 European tank design Codes

3.1.1 European Standard prEN 14015 - 1 : 2000
3.1.1.1 Pressure rating
3.1.1.2 Temperature rating
3.1.1.3 Materials
3.1.1.4 Floors
3.1.1.5 Shells
3.1.1.6 Yield stress
3.1.1.7 Primary and secondary wind girders
3.1.1.8 Roof-to-shell compression zone
3.1.1.9 Fixed and floating roof design
3.1.1.10 Annexes to the Standard

3.1.2 The German storage tank Code DIN 4119
3.1.2.1 Part1
31.22Part2

3.2 Design data

3.2.1 The BS Code 2654
3.2.1.1 Information to be specified by the purchaser
3.2.1.2 Optional and/or alternative information to be supplied by the purchaser
3.2.1.3 Information to be agreed between the purchaser and the manufacturer

3.2.2 The API Code 650

3.2.3 The draft European Code prEN 14015 - 1 : 2000
3.2.3.1 Annex A (normative) Technical agreements

3.3 The shell

3.3.1 The design of the tank shell
3.3.1.1 Failure around the circumference of the cylinder
3.3.1.2 Failure along the length of the cylinder

3.3.2BS 2654
3.3.2.1 Principal factors determining shell thickness
3.3.2.2 Practical application of thickness formula
3.3.2.3 Exception to “one-foot” method
3.3.2.4 Maximum and minimum shell thickness
3.3.2.5 Allowable steel stresses
3.3.2.6 Maximum and minimum operating temperatures
3.3.2.7 Specific gravity or relative density of the stored product
3.3.2.8 Pressure in the roof vapour space
3.3.2.9 Tank shell design illustration

3.3.3 Axial stress in the shell
3.3.3.1 Derivation and assessment of axial stress in a cylindrical shell
3.3.3.2 Allowable compressive stresses for shell courses
3.3.3.3 Actual compressive stress
3.3.3.4 Axial stress due to wind loading on the shell
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— TR SlOrage lank design

3.3.4 Allowable compressive stress
3.4 Tank floors
3.4.1 Floor plate arrangements
3.4.2 British Code requirements
3.4.2.1 Tanks up to and including 12.5 m diameter
3.4.2.2 Tanks above 12.5 m diameter
3.4.3 American Code requirements
3.4.3.1 Annular floor plates
3.4.3.2 Floors formed from lap-welded plates only
3.4.3.3 Lapped floor plates, or annular plates = < 12.5 mm thick
3.4.3.4 Annular plates >12.5 mm thick
3.4.3.5 Shell-to-floor plate welds — consideration for specific materials
3.4.3.6 Tank floors which require special consideration
3.4.3.7 Floor arrangement for tanks requiring optimum drainage
3.4.4 Environmental considerations
3.5 Wind and vacuum stiffening
3.5.1 Primary wind girders
3.5.1.1 Refining the design technique
3.5.1.2 Design example
3.5.2 Secondary wind girders
3.5.2.1 Equivalent shell method
3.5.2.2 Number of girders required
3.5.2.3 Worked example
3.5.3 Vertical bending of the shell
3.5.3.1 Example
3.5.3.2 Shell-to-bottom connection
3.5.3.3 Rotation and stress analysis
3.5.3.4 Beam analysis
3.5.4 API 650
3.5.4.1 General
3.5.4.2 Shell design stresses
3.5.4.3 Use of shell design formulae
3.5.4.4 Shell plate thicknesses
3.5.4.5 Choosing BS or API shell thickness design methods
3.5.4.6 Worked examples
3.6 The “variable design point” method
3.6.1 “Variable design point” method development
3.6.2 The bottom shell course
3.6.3 The second course
3.6.4 The upper courses
3.6.5 Detailed “variable design point” method calculation
3.6.6 Comparison of the thickness results
3.6.7 Shell stiffening — wind girders
3.6.7.1 Primary wind girders to API 650
3.6.7.2 Secondary wind girders to API 650

3.6.7.3 Comparison between British and American
secondary wind girder requirements

3.7 Compression area for fixed roof tanks
3.7.1 Effect of internal pressure
3.7.2 Derivation of the required compression zone area
3.7.2.1 Effect of roof slope on cross-sectional area
3.7.3 Compression zones
3.7.3.1 Compression zone area to BS Code
3.7.3.2 Compression zone area to AP| Code
3.7.3.3 BS and API Code differences of allowable compressive stress
3.7.4 Providing the required compression area
3.7.4.1 For the BS Code
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3.7.4.2 For the API Code
3.7.5 Establishing the compression area
3.7.6 API limitations for the length of the roof compression area
3.7.7 Calculating the compression zone area
3.7.8 Practical considerations
3.7.9 Minimum curb angle requirements
3.7.9.1 Minimum curb angle sizes for fixed roof tanks
3.7.9.2 Cases where minimum curb angle requirements do not apply
3.7.9.3 Effect of internal pressure and tank diameter on required compression area
3.7.10 Design example
3.7.10.1 Roof compression area
3.7.10.2 Shell compression area
3.7.10.3 Rationalising the calculation
3.7.10.4 Economy of design
3.7.11 Positioning the centroid of area
3.7.11.1 The BS Code
3.7.11.2 The API Code Appendix F
3.7.11.3 Guidance on the positioning the centroid of area
3.7.12 Cost-effective design
3.8 Frangible roof joint, or weak roof-to-shell joint
3.8.1 Introduction
3.8.2 Frangible roof joint theory
3.8.3 The maximum compression zone area allowable
3.8.4 Other factors affecting the frangible roof connection
3.8.4.1 Roof slope
3.8.4.2 Size of weld at the roof plate-to-shell connection
3.8.5 Formula as expressed in BS 2654
3.8.5.1 Additional requirements to BS 2654
3.8.6 Formula as expressed in AP| 650
3.8.6.1 Additional requirements to AP| 650
3.8.7 Difference between Codes
3.8.8 Conflict of design interests
3.8.8.1 “Service” and “Emergency” design conditions
3.8.9 Examples of frangible and non-frangible roof joints
3.8.9.1 Tank designed for an operating pressure of 7.5 mbar
3.8.9.2 Tank designed for an operating pressure of 20 mbar
3.8.10 Tank anchorage — a means to frangibility
3.8.10.1 Ensuring a frangible roof connection using anchorage
3.8.10.2 Determining anchorage requirements
3.8.10.3 Worked example
3.8.10.4 Further design check
3.8.10.5 Other anchorage considerations
3.8.11 American AP| 650 Code — anchor requirements
3.8.11.1 Minimum bolt diameter
3.8.11.2 Spacing of anchors
3.8.11.3 Allowable stresses in anchors
3.8.12 Further guidance on frangible roofs
3.8.12.1 EEMUA
3.9 Tank anchorage — further considerations
3.9.1 Wind loading and internal service pressure
3.9.2 Anchorage attachment
3.9.3 Spacing of anchors
3.9.4 Worked example
3.9.4.1 Completion of tank design
3.9.4.2 Shell wind girder calculation
3.9.4.3 Maximum unstiffened height of the shell
3.9.4.4 Section size for the secondary wind girder
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3 Ambient temperature storage tank design

3.9.4.5 Shell-to-roof compression zone

3.9.4.6 Participating roof and shell plate area

3.9.4.7 Roof plating

3.9.4.8 Roof structure

3.9.4.9 Anchorage calculation

3.9.4.10 Overturning moment due to wind action only

3.9.4.11 Overturning moment due to wind action while in service
3.9.4.12 Design of the anchorage

3.9.4.13 Check for frangibility

3.9.4.14 Wind loading to API 650

3.10 Tanks produced in stainless steel materials

3.11 Semi-buried tanks for the storage of aviation fuel

3.12 References
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3.1 European tank design Codes

The European Codes which will be discussed here are as fol-
OWS:

* European Standard prEN 14015 -1 : 2000
* German Standard DIN 4119 Parts 1 & 2

3.1.1 European Standard prEN 14015-1 : 2000

This is a draft document which has been through the public
=omment procedure and will soon be issued as a full European
Stzndard. The content of the final version is not expected to dif-
“=rsignificantly from the draft. The full title of the English version
= "Specification for the design and manufacture of site built,
wertical, cylindrical, flat bottomed, above ground, welded, me-
“=lictanks for the storage of liquids at ambient temperature and
=bove - Part 1: Steel tanks”.

“he Standard appears to be based on BS 2654 and API 650, to-
==ther with some informative Annexes and all together is a
zomprehensive document. Some interesting aspects of certain
=aris of the Standard are outlined below:

3.1.1.1 Pressure rating

"he Standard allows positive design pressures up to 500 mbar
= our categories:

* Non-pressure, up to 10 mbar
* Low-pressure, up to 25 mbar
» High-pressure, up to 60 mbar
= Very high-pressure, up to 500 mbar

“"e maximum negative pressure which applies only to Very
“2n-pressure tanks is -20 mbar. However the requirements
==nin the Standard for shell stability are only valid for nega-
“ve pressures up to -8.5 mbar, beyond this value a suitable de-
=2n methodology has to be agreed between the tank pur-
“"zser and the manufacturer.

31.1

.2 Temperature rating

~e lemperature range is from 300°C down to -40°C. For tem-
s=ratures above 100°C, the elevated temperature yield stress

=ues of carbon and carbon manganese steels shall be certi-
“=c by the steel supplier. The Standard gives a table of steels to
S=ndard EN 10028 - 2 & 3 for use at elevated temperatures.
=or tanks constructed in stainless steel materials, the yield
=r=ss is taken as the 1 % proof stress for tanks subjected to
#0ient and elevated temperatures.

1.1.1.3 Materials

~=roon and carbon manganese steels for use in the manufac-

"= of tanks are tabulated in the Standard. There is also a table
= 2ustenitic and austenitic-ferritic stainless steels to Standard
=M 70088-1. Martensitic stainless steels cannot be used.

- 1.1.4 Floors

"= requirements for tank floors is similar to BS 2654 and AP|
=50 Minimum plate thickness for stainless floors is given as 5
7 for lap-welded floors and 3 mm for butt-welded floors. For
==20on steel floors this are 6 mm and 5 mm respectively.

21.1.5 Shells

Winimum nominal shell thickness. The table of minimum
“ominal shell thickness for carbon steel tanks is similar to that
55 2654 except that at the larger tank diameters, thinner
#&tngthan BS 2654 is allowed, although this is still thicker than
=10 API 650. A table of minimum nominal shell plate thick-

=ss is included for stainless steel shells.

“alculated shell plate thickness. Each shell course thick-
=ss s established from the greater value derived from two for-

3 Ambient temperature storage tank design

mulae. This is similar to the AP| 650 “one-foot” method except
that:

e In the first formula, the design stress is 2 of the material

minimum yield stress and the formula includes the design
pressure (in the roof space) which can be neglected if < 10
mbar, and the corrosion allowance (if any).

» In the second formula, the test stress is % of the material
minimum yield stress and this formula includes only the test
pressure (in the roof space), which is higher than the design
pressure.

For both of these formulae, the maximum permitted design
stress is 260 N/mm? (as is the case in BS 2654).

The API 650 “variable point” method of shell thickness calcula-
tion is not included in the Standard.

3.1.1.6 Yield stress
The yield stress shall be the minimum value specified for:

Elevated temperature

Ambient temperature >100°C

Carbon and carbon

; o
manganess stegls Yield or 0.2 % proof stress

0.2 % proof stress

>50°C
1 % proof stress

Stainless steels

1 % proof stress ‘

3.1.1.7 Primary and secondary wind girders

The requirements here are similar to that of BS 2654 and AP|
650 except that, for negative pressures more than -8.5 mbar, a
design methodology has to be agreed between the tank pur-
chaser and manufacturer.

3.1.1.8 Roof-to-shell compression zone

The requirements here are similar to that of BS 2654 and AP|
650.

3.1.1.9 Fixed and floating roof design

The requirements here are similar to that of BS 2654 and API
650.

3.1.1.10 Annexes to the Standard
The following annexes to the Standard are worthy of mention:

Annex B. Operational and safety considerations. Gives guid-
ance on the selection of tank type, bunding requirements and
fire protection.

Annex E. Requirements for floating roof seals. Gives details of
the type of roof seals, which are available.

Annex F. Alternative steel specifications. Gives on the selec-
tion of other national standard steel specifications and the re-
quirements, which govern their use within the parameters of the
tank Standard.

Annex H. Recommendations for other types of floors. Gives
recommendations for the thickness of floor plating, which is
supported on a grillage. Also gives methods for constructing
double containment floors.

Annex K. Design rules for frangible tanks. The rules here seem
to apply principally to unanchored tanks and hence appear to
be limiting in scope. Where frangibility cannot be achieved us-
ing the standard method given in the annex, then the “special
arrangement” is recommended where a weak upper shell joint
is proposed (as shown in Figure 3.71, Section 3.8112).

Annex L. Requirements for venting systems. Gives detailed
design parameters for venting under normal product import/ex-
port and climatic conditions, for tanks with and without thermal
insulation. Emergency venting causing very high outbreathing
capacities is considered, as in the case of a fire local to a tank,
or due to operational malfunctions, which cause a rapid rise in
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internal pressure. The possible requirement for emergency
vacuum venting is also considered.

Annex P. Heating and/or cooling systems. Gives advice on
heat transfer fluids and types of heat transfer devices, together
with their installation.

Annex R. Surface finish. Gives general recommendations for
the preparation of the internal and external surfaces of carbon
and stainless steel tanks.

It must be remembered that the above information is based on
the draft Standard and may be modified as and when the Stan-
dard is finalized and published as an adopted document.

3.1.2 The German storage tank Code DIN 4119

DIN 4119 is issued in two parts:
e Part 1 - Fundamentals, design and tests.
e Part 2 - Calculations.

The Codes does not take the same form as the BS, API or Euro-
pean prEN 14015 Codes, as it does not give specific formulae
for designing the various elements of the tank.

3.1.21 Part 1

This advises on rules, which apply to: corrosion protection, ma-
terial selection, fabrication, erection, welding and venting for
fixed roof tanks. There are also directives for floating roofs. This
part of the Code also lists many other related DIN Codes, which
are referred to in the text of the Code, which are to be used for
designing the tank.

3.1.2.2Part 2
This is an elaboration of Part 1 and defines:

1)  The mathematical symbols, which are to be used in the de,
sign process.

2) Design loads, including wind loads and test loads.

3) The principles for designing the shell, with minimum allow-
able thickness limitations but does not give a method for
the design of the shell.

4) The principles governing shell stability under wind condi-
tions, stating safety factors, which shall apply, but with no
method for the calculation of shell stability.

5) The principles governing the design of the shell-to-bottom
area, the shell-to-roof area and the requirements for
frangibility.

6) Rules for the design of fixed and floating roofs.
7) Advice on the design of the tank foundations

Again, this part of the Code does not give any formulae for the
design of the various areas of the tank but provides references
to many related DIN Codes and learned papers on the subject.
Also included in the list are the tank Codes APl 650 and API
620.

The heading to both parts of the Code includes the following
statement “The design, calculation and construction of the
structural steel parts for tanks require a basic knowledge of
steel construction and tank construction and the accepted
codes of practice. Hence only companies employing experts
having such knowledge and able to ensure proper construction
may carry out such work.”

This statement leads to the conclusion that any recognized
tank design code methodology could be used in conjunction
with the stipulations regarding: loadings, stress values safety
factors etc., which are contained within DIN 4119.

However, as and when the draft European Code prEN 14015
becomes universally adopted (to which Germany is a signa-
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tory) then, presumably DIN 4119, together with any other Euro-
pean national Codes, will become historical documents.

3.2 Design data

At the commencement of a project it is important that the tank
purchaser clearly defines his exact requirements to the tank
constructor, in order that there can be no misunderstandings
between the two parties. To assist in this initial process, the de-
sign Codes each devote a section, which addresses this topic,
and they are discussed in the following Sections.

Some of the terminology used in the following lists and data
sheets may not be familiar to those who are not fluent in tank
technology but such terms will become apparent on reading
Storage Tank & Equipment and Codes to which it refers.

3.2.1 The BS Code 2654

Clause 3 of the Code lists the appropriate information together
with references to other relevant clauses in the Code, to be ex-
changed prior to implementing the requirements of this Stan-
dard and inspections by the purchaser during erection, and is
presented as follows:

3.2.1.1 Information to be specified by the purchaser

The following basic information to be specified by the purchaser
shall be fully documented. Both the definitive requirements
specified throughout the Standard and the documented items
shall be satisfied before a claim of compliance with the Stan-
dard can be made and verified.

(a) Geographical location of the tank.

(b) Diameter and height or the capacity of the tank, including
ullage. Where only the capacity of the tank is specified
ground conditions shall be included.

(c) Whetherfixed or floating roof s to be supplied and the type
of roof if the purchaser has specific preferences, i.e. for
fixed roofs (cone, dome, membrane, etc.) or for floating
roofs (pontoon, double deck, etc.).

(d) All relevant properties of the contained fluid, including the
relative density and corrosion allowance (if, how anc
where required).

(e) The design vapour pressure and vacuum conditions in
side the tank (see 2.1).

(f)  The minimum and maximum design metal temperatures
(see 2.2).

(g) The size, number and type of all mountings requirec
showing locations. Maximum filling and emptying rates
and any special venting arrangements (see 9.9).

(h) The minimum depth of product which is always present in
the tank (see 10.1(b)).

(i) Ifthe tank is to be thermally insulated (see 12).

(i) Areas of responsibility between the designer, the manu-
facturer and the erector of the tank when these are not the
same.

(k) Quality of the water (particularly if inhibitors are to be pres-
ent) to be used during tank water test (see 18.4.2).

() Expected maximum differential settlements during water
testing and service lifetime of the tank (see Appendix A).

(m) Other specifications which are to be read in conjunctios
with this Standard.

3.2.1.2 Optional and/or alternative information to be sup-
plied by the purchaser

The following optional and/or alternative information to be suz-
plied by the purchaser shall be fully documented. Both the d=
finitive requirements specified throughout this Standard anz
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‘he documented items shall be satisfied before a claim of com-
oliance with the Standard can be made and verified.

a) Whether a check analysis is required (see 4 3.2).

0) Whether the weight of insulation is excluded from the mini-
mum superimposed loadings (see 5.3.2).

c) Whether significant external loading from piping, etc. is
present (see 5.5).

d) Whether seismic loading is present requiring specialist
consideration including methods and criteria to be used in
such analysis (see 5.7 and Appendix G).

(4]

Whether a fixed roof is required and if so:
(1) if cone roof slope is other than 1 in 5 (see 8.2.2);

(2) if radius of curvature of dome roof is other than 1.5
times tank diameter (see 8.2.2);

(3) whether made as a double-welded lap joint or a
butt-joint (see 8.3.5);

(4) whether particular venting requirements are specified
(see 8.6.1 and 8.6.2).

Whether a floating roof is required and if so:

(1) whether floating roof is designed to land as part of the
normal operating procedure (see 9.1.1):

(2) whether floating roof is designed for wind-excited fa-
tigue loading (See 9.3):

(3) whether top edge of bulkhead is to be provided with
continuous single fillet weld (see 9.5):

(4) floating roof ladder details (see 9.6.1, 9.6.2 and 9.6.4);
(5) type of primary roof drains (see 9.7.1);
(6) requirements for additional roof manholes (see 9.11):

(7) for selection of seal materials-whether maximum aro-
matic content of the product is greater than 40% (m/m)
(see 9.13);

(8) requirements for the design of gauge hatch (see 9.14);
An alternative type of manhole cover (see 11.3).

Details of flange drilling if not in accordance with BS 1560
(see 11.7).

Details of painting requirements and whether pickling, grit
or shot blasting is required (see 13.6.1, 13.6.3, and
14.12).

Details of erection marks for plates and sections (see
13.7.1).

Whether welding electrodes and/or key plating equipment
are to be supplied by the tank manufacturer (see 14.1).

) wl

Alternative arrangements for provision of tank foundation
(see 14.3).

Whether a welder making only fillet welds is required to be
approved for such welding in accordance with BS EN
287-1 (see 16.3.2).

1) Whether tack welding of shell, roof and bottom is permit-
ted to be carried out by non-approved operators (see
16.3.2).

) Whether pneumatic testing of reinforcing plates is re-
quired (see 18.3.1).

3.2.1.3 Information to be agreed between the purchaser
and the manufacturer

]

The following information to be agreed between the purchaser
=nd manufacturer shall be fully documented. Both the definitive
"=quirements specified throughout this Standard and the docu-
mented items shall be satisfied before a claim of compliance
with the Standard can be made and verified.

3 Ambient temperature storage tank desigr

(a) Alternative materials selection other than those specfied
in the Code (see 3.1).

(b) Precautions for avoiding brittle fracture during hydrostatic
testing (see figure 1).

(c) Alternative bottom plate layouts (see 6.1.2).

roof (see 8.3.1).

(e) Anyincrease in roof joint efficiency for tapped and welded
roof plates (see 8.3.6).

(f) Alternative loading conditions for floating roof design
other than those specified in the Code (see 9.2.1.4).

(g) The operating and cleaning position levels of the suppori-
ing legs (see 9.10.1).

(h) Proposed method to hold the plates in position for welding
(but see 14.5.1).

() The location and number of checks on shell tolerances
during erection (see 14.6.2).

(i) Methods of protecting the shell during erection against
wind damage, etc. (see 14.9).

(k) If fixed roofs are to be erected in the tank bottom, and
raised into position by an air pressure or suitable means
(see 14.10).

(I) Sequence in which joints are to be welded (see 15.2).

(m) If previously approved appropriate welding procedures
are acceptable (see 18.1.3).

(n) Testprocedures to be used during the tank water test (see
18121

3.2.2 The API Code 650

Appendix L of the Code gives four data sheets which should be
completed, these are shown in Figure 3.1. On completion of
tank erection, the purchaser shall receive from the manufac-
turer a copy of these sheets, filled in to show the “as built’
details.

3.2.3 The draft European Code prEN 14015 -1:2000

Annex A of the Code lists the appropriate information together
with references to the relevant clauses in the Code, and is pre-
sented as follows:

3.2.3.1 Annex A (normative) Technical agreements
A.1 Information to be supplied by the purchaser
The following information shall be fully documented:

— thedesign pressure and the design internal negative pres-
sure (see 5.1 and Table 5.1);

— the stainless steel grade, and the risk of corrosion (see
6.2:1.2);

— the requirements for the surface finish of stainless steel
(see 6.2.1.4);

— the value of the seismic load (see 7.2.11)
— the bottom type if not single (see 8.1 S
— the bottom is to be butt-welded (see 8.4.1);

— the side of the roof that is welded and the size of the over-
lap (see 10.3.5);

— the venting requirements (see 10.6.1);

— that emergency pressure relief is not to be included (see
10.6.2);

— the provision of floating covers (see 10.7);

— the provision of floating roofs and floating roof seals (see
1
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3 Ambient temperature storage tank design

API STANDARD 650 oA

STORAGE TANK :.YLE T
DATA SHEET S

GENERAL INFORMATION (TO BE COMPLETED BY PURCHASER)

1. PURCHASER/AGENT
ADDRESS
CiTY STATE ZIP CODE PHONE
2. USER
3. ERECTION SITE:  NAME OF PLANT
LOCATION
4, TANKNO. _ MAXIMUM CAPACITY (3.25.1) m? (bbi) NET WORKING CAPACITY m? (bbl)
OVERFILL PROTECTION (API-2350) m(bbl) OR mm (in.)
5. PUMPING RATES: IN m¥h (bblh) our m3h (oblh)
6. MAXIMUM OPERATING TEMPERATURE °C (")
7. PRODUCT STORED DESIGNSPECIFICGRAVITY_____ AT °C(°F)
DESIGN METAL TEMPERATURE °C(°F) VAPOR PRESSURE KkPa (in. water)
8. CORROSION ALLOWANCE:  SHELL mm (in.} ROOF mm (in.)
BOTTOM mm (in:) STRUCTURALS mm (in.)
9. SHELL DESIGN: O BASICSTANDARD 650 O APPENDIX A O APPENDIXF
DESIGN PRESSURE. KkPa (Ibffin.2)
10. ROOF DESIGN: O BASIC STANDARD 650 0O APPENDIX C (EXTERNAL FLOATING)
O APPENDIX G (ALUMINUM DOME} O APPENDIX H (INTERNAL FLOATING)
FRANGIBLE ROOFJOINT? O YES O NO
11. ROOF DESIGN INFORMATION:
UNIFORM LIVE LOAD kPa (Ibffit?)
SPECIAL LOADS (PROVIDE SKETCH) kPa (Ibf/f?)
INSULATION LOAD kPa (ibft2)
MAXIMUM DESIGN ROOF TEMPERATURE °C (°F)
' GASES IN THE VAPOR SPACE
12. EARTHQUAKE DESIGN? 3 YES O NO (APPENDIXE) ROOF TIE RODS (3.10.4.5)? J YES O NO
SEISMIC ZONE IMPORTANCE FACTOR
ZONE FACTOR (TABLE E-2) SITE COEFFICIENT (TABLE E-3)
13. WIND LOAD: VELQCITY krm/h (mph)
PROVIDE INTERMEDIATE WIND GIRDER (3.8.7)?2 23 YES 2 NO
14. ENVIRONMENTAL EFFECTS:  MAXIMUM RAINFALL mm/h (in./h)
TOTAL SNOW ACCUMULATION mm (in.)
15. SIZE RESTRICTIONS: MAXIMUM DIAMETER m (ft) MAXIMUM HEIGHT m {ft)
16.FOUNDATION TYPE: 3 EARTH O CONCRETERINGWALL 1 OTHER

REMARKS

Figure 3.1 Storage tank data sheet - page 1
From API 650, Appendlix L
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3 Ambient temperature storage tank design

DATE
BY
FILE NO.
PAGE 2 OF 4

API STANDARD 650
STORAGE TANK
DATA SHEET

CONSTRUCTION DETAILS (TO BE COMPLETED BY MANUFACTURER AND/OR PURCHASER)

{ 1. MANUFACTURER
ADDRESS
] CITY
¥ SERIAL NO,
FABRICATOR
ADDRESS
oIy
) SERIAL NO.
3. MATERIAL SPECIFICATIONS: SHELL
] ROOF
BOTTOM
i STRUCTURALS
4. NO.OF SHELL COURSES
5. PLATE WIDTHS AND THICKNESSES (INCLUDING CORROSION ALLOWANGE), IN mm (in)
1 4 7
2 5 8
3 6 9
6. TANK BOTTOM: PLATE THICKNESS om (in)
SLOPE i (in/f)

7. MINIMUM WIDTH AND THICKNESS OF BOTTOM ANNULAR PLATES (3.5), IN mm {in.):
ROOF-TO-SHELL DETAIL (FIGURE F-1)

STATE ZIP CODE PHONE

STATE ZIP CODE PHONE

O BUTT  SEAMS
O FROM CENTER

O Lap
3 B 10

9. INTERMEDIATE WINDGIRDER? 0 YES O NO TOP WIND GIRDER FOR USE AS WALKWAY? O YES o NO
10. ROOF TYPE: 0 SUPPORTED Jd SELF-SUPPORTED O FLOATING
SLOPE OR RADIUS mm (in.)
y 11. ROOF PLATE: THICKNESS mm (in.) 2 LAP O BUTT 3 JOINT
12. PAINT:
SHELL— EXTERIOR? O YES 3 NO INTERIOR? O YES 2 NO
SURFACE PREPARATION
BOTTOM— UNDERSIDE? 0 YES J NO INTERIOR? O YES Q NO
SURFACE PREPARATION
STRUCTURAL STEEL— EXTERIOR? O YES 2 NO INTERIOR? 3 YES 3 NO
SPECIFICATION
13. TANK BOTTOM COATING: INTERIOR? Sl YES a3 NO MATERIAL
APPLICATION SPECIFICATION
14. INSPECTION BY: SHOP FIELD
15. WELD EXAMINATION; RADIOGRAPH
SUPPLEMENTARY LIQUID PENETRANT OR ULTRASONIC
16. FILMS PROPERTY OF
17. LEAK TESTING: BOTTOM ROOF
SHELL
18. MILL TEST REPORTS: REQUIRED? O YES a No
PLATE STRUCTURAL SHAPES
19. PURCHASER'S REFERENCE DRAWING
20. TANK SIZE: DIAMETER m (i) HEIGHT m (ft)
21. DATE OF STANDARD 650 EDITION/REVISION
REMARKS

“gure 3.1 Storage tank data sheet - page 2
=om API 650, Appendix L
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3 Ambient temperature storage tank design

API STANDARD 650
STORAGE TANK
DATA SHEET

DATE

BY

FILE NO.

PAGE

OF

APPURTENANCES (TO BE COMPLETED BY MANUFACTURER AND/OR PURCHASER)

1. STAIRWAY STYLE:

O CIRCULAR O STRAIGHT

ANGLE TO HORIZONTAL _ DEGREES

MARK SIZE FLANGED

THREADED

REINFORCEMENT

LADDER
2 WALKWAY: WIDTH mm (in.) LENGTH m (ft)
3, DRAWOFF SUMP: STANDARD SPECIAL
4. BOLTED DOOR SHEET? O YES 0O NO (APPENDIX A TANKS ONLY) 0O RAISED Q FLUSH
5. SCAFFOLD HITCH
6. INTERNAL PIPING: SWING LINE SUCTION LINE
HEATING COIL SURFACE AREA m? (ft?)
7. ROOF DRAIN: HOSE JOINTED
SIPHON
B. NO. AND SIZE OF SHELL MANHOLES
9. NO. AND SIZE OF ROOF MANHOLES
10. SHELL NOZZLES (SEE FIGURES 3-4B, 3-5, AND 3-7 AND TABLES 3-8, 3-8, AND 3-10):
it Lid o ORIENTATION | HEIGHT FROM
MARK SIZE SGL DBL SPL A B (o] D N =0 BOTTOM SERVICE
11. ROOF NOZZLES, INCLUDING VENTING CONNECTION (SEE FIGURES 3-14 AND 3-15 AND TABLES 3-16 AND 3-17):
ORIENTATION | DISTANCE FROM
N=0 CENTER SERVICE

NOTE: SKETCHES AND/OR SEPARATE SHEETS MAY BE ATTACHED TO COVER SPECIAL REQUIREMENTS.

Figure 3.1 Storage tank data sheet - page 3
From API 650, Appendix L
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3 Ambient temperature storage tank design

API STANDARD 650 BATE,
STORAGE TANK e
DATA SHEET PAGE 4 oF 4
Top of shell height
Overfill siol
Design liquid level*
; Overdill protection level requirement:
Note 1 (see Note 1)
m? (obl) or mm (in.)

Maximum capacity:

Net working capacity:

Normal fill level

- Minimum fill level

Top of boltom piate as shell

m3 (bbl) m? (bbl)
Minimum operating valume remaining in the tank:
m? (bbf) or mm (in.)
Notes:O
1. Overfill protection level (or Volume) requirement; see AP1 2350.0
* See 3.6.3.2.

srz 3.1 Storage tank data sheet - page 4

API 650, Appendix L

the amount of product to be always present in the tank
(see 12.1);

the roof manhole cover (see 13.3.1);

if the roof plates to be welded to the roof structure (see
15.8.4);

the position of floating roof (see D.3.1)
the floating roof design and type (see D.3.4);
the additional roof manholes (see D.3.6);

the support leg operating and cleaning positions (see
D.3.13);

the gauging device (see D.3.14);
if a rolling ladder is not required (see D.3.15);

the roof main drain if not a hose or articulated pipe type
(see D 3.8.1):

if a trial erection and inspection of a floating roof is re-
quired (see D.4);

if floating roof rim seals are required (see E.1);
the evaporation rate (see L.3.1.1 ¢));

the maximum gas flow under malfunction conditions of the
gas blanket (see L.4.3);

the emergency flow capacity for other possible causes
(see L.4.4);

the emergency vacuum flow capacity (see L.5);

the range of operating temperature (see Q.2.4);

the procedure, qualification and acceptance tests for ad-
hesive (see Q.3.3.1);

the insulation thickness or heat loss requirements (see
Q.6.1);

the tank’s external appearance and finish (see R.2.1).
the painting system used (see R.2.2).

A.2 Information agreed between the purchaser and the
contractor

the additional requirements for roof plating and nozzle re-
inforcement (see Table 5.1)

the design methodology and fabrication tolerances for de-
sign internal negative pressures above 8.5 mbar (see
Table 5.1);

the steel to be used it not from Tables 6.1.1-1 to 6.1.1-3
(see 6.1.1.1);

the mounting materials, when different to the shell plates
(see 6.1.7.1);

the live loads (see 7.2.6);
the concentrated live load (see 7.2.7);

the value of the wind load if the wind speed is more than 45
m/s (see 7.2.10);

the anticipated settlement loads (see 7.2.13);
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3 Ambient temperature storage tank design

— the emergency loads (see 7.2.14);
— the bottom gradient if more then 1:100 (see 8.1.1);

— the guaranteed residual liquid level to resist uplift (see
8.2.3);

— the incorporation of annular plates (see 8.3.1);

— the option to be used if the SG exceeds 1.0 kg/f (see
9.1.3);

— the shell thickness for stainless steel tanks of diameters
greater than 45 mm (see Table 9.1.5 NOTE 3);

— whether the underside welds of stiffening rings shall be
continuous or intermittent (see 9.3.1.11);

— the design methodology and load combinations (see
9.3.3.9);

— the span of roof supporting structure for dome roofs (see
10.3.1);

— the joint efficiency if different to the standard values (see
10.3.8);

— the minimum size of manholes (see 13.1.1);
— the details of non-standard nozzles (see 13.3.2);
— the method of heating or cooling the fluid (see 13.10);

— the non-standard distances between an opening and a
plate edge (see 15.5);

— non-standard types of floating roofs (see D.2)
— non-standard floating roofs (see D.3.1);
— the specific requirement for a floating roof (see D.3.2.4);

— the alternative values for live load when resting on its sup-
port legs (see D.3.3);

— the method of assessing frangibility (see K.2);

— the safety coefficient for frangible roofs (see K.4);

— the design of flush-type clean-out doors (see 0.1.1);
— the proprietary system of insulation (see Q.1);

— the insulation system to be used (see Q.2.1);

— the basis for the wind load calculations (see Q.2.3);
— the type of foam insulation (see Q.8.2);

— the sequence of foaming and cladding (see Q.8.2);

— the means of checking the quality of foam (see Q.8.2);

— the type of foam and its physical and thermal properties
(see Q.8.3).

3.3 The shell
3.3.1 The design of the tank shell

Storage tanks are often disparagingly referred to by construc-
tors and users as “tin cans” and to some degree this is true in as
much as there are similarities in the ratios of the shell thickness
to diameter of both items.

For example a typical soup can is 75 mm diameter x 105 mm
high (d/h = 1/1.4) and has a wall thickness of 0.15 mm. A stor-
age tank of 10 m diameter x 14 m high has a wall thickness of 5
mm. It can be seen that the thickness-to-diameter ratio for the
soup can is 0.002 and for the tank is 0.0005. The tank ratio is
four times less than that of the soup can, which demonstrates
how relatively flimsy the shell of a tank really is particularly if it is
subjected to a partial vacuum condition as is demonstrated in
Figure 3.2.

The scaffolding around the tank in Figure 3.2 was erected to al-
low the shell fo be painted. Immediately after the painting was
completed, the tank was put back into service but a plastic bag,
which had been put over the roof vent valve to protect it during
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Figure 3.2 Example of a tank imploding

painting, had not been removed and the tank imploded when
product was being drawn from it.

The various stresses to which the shell of a tank is subjectec
are as follows:

Hoop tension

The major stress in the shell is hoop tension which is caused by
the head of product in the tank, together with any overpressurs
in the roof space of a fixed roof tank.

Axial compression
This stress is made up of the following components:

* The self-weight of the tank, comprising the shell, the roc?
the superimposed load on the roof and any attachments =
the tank.

¢ The compressive load due to any internal vacuum in the
tank.

* Wind load acting on the shell of the tank causes a overturs
ing effect and hence induces a compressive load on the le=-
ward side of the shell.

» Whereatankis located in a geographical area which is sus-
ject to earthquakes, then compressive stresses due to =
seismic action can be transmitted to the shell. This lat=
stress component is dealt with separately in Chapter 15 o
26 where seismic design is covered in defail.

Vertical bending

The natural elasticity in the shell material allows the shell to =«
pand radially when under service loading, but this expansion =
restrained at the shell-to-floor junction and therefore the shet
suffers vertical bending stresses in this area.

3.3.1.1 Failure around the circumference of the cylinder

In order to demonstrate how tank shells are designed, some 2=
sic engineering design principles must be considered.

Figure 3.3 shows a cylindrical shell having a shell, which &
comparatively thin, compared to its diameter, the ends ==
capped off and it is subjected to an internal pressure ‘p'.

D

diameter

= wall thickness

= length

= internal pressure

horizontal load on the cylinder

T US|k
0l

= tangential load in the wall of the cylinder

S

S
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Consider a failure around the circumference of the cylinder:
_oad P = pressure x area

=pxn/4xD? equ 3.1

=esistance to a circumferential failure= stress x area of the cy-
‘ndrical wall.
=f XmxDixt equ3.2
Zquating equations 3.1 and 3.2
pxn/4xD?=fxnxDxt
nen
f_PxD

= equ3.3
4 xt i

2.3.1.2 Failure along the length of the cylinder
_onsider a failure along the length of the cylinder:
~orce F = pressure x area

=pxDxL equ3.4
==sistance to a longitudinal tear in the cylinder wall
= siress x area of the cylinder wall.

=fx2xlixt equ3.5
=guating equations 3.4 and 3.5

pxDxL=Ffx2xLxt

en

. pxD
2t

=y comparing equations 3.3 and 3.6 it can be seen that the
“zhest stress is given by equation 3.6 and therefore a cylinder
_nder pressure will fail by tearing along a line parallel to its axis
—=ther than on a section perpendicular to its axis.

equ3.6

"he basic equation 3.6 is used in the tank design Codes for de-
=rmining the thickness for the tank shells.

“he way the British, American and European tank design
“odes apply the above basic principles differ in approach. Ini-
"2y the British Standard 2654 will be considered, then later,
e differing aspects of the other Codes will be discussed.

3.3.2 BS 2654

=S 2654 gives the shell thickness formula as:

::%{98-(H—0.3)+p}+c.a. equ3.7
shere:
= shell thickness (mm)
D = tank diameter (m)

w
1

allowable design stress (N/mm?)

3 Ambient temperature storage tank design

w = specific gravity of tank contents (non-dimen-
sional) - but never taken as less than unity for
design purposes

p = design pressure in the vapour space above the
product level (mbar)

c.a. = corrosion allowance which, at the discretion of
the tank customer, may be added to the de-
sign thickness (mm)

H = distance from the bottom of the course under
consideration to a predetermined height at the
top of the tank, which is the limit of the fluid
height (m)

The predetermined height at the top of the tank is either:
e The top of the shell.

e The level of an overflow designed to limit the fluid height in
the shell.

» When the height of the shell includes a wind skirt with over-
flow openings and/or seismic freeboard, the maximum
product height for calculation purposes shall be the over-
flow height, or the height less the seismic freeboard.

e (H-0.3)- The explanation of this term is given later in Sec-
tion 3.3.2.2.

For the moment however, consider a tank having a shell of con-
stant thickness over its full height, based on the full head of
product in the tank represented by the simple term H (m).

Note: The tank diameter D is generally taken as the diameter
measured to the centreline of the shell plating. How-
ever for floating roof tanks where it is preferable to have
a smooth internal surface for the roof seal to act
against, the diameter may be measured to the inside
surface of each course of shell plates thus avoiding
steps between adjacent courses.

Equation 3.6 is re-arranged for t as follows:
t_pr
2x8S

Where stress fis represented by S and p is the internal loading
in the tank, which is made up of two components as shown in
Figure 3.4.

equ3.8

The first component is due to the head of product in the tank H
expressed as a height in metres.

The second component is the pressure in the vapour space ‘p’
which is due to the natural gassing off of the stored product, or
from the use of a positive pressure inert gas “blanket” over the
product. This pressure is controlled by the use of pressure and
vacuum relief valves fitted to the roof and these are covered
later in Chapter 8, Section 8.2.4.2.

In order for the above formula to work, the input data has to be
expressed in acceptable units as follows:

p = N/mm?
D = mm
S = N/mm?

The first component of the pressure is converted from metres of
product liquid head to mbar by multiplying by 98 and added to
the second component, which is already expressed in mbar.
This combination is then converted to N/mm? by multiplying by
0.0001.

D is converted to mm by multiplying by 1000 and S is already
expressed in N/mm?

prt
S X

Equation 3.8 is therefore transformed from t = (o}
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Figure 3.4 Loading on a tank shell

_Dx1000
208

Dx1000

{[(H XW X 98) + p]0.0001}+c.a.
{(0.0098 xw x H)+0.0001p} +c.a.
= %{(9.&W-H)+O.1p} +c.a

20 S {(98 w - H)+p}+ ca. equ3.9
Earlier editions of BS 2654 limited the maximum allowable
stress in the shell plating to 21,000 Ibs/in? (145 N/fmm?2) and
also included a welded joint efficiency of 85%.

The limitation on allowable stress has now been superseded,
as shown later in Section 3.3.2.5. Also, due to improved mod-
ern welding technology and joint inspection techniques, as long
as the welding and inspection procedures given in the Code are
adhered to, the joint efficiency is deemed to be 100%. For ex-
ample, the welded joints are considered to be at least as strong
as the parent plate. Due to this increase in joint efficiency, tank
shells are now 15% thinner than their earlier counterparts.

3.3.2.1 Principal factors determining shell thickness

It can be seen that the principal factors, which determine the
thickness of the tank shell, are:

= the internal loadings due to the head of liquid and
¢ the pressure in the vapour space.

Adjustment may be required when axial, wind and seismic
loads are considered but there is no allowance made for any
other external loadings whatsoever. Itis important to remember
this, because on occasions, designers and constructors may
be asked to impose additional external loads on the shell, or to
allow for external piping loads to be transmitted to the shell noz-
zles, particularly those in the bottom course of the shell where
more often than not the thickness of this course is a design
thickness rather that a nominal thickness (the explanation of
this difference is given later in Section 3.3.2.4).

Where additional loads are requested, separate consideration
must be given to their effect on the stress in the shell. The
American Code API 650 addresses the effect of nozzle load-
ings in Appendix P of the Code but its application is limited to
tanks over 36 metres in diameter. This subject is dealt with in
Chapter 4.

3.3.2.2 Practical application of thickness formula

Having established how the shell thickness formula was de-
rived, the practical application of the formula to a storage tank
can now be discussed.

From Figure 3.4 it can be seen that the pressure varies with the
head of liquid and therefore the shell thickness varies from al-
most zero at the top, to a maximum at the bottom. As it is im-
practical to have a shell with a tapering thickness, it is instead,
constructed of a number of plate courses each of a uniform
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thickness but with each successive course being thinner than
the one below, except that for practical constructional reasons,
the top courses are governed by minimum recommended
thickness rules given in the Codes.

The use of courses with diminishing thickness has the effect
that, at the joint between two adjacent courses, the thicker,
lower course provides some stiffening to the top, thinner course
and this causes an increase in stress in the upper part of the
lower course and a reduction in stress in the lower part of the
upper course.

The design Codes assume, on an empirical basis, that the re-
duction in stress in the upper course reaches a maximum value
at one foot (300 mm) above the joint and it is at this point, on
each course from which the effective acting head is measured.
This method of calculation is known as the “one foot” method or
rule, (having evolved in an era when the Imperial measurement
system was in vogue).

The above explanation can be shown diagrammatically as in
Figure 3.5.

The displacement of the shell courses is shown diagrammati-
cally in Figure 3.6.

The adoption of the “one-foot” method means that the shell
thickness formula given in BS 2654 is written as set out in equa-
tion 3.7:

~r 8{98 (H-0.3)+p}+ca.

3.3.2.3 Exception to “one-foot” method

There is an exception to the “one-foot” rule and this comes into
use when steels of differing strengths are used in designing the
shell courses. In such cases, when the ratio of:

height (H - 0.3), used for the computation of a given course.
divided by the allowable stress for that course, is equal to or
more than the (H -0.3) + S ratio for the course beneath,

then the advantage of the “one-foot” method is deemed not to
apply to the upper course and this course shall be designed us-
ing H instead of (H - 0.3). The mathematical form of this is ex-
pressed as:

When:

Hu-03 _H -03
Su S

D
then t :ﬁ{(QB-w-Hu)+p}+c.a.

where:

Hu = distance from the bottom of the upper course
to the maximum possible filling height (m)

Su = allowable design stress for the upper course
(N/mm?)

Ho = distance from the bottom of the lower course
to the maximum possible filling height (m)

SL = allowable design stress for the lower course

(N/mm?)

There is a further very important stipulation, which must be re-
membered during the shell design, and this is that, no course
shall be constructed at a thickness less than that of the courss
above, irrespective of the materials of construction.

There are other factors, which govern the use of the above for-
mula, and these are now discussed.
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“zur= 3.6 Displacement of the shell courses shown diagrammatically
1 3.2.4 Maximum and minimum shell thickness Nominal tank diameter Minimum allowable shell plate thickness
Tick plates are known, under sub-zero temperature condi- Bm) ) '
“ons. to be susceptible to brittle fracture. Tests made by the 7510 <100 12
"='= Wide Plate test method in 1964 concluded that for opera- > 100 14
ozl safety, storage tank shell plates should be limited to a
= ~=vmum thickness of 40 mm. Figure 3.7 Minimum plate thicknesses according to Table 2, BS 2654 |
==r the upper courses of shell plating the formula will give quite 3.3.2.5 Allowable steel stresses

=~ plate thickness which are impractical for constructional

m.moses. The Code therefore specifies minimum plate thick-

==<s_which must be used, and Table 2 in BS 2654 gives these
: anc is shown in Figure 3.7. This minimum thickness may in-
L= any specified corrosion allowance, provided that the shell
shown by calculation to be safe in the corroded condition.

To keep the selection of shell plate material within the band of
carbon and carbon manganese weldable steels, the maximum
allowable design stress which may be used is 260 N/mm? or two
thirds of the material, specified minimum yield strength at room
temperature, whichever is the lower. This limit of 260 N/mm?
discourages the use of steels with a minimum specified yield

Nominal tank diameter Minimum allowable shell plate thickness strength in excessiof 390 NI'!TI.TII'IZ, because.af their increased

Br | D T hardness and reduced weldability.
<c ' <15 5 However, steels with higher yield stresses than this have been
5 : S 2 used and this came about in the late 1960s and early 1970s,
‘ F when the impetus in the petroleum industry gave rise to a de-
. okt & mand for larger tanks with a capacity of 1 million barrels
or- . 60to <75 10 (159,000 m?) and greater. BP developed tankage on Das Is-

land, offshore from Abu Dhabi, where the largest tank was 96 m
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diameter x 25 m high, having a capacity of 1.18 million barrels.
This was possible because of the advances the Japanese had
made in the production of strong notch tough steels for their
growing building programme for seagoing super tankers.
These steels were produced mainly in Japan in controlled roll-
ing and on-line quenching and tempering facilities.

Also, much more was known at this time on the subject of “brit-
tle fracture” and whilst the 40 mm maximum thickness rule was
maintained, the allowable design stress was allowed to be 25 of
the yield stress but not to exceed % of the tensile stress. A
quenched and tempered carbon manganese steel, Welton 60
having a specified minimum yield strength of 441 N/mm?, was
used for the shell. Using % of this value allowed a design stress
of 293 N/mm?, which did not exceed 50% of the specified mini-
mum tensile strength of 588 N/mmZ. For more details see Ref-
erence 3.1.

Also, it limits the radial expansion and rotation of the shell,
which is especially undesirable in the area close to the
shell-to-bottom junction where there is the added complication
due to nozzle loadings. This aspect is developed further in
Chapter 4.

3.3.2.6 Maximum and minimum operating temperatures

The Code limits the tank operating temperature to a maximum
of 150°C without any reduction in design stress. However,
above this temperature consideration must be given to using a
lesser design stress due to the elevated temperature having an
effect on the yield strength of the steel.

BS 5500 contains tabular information on allowable stresses at
elevated temperatures for a number of steel specifications.

The minimum design metal temperature is based on official
weather reports for the tank site over at least the last 30 years
and is the lower of the lowest daily mean temperature, plus
10°C, and the minimum temperature of the tank contents.

BS 2654 states that for a tank constructed for service in the UK
where the shell temperature is controlled by ambient condi-
tions, the minimum metal temperature shall not exceed 0°C.

For a storage tank constructed outside the UK and where no
long term data or weather reports are available, the design
metal temperature shall be the lower of the lowest daily mean
temperature plus 5°C and the minimum temperature of the
contents.

The minimum design temperature for the tank shall not take
into account the beneficial effect of heated or thermally insu-
lated tanks.

It is interesting to note that the proposed European Standard
PrEN 14015 - 1, states a maximum design temperature of
100°C. Design temperatures above this value have to comply
with clause 6 of the Standard which states that the steel supplier
shall certify the yield stress values for steels used at elevated
temperatures. Alternatively, a list of appropriate steels is given
in the text. For design temperatures above 250°C, steels which
are proven to be unaffected by ageing shall be used.

3.3.2.7 Specific gravity or relative density of the stored
product

The specific gravity or relative density of the stored product for
design purposes shall not be taken as less than unity (regard-
less that the actual specific gravity (SG) of the stored product
may be less than unity). The basis of this requirementis the fact
that the tank, on completion, is required to be hydrostatically
tested with water prior to being put into service. Also, as many
petroleum and chemical products have a SG less than unity,
this gives an additional safety factor to the shell plating.

Also, experience has shown that designing to a SG of 1.0 gives
flexibility of usage and guards against a tank, which may have
been designed for a particular product density, some time in the
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future, unwittingly, being used for a product having a higher
density.

3.3.2.8 Pressure in the roof vapour space

The design pressure in the vapour space is limited to a maxi-
mum of 56 mbar and a maximum vacuum of 6 mbar.

In the interests of standardisation BS 2654 classifies tanks into
three categories:

e Non-pressure tanks
e Low-pressure tanks

* High-pressure tanks
Non-pressure tanks

Non-pressure tanks are suitable for working at atmospheric
pressure, but are designed for an internal pressure of 7.5 mbar
and an internal vacuum of 2.5 mbar. However for tanks with col-
umn supported roofs an internal pressure of 4 millibars shall be
assumed. 4 mbar equates approximately to the weight of 5 mm
thick roof sheets and at this pressure the roof plates will just
start to lift off their supporting structure.

Note: When using equation 3.7 for the design of non-pres-
sure tanks, BS 2654 does not require the pressure of
7.5 mbar to be used for p in the equation.

Low-pressure tanks

Low-pressure tanks are designed for an internal pressure of 20
mbar and an internal vacuum of 6 mbar.

High-pressure tanks

High-pressure tanks are designed for an internal pressure of 56
mbar and an internal vacuum of 6 mbar.

Note: BS 2654 limits the internal working pressure to 56
mbar, but it is possible to design tanks for higher pres-
sures by using the alternative Codes listed here:

BS 7777 (incorporating BS 4741 & 5387- Storage of
products at low temperatures) and pressures
up to 140 mbar. This pressure may be ex-
ceeded subject to agreement between the pur-
chaser and contractor but for large diameter
tanks the design of the roof-to-shell joint and
anchorage might be limiting.

API 650 Pressures up to 2% Ibs/in® G (172 mbar)
Appendix F

API 620 Pressures up to 15 Ibs/in® G (1034 mbar)

As is the case for BS 2654, these Codes also only allow for a
small internal vacuum to be present in the tank.

prEN 14015 Pressures up to 500 mbar, and vacuum up to
20 mbar. Except that for a vacuum condition
above 8.5 mbar, the design methodology is not
given in the Code but it shall be agreed be-
tween the purchaser and the manufacturer.

A synopsis of the requirements of this Code were covered ear-
lier in Section 3.1.1.

Note: Whilst BS 2654 gives maximum values for internal vac-
ua, these values are not actually incorporated into the
design formula for the shell thickness, this is because it
is assumed that the thickness derived from equation
3.7 will be adequate enough to withstand the low vac-
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3 Ambient temperature storage tank design

Design method for Carbon Steel Storage Tanks to BS 2654 : 1989 + amd.1:1997.

Cone roof Tanks

Client: A. Another Ltd.
Site : Liverpool
Est. or Contract No: C /001
3 Maxs- Tank size : 3000 m.dia. x 16.00 m. high
Tank No : 001
Date: 5/05/02
KS inen
= Diameter D= 30000 m Shell= 12  Plates per Course
Height H= 16.000 m
Specific gravity w= 0.900 1.00 to be used for Shell design.
Internal press. p= 7.50 m.bar Internal vac 2.50 m.bar
Corrosion allowances :- Shell plates 0.00 mm
Floor plates 0.00 mm
Roof plates 0.00 mm
Shell angles 0.00 mm, Total = 0.00 mm off each flange thks
Design temperature - Max. 90.00 °C
| Min 0.00 °C

Steel type - BS EN 10025 $275
Minimum Yield Stress 275.000 N/mm? for 't' <= 16mm
Design stress 183.333 N/mm? (2/3 x min. Yield)

Shell thickness D/20.S (98w (H-0.3)+p}+ca (ignore 'p'if =< 7.5 m.bar)

The Code requires a min. thickness 8.00 mm

just Design of the Shell.

Course no. Course Design | Height 'H' | Calculated | Thickness
Dres- | height (m) [ stress (m) | thks. (mm) | chosen
g 1 2.000 183.333 16.00 12.59 1286
i 2 2000 | 183333 | 1400 | 10098 11.0
3 2000 | 183.333 | 1200 9.38 9.4
4 2.000 183.333 10.00 7.78 8.0
5 2.000 183.333 8.00 6.17 8.0
= 6 2.000 183.333 6.00 4.57 8.0
of 20 7 2000 | 183333 | 4.00 297 8.0
| 8 2.000 183.333 2.00 1.36 8.0
9
10
11
of 56 i
Shell ht.= 16.00 Min. thks. = 8.00
e This shell calculation demonstrates how the formula produces very thin upper courses.
D 90 The Code requires a minimum thickness of 8 mm for this tank diameter.
res-
“ure 3.8 Tank shell design illustration using equation 3.7
uum ratings, providing that suitable stiffening is pro- snow load, vacuum, wind and seismic loads, as applicable and
- vided see Section 3.5.2 Secondary wind girders. also the possibility of uneven settiement of the foundation.
2.3.2.9 Tank shell design illustration Also any tank which has to carry high roof loads for example
DUr- E x ; due to heavy snow falls, as is the case in . Canada, shoul
- ~'gure 3.8 demonstrates the use of equation 3.7. The following Hanethe shill aBosied fo?stability =2, . d
L =ssumptions have been made: L
v 3.3.3.1 Derivation and assessment of axial stress in a cy-
A non-pressure cone roof tank lindrical shell
Pressure rating +7.5 mbar and -2.5 mbar The tank wall thickness has been determined using only the in-
Dimensions: 30 m diameter x 16 m high te_arnal pressure to which it is subjected together W|th a limiting
circumferential stress of 260 N/mm? or 2 of the applicable ma-
Number of courses: 8 terial yield stress. The axial stress should now be calculated for
Shell corrosion allowance - nil each course because the exustenc.e of compressive membrane
stresses in the shell could cause it to fail by buckling. The fol-
ra Design temperature: + 90°C and 0°C lowing theory is, in part, taken from work by the late Professor
Steel specification: BS EN 10025 S$275 having a minimum gtrgt;;otge P(rgclafess;:; of Mechanical Engineering, University of
: yield of 275 N/mm?2 905 =iandow

The theory for the critical buckling stress in a thin walled circular
shell subjected to longitudinal compression is given by Roark &
Young (Reference 3.2) as:

This shell calculation demonstrates how the formula produces
ot very thin upper courses. The Code requires a minimum thick-
ness of 8 mm for this tank diameter.

Sc—ix B xE equ3.10
3.3.3 Axial stress in the shell V8 -2 r
-
- ‘ Taking E = 207,000 N/mm2 and v = 0.3 for carbon steel, then
ne design of the shell to cater for internal pressure loading ¢
c- which produces a tensile circumferential stress in the shell has Be="125 236w~ equ3.11
e oeen discussed. However, for large diameter tanks with low r
it shell heights, the lowest shell courses may be rather thin and ;
n therefore the stability should be checked taking into account the where:
C- vertical loads resulting from the roof weight, shell self- weight, tis in (mm) and
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Figure 3.9 Basic wind speed for UK locations
From the Met Office, United Kingdom
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E— Town or city mis Town or city mis Town or city mis Town or city mis
3 Aberdeen 49 Carlisle 46 Leeds 46 Oxford 40
— Bedford 40 Coventry 44 Leicester 44 Perth 51
Belfast 45 Dumfries 47 Liverpool 46 Plymouth 44
Birkenhead 46 Dundee 50 London 38 Portsmouth 40
|_Bimingham 43 Edinburgh 50 Londonderry 52 Preston 45
= " Blackpoal 46 Exeter 43 Luton 40 Sheffield 46
‘ Boumemouth 41 Glasgow 54 Manchester 45 Southampton 40
i Bradford a7 Great Yarmouth 43 Middlesbrough 45 Stoke 43
Brighton 40 Huddersfield 46 Newcastle-upon-Tyne 45 Swansea 46
= L Bristol 43 Invemness 49 Northampton 42 Wolverhampton 43
LCambridgs 41 Ipswich 41 Norwich 43 York 45
| Cardiff 45 Kingston-upon-Hull 45 Nottingham 45
Channel Islands
. . Alderney I 52 | Guemsey | 52 ‘ Jersey | 52 |
1 These values apply to cities and towns only and notr ily to the ding areas

“2ure 3.10 Basic wind speed in metres per second for some UK cities and towns
==m British Standard CP3

Topography factor Sy
The basic wind speed, V, given in Figure 3.9 takes account of the general level of the site above sea level. This does not allow for local topographic fea-
tures such as hills, valleys, cliffs, escarpments or ridges which can significantly affect the wind speed is their vicinity.
i Near the summits of hills or the crests of cliffs escarpments or ridges the wind is accelerated. In valleys or near the foot of cliffs, steep escarpments or
ridges, the wind may be decelerated. In all cases the variation of wind speed with height is modified from that appropriate to level terrain.
Where the average slope of the mound does not exceed 0.05 within a kilometer radius of the site, the terrain may be taken as level and the topography fac-
tor §1 should be taken as 1.0.
| In the vicinity of local topographic features the factor S, is a function of the upwind slope and the position of the site relative to the summit or crest, and will
be within the range of 1.0 < S; = 1.36. It should be noted that S, will vary with height above ground level, at a maximum near to the ground and reducing to
1.0 at higher levels.
In certain steep-sided enclosed valleys, wind speeds may be less than in level terrain. Caution is necessary in applying S, values less than 1.0 and special-
ist advice should be sought in such situations.
; (2) Open country with scattered {3) Country with many windbreaks, (4) Surfaces with large and frequent
{1) Gpen country with no obstructions windbreaks small towns, outskirts of large cities obstructions, e.g. city centres
H Class Class Class Class
m A B c A B [ A B c A B c
1 Iorless 0.83 0.78 073 072 0.67 063 0.64 0.60 0.55 0.56 0.52 0.47
5 0.88 083 0.78 0.79 0.74 0.70 0.70 0.65 0.50 0.60 0.55 0.50
10 1.00 0.95 0.90 093 0.88 0.83 0.78 0.74 0.69 0,67 062 0.58
15 1.03 099 0.94 1.00 0.95 0.91 0.88 0.83 078 0.74 0.69 064
] 20 1.06 1.01 0.96 1.03 0.98 0.94 0.95 0.90 0.85 0.79 075 0.70
0 1.09 1.05 1.00 1.07 1.03 0.98 1.01 0.87 0.92 0.80 0.85 0.79
20 1.12 1.08 1.03 1.10 1.06 1.01 1.05 1.01 0.96 0.87 0.93 0.89
50 1.14 1.10 1.08 112 1.08 1,04 1.08 1.04 1.00 1.02 0.98 0.94
80 1.15 112 1.08 1.14 1.10 1.06 110 1.06 1.02 1.05 1.02 0.98
20 1.18 1.15 1.11 147 1.13 1.09 1.13 1.10 1.06 1.10 1.07 1.03
*00 1.20 117 1.13 1.19 1.16 1.12 1.16 1.12 1,08 1.13 1.10 1.07
120 1.22 1.19 1.15 1.2 1.18 1.14 1.18 1.15 1.11 115 1.13 1.10
£ 1.24 1.20 1.47 1.22 1.19 1.16 1.20 117 1.13 147 1.15 142
150 1.25 1.22 119 1.24 1.21 1.18 1.21 1.18 1.15 1.19 117 1.14
120 1.26 1,23 1.20 1.25 1.22 1.19 1.23 1.20 117 1.20 1.19 1.16
200 1.27 1.24 1.21 1.26 1.24 1.21 1.24 1.21 1,18 1.22 1.21 1.18
TassA = Allunits of cladding and roofing and their immediate fixings and individual members of unclad structures.
= T=ssB = All buildings and structures where neither the greatest horizontal dimension nor the greatest vertical dimension exceeds
Is 50 m (165 fi).
TessC = Allbuildings and structures whose greatest horizontal dimension or the greatest veriical dimension exceeds 50 m (165 ft).
Sigee= 3 10 Factors S1 and S2

h Standard CP3
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risin (m)

Tests indicate that actual buckling occurs at between 40% and
60% of the value obtained using the above theory.

3.3.3.2 Allowable compressive stresses for shell courses

BS 2654 makes reference to BS 5387 “Specification for vertical
cylindrical welded storage tanks for low-temperature service
downto-196°C" and in particular to Clause 9-2-3 of that specifi-
cation which gives a method for calculating the allowable com-
pressive stresses for the shell courses, measured at each
horizontal weld seam as:

(t-0)
Sc:12.5~R— x Gn equ3.12
where:

Sc = the allowable compressive stress (N/mm?)

t = the shell plate thickness at the point under
consideration (mm)

(&} = the corrosion allowance, if applicable (mm)

R = the radius of the tank (m)

G = the factor for increase of the allowable stress
for the loading combinations given below

N = the joint efficiency factor which is 1.0 for

butt-welded shells

The following loading combinations decide which value of ‘G’ is
used in equation 3.12 as follows:

(a) Dead weightabove point under consideration + insulation
+ 50% pipe loads + superimposed load.

For this condition G = 1.0

(b) Dead weight above point under consideration + insulation
+ pipe loads + wind load + 50% of superimposed load.

For this condition G = 1.25

c) Dead weight above point under consideration + insulation
+ pipe loads + earthquake load + 50% of superimposed
load.

For this condition G = 1.33

Note: The superimposed load = 1.2 kN/m? of projected roof
area which includes vacuum, snow and live loads.

There is apparent similarity between equation 3.11 and equa-
tion 3.12 but equation 3.12 recognises the limitations of the the-
oretical formula and also allows for the various loading possibil-
ities given above and thus limits the allowable compressive
stresses to well below the theoretical values which would be
obtained from equation 3.11.

3.3.3.3 Actual compressive stress

Equation 3.12 gives the allowable compressive stress for each
course and the actual compressive stress due to the various
factors given in Sections 3.3.3.2 (a), (b) & (c) must be com-
pared to this.

The actual stresses due to dead weight, insulation load, pipe
loads, and superimposed load are fairly straightforward to cal-
culate as:

Gz:n-\g-t equ3.13
where:

oz = actual compressive stress

W = summation of these loads

D = tank diameter

t = thickness of the course under consideration

34 STORAGE TANKS & EQUIPMENT

The axial stresses due to the wind load and any seismic load
are a little more complicated to calculate. Seismic analysis is
dealt with later in Chapter 15 and the resulting axial stresses
can be derived from there.

3.3.3.4 Axial stress due to wind loading on the shell

The axial stress due to wind load is now discussed and this is
based on the “Engineering Bending Theory” where the circular
shape is assumed to undergo small displacements. This is con-
sidered to be a reasonable assumption, in that the aim of the
design approach is to maintain a circular cross section at all
heights of the tank. This is certainly achieved at the base, where
the axial stress has a maximum value.

The axial stress ‘oz due to the wind load, causing a bending

moment ‘M’ is therefore expressed as:
n-D=-t

The moment M produces a stress oz which is approximately

uniform across the wall thickness. On the windward side this
axial stress is tensile and on the leeward side it is compressive.

equ3.14

The value of M in equation 3.14 is determined from the wind
loading on the tank. In following the BS2654 approach, this is
derived by determining:

(a) The geographical location of the vessel and from this the
basic wind speed, V which is the 3-s gust speed estimated
to be exceeded on average once in 50 years.

(b) Four wind speed factors, S+, Sz, Szand S, defining the to-
pography (S4), ground roughness (S;), a freak wind proba-
bility factor, (Ss) and a directional factor (S,).

Values of basic wind speed for UK locations and values for the
above factors are given in British Standard CP3, Chapter V.
Part 2, 1972. They are reproduced in Figures 3.9 to 3.12,

For areas outside the UK, the wind speed information can be
obtained from local meteorological stations.
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directions
(degrees) | 0 | 30 | 60 | 90 | 120 | 150 | 180 | 210 | 240 | 270 | 300 | 330

General 5,(0.78 (0.73| 0.73 |0.74|0.73 (0.80 | 0.85 (0.93 | 1.00| 0.9 | 0.91 | 0.82

Coastal S,|0.84 | 0.78 | 0.78 [0.79 | 0.78 | 0.86 | 0.91 | 1.00 | 1.00 [ 1.00 [ 1.00 | 0.88

(Coastal values of S, are applicable within 5 km of the cuast for on-shore wind
directions.)

Figure 3.12 Factors S; and S,
From British Standard CP3
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“hereis now a alternative Standard which is used for wind load-
~as and this is BS 6399 Part 2. But as CP3, Chapter V, Part 2
“=s been used successfully for many years and as BS 2654 still
="=rs to it, its use will be continued here.

“7= design wind speed Vs is given by:
Vs =V8S,8,8,(m/s) equ3.15
T7s is converted to a dynamic pressure by using

q:%pvs2 equ3.16

anere:

© s the density of air. The figure is the density of air at 15°C and
wnder atmospheric pressure, viz., r = 1.227 kg/m?®,

NUS:
9=0.613V,* (N/m?) equ3.17

"he pressure varies round the tank in such a way that on the
wndward side only + 40° the circumference of the tank is sub-
=ctioaradial inward pressure. The rest of the tank is subject to
suction i.e. an outward pressure. Details of this variation are
Zven in British Standard CP3, Chapter V Part 2. In view of this
+=riation the total horizontal wind load on the shell is given by:

F=CqA, equ3.18
where:
Cs = the force coefficient for the tank and takes into

consideration the pressure variation. It varies
from 0.5 to 1.2 depending upon the height/di-
ameter ratio, the velocity of the wind and the
smoothness of the tank, i.e. pipe projections,
etc. (see CP3 and Figure 3.13).

A= the effective frontal area, i.e. the area normal
to the wind.

Jther component parts attached to the shell may have a differ-
=nt factor, i.e. ladders, piping and equipment will have C; = 1.0.
“ihe cross-section changes, then the effective frontal area var-
=s throughout the vessel length. Each section of the tank
should therefore be considered and the wind load calculated.

tis generally assumed that the dynamic wind pressure is con-
siant with the height of the tank so that the resultant wind force,
= acts at mid-height or alternatively it may be considered as a
uniformly distributed force up the shell. Also it is general prac-
“ce to allow for the effect of the horizontal wind force, which acts
on the tank roof. Therefore the overall moment M on the tank
=an be shown with the help of Figure 3.14 as:

M= [Fs-H/2]+ [Fr(H+h/3)] equ3.19
where:
Plan shape
VS
e b
V.b C, for height / breadth ratio
wis | YR 2 5 10 | 20 | xo

%

All surfaces <6

Rough or with 07 07 0.7 0.8 0.9 1.0 1.2
. projection £
Smooth =6 0.5 0.5 0.5 05 0.5 086 06

Figure 3.13 Force coefficients C, for clad buildings of uniform section (acting in
the direction of the wind)
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Iy A
H w) Fs H+ h3
> A"/ (For a cone
f tank)
v . s v 2 v roof tanl
L#,.
Figure 3.14 Effect of the horizontal wind force acting on the tank roof
Fs=Cf.q-D-H equ3.20
and:
Fr=Cf-q- % D-h(foracone roof tank) equ3.21

3.3.4 Allowable compressive stress

Using the data from the earlier tank design illustration in Figure
3.8, the axial stress in the shell bottom course, which is due to
the vertical loadings, and the wind load can be analysed.

The allowable compressive stress from equation 3.12 is:

t,
Sc:12.5% x Gn

Where in this case:

t = 126 mm

c = 0mm

R = 15m

G = 1.25 (using the loading combination (b) in Sec-

tion 3.3.3.2 for this example)

n = 1.0
Then:
Sc = 13.125 N/mm?

The actual compressive axial load on the bottom course of the
shell is made up of the following components:

The weight of the roof plating: =29,000kg or 284.40 kN
(assume to be 5 mm thick and
the roof to have a 1:5 slope)

The weight of the roof supporting structure:
Assumeto be 25,800 kg or253.02 kN

50% of the supe;rimposed roof

load of 1.2 kN/m 424 12kN
The complete weight of the shell 1059.31kN
Weight of thermal insulation Nil
Piping loads Say 20.00kN

Total load = 981.54 kN
From equation 3.13:
A 981.54

n-30-12.6

Referring to the design illustration in Figure 3.8, the compres-

sive axial load due to the wind load on the tank can be found by
using data from CP3, Chapter V Part 2,

=0.827 N/mm?

where:
V = basic wind speed for the tank site in Liverpool
is taken from Figure 3.10 and is 46 m/s
Sy = topography factor will be taken as 1.0
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S, = ground roughness factor is interpolated from
column 2 class B of Figure 3.11 and is found
to be 0.96

S3 = statistical factor will be taken as 1.0

Ss = directional factor will be taken as 1.0

Cf = force coefficient is found from Figure 3.13 to
be 0.7

From equation 3.15:

The design wind speed Vs = 46 x 0.96 = 44.16 m/s
From equation 3.17:

The dynamic pressure q = 0.613 x 44.162 = 1195.40 N/m2
From equation 3.20:

The load on the shell Fs = 0.7 X 119540 x 30 x 16 =
401,654.40 N

From equation 3.21:
The load on the roof Fr = 0.7 x 1195.4 x 15 x3=

37,655.10 N
Using equation 3.19, the total wind moment on the tank is:
M =401,654.40 x 16/2 + 37,655.10 x 16 + 3/3

M = 3,853,371.90 Nm
From equation 3.14:

oz o SOIROATI O sy o 0 N /mm?
7 x 302 % 0.0126

The actual axial compressive stress due to vertical loads and
wind loading is:

0.827 + 0.433 = 1.26 N/mm2

which is well within the allowable stress of 13.125 N/mm? for
this tank.

The effect of any seismic loading on the axial compressive
stress is considered in Chapter 15.

3.4 Tank Floors

Section 3.3.2.1 explains how the shell is designed for a given
set of conditions and therefore other conditions, which may im-
pose additional stresses in the tank, must be avoided.

This being the case then the successful construction and oper-
ation of a storage tank relies on the tank being built on a firm
foundation, which will not suffer undue differential settiement.

The foundation may take several forms and may be:
= Flat

* Rise tothe centre, allowing drainage to the periphery of the
tank

* Fall to the centre, allowing drainage to a centre sump

» Fallin one plane from one side of the tank to the other, al-
lowing drainage to the low point at the periphery of the tank

The British and American tank Codes give recommendations
for the construction of tank foundations in Appendix A and Ap-
pendix B of each Code respectively.

The tank floor is generally formed by a thin steel membrane,
consisting of a number of plates welded together. This mem-
orane has little inherent strength to resist distortion when the
iank is loaded and will conform to the shape of the underlying
foundation.
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The floor plates, which are remote from the shell, will not be un-
duly stressed unless there is an abnormal amount of settlement
in the foundation under them.

The area of the foundation immediately under where the shel
meets the floor is particularly critical, because differential settle-
ment here can cause the tank to try and “bridge” the area of set-
tlement, thus inducing undesirable additional stresses in the
shell-to-bottom area of the tank.

Out-of-plane, or differential settlement at the bottom edge of
the tank can also cause flat areas to develop in the shell plating
which in turn can affect the connecting nozzles and pipework,
giving rise to additional stresses in these areas.

Floating roof tanks can also suffer a lack of circularity at the top
of the tank, which can cause damage to the seal and in severe
cases cause, the floating roof to jam.

3.4.1 Floor plate arrangements

The floor plating may be one of two types:

1) A series of flat, generally rectangular, plates with lapped
joints, fillet-welded on the top side only.

This type of floor is used for small tanks and in the areas
where the tank shell passes over the outer lapped joints,
the laps are joggled and any gap at the joggle is flushed off
with weld metal to form a flat surface for the shell.

2)  Aring of peripheral plates known as floor annular plates,
which have a circular outside circumference and usually a
regular polygonal shape inside the tank, are butt-welded
together using backing strips. The inner floor plating is as
described above, but in this case joggling is not
necessary.

This type of floor is used for larger tanks where the annular
plates allow the weight of the shell to be spread into the
foundation and also to carry the radial bending stresses
resulting from the discontinuity of the shell-to-floor joint.
This is discussed in Section 3.3.6.

The requirements for floor plating, especially with regard to an-
nular plates, differ between the British and American Codes,
and these are explained as follows:

3.4.2 British Code requirements

3.4.2.1 Tanks up to and including 12.5 m diameter

The floors of tanks up to and including 12.5 m diameter, unless
specified otherwise by the purchaser, shall be as 1) in Section
3.4.1.

The arrangement and details of the floor is as shown in Figures
S50 B:H7:

Floor plate joints

Referring to Figure 3.17. At the ends of the cross joints in the
rectangular and sketch plates where three thickness occur, the
upper plate shall be hammered down and welded as indicated
in detail ‘A’ or ‘B’.

The ends of the joints in the sketch plates under the bottom
course of shell plating shall be joggled and welded for a mini-
mum distance of 150 mm as shown in Figure 3.16 to ensure a
flat surface on which to land the shell plating.

Welded joints

Alllapped joints in the rectangular and sketch plates shall be full
fillet-welded on the top side only. Care must be taken that the
welds are continuous to ensure that there will be no leak paths
through the joints particularly at the weld pick-up points.
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“zure 3.15 Typical floor arrangement for tanks up to and including 12.5 m di-

Emier

Section Z-

All dimensions are in miflimetres

=zure 3.16 Joggled outer joints under shell plating

X ) \ ¢
Detail A Detail B
Section X-X Section Y-Y

=2ure 3.17 Joints in floor plates where three thicknesses occur
Floor plate minimum thickness

The minimum thickness for the floor plating shall be 6 mm, ex-
~'uding any corrosion allowance, which may be required.

Minimum lap in floor plates

“he minimum lap in the floor plates shall be 5 x the plate thick-
~ess i.e. 30 mm for 6 mm thick floor plates.

Floor plate extension beyond shell

The minimum extension of the floor plating beyond the shell
o'ating shall be 50 mm. In practice designers usually allow be-
“ween 60 and 80 mm to allow for possible shrinkage in the floor
o'zting during welding and also for any irregularities in the circu-
arity of the shell plating during erection and welding.

3.4.2.2 Tanks above 12.5 m diameter
Floor arrangement

The floors of tanks over 12.5 m diameter, unless specified oth-
=rwise by the purchaser, shall be as 2) in Section 3.4.1.
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Figure 3.18 Typical floor arrangement for tanks over 12.5 m diameter

Annular

Backing
30° strip

15 M‘%—;’n

Section F-F

All dimensions are in millimetres

Figure 3.19 Joints between annular plates

The arrangement and details of the floor is as shown in Figures
3.18 and 3.19. The detail shown in Figure 3.17 also applies to
this type of floor.

Minimum thickness of annular plates

The minimum thickness of the annular plates (excluding any
corrosion allowance) shall be:

¢ 8 mmwhenthe bottom course of shell plating is 19 mm thick
or less.

¢ 10 mm when the bottom course of shell plating is over 19
mm and up to 32 mm thick.

e 12.5 mm when the bottom course of shell plating is over 32
mm thick.

Tanks up to and including 12.5 m diameter, if required by the
purchaser, may be provided with a ring of annular plates, and in
such cases the thickness of the annular plates shall not be less
than 6 mm (excluding any corrosion allowance).

Annular floor plate welding

The radial seams connecting the ends of the annular plates
shall be full penetration butt welds using backing strips as
shown in Figure 3.19.
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Figure 3.20 Leg lengths for shell-to-floor welds
Group I Group I Group 111 Group IIIA
As Rolled, As Rolled, As Rolled, Killed Normalized, Killed
Semikilled Killed or Semikilled Fine-Grain Practice Fine-Grain Practice
Material Notes Matenal Notes Material Notes Material Notes
A283MC 2 AlI3IMB 7 A 57T3M-400 Al3IMCS
A285MC 2 A 36M 2,6 A 516M-380 A 573M-400 10
Al3IMA 2 G40.21M-260W A 516M-415 A 516M-380 10
A 36M 2,3 Grade 250 5.8 G40.21M-260W 9 A 516M-415 10
Grade 235 35 Grade 250 5,9 G40.21M-260W 9,10
Grade 250 6 Grade 250 5,9, 10
Group VI
Normalized or
Group IV Group IVA Group V Quenched and Tempered,
As Rolled, Killed As Rolled, Killed Nommalized, Killed Killed Fine-Grain Practice
Fine-Grain Practice Fine-Grain Practice Fine-Grain Practice Reduced Carbon
Material Notes. Material Notes Material Notes Material Notes
A 573M-450 A 662M C A 573IM-485 10 A 13IMEH 36
A 573M-485 A 573M-485 11 A 516M-450 10 A633MC
A 516M-450 G40.21M-300W 9,11 A 516M-485 10 A63IMD
A 516M-485 G40.21M-350W 9,11 G40.21M-300W 9.10 A 537M Class 1
A 662M B G40.2IM-350W 9,10 A 537 Class 2 13
G40.21M-300W 9 AGT8M A
G40.21M-350W 9 AG678M B 13
E275 4,9 AT73IMB
E 355 2 AB4) 12,13
Grade 275 59

Notes:

T SRR

s
8.
2

Most of the listed material specification numbers refer to ASTM specifications (including Grade or Class); there are, how-
ever, some exceptions: G40.21M (including Grade) is a CSA specification: Grades E 275 and E 355 (including Quality) are
contained in ISO 630; and Grade 37, Grade 41, and Grade 44 are related to national standards (see 2.2.5).

. Must be semikilled or killed.

Thickness < 20 mm.

Maximum manganese content of 1.5%.

Thickness 20 mm maximum when controlled-rolled steel is used in place of normalized steel.

Manganese content shall be 0.80-1.2% by heat analysis for thicknesses greater than 20 mm, except that for each reduction
of 0.01% below the specified carbon maximum, an increase of 0.06% manganese abave the specified maximum will be per-
mitted up to the maximum of 1.35%. Thicknesses < 20 mm shall have a manganese content of 0.8-1.2% by heat analysis.

Thickness < 25 mm.
Must be killed.
Must be killed and made to fine-grain practice.

10. Must be normalized.
11. Must have chemistry (heat) modified to a maximum carbon content of 0.20% and a maximum manganese content of 1.60%

(see 2.2.6.4).

12. Produced by the thermo-mechanical control process (TMCP).
13.See 3.7.4.6 for tests on simulated test coupons for material used in stress-relieved assemblies.

Figure 3.21 Sample from table 2-3a

From API 650
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Annular floor plate material

The material for the annular plates shall be of the same specifi-
=ation with respect to strength and impact requirements as that
= the lower course of shell plating.

Annular floor plate width

The minimum width of the annular plates shall be 500 mm and
e requirements shown in Section E-E of Figure 3.18 shall also
2e met.

~ap of inner floor plating on to annular plates

“nerectangular plates and sketch plates forming the innerarea
> the floor shall be lapped over the annular plates by at least 60
—m and welded on the top side only with a full fillet weld. (See
“igure 3.18, Section E-E.)

Attachment of the lower course of shell plating to the floor
piating

The following requirements apply to all sizes of tank.

The attachment of the lower course of shell plating to the annu-
=r floor plates, orin the case of tanks up toandincluding 12.5m
“=meter, the outer floor sketch plates, shall be by a continuous
"=t weld on both sides of the shell plating.

"ne leg length of each fillet weld shall be equal to the thickness
=*the annular plate or sketch plate, except that where the lower
course shell plating thickness is less than the annular, or sketch
z'ate thickness, then the following weld leg length shall apply.

=or shell plating which is 5 mm thick, the weld leg length shall be
& mm.

=or shell plating which is 6 mm or thicker, the weld leg length
snzll be 8 mm.

“hese requirements are shown pictorially in Figure 3.20.
2.4.3 American Code requirements

"h= American Code does not classify the floor design by the di-
ameter of the tank in the way that the British Code does. The cri-
‘=12 which determines whether or not a ring of segmental annu-

= floor plates is required is based on the value of the allowable
=r=ss in the material of the bottom course of shell plating.

“he Code collects the various grades of similar quality steels
~%0 groups ranging from Group | to Group VI, the complete list-
72 is given in Tables 2-3a and 2-3b in the Code and a sample

2nly is given in Figure 3.21.
24.3.1 Annular floor plates

“nen the bottom shell course is designed using the allowable
sress for materials in Group 1V, IVA, V, or VI, then butt-welded
=nnular bottom plates shall be used.

“'nen the bottom shell course is designed using the allowable
sress for materials in Group 1V, IVA, V, or VI and the maximum
“roduct stress ‘Sd’ (see equation 3.34) for the bottom course is
=ss than or equal to 160 N/mm? (23,200 Ibf/in2), or, the maxi-
—um hydrostatic test stress ‘St’ (see equation 3.35) for the bot-
“om course is less than or equal to 172 N/mm? (24,900 1bf/in?),
~en lap-welded floor plates may be used instead of
Z.t-welded annular plates.

Lnnular floor plate thickness

“nere annular plates are used their thickness is determined
~=ing Table 3-1 of the Code and this is reproduced in Figure

L.

Tne hydrostatic test stress in the bottom course of the shell plat-
=g is found from:

3 Ambient temperature storage tank design

SI Units

Nominal Plate ¥ i
Thick of First Hydrostatic Test Stress in First Shell Course

Shell Course

(mm) s 190 s210 <230 <250

1519 6 6 7 9
19<7<25 6 7 10 11
25<1532 6 9 12 14
32<r<38 B 11 14 17
3B<rs45 9 13 i6 19

Figure 3.22 Annular floor plate thickness
From API 650, table 3-1

4.9-D-(H-0.3

st= Aol 08
t

where

D = nominal tank diameter (m)

H = height from bottom of course under consider-
ation to the top of the shell, including the top
angle, if any; to the bottom of any overflow that
limits the tank filling height; or to any other
level specified by the purchaser, restricted by
an internal floating roof, or controlled to allow
for seismic wave action (m)

t = nominal plate thickness (including any corro-
sion allowance) for the bottom shell course
(mm)

The above thickness are a minimum and exclude any corrosion
allowance.

Annular floor plate width

Annular floor plates shall have a radial width of at least 600 mm
measured between the inside face of the shell and any
lap-welded joint in the remainder of the inner floor plating.

However a greater radial width is required when dictated by the
following calculation:

215-tb
vH-G

The detailed analysis of the width of annular plates is dealt with
in Section 3.4.3.

The annular plate must also project at least 50 mm outside the
outer face of the shell.

Annular floor plate welding

Floor annular plate radial joints shall be butt-welded by having
their parallel edges prepared for butt-welding with either,
square, or V grooves. If square grooves are used, the root
opening shall not be less than 6 mm. The butt weld shall be
made by tack welding a backing strip at least 3 mm thick to the
underside of the annular plate such that it is centralised under
the joint. A metal spacer shall be used to maintain the root gap
between the adjoining plate edges to prevent shrinkage during
welding, although other methods may be employed at the
purchaser's approval.

Spacing of joints

Three plate lap joints in the inner floor plating must be at least
300 mm from each other, from the tank shell, from butt-welded
annular plate joints and from joints between annular plates and
the inner floor plating.
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Inner floor plating

The inner floor plating, which is lapped on to the inner edge of
the annular plates, shall conform to the requirements given be-
low for “Floors formed from lap-welded plates only”.

3.4.3.2 Floors formed from lap-welded plates only
Without annular plates

Where it is found that annular plates are not required, then all
lap-welded floors can be employed.

Minimum thickness of lapped floor plates

The minimum thickness for all floor plates is 6 mm, excluding
any corrosion allowance, which may be required.

Minimum width of floor plates

Unless otherwise agreed by the purchaser, all rectangular and
sketch plates shall have a minimum width of 1800 mm and
should be reasonably rectangular and square-edged.

Minimum lap

The overlap in lapped floor joints shall be a minimum of 5 x the
floor plate thickness.

Three plate laps

Three plate laps in tank floors shall be at least 300 mm from
each other, from the tank shell, from butt-welded annular plate
joints and from joints between annular plates and the inner
floor.

Note: The lapping of two inner floor plates on to the
butt-welded annular ring does not constitute a three
plate lap.

Floor projection

The lap-welded floor plates shall project at least 25 mm beyond
the outside edge of the outer weld attaching the shell to the floor
plating.

Welded joints

Lapped floor plates are to be welded on the top side only, with a
continuous full fillet weld on all joints. Care must be taken, dur-
ing welding, to ensure that no leak paths are left through the
joints, particularly at the weld pick-up points.

Joints under the shell plating
The ends of the joints in the sketch plates under the bottom
course of shell plating shall be joggled and welded for a mini-

mum distance of 150 mm as shown in Figure 3.16, to ensure a
flat surface on which to land the shell plating.

Attachment of the lower course of shell plating to the floor
plating for all tanks

This attachment shall be by continuous fillet welds on each side
of the shell plating.

The requirements of the American Code are more detailed than
the British Code.

The American Code applies two sets of requirements, one for
lapped floor plates or annular plates which are equal to or less
than 12.5 mm thick, the other for annular plates which are more
than 12.5 mm thick.

3.4.3.3 Lapped floor plates, or
annular plates >12.5 mm thick

The following requirements shall be observed:

1)  The size of the fillet welds shall not be less than the thinner
of the two plates being joined (i.e. the floor or annular plate
under the shell, and the shell plate).

2) The maximum size of the weld allowed is 12.5 mm.

3) The minimum size of weld shall not be less than that
shown in the following table:
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Nominal thickness of the shell plate Minimum size of fillet weld
(mm) (mm)
5 5
>5t020 6
>20to 32 8
>32tod5 10

3.4.3.4 Annular plates >12.5 mm thick
The following requirements shall be observed:

The attachment welds shall be sized so that either the legs of
the fillet welds, or the groove depth plus the leg of the fillet, for a
combined weld, is of a size equal to the annular plate thickness,
butshall not exceed the shell plate thickness. See Figure 3.23.

3.4.3.5 Shell-to-floor plate welds — consideration for spe-
cific materials

Shell-to-floor fillet welds for shell materials in Groups IV, IVA, V
or VI shall be made with a minimum of two passes.

3.4.3.6 Tank floors which require special consideration

The floor arrangements shown in Figures 3.15 and 3.18 work
well for the range of shapes listed above. They may be:

e Flat

= Rise to the centre, allowing drainage to the periphery of the
tank

= Fall to the centre, allowing drainage to a centre sump

e Fall in one plane from one side of the tank to the other, al-
lowing drainage to the low point at the periphery of the tank

The floor slope required to give a small fall or rise in the founda-
tion to the centre of a tank can be accommodated by the lapped
rectangular floor plates, as they will “scissor” at the edges to
give a varying lap width down the length of the plate. However
when the slope is more acute the “scissor” effect becomes
more pronounced due to the conical form of the floor. In these
cases the solution is to make the floor out of sector shaped
petal plates.

Also, if annular plates are required, these will theoretically take
on a conical form, but as these plates are relatively narrow, and
if they are made in shorter than the normal length, then in most
cases they will be found to accept the foundation shape and will
not require to be developed, or rolled to a conical shape. For
large diameter floors it may be found more economical, in terms
of area of plate used, to make the floor petals in two pieces. If
this is the case, then as an aid to erection and welding, the
pieces forming one petal should be butt-welded together to
form a flat plate thus avoiding another lap joint in the floor.

———
Shell
plate
A
A=Bforupto ﬂ
25 mm thick B
annutar plate B Ef.ﬁ" minimum
A
Annular fioor plate |
! B
A= 13 mm maximum
& & mm minimum

A +B minimum

A= Fillet weld size, limited to 13 mm maximum
A+ B = Thinner of shell or annular fioor plate thickness
Groove weld B may exceed fillet size A only when the annular floor plate is thicker than 25 mm

Figure 3.23 Detail of double fillet-groove weld for annular floor plates with a
nominal thickness > 12.5 mm
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Butt welds

Fare) ¢
3 = ]
Section 'A- A’
—
150 mnip,
1
Section 'B - B'

i
Section at centre sump

The adjoining tapped petal plates are joggled at the
outer end for at least 150 mm, similar to Figure 4.16

“gure 3.24 Floor plate arrangement for steeper sloping floors

The outer ends of the lap joints in the petal plates should be jog-
2'ed to give a smooth transition on to the face of the annular
piates.

=igure 3.24 shows the arrangement of such a floor.

3.4.3.7 Floor arrangement for tanks requiring optimum
drainage

The presence of water in some stored products is highly unde-
srable. However as most petrochemical products are not mis-
=ble in water and the fact that they are generally lighter than
water, any moisture in suspension in the liquid, tends to gravi-
2te to the bottom of the tank.

One of the best ways to collect this water is to have a steeper
sioping cone down floor, with a central collecting sump from
which a suction drainpipe can be taken.

Toensure that the droplets of water drain to the sump it is impor-
=nt for the surface of the floor to be smooth, with no lap joints,
discontinuities or pockets for the water to lodge in.

The arrangement of such a floor is similar to that shown in Fig-
ure 3.24 with certain alterations to the construction as follows:

The radial lap welds between the inner floor petals is accept-
=ble but there must be no distortion due to welding which would
zllow the floor joint to lift in places thus forming pockets where
water could lodge.

A means of preventing this, is to design the foundation as a
solid concrete plinth into which are set radial steel members at
e joint lines of the petal plates, the flanges of these members
oeing flush with the conical surface of the foundation. The radial
=dges of the petal plates are welded to the flanges (either by
apping or by butt welding, using the flange as a backing strip)
znd hence the conical shape is maintained.

The lap atthe outer end of the petal plates is reversed. Thatis to
say the annular plates lie on top of the petal plates. This is to
prevent the retention of water at the lap joint.

Care has to be taken to ensure that there is continuity of the
backing strip for the butt joints between the annular plates, as
this strip comes up against the outer edge of the petal plates.

This joint between the petal plates and the annular plates can
be made as a butt-welded joint on to backing strips thus giving a
smooth transition at the joint. The welding sequence and proce-
dure for this approach needs careful consideration to avoid
locked-in welding stresses, which can lead to distortion of the
plates.

This latter type of floor construction is often favoured for tanks
storing aviation fuel where it is of paramount importance to
have “dry” fuel. Water in aircraft fuel lines at high altitude will
freeze thus cutting off the supply to the engines with disastrous
results, as airliners are not known to glide too well!

To keep the fuel clean, these tanks are very often internally
lined with some form of epoxy coating. Also it is a common fea-
ture to make the relatively small-bore drain line from the sump
out of a stainless steel material, because the successful inter-
nal coating a small-bore pipe is difficult. The problem with doing
this is that if at some time the coating of the bottom of the sump
is damaged or it perishes thus exposing the carbon steel plate.
an electrolytic cell can be set up between the two dissimilar
metals in the aqueous solution in the sump causing the carbon
steel plate to erode and eventually perforate causing z leak.

This problem can be overcome by making the major part of the
vertical section of the drainpipe in a fibreglass or composite
pipe material, which is compatible with the fuel. The connection
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between the stainless and composite pipes may be screwed or
sleeved and clamped.

3.4.4 Environmental considerations

The effects of a leaking tank floor can take a long time to be-
come evident and during this time a great deal of pollution to the
surrounding substrata and watercourses can take place.

Nowadays the protection of the environment is of paramount
importance, and therefore steps must be taken to contain any
product leakage from storage tanks, which contain noxious or
toxic products.

It is fairly common for aged tanks to suffer corrosion of the bot-
tom plates, which can resultin a hole in the bottom, allowing the
release of the stored product. It can take a long time for such a
leak to manifest itself and during this time a great deal of pollu-
tion of the foundation, as well as the substrata and adjacentwa-
tercourses can occur, resulting in a serious ground con-
tamination problem.

In order to minimise, or prevent this occurrence, several con-
struction methods have been devised and these are given in
detail in AP1 650 Appendix | and in EEMUA 159 and 183.

A few of the methods are outlined:

A) The tank is constructed with a double bottom, which has
leak detection points situated between double plating as
shown in Figure 3.25.

The space between the double bottom is shown filled with pea
gravel but other materials may be used, i.e. structural sections
or steel reinforcement in bar or mat form as shown in Figures
3.26 and 3.27. However it is important to ensure that the filling
material gives adequate support to the upper tank bottom
plates.

The drain pipes can be used as follows:
e As a visual indication of any leakage.
« Forinserting a hydrocarbon sensor.

¢ Forholding a vacuum in the interspace. The loss of vacuum
indicates a leak.

In the event of a leakage, the disadvantage of the double bot-
tom is twofold.

— 1) Dealing with the contaminated interspace in the confine-
ments of the tank and without any hotwork being allowed.

— 2) Ifthe tank needs to be jacked vertically off its foundation
at any time, then the additional weight of the double bottom
construction makes this difficult.

B) Two further examples of double bottoms (taken from the
draft form of prEN 14015 -1: 2000) are show in Figures
3.26 and 3.27.

C) Amembrane is introduced in the foundation between the
tank bottom and the underlying substrate as shown in Fig-
ure 3.28.

D) Thetankis supported off a grillage on a concrete raft foun-
dation as shown in Figure 3.29.

This arrangement is often used for acid storage tanks or
tanks storing very toxic or noxious products where an early
visual indication of a leaking bottom can be detected and
dealt with without delay.

The spacing between the support beams, together with
the height of the tank and the density of the stored product,
will dictate the required thickness for the bottom plates.

This thickness is very often more than the minimum Code
requirements and in many instances the thickness is such
that lap-welded construction is impractical and the plates
have to be butt-welded.

42 STORAGE TANKS & EQUIPMENT

Tank shell

Secondary tank bottom
Primary tank bottom

Drain pipes

Sand-bitumen mix

Tank shell

Steel mesh

Secondary tank
bottom

Figure 3.26 Variation on double bottom construction
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Figure 3.27 Further variation on double bottom construction
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3.5 Wind and vacuum stiffening

=or the case of closed, fixed roof tanks, the wind load is only ex-
=mal, whereas in open top or external floating roof tanks the
wnd also acts on the inner surface which can cause the effect
= 2 vacuum load. The roof of a fixed roof tank assists in keeping
e shell rigid and the wind forces are transmitted to the bottom
= thetank as axial stresses as mentioned earlier. Open top and
=«=mal floating roof tanks do not have the benefit of this shell
“odity and therefore a circumferential primary wind girder is
srovided at or near the top of the shell to give it the necessary
= “ness (see Figure 3.30). This girder is normally attached to
== external surface of the shell and in many cases is also used
== 2n access and maintenance platform.

3.5.1 Primary wind girders

“z«nowledgement is given to the late Professor A. S. Tooth,
=~ofessor of Mechanical Engineering at University of Strath-
“yde, Glasgow, for most of the theory that follows.

The equation to determine the section modulus for the primary
wind girder is by:

Z=0.58-D?-H(cm?) equ3.22

wrere D and H are in metres.

e equation is simplistic to say the least and was first pub-
'=had in the early API tank Codes but is still used today as the
2=sis of primary girder design.

Senerally it is thought that the equation is an approximation for-
—uiated at a time when tanks under construction were less than
27 metres in diameter. The equation is based on a wind speed
27 43.7 m/s (100 mph) although other wind speeds may be used
= multiplying the equation by (V/43.7)2 for S| units, or (V/100)?
“or Imperial units.

The equation may be derived, in Sl units, using the above wind
soeed together with the dynamic wind pressure from equation
2 17. The horizontal wind load, using the terms D and H can be
zotzined from equation 3.18, using a Cs value of 0.6.

“ssuming that the girder is loaded by a uniform pressure
zcross the tank diameter and is supported by tangential shear,
=nd that the pressure load on the top 25% of the shell has to be

“igure 3.30 Primary wind girder
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carried by the girder, and the allowable design stress is 103.42
N/mm2 (15,000 Ibf/in?), which is increased by 25% because the
load is caused by the wind, then, by referring to formulae by
Roark & Young, the required section modulus for the girder can
be shown to approximate to equation 3.22 above.

3.5.1.1 Refining the design technique

The above design procedure has been challenged over the
years by a number of academics (e.g. Adams, Morton, Zick and
McGrath) and the use of more analytical computer methods
have enabled the design technique to be refined.

Morton found, for instance, that taking the example of an 84 m
diameter x 12.5 m high tank subjected to a 100 mph wind
speed, current practice using equation 3.22 suggests a primary
girder having a section modulus of 2610 cm® which can be
shown to equate to a girder as shown in Figure 3.31, “Detail E”,
with a width dimension 'b’ of 1050 mm.

Using a method based on design against plastic folding of the
tank, which allows the determination of the girder dimensions
for a given wind speed of 50 m/sec. (111.8 mph) it can be shown
that a girder width of 432 mm is adequate, this is less than half
that predicted by equation 3.22.

Further research confirmed that a modest girder section pro-
duced a dramatic increase in the buckling pressure and that
subsequent incremental increases in the dimension ‘b’ of the
girder produced a very small increase in the buckling
pressures.

Generally it has been found that for large diameter open top
and external floating roof tanks, say over 60 metres in diameter,
equation 3.22 is over-conservative and that at, or over this di-
ameter the girders calculate out to be unnecessarily wide. Ac-
cordingly, the present Code states that for tanks over 60 metres
in diameter shall, for girder calculation purposes, be consid-
ered to be of this diameter when determining the section
modulus of the primary girder.

However, as mentioned earlier, these primary girders are often
used as access platforms and therefore, although a narrow
girder may be found by design this may be increased in width to
form a platform having a minimum width to Code of 600 mm.

For tanks where the primary girder is located 600 mm or more
below the top of the shell the Code requires that the shell be
provided with a top curb angle of the following dimensions:

For a top course thickness of 5 mm, the angle shall be 60 x
60 x 5 mm

For a top course thickness of 6 mm or more, the angle
shall be 80 x 80 x 6 mm.

3.5.1.2 Design example

Using the principal dimensions for the tank in the earlier design
illustration in Figure 3.8, but in this case assuming it is a exter-
nal floating roof tank, and using a design wind speed of 46
m/sec, then:

D = 30 m diameter
H = 16 m high
Vv = 46 m/s

From equation 3.22:
The section modulus for the primary girder is:

2
7 —0.058.30%16 {£] -884.5 cm®
447

Referring to Figure 3.31 which is taken from BS 2654 it can be
seen that a “Detail E” type girder will be sufficient and this has a
horizontal web dimension ‘b’ of 500 mm when attached to a
shell having a thickness of 8 mm.
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Section through wind girder

Section modulus

Member size* 5 mm 6 mm B mm
shell shell shell
b cm? cm? cm?®
b1t | 60x 60x 5 4.64 arm | -
v 60X BOX 6 5,50 564 | —
¥ 60X 60X 8 743 729 | -
_JL_ 70X 70X 8 8.70 9.90 | —
Detail A top angle t 80X BOX 8 12,68 12.92 | -
Continuous fillet ———
weld 256t | 60X BOX B 23.35 2435 | —
— 70X 70X 6 31.88 33.24 | —
J 80X 80X 6 4163 4343 | -
. 90X 90X 6 5269 5498 | —
b 1 Gox %x 8 56.86 67.74 | -
et /2% 100X 100X 8 65.80 8241 | -
Detail B curb angle t | 3
Continuous fillet 18 | gox GOX & 24.26 5.9 | —
weld 60X 60X 8 29.70 3106 | -
R | 100X 5% @8 68.10 7 < A e
A 100X 75X 10 79.26 8343 | —
Intermittent et | 125X 76x 8 90.84 95.29 | —
weld 126X 75X 10 106.38 11207 | -
Y_ 180X 75X 10 135.72 143.10 | ~
150X 90X 10 153.09 161.45 | —
Detail C single angle _/:lL
- A
Continuous fillet
weld 16t
y
>\\\\\\\\\\\‘\\\\\\\\\\§ T 178 X 76 (20.84 kg/m} | 17250 176.62 | —
“H 203X 76 (23.82kg/m) [ 21985 | 22499 | —
: 229X 76 (26.06 kg/m) | 261.88 268.65 | —
f  Intermittent A 254 X 76 (28.29 kg/m) | 305.62 31394 | —
weld . 254 X 8913574 kg/m) | 393.23 40260 | —
et | 305X 89(41.69kg/m) | 521.30 53461 | —
' 305 X 102 (46.18 kg/m) | 596.93 610.28 | —
Bracket
Detail D channel 3 "I
ey b |
|
Continuous fillet weld ‘—Jk— b= 250 - 341.02 374.81
b= 300 = 427.22 | 473.07
16 | p= 380 - 518.73 | 577.15
|| b= 400 - 615.46 | 686.89
— | b= 480 - 717.38 | B02.18
A : b= 500 = 82441 | 92293
16t | b= 550 - 936,56 | 1049.09
150 ! b= 600 - 1053.80 | 1180.59
’ — | b= 650 - 1176.12 | 1317.40
¥ ’ b= 700 - 1303.50 | 1459.48
- b= 750 1435.94 | 1606.81
: b= 800 1573.43 | 1759.34
|-<—5>l b= B850 - 1715.96 | 1917.07
6 b= 900 - 186353 | 2079.98
b= 950 - 2016.13 | 2248.04
Bracket b = 1000 - 217358 | 2421.24

es]

Detail E formed plate

*Mass per unit length given in parentheses, where appropriate.
Dimensions are in millimetres, uniess otherwise stated.

Figure 3.31 Wind girder sections
From BS 2654
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This type of girder is normally shop-fabricated in several sec-
fions and is made of folded plate. In this case there would prob-
ably be 12 sections (the same number as the number of shell
plates per course). The external flange of the girder sections
would be polygonal with the inner edge of the web matching the
radius of the tank shell.

This being the case, then to ensure the desired section
modulus, the minimum width of the web will be 500 mm at the
centre of the section, which will increase, reaching a maximum
width at each end of the section, which by geometry will be
found to be 1047 mm for this example. If the girder is to be used
as a platform then the minimum width increases to 600 mm
making the maximum width 1151 mm at the extremities of each
section.

3.5.2 Secondary wind girders

3.5.2.1 Equivalent shell method

The shell of a storage tank is susceptible to buckling under the
influence of wind pressure and internal vacuum, especially
when in a near empty or empty condition. Accordingly the De-
sign Code recognises this and requires an analysis of the shell
io be made in order to ensure that it is stable under these
conditions.

The fact that the shell is made up of courses of diminishing
thickness, makes analysis difficult, so the method adopted in
BS 2654 converts the multi-thickness shell into a equivalent
shell having a thickness equal to that of the top course, with the
height reduced in such a way that the stability of the actual shell
is equal to that of the equivalent shell.

Work presented by Saunders and Windenberg (Reference 3.3)
shows an approximate relationship for the uniform external
pressure g’ at which elastic buckling occurs in a short tube L,
with ends held circular, or along tube held circular at intervals L.
Their relationships have been simplified by Roark and may be
written as:

30 57
ct,_O.BO?-E[ i J"t_i

L Bz R% equ3.23
where:
E = modulus of elasticity for steel (N/mm?)
L = maximum length of shell (m)
% = poisson'’s ratio for steel
t = constant shell thickness (m)
R = radius of shell (m)

The individual shell course heights are derived using the di-
mensional analysis method and in conjunction with equation
3.23, with R constant in the equation, an equivalent buckling

: ) 5,
pressure q' is achieved whenL oct/2,

Hence an equivalent height of each course can be found from
the resulting equation:

S

He:h(tm%] equ3d.24

This equation is used in BS 2654 where:

He = equivalent stable height of each course at
thickness t min (m)

h = actual height of each course in turn below the
primary ring (m)

t = thickness of each course in turn (mm)

[l

t min thickness of the top course (mm)

Note: The course thicknesses are to be the corrodad thick
nesses if a corrosion allowance has been requestad by
the tank purchaser.

The total height of the equivalent shell, HE, is found by adding
together the equivalent heights of each course i.e.

HE = > He

3.5.2.2 Number of girders required

The dynamic wind pressure on the shell is obtained from the
British Standard CP3, Chapter V, Part 2, Wind Loads, para-
graph 6, and in Sl units this is given as:

q=0.613.Vs? equ3.26
where:

q = dynamic wind pressure (N/m?)

Vs = design wind speed (m/sec)

The design vacuum in the tank Va must be added to this, where
Va is in mbar and the equation becomes:

q=0.613-Vs®+100-Va equ3.27

By equating the actual pressure q in equation 3.26 with the
pressure q' to cause buckling in equation 3.23 it is possible to
determine a value for the maximum permitted spacing L of the
circumferential secondary wind girder(s) on the equivalent
shell.

Note: L is given the notation Hp in BS 2654.

3/ 5/
. /4 2
0.613-Vs? +100-Va = 2897 E[—1 2] x—t3 equ3.28
1—v R 3
Then
frupyas 0.807-E [ 1 Tﬁxf’_’z’ e
(0.613-Vs*+100-va)\1-v?) "% :

Taking E =2.07 x 10" N/m?, v=0.3 and expressing tin mm then
the equation becomes:

1
y 16,016 (i o
(0.613-Vs2+100-Va) D*

Hp equ 3.30

By multiplying the top and bottom of the equation by 5.8 the re-
sult approximates to the form given in BS 2654 as:

1/

o 95,000 {tmins] 2
(3.563-Vs2 +580-Va) D?

equ 3.31

BS 2654 further simplifies this equation into two equations. The
first equation being given the constant value K thus:

= 95,000
(3.563.-Vs2 +580.Va)

equ 3.32

BS 2654 stipulates nominal values for Va in equation 3.32 and
these are as follows:

e 5 mbar for open top tanks irrespective of the design wind
speed.

e 5 mbar for non-pressure, fixed roof tanks.
e 0 8.5 mbar for all other fixed roof tanks.
The second equation then becomes:

1
tmin® )2
sHp:K( - ]

equ3.33

Which is the maximum permitted height of the unstiffiened shell.
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For any given tank, the results given by equation 3.25 and
equation 3.31 are compared and if Hp > HE then the shell is suf-
ficiently stable and does not require any secondary wind
girders.

If Hp < HE then one or more secondary wind girders are re-
quired.

Forinstance if Hp < HE < 2Hp then one secondary wind girder is
required.

This girder is positioned at HE/2 down from the primary wind
girder, or in the case of a fixed roof tank, down from the top of
the shell.

If 2Hp < HE < 3Hp then two secondary wind girders are re-
quired, and are positioned at HE/3 and HE/2 down from the pri-
mary girder, or top of the shell, as applicable.

The comparison between Hp and HE is continued and hence
the number of girders is established for each given tank.

In the event that multiple girders are found to be required, and
this can happen on large tanks having a heavy shell corrosion
allowance, then consideration can be given to increasing the
upper course thickness in order to reduce the number of gird-
ers. This then becomes an exercise combining prudent design
with construction costing to arrive at the most economic shell
design.

For the method described above to be valid, the secondary
wind girders must be located on shell courses having the same
thickness as the top course. If this is not the case then adjust-
ment to the position(s) has to be made by converting back the
equivalent course heights to their actual values.

Also the Code requires that the girders must be at least 150 mm
clear of the horizontal weld seams, but any adjustment for this
must ensure that the maximum permitted height of the unstiff-
ened shell, Hp is not exceeded.

Again, Morton found through his research, that secondary wind
girders are required on the shell when under the influence of a
uniform external pressure caused by sufficient wind pressure
and internal vacuum. However, his research showed that the
use of quite small ring sections produced a dramatic stiffening
effect on a unreinforced shell. And that by increasing the size of
the section did not significantly increase the buckling strength
of the shell.

BS 2654 does not require the designer to calculate the section
modulus for the secondary wind girders but instead tabulates
the required angle ring girder section size against the tank di-
ameter in question and these are given in Table 3 of the Code
which is shown in Figure 3.32.

Angle ring girder (other shapes may be
provided having an equivalent section
modulus) (mm)

Tank diameter D (m)

D<=20 100 x65x 8
20<D<=36 125x75x 8
36<D<=48 150 x 90 x 10

| 48<D 200 x100 x 12

Figure 3.32 Dimensions for shell circumferential secondary wind girders

It will be shown later in Section 3.6.7 that the American Code
has a different approach to sizing secondary wind girder sec-
tions.

3.5.2.3 Worked example

An external floating roof tank 96 m diameter and 19 m high hav-
ing eight, 2.375 m wide courses of thickness: 38.3, 33.4, 28.6,
23.7,18.9, 14.0, 12.0 and 12.0 mm is to be designed for a wind
speed of 60 m/sec. The primary girder is positioned at 1 m from
the top of the shell.
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Determine how many secondary wind girders are required,
their size and their position on the shell.

Vs = 60 m/sec and
Va = 5 mbar
Then from equation 3.32:
PR T Y
3.563-60° +580-5
and from equation 3.33:
1
1252
Hp=6.041| —| =3.203m
96

The total height of the equivalent shell HE is found as follows:

He for each course is given by equation 3.24 and is tabulated as
follows:

Course Number h (m) t (mm) He (m)
1 1.375 12.0 1.375
2 2.375 12.0 2.375
3 2.375 14.0 1.615
4 2.375 18.9 0.763
5 | 2.375 23.7 0.433
6 [ 2.375 28.6 0.271
T 2,375 334 0.184
8 2.375 38.3 0.131
HE =7.147

As 2Hp < HE < 3Hp ie. 6.406 < 7.147 < 9.609

Then two secondary wind girders are required and these are lo-
cated on the equivalent shell at )4 HE and 24 HE which is
2.382 m and 4.765 m down from the primary girder.

Both rings are more than 150 mm away from a horizontal welc
seam and in this respect their position is acceptable. But it can
be seen that when positioning the rings on to the actual shel
the top ring is on a course of minimum thickness but the lower
ring is on the third course down which is 12.4 mm thick.

This lower ring will have to be repositioned on the 12.4 mm thick
course by converting back the equivalent shell course height
He, to its actual value. This is accomplished by taking the sec-
tion of the thicker course, measured from its top edge, down =
the position of the girder and multiplying it by the reciprocal o
the thickness as shown in equation 3.24 to the power 2.5.

This is performed as follows:
The section of the 14.0 mm course in this case =
4.765—(1.375+2.375) =1.015m

b i 14.0\**
This is adjusted to 1.015 x Ty 1492 m

Then the new position for the girder measured down from the
primary girder is:

1.375+2.375+1.492=5.242 m
The complete mathematical equation can be shown as:

14.0}2'5

{4.765-(1.375+2.375)} x [ﬁ

+(1.375+2.375) =5.242 m

In this position the girder is also more than 150 mm clear of &
adjacent horizontal weld seams.

The spacing between girders on the equivalent shell is, 2 352
m, 2.860 m and 1.905 m, which total 7.147 m (HE). These spac-




red,

ngs are all less than the maximum permitted spacing of 3.203
m (Hp) and are therefore acceptable.

~rom Figure 3.32itis seen that the size of the angle ring girders
s tobe 200 x 200 x 12.

The girders are located preferably on the outside of the tank
shell but can be attached to the inside surface under certain cir-
cumstances, for example:

z2) To prevent a discontinuity in the insulation and cladding
when the shell is to be thermally insulated.

o) To prevent interference with a shell mounted spiral roof
access staircase.

The disadvantages of internal girders are that:
z) They hamper the internal cleaning of the tank shell.
o) An internal floating cover cannot be installed in the tank.

3.5.3 Vertical bending of the shell

'hen atank is being filled with product, the shell will expand ra-
Zially due to the natural elasticity of shell plate material. This
natural expansion is restrained at the point where the shell is
welded to the bottom plating as shown in Figure 3.33 and this
connection is therefore subjected to rotation.

==fore analysing what occurs under this circumstance it is nec-
=ssary initially to take the simplistic approach in order to estab-

sh what form the shell is trying to adopt under load. From basic
=ngineering principles:

“oung's modulus:

_ Stress
Strain
Then:
|
|
|
Rotation
i = )
Strain | | Original tank diameter
e

“gure 3.33 Shell-to-bottom connection under load

Strain = _Stress

“hen change in tank diameter = Original diameter x Strain.
2.5.3.1 Example

Consider the tank in the shell design illustration in Figure 3.8.
The tank is 30 m diameter, with a bottom course thickness of
“2.6 mm and a shell design stress of 183.333 N/mm? at a point
220 mm from the bottom of the course (H - 0.3). The tank is as-
sumed to be full of product with a SG of 1.0.

Tzking E to be 207,000 N/mm? for carbon steel, then the Strain

183333
207,000

=0.000885666

The change in tank diameter is 0.000885666 x 30,000 = 26.57
=m or 13.29 mm on the radius.

3 Ambient temperature storage tank design

3.5.3.2 Shell-to-bottom connection

The stresses in the tank shell have been dealt with earlier and
further analysis is given later in Section 3.6, which deals with
the “variable design point” method for shell design.

The amount of radial growth and the shape of the expanded
shell can be best illustrated by modelling the area using a finite
element analysis computer program and this can also include
the effect of any external piping loads which are transmitted to
the shell via the shell nozzles.

As mentioned above, the radial expansion of the shell is re-
strained at its junction with the bottom plating and it has been
found in practice that the full theoretical hoop stress in the shell
is not realised until a point which is about /D - t above the floor
joint. This is illustrated later in Figure 3.40.

The rotation of the shell-to-bottom joint induces stresses in the
bottom plating and the tank Codes give rules, which dictate the
thickness and width requirements for the bottom plates, which
are immediately under the shell. However, there are no specific
design procedures given in the Codes for this critical area of
bottom plating and whilst this Chapter is devoted to the design
of the shell, it is difficult to divorce this area of bottom plating
from the shell because the shell-to-bottom joint is very rigid and
rotates as a unit when the tank is under hydrostatic load. This is
demonstrated in Figure 3.34.

The section of the floor adjacent to the shell can be considered
to be a horizontal projection of the shell itself and this section of
the bottom therefore requires special consideration with regard
to the stresses caused by the rotation and this analysis is
included here.

Generally it is the larger diameter tanks which need detailed
consideration in this area and it is found that the Codes require
that these tanks are provided with a ring of annular floor plates
which are butt welded together thus giving a smooth surface
upon which the shell sits.

The expansion of the shell is restrained to practically zero at the
welded joint between the shell-to-bottom plates and hence the
shell tends to rotate in the outward direction about this joint. The
welded connection of the shell to the bottom is very rigid and
therefore as the shell rotates, the bottom plate also rotates
which causes it to lift off the foundation for a distance inside the
tank, until the pressure of the product acting on the floor, bal-
ances the lifting effect, this is depicted in Figure 3.34.

This action causes high bending stresses in the bottom plate
and in the toe of the internal fillet weld, which are cyclic, due to
the continual filling and emptying of the tank, and thus this area
is subjected to low cycle fatigue.

The API 650 Code recognises this potential problem and speci-
fies a design fatigue stress of 75,000 /in? (517 N/mm?) based

Liquid
Pressure

Tank Shell . Bottom Annular Plate
(rotated)

Figure 3.34 Rotation of the shell-to-bottom connection
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upon 1300 cycles, which corresponds to one, filling/emptying
cycle per week over 25 years.

3.5.3.3 Rotation and stress analysis

H. Kroon formulated a method for analysing the rotation and
stresses at the joint (Reference 3.4) based on the following de-
sign conditions:

e The annular plate is considered to be a simply supported
beam of unit width.

e The foundation is infinitely rigid (there is no vertical deflec-
tion).

e The length of the beam is the length required to reduce the
rotation at the inside end to zero.

e The rotation of the shell is equal to the rotation of the bottom
at the joint.

o Radial displacement is zero.
e The design fatigue stress is 75,000 +100 Ibs/in?.
e The tank is at ambient temperature.

e The size of the fillet welds at the joint are as per the require-
ments of APl 650 Clause 3.1.5.7.

» Elasticanalysis. The use of elastic analysis for stresses be-
yond the yield strength assumes complete elastic action af-
ter a few repetitions of the stress cycle, which will increase
the yield strength but leave a certain amount of permanent
deformation.

3.5.3.4 Beam analysis

The beam is analysed by superposition of the rotation due to
each load acting on the beam. The rotations are determined by
the double integration method.

Referring to Figures 3.35 and 3.36. The unknowns Mc, Ra, Rb,
L, and 6c can be solved from the following equations:

(1) Mc = moment in shell due to load and 6c.
@2 -6 = 0

(3) be =  Oshell

(4) Ra+Rb = P1+P2+po(L-e)

(5) XMb = 0

The example given later which demonstrates the use of H.
Kroon's theory is given in Imperial units, the reason for this be-
ing that the theory is linked to the American APl 650 Code,
which at the time was exclusively expressed in Imperial units.
However for the benefit of those not familiar with these units,
the metric equivalents have been added. See Figure 3.37.

Fw = size of fillet weld, as per API 650 clause
3.1:5:7

a = Tb+Fw+Ts/2

e = Tb=2Fw+Ts

P1 = weight of shell and portion of roof supported by
the shell

Po = liquid pressure

P2 = PoxFw

Mc = {~4(P1)[aL(L? —a®) +2e%a—3e%alL +a’L]

-4(P2)e(L -e)(L? -2e* +el)
-(Po)(L -e)*(2eL? -4 +1® +e7L)}
HJ4(-L° -2¢® +3e?L)]
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Fw = Size of fillet weld per API, Para 3.1.5.7

a = Th+Fw+Ts/2

e =Th+Fw+Ts

P1 = Weight of shell and portion of roof supported by shell
Po = Liquid pressure

P2 = Pox Fw

Figure 3.35 Annular plate loading diagram
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i)
£
=
g
-
I
2
; Example of a Tank bottom annular plate analysis using a "Excel" spreadsheet
with the 'solver' method for evaluating the equations.
Tank diameter *D= 98.43 feet = 30 m
1 Tank radius R = 49215 feet = 15 m
3 I Design liquid level *H = 629.952 inches = 16 m
3 Specific gravity of stored product *SG = 0.9
: Thickness of bottom shell course *Ts = 0.496 inches = 12.60 mm
Thickness of bottom annular plate ¥*Tb= 0.3150 inches = 8.00 mm
Leg length of shell-to-bottom fillet weld *Fw= 0.3150 inches = 8.00 mm
Modulus of elasticity *E= 29000000 lbsfinch? = 200000 N/ mm?
Weight of shell + portion of roof supported by the shell *P1 = 97.63 Ibsfinch = 17.134 N/ mm
Length of annular plate beam (found by iteration) k%l = 13.80185 inches =  350.567 mm
Design fatigue stress Sfat.<=75,000,0.k. S.fat= 43893.79 Ibsfinch?=  302.716 N / mm?
Characteristic length A= 0.075103 1/inch. = 0.002957 1/mm
Moment of inertia of shell plate Is = 0.011174 inch = 4651.117 mm
Moment of inertia of bottom annular plate b= 0.002862 inch = 1191.362 mm
Unrestrained radial expansion at the bottom y = 0.496442 inches. = 12.610 mm
Part length of bottom annular plate a= 0.87796 inches. = 22.300 mm
Part length of bottom annular plate e= 1.44092 inches. = 36.60 mm
Liguid pressure at the bottom Po = 20.47342 Ibs / inch?*= 0.1412 N/ mm?
Weight of shell + portion of roof supported by shell P1= 9763 Ibs finch= 17.1342 N/ mm
Liquid pressure on inside fillet weld P2 = 6.44831 Ibs /inch = 1.1317 N/ mm
Moment in shell Mc = 1075.127 in.-lbsfin.= 4784.442 mm.N/mm
Rotation of shell Bs = -0.01438 radians
Rotation C1 fc1 = -0.003413 radians
Rotation C2 gcz2 = -0.00037 radians 8s must = B¢ with
Rotation C3 8c3 = -0.024643 radians opposite sign.
Rotation C4 Bc4 = 0.042807 radians oK
; Rotation at C Bc= 0.01438 radians
&b Rotation at B1 b1 = 0.002303 radians
= Rotation at B2 ab2 = 0.00025 radians
Rotation at B3 b3 = 0.026335 radians
Rotation at B4 8b4 = -0.028888 radians
Rotation at B Bb= 0.00000 radians 8b =0, OK
Reaction at A Ra= 288.4169 Ibs/inch = 50.61748
Reaction at B Rb= 68.73185 Ibs /inch = 12.06251
Moment in bottom annular at toe of inside fillet weld Md = 714.5033 in.-bsfin.= 3179.096 mm.N/mm
Horizontal force at bottom of shell Q= 216.9575 Ibs /inch = 38.07627 N/ mm
Shear stress in fillet weld oFw = 9745.074 |bsfinch? = 67.20741 N/ mm?
b1 ] Min. width of annular plate (inside shell to lap joint) (L-etFw)= 12.67589 inches. = 321.9675 mm
The minimum width of the annular plate to API 650 cl. 3.5.2 is the greater of
the length given by: 390.Tb ,whichis 17.87273 inches, or 24 inches
(H.8G /=
b2 For this case the API 850 min. width is: 24 inches = 600 mm
The API minimum requirement at 800 mm is very conservative in this case compared with all theoretical requirements to H. Kroon's
theory of 322 mm.
* Manually inputted fixed data
** Manually inputted variable data
5b3
b4

Figure 3.37 An example of H. Kroon's method for tank bottom annular pate analysis
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Moment Mc the shell:

The equation for the rotation of the shell and moment Mc can be
found in Hetényi’s “Beams on Elastic Foundations”, formula
22c, (Reference 3.5). The equation is as follows:

~Mc =2(3)(E)(Is)(Ay, + 8;)

where:
A =2
41/—2L2).for p=03- 1= Loy
R*Ts JRTs
Yo = QXL —y
ExTh
by = PoxR® (SG)(H-x)R?
Exls ExTs
u ) 3
2 g T;,farp=0.3—>ls~rL
12(1-p?) 10.92
60 = Y _gshel
H
0 shell = y AQL

L =i ly.{. A AIC L et

2(7\.)(E)(Is) H ExTb

Note: The term (y/H) has been added to correct the equation
for the triangular shape of the pressure diagram.

Rotation at point B:

(Found by the double integration method.)

b1 = P1 2 2 3 2 3
W[GL(L -a )+Ze a—-3e‘al +a L]
ob2 = (P2)e(L -e) (205 0
6E(Tb)L?
b3 = —e)?
(Po)(L—e) ez (2eL2 —de il 4 ezL)
24E(Ib)L
0b4 = Mc P S,
— (L7 -2 3eL
6E(Ib)L2 (-5 et
6b = 6b1+6b2+6b3+6b4=0
The moment of inertia Ib for the annular plate is given as:
3
F e T vy
12(1—;8)
To®
whenp =0.3 then Ib = 10.92

The sum of the values 6b1+ 6b2 + 6b3 + 8b4 is equated to zero,
and by transposition of formulae the value Mc is found to be:

Mc = {-4(P1)aL(L®-a?)+2e’a—-3e’al +a’l]
-4(P2)e(L -e)(L? -2e” +el)
-(Po)(L -e)?(2eL? -4e® +1° +e2.)}
H4(-L3 -2e° +3e%L)]
Rotation at point C:
(Found by the double integration method.)
s % {12Le?(L —a) - 12L*(e—a)" ~8e®
(L-a)+4L(e-a)’(2e +a) —4aL(L -a)(2L -a)}
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g2 = (P2) 3 ,
—— _[12le*(L —e) - =
24E(Ib)L2 {12Le*(L -e) -8e’(L —e)
—del(L -e)(2L -e)}

83 = (Po)L-€)° /. 5 .5 15 .2
W(Te L —4e” —L° —2el )

c4 = gMo(L -e)’

24E(1b)L?

Oc = 0c1+6c2 + 63 + 6cd = -0 shell

where:

fshell = Mc _[ y*l}. AQL
2(&)(E)(Is) H/ ExTb

Horizontal force at bottom of shell:

The horizontal force “Q” acting at the bottom of the shell is cal-
culated by the substitution of values in the equation for “G shell”
and the transposition of the equation which then gives:

[ , 2R?
ExlIb.:ExTs

Reaction force Ra:

The reaction force Ra acting at the outer end of the beam, can
be calculated from:

{(P )(L-a) + (P2)(L -€) + (Po) (L‘Z‘i . Mc}

i

Ra =

Reaction force Rb:

The reaction force Rb acting at the inner end of the beam, can
be calculated from:

Rb = (P1)+(P2) +(Po)(L —e) -Ra
Moment Md:

The bending moment Md in the annular plate acting at the toe o*
the internal fillet weld, can be calculated from:

Md =Mc-(Ra)e + (P1)(e —a)

Combined stress in annular plate:

Maximum combined stress due to moment Md and horizoni=
force Q is:

Md
c= o + 6( 2) < Sfat
(Tb) (Tb)
Where Sfat is the design fatigue stress > 75,000 Ibs/inZ.
Shear stress in fillet weld:
Maximum shear force acting on each fillet weld is:

Mc)? (Q)’ w
w=_—| +|=| — Shearstresst1=————
Ts 2 0.7071 x (FW]

Solution of equations:

Figure 3.37, is an example of H. Kroon's theory where all =
equations are solved using a “Excel” spreadsheet together w
the “solver” function, which calculates the unknown variabes
for a given required target value, allowing also for any com
straints which may apply.
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In the following example, the thickness of the annular plate ‘Tb’
s targeted at 8 mm.

The variables are the fatigue stress ‘Sfat’ and the beam length
L.

The constraints are:

1) The rotation at the shell ‘As’ must be equal to, but opposite
in sign to the rotation at point ‘C’ which is ‘0¢.

2) The rotation at point ‘B’, which is ‘0b’, must be zero.
3.5.4 API 650

Up to now the British approach to tank shell design in accor-
dance with BS 2654 has been discussed. As mentioned earlier
ihe American Code API 650 differs from the British Code in cer-
1ain aspects and these differences are now outlined.

3.5.4.1 General

The API 650 Code in its basic form is used for the design of
tanks having (for fixed roof tanks) an internal pressure approxi-
mating to atmospheric pressure, or for a pressure not exceed-
ng, that which equates to the weight of the roof plates. Unlike
35 2654 then, AP1650 does not have the tank pressure catego-
ries (non-pressure, low-pressure and high-pressure). How-
ever, reference to Appendix F of the Code reveals that there are
orocedures for designing tanks with pressures up to 2% |bffin?
172 mbar).

n Appendix F, the additional pressure in the space above the
stored product is converted into an additional head of product
and this is then added to the design head for use in computing
the shell thickness.

The term ‘H’ in the following equations 3.34 and 3.35 then be-
comes

where:
P = additional pressure (kPa) [1 kPa = 10 mbar]
G = design specific gravity

The effect of this additional pressure on the design of the
roof-to-shell compression zone is dealt with later in Section 3.8.

Asin BS 2654 there is no provision in API 650 for designing for
an internal vacuum condition, but tanks which meet the mini-
mum requirements of the Code are considered capable of with-
standing a partial vacuum of one inch head of water gauge (2%
mbar).

With regard to temperature limitations, AP1 650 applies only to
tanks in non-refrigerated service that have a maximum operat-
ng temperature of 90°C (200°F). However there is provision in
Appendix M of the Code, which allows tanks to be designed up
0 a maximum temperature of 260°C (500°F).

This Appendix gives guidance on the design of fixed roof tanks
‘or operating temperatures above 90°C (200°F) but not ex-
ceeding 260°C (500°F).

Through the use of a table of yield strength reduction factors for
three bands of material yield strengths, against four tempera-
twre ranges, the Appendix shows how the allowable stress lev-
=ls are reduced for the various parts of the tank. The Appendix
a2lso recognises the need to consider the effect of liquid head
=nd temperature cycles on the shell-to-bottom joint and gives a
orocedure for dealing with these aspects.

3.5.4.2 Shell design stresses

4P| 650 has a different approach in setting allowable shell de-
sign stresses, in that, unlike BS 2654, which uses 2/3 of the ma-
‘erial minimum yield stress for the allowable design stress, API
550 considers both the yield and the ultimate tensile stress of
e chosen shell material and uses two formulas for determin-
ng the final design shell thickness.

3 Ambient temperature storage tank design

The allowable design stresses are defined as:

Sd, which is used in one shell thickness formula, based on the
working parameters of the tank, including any corrosion allow-
ance, whichis required to be added to the computed thickness.

Unlike BS 2654, API 650 tanks are designed for a product spe-
cific gravity (SG), which is specified by the tank purchaser. The
drawback to this philosophy is that the tank should not be used
for storing products with higher SGs, unless a lower maximum
filling height is first calculated. It is therefore very important for
the tank owner to keep all tank design records on hand in order
to obviate a tank being inadvertently over-stressed.

St, is used in the other shell thickness formula based on the hy-
drostatic testing of the tank and in this case the corrosion allow-
ance is excluded from the formula.

For any chosen shell material:

Sd is found to be the lesser of 24 of the minimum yield
stress, or % of the ultimate tensile stress.

St is found to be the lesser of % of the minimum vyield
stress, or ¥ of the ultimate tensile stress.

For convenience the APl 650 Code includes the stress values
for a popular range of steels in Table 3-2 which is reproduced in
Figure 3.38.

The two shell design formulas are derived using exactly the
same principles as the BS 2654 formula but they are simplified
because there is no internal pressure to consider in the tank
vapour space.

Referring to equation 3.7 and ignoring the term p and combin-
ing the constants 98 and 20, the design shell course thickness
in mm is given as:

_49.D(H-03)G

td CA equ3.34
Sd ?
And the hydrostatic test shell thickness in mm is given as:
4.9-D(H-0.3)
tt = e e equ 3.35

The above equations are given in APl 650 together with their
equivalents in US customary Imperial units (feet, inches and
Ibs/in?), as below:

_26D(H-1G_

td CA
Sd

2.6:-D(H-1

o 26:D(H-1)

St
where:

td = design shell thickness, in mm (inches)

tt = hydrostatic test shell thickness, in mm (inches)

D = nominal tank diameter, in m (feet)

H = height from bottom of course under consider-
ation to the top of the shell, including the top
angle, if any, to the bottom of any overflow that
limits the tank filling height; or to any other
level specified by the purchaser, restricted by
an internal floating roof, or controlled to allow
for seismic wave action, in m (feet)

G = design specific gravity of the liquid to be
stored, as specified by the purchaser

CA = corrosion allowance, in mm (inches), as speci-
fied by the purchaser

Sd = allowable stress for the design condition, in

N/mm? (Ibsfin?)
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Minimum Minimum Product Hydrostatic -
Plate Yield Strength Tensile Strength Design Stress Sy Test Stress S, —
Specification Grade MPa (psi) MPa (psi) MPa (psi) MPa (psi) | 4 ]
ASTM Specifications e
A283M e 205 (30.000) 380 (55.000) 137 (20,000) 154 (22.500) be
A 285M C 205 (30,000) 380 (55.000) 137 (20,000) 154 (22.500) :a-
A 13IM A.B,CS 235 (34.000) 400 (58.000) 157 (22.700) 171 (24.900) ;
A 36M = 250 (36,000) 400 (58.000) 160 (23.200) 171 (24.900) 3_;
A 13IM EH 36 360 (51.000) 4904 (71.,000%) 196 (28.400) 210 (30.400) i
AS5T3M 400 220 (32.000) 400 (58.000) 147 (21.300) 165 (24.000) _;:
A573M 450 240 (35,000} 450 (65,000) 160 (23.300) 180 (26,300) =
A 5T3M 485 290 (42.000) 4854 (70,000%) 193 (28.000) 208 (30.000) fics
A 516M 380 205 (30,000) 380 (55,000) 137 (20.000) 154 (22,500) Fro
A 516M 415 220 (32,000) 415 (60,000) 147 (21.300) 165 (24,000) e
A 516M 450 -240 (35,000) 450 (65.000) 160 (23.300) 180 (26.300) = g
AS5I6M 485 260 (38.000) 485 (70,000) 173 (25.300) 195 (28.500) The
A 662M B 275 (40.000) 450 (65,000) 180 (26.000) 193 (27.900) M
A 662M L85 295 (43.000) 485° (70.000%) 194 (28.000) 208 (30.000) The
A 53TM 1 345 (50,000) 4854 (70.000%) 194 (28,000) 208 (30.000) M
A 537TM 2 415 (60,000) 550° (80.000%) 220 (32.000) 236 (34.300) N
A 633M CD 345 (50.000) 485" (70.000%) 194 (28.000) 208 (30.000) The
A 678M A 345 (50.000) 4852 (70.000%) 194 (28.000) 208 (30.000) o
A 678M B 415 (60.000) 550" (80.000%) 220 (32.000) 236 (34.300) The
AT3TM B 345 (50,000) 4852 (70.000%) 194 (28.000) 208 (30,000) The
A B4IM - 345 (50.000) 485" (70.0007) 194 (28.000) 208 (30.000) 3.3
CSA Specifications
G40.2IM 260W 260 (37.700) 410 (59.500) 164 (23.800) 176 (25.500)
G40.21M 300W 300 (43.500) 450 (65.300) 180 (26.100) 193 (28.000)
G40.21M 350WT 350 (50,800} 480 (69,600%) 192 (27.900) 206 (29.800)
G40.21M 350W 350 (50.800) 450 (65.300) 180 (26.100) 193 (28,000)
National Standards e
235 235 (34.000) 365 (52.600) 137 (20.000) 154 (22.500)
250 250 (36,000) 400 (58.300) 157 (22,700) 171 (25.000)
275 275 (40.000) 430 (62.600) 172 (25.000) 184 (26.800)
1S0 630 '
E275 C.D 265 (38.400) 425 (61,900) 170 (24.700) 182 (26.500) The
E 355 c.Db 345 (50,000) 4904 (71,000°) 196 (28.400) 210 (30,400} e |
ABy agreement between the purchaser and the manufacturer the tensile strength of these materials may be increased to 515 MPa (75,000 psi) e
minimum and 620 MPa (90,000 psi) maximim [and to 585 MPa (85,000 psi) minimum and 690 MPa (100,000 psi) maximum for ASTMA =
537M, Class 2, and A 678M, GradeB|. When this is done, the allowable stresses shall be determined as stated in 3.6.2.1 and 3.6.2.2. -

Figure 3.38 Stress values for a popular range of steels i
From API 650, table 3-2
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St = allowable stress for the hydrostatic test condi-
tion, in N/mm? (Ibs/in?)

Asisthe casein BS 2654, AP| 650 also stipulates that the nomi-
nal diameter shall be taken as the centreline diameter of the
bottom shell course plates, unless otherwise specified by the
purchaser.

An exception to this rule may be requested when ordering a
tank, which is to have a floating roof, as it can be considered
preferable to have a shell with a smooth internal surface for the
roof seal to act against. For these tanks, the diameter may be
measured to the inside surface of each course of shell plating,
thus avoiding steps between adjacent courses.

However, the “one-foot” method in the API 650 Code can only
be used for designing tank shells up to 60m in diameter. Larger
tanks have to be designed using an alternative method known
as the “variable design point” method, which is described in
Section 3.6.

3.5.4.3 Use of shell design formulae

The use of the shell design formulae can be demonstrated as
follows, using the fixed roof tank depicted earlier in the tank
shell design illustration in Figure 3.8, constructed in steel speci-
fication BS EN 10025 S275.

From Figure 3.38, under the heading “National Standards”, the
Grade 275 Steel has a minimum yield strength of 275 N/mm?2
and a minimum tensile strength of 430 N/mm?

The product design stress is the lesser of % x 275 = 183.333
N/mm? and %, x 430 = 172 N/mm?, in this case 172 N/mm?

The hydrostatic test stress is the lesser of % x 275 = 206.25
N/mm? and % x 430 = 184.29 N/mm2, in this case 184.29
N/mm?

The tank is 30 m diameter and 16 m high, in eight equal width
courses.

The stored product has a specific gravity (SG) of 0.9.

The course thickness is determined using equations 3.34 and
3.35 as follows:

_49:D(H-03)G
sd

td CA

4.9-D(H-0.
e ( 0 3)
St
For the bottom course:
4.9-30(16—0.3)-0.9
= +
172

td 0=12.08 mm

i 49-30(16-0.3)
184

The greater of these two values is taken to be the thickness for
the bottom course i.e. 12.54 mm.

=12.54 mm

The calculation can be tabulated as follows:

5 oG] Hl) (H-0.3) td tt Mint | Roundedt
(M) (mm) (Mm) (mm) (mm)
1 (Btm) 2 157 12.08 12.54 12.54 12.6
2 2 13.7 10.54 1095 | 1095 11.0
3 2 1.7 9.00 9.35 9.35 94
4 2 9.7 7.46 T.75 7.75 7.8
5 2 7.7 5.92 6.15 6.15 6.2
6 2 5.7 4.38 4.55 4.55 46
7 2 37 2.85 2.96 2.96 30 |
8 2 1.7 1.31 1.36 1.36 14 |

3 Ambient temperature storage tank design

3.5.4.4 Shell plate thicknesses

Similarly as for BS 2654, AP1 650 also specifies minimum allow-
able shell plate thickness for the “as constructed” tank and
these are given in the table below.

The APl 650 Code quotes Imperial and metric equivalents
throughout its text but only the metric terms are given here.

Minimum allowable shell plate

Nominal tank diameter (m) thickness (mm)

<15 5
15to <36 6 Ll
36 to 60 .8

>60 10

Then for the shell design above the minimum course thickness
for the 30 m diameter tank is 6 mm and therefore the minimum
final course thickness will be:

12.6,11.0,9.4,7.8,6.2,6.0, 6.0 and 6.0 mm.

The comparable shell thicknesses for the tank designed to BS
2654 (Tank shell design illustration in Figure 3.8) were found to
be:

12.6, 11.0, 9.4, 8.0, 8.0, 8.0, 8.0 and 8.0 mm.

For this particular tank, the only significant difference being in
the minimum allowable shell plate thicknesses, this being 6 mm
for the API Code and 8 mm for the BS Code.

Comparison between the above table and Figure 3.7 for BS
2654 shows that the American Code is not quite so stringent as
the British Code as is demonstrated below:

Nominal tank diameter D (m) Miniml;::i:’:;?::::;" pRtS
BS 26554 API 650
S5 <15 5
15to <30 15to < 36 [
30to <60 3610 <60 8
| 60to<75 > 60 10
75to <100 12
> 100 14

Whereas the American Code allows a minimum shell plate
thickness of 6 for tanks up to 36 m in diameter, the British Code
limits the diameter for this thickness to under 30 m.

Also the American Code allows all tanks above 60 m in diame-
ter to have a minimum thickness of 10 mm. The British Code
specifies a further two size categories having minimum thick-
nesses of 12 mm and 14 mm.

The maximum shell thickness allowed in the American Code is
45 mm, which is more than the 40 mm maximum in the British
Code.

3.5.4.5 Choosing BS or API shell thickness design meth-
ods

The logical question which comes to mind when considering
the BS and API methods for shell thicknesses is - which one is
most advantageous from a commercial point of view? i.e. which
gives the thinner shell for a given material?

This question is not easily answered, because of the effect of
the following variables in the equations;

¢ Specific Gravity (SG) of the stored product.
* Any corrosion allowance (CA) which might be required.

e The varying ratio of minimum yield strength to minimum ten-
sile strength of the range of steels used for the design of
shells.
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For SG=1.0 and CA=1mm.
Shell thicknesses in ( mm ) :-

A.P.l. Values. Final API B.S. Thickest
Courses 'td' it thickness | Based on:| thickness | result.
Btm. 15.74 13.47 15.74 Sd 15.74 Same
2 13.86 14.25 13.86 Sd 13.86 Same
3 11.98 10.04 11.98 Sd 11.98 Same
4 10.11 8.32 10.11 Sd 10.11 Same
5 8.23 6.61 8.23 Sd 8.23 Same
6 6.35 4.89 6.35 Sd 6.35 Same
7 4.48 3.18 4.48 Sd 448 Same
8 26 1.46 26 Sd 26 Same
Min. thks. Allowed by code : - 6 mm 8 mm

For SG=1.5and CA = 1mm.
Shell thicknesses in ( mm ) -

A.P.|. Values. Final API BS Thickest

Courses 'td' 'tt' thickness | Based on:| thickness | result.
Btm. 234 13.47 231 Sd 231 Same
2 20.29 1175 20.29 Sd 20.29 Same

3 17.47 10.04 1247 Sd 17.47 Same

4 14.66 8.32 14.66 Sd 14.66 Same

5 11.84 6.61 11.84 Sd 11.84 Same

6 9.03 4.89 9.03 Sd 9.03 Same

7 6.21 o) 6.21 Sd 6.21 Same

8 34 1.46 34 Sd 34 Same

Min. thks. Allowed by code : - 6 mm 8 mm

For SG=0.8 and CA =1mm.
Shell thicknesses in ( mm ) -

A.P.l. Values. Final API B.S. Thickest
Courses ‘td' ‘tt' thickness | Based on:| thickness | result.
Btm. 12.79 13.47 13.47 St 15.74 BS
2 11.29 i 57 115 St 13.86 BS
3 9.79 10.04 10.04 St 11.98 BS
4 8.29 8.32 8.32 St 10.11 BS
5 6.78 6.61 6.78 Sd 8.23 BS
6 5.28 4.89 528 Sd 6.35 BS
7 3.78 3.18 3.78 Sd 4.48 BS
8 2.28 1.46 2.28 Sd 26 BS
Min. thks. Allowed by code : - 6 mm 8 mm

Figure 3.39 Calculation of comparison of BS and API shells - page 1
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For SG = 1.0 and CA = nil.
Shell thicknesses in ( mm ) :-

3 Ambient temperature storage tank design

A.P.l. Values. Final API BS Thickest
Courses td' it' thickness |Based on: | thickness | result.
Btm. 14.74 13.47 14.74 Sd 14.74 Same
2 12.86 11.75 12.86 Sd 12.86 Same
2 10.98 10.04 10.98 Sd 10.98 Same
4 9.11 8.32 9.1 Sd 9.11 Same
5 £23 6.61 7.23 Sd 7.23 Same
6 5:36 4.89 5.35 Sd 535 Same
7 3.48 3.18 3.48 Sd 3.48 Same
8 16 1.46 16 Sd 16 Same
Min. thks. Allowed by code : - 6 mm 8 mm
For SG= 1.5 and CA = nil.
Shell thicknesses in ( mm ) :-
AP.l. Values. Final API B.S| Thickest
Courses ‘td' ‘tt' thickness | Based on:| thickness | result.
Btm. 221 13.47 220 Sd 22 Same
2 19.29 1475 19.29 Sd 19.29 Same
3 16.47 10.04 16.47 Sd 16.47 Same
4 13.66 8.32 13.66 Sd 13.66 Same
5 10.84 6.61 10.84 Sd 10.84 Same
6 8.03 4.89 8.03 Sd 8.03 Same
7 524 3.18 521 Sd Stk Same
8 24 1.46 24 Sd 2.4 Same
Min. thks. Allowed by code : - 6 mm 8 mm
For SG = 0.8 and CA = nil.
Shell thicknesses in ( mm ) :-
A.P.l. Values. Final API BS. Thickest
Courses 'td' 't thickness | Based on: | thickness | result.
Btm. 11.79 13.47 13.47 St 14.74 BS
2 10.29 175 10 AR St 12.86 BS
3 8.79 10.04 10.04 St 10.98 BS
4 7.29 8.32 8.32 St 9.11 BS
5} 578 6.61 6.61 St 7.23 BS
6 428 4.89 4.89 St 5.35 BS
7 278 3.18 3.18 St 3.48 BS
8 1.28 1.46 1.46 St 1.6 BS
Min. thks. Allowed by code : - 6 mm 8 mm

Figure 3.39 Calculation of comparison of BS and API shells - page 2
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The many differing strength ratios which apply to the last vari-
able factor, when taken in conjunction with varying SGs and
CAs, make a generalised conclusion difficult.

However, it is found that comparisons can be made based on
the premise that if the minimum tensile strength is taken hypo-
thetically to be 166.66% or more, of the minimum yield strength,
for a given material, then the allowable design stress ‘Sd’ for the
APl equation 3.34 and ‘S’ for the BS equation 3.7 will have the
same value and these will determine the shell thicknesses as
‘8t', by definition will always be greater than ‘Sd’ or 'S’.

Then under these conditions the following is found for various
combinations of SG and CA:

When SG=1.0and CA=0
then BS & API thicknesses are equal.

When SG > 1.0 and CA=0
then BS & API thicknesses are equal.

When SG<1.0and CA=0
then the BS thickness is > than the API thickness.

When SG=1.0and CA>0
then the BS & API thicknesses are equal.

When SG > 1.0 and CA> 0
then the BS & API thicknesses are equal.

When SG<1.0and CA>0
then the BS thickness is > than the API thickness.

3.5.4.6 Worked examples

The following worked examples demonstrate the validity of the
above statements:

Taking the 30 m diameter x 16 m high tank used in earlier exam-
ples, which has 8 x 2 m wide shell courses, and using the steel
specification ASTM A131 Gr. B which has a minimum vyield
strength of 235 N/mm? and a minimum tensile strength of 400
N/mm?.

The ratio of UTS/Yield = 170.213%.

This is more than 166.66% and therefore satisfies the require-
ments for this exercise.

Sd = 156.667 N/mm?, St = 1717429 N/mm?

and for the BS Code, S = 156.667 N/mm2.

Then taking each of the six above conditions in turn, a set of re-
sults are obtained which are presented in Figure 3.39.

3.6 The “variable design point” method

One very significant difference between the British and Ameri-
can Codes, is the alternative shell design method to the
“one-foot” method which is included in the American Code. This
method is called the “variable design point” method.

The American Code specifies that this method may only be
used when the purchaser has not specified that the “one-foot”
method be used and when the following is true:

L 1000
=<

H 6
where:
L

equ3.36

(500-D-t)'2 (mm)

D = tank diameter (mm)
t = bottom-course shell thickness (mm)
H = maximum design liquid level (m)

The above condition is found to be satisfied for most tank sizes
with the possible exception of certain tanks, which have large
diameter to height ratios.

Also the Code specifies that this method must be used for tanks
larger than 60 m in diameter.

3.6.1 “Variable design point” method development

The “variable design point” method normally provides a reduc-
tion in shell course thicknesses and total material weight, bu
more important s its potential to permit construction of larger di-
ameter tanks within the maximum plate thickness limitation.

The following work, developed by the late Professor A.S. Tooth
Professor of Mechanical Engineering, University of Strath-
clyde, Glasgow, explains how the method evolved.

240| N 4240
(6098) Diameter of tank = 220 ft (67 m) (6096)
e Third course
192 Girth joint 192
T (4877) (4877)
E
2 i
o 2
2
= A C B
=
E 144| 0 2 l—_g._‘qg_éa’ﬂ_‘/ 144
£ (3858) ol 2 i’ s 8 10 Ibs/in? x 1000 (3658)
] 0 13.8 27.6 41.4 55.2 68.8 N/mm?
@
= —_— -
2 Second course
G
§ 96| Girth joint 96
§  (2439) B - with radial growth but (2438)
a no rotational restrain |
T C - with radial growth and
rotationa restraint
48 48
(1219)] (1219)
Bottom course t =1.122 ins. il S
il = A - no rotational restrain
nor radial growth
o w, Bottom of tank ; i ; ; o
10 12 14 16 18 20 22 24 26 28 30 32 34 Ibs/in? x 100
68.9 827 96.5 110.3 1241 137.9 151.7 165.5 179.3 193.1 206.8 220.8 234.4 N/mn??

Strain gauge measurements taken at: @

Average circumferential stress

Figure 3.40 Distribution of circumferential stresses in a tank 220 ft (67 m) diameter and 56 ft (17.1 m) high with different base boundary conditions
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Tk and McGrath analysed a number of large tanks, which
w=re designed using the “one-foot” method. The analysis used
= based on a computer program developed by Kalnins. In this,
= basic shell equations are solved by a step-by-step integra-
“on method. A number of comparisons are made to examine
+= influence of different base restraints and of different allow-
=0le design stresses and tank size.

==cause the theory was formulated some time ago when the
“merican tank Code was written using Imperial units, the the-
=ry is similarly in the same units. However, the equations of the
worked example at the end of the Section have been converted

=0 the now more acceptable metric units.

=gure 3.40 provides a plot showing the distribution of the cir-
~ mferential stress in a tank 220 ft (67 m) diameter and 56 ft
7.1 m) high, for three different restraints:

A = no rotational restraint and no radial growthi.e. a hinge.
B = allows radial growth but no rotational restraint.
C = allows radial growth but with rotational restraint.

* 's noted that the differences in these three cases are small,
=way from the edge. The two strain gauge values presented
v a measure of confidence in the analytical method, showing
~ose agreement with curve C.

=gure 3.41 provides results of the analysis for the same tank as

= Figure 3.40 but with three different values of allowable stress,
=amely: 17,850, 23,000, and 30,000 Ibf/in2. The tanks are de-
=aned using the API “one-foot” method.

The variation in the stress levels is noted. The maximum stress
- the bottom courses is reasonably close to the design stress
=~d in upper courses is less than the design stress. It is also
~oted that the location of the maximum stress at each course
_nction occurs at approximately one foot, or higher, above the
unction.

The final comparison, shown in Figure 3.42 is for two different
=zes of tanks:

1) 280 ft (85.3 m) diameter and 64 ft (19.5 m) high.
2) 120 ft (36.6 m) diameter and 48 ft (14.6 m) high.

The effects are similar to Figure 3.41, though the smaller tank is
~=arer to the design stress.

=rom the plots contained in Figures 3.40 and 3.41 it is clear that
“ere is some variation in the magnitude of the actual circumfer-
=ntial stress in different courses of the tank. The bottom course
=nd occasionally the second course are the most highly
sr=ssed. This is unfortunate since the bottom course is usually
-onsidered to be the most vulnerable course in the tank. In ad-
=+ion it may have piping attached, resulting in the possibility of
= thrust and/or bending moment, being superimposed on the
=nell. It would therefore be desirable, if the design procedure
ssad produced a shell which, when subject to the hydrostatic
sading, had a stress in the bottom course which was lower
“an, or of similar magnitude to that of the upper courses.

“ssuming that most designers would prefer the maximum
siress in each shell course to be the same value, an alternative
zpproach to calculate approximate plate thicknesses was pro-
cosed by Zick and McGrath in 1968. It was later incorporated
~to API 650, but not into BS 2654.

n this, the location of the “design point” on each shell course, at
which the hydrostatic pressure is to be considered can be ob-
=ined from the radial and rotational movement of the plate
=dges at each joint. The movements are those caused by the
s=lf-equilibrating forces and moments and by the hydrostatic
oressure. The aim is to find the point in the shell course called
e “design point”, where the stresses are close to the maxi-
mum for that course.

3 Ambient temperature storage tank design

3.6.2 The bottom shell course

To explain the “variable design point” method, starting with the
bottom shell course, it is assumed that the junction of the verti-
cal shell and base connection s “pin-jointed” - that s, there is no
rotational restraint and no radial growth allowed at the base
junction. The fixing moment is thus zero and a horizontal force
Q is required to sustain the no radial growth condition.

The value of this force can be obtained from shell analysis, the
procedure being as follows:

The hydraulic head produces a linear variation of the radial
pressure in the vessel. This is maximum at the base and zero at
the liquid level. The value of this pressure is yh, where v is the
specific weight of the liquid in N/m® and h is the height of fluid.

1
A _— I A
L 1
h r
}——» H
¥

v
. 1
h

x | 1

Pr

The circumferential stress c,due to the hydraulic head is:

GB:YtLhzﬁtI(H_x) equ3.37
1 1

The free radial displacement of the cylinder at any height x, de-
pends upon the values of the circumferential stress ,and axial
stress G,

W= é(c&, —\-'csx)

where
v = Poisson's ratio

For this treatment the axial stress is ignored. Thus the free base
radial displacement from equation 3.37 is:
r yHr?

W=—0,=
E Et,

equ3.38

To restrain this radial growth to zero, the bottom plate weld must
exert a horizontal force Q per unit length of circumference in the
inward direction. The deflection at the cylinder end due to Q is
given by:

w = % equ3.39
where:

K =Et® /[1 2(1—\!2)]
and

o))

The membrane displacement (equation 3.38) and the edge
bending displacement (equation 3.39) must be equal.
, ar® o }le'2

S2KBE. _El

b 4P
2

This force produces a mid-surface circumferential stress. At a
location x from the cylinder end this is:

E) equ 3.40
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Diameter of Tank - 220 ft (67 m)

Design stress in Ibs / in® (\fmm?) =

17,850 (123.1)

23,000 (158.6)

30,000 (206.9)

0 3 A 4 A 4 ]
~| Top course thks. in :- inches & (mm)
0.375 (9.5) 0.375 (9.5) 0.375 (9.5)
(2.44) 8 8 (2.44)
&th course thks. irhm
0.481 (12% ms.s 0.375 (9.5)
(4.88) 16 )\ 16 (4.88)
\
E’ Sth course thks. in :- inches & (mm) \
i 0. . /!
:;E an 2 0.737 (1.87) 572 (14.5) 0.439 (11 p u 13
F
ﬁ 4th course thks. in :- inches & (mm)
; 0.993 (26.2) 0.771 (19.6) 0.591 (15.0)
B (9.75) 32 32 (9.75)
z
3rd. couree thie. in -~ inches & ( mm )
126 (31.8) 0.97 (24.6) 0.744 (19.7)
(12.2) 40 40 (12.2)
2nd. course thics. in :-inches & ( mm }
1,508 (38.3) 1.189 (20.7) 0.896 (22.8)
(14.6) 48 48 (14.6)
Bottom course thics. In i~ inches & ( mm )
1.763 (44 1.368 (37. 1.048 (28.8)
(17.1) &8 S _._"_n'——'_'l/-‘ 1 1 1 ! 1 56 (17.1)
6 8 10 12 14 16 18 20 22 24 26 28 30 34 Ibs fin®x 1000
414 552 689 827 965 1103 12441 1379 151.7 1655 179.3 193.1 208.8 2206 2344 N/ mn?
Average circumferential stress
Figure 3.41 Actual stresses by analysis in a tank designed by the “one-foot” method, with AP stress limits
™ Diameter of tank = 280 ft (85.34 m)
, Diameter of Tank = 120 ft. {38.8m)
bl
Designstresses inlbs /In® (N/mm® )= 17,860 [1231) 20B.
r 0
Top course thks. In:- inches & { mm )
0.375 (9.5)
B {24)
Tth. course thiks. in :- inches & (mm }
0375 (35) | ‘
! i
0 ] { 16 (488)
8th. course this, in - ;
Top course thks. In - inches & { mm } inches & (mm } i
\\\ 0.25 (6.4) D.558 (14.2) |
(244 8 1 24 (73
23 5th. course thks. in - 1
E 5th. courss thcs. in - inches & (rm ) !
13 inchea & { mm ) 0.752 (19.1)
£ (488 16| 0262 (7} 32 (975)
[ 4th. coursa thks. in -
= 4th course thickness in: ) ;
n; inches&(emmlf = inches & ( mm }
E 0402 (102 s
5 (73 2 o] o (122)
i ard powrse thiks. in -
3rd. coursa this. in - inches & { mm ) inches & ( mm } h
0.542 (13.8) 1.141 (29.0) i
{8.75) 32 i 48  (148)
2nd. course thks. in:- |
2nd. course thks. in ;- inches & { mm ) inches & (mm ) ]
0.682 (17.3) 1.335 (33.9) :
(12.2) 40 i \ 56 {171)
Boltorn coursa thks. in - inches & {mim } Betlem course thks. in .- inches & { mm ) P
0882 (224} 1.529 (38.9 |
|
(14.8) 48 1 ] ] i I I L i i i 1 64 (19.5)
5] 8 10 12 14 16 18 20 z 24 26 28 32 34 Ibs /in® x 1000
44 552 @888 B27 955 1103 1241 13789 1517 1855 1793 1831 2068 2208 2344 N/mm?

Average circumferential stress

Figure 3.42 Actual stresses by analysis in smaller tanks designed by the “one-foot” method, with API stress limits
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Gy =

2 9B ep o5 PX
t; r

=rom equation 3.40

= ﬂire'ﬂ-’“f cos P equ 3.41

G,
]
8 r

The total mid-surface circumferential stress at any location x
“om the end is given by combining equations 3.37 and 3.41

G, =_7?e-ﬂ}f cos|3§+er(H—x) equ3.42
1

] r
7o illustrate the behaviour of equations 3.37, 3.41 and 3.42 a
so=cific example is considered:

~ this the tank diameter D = 76 m, the height H = 25 m and the
“ickness of the bottom course t; = 40 mm.

The distribution of the circumferential mid-surface stress in a
=nk in this case full of water is shown in Figure 3.43 for the
“ree equations. The following points are worthy of note.

The stress due to the edge bending (equation 3.41) is
compressive at the base and dies away fairly rapidly
reaching a turning value at a height of 1.83 ,/rt,= 2260 mm

from the base.

The stress due to the hydraulic head (equation 3.37) is
tensile and linear.

:. The combined stress (equation 3.42) is tensile and has a
maximum at a height of 2040 mm. When the edge bending
and hydraulic head stresses are combined the position of
the maximum stress is always less that 1.83 ,/rt; as shown

by the plot of Figure 3.43 (in metric units).
The value of the height x at which the maximum occurs, de-
zends on the geometry of the tank. The value used in equation

2 42 to derive the equation presented in APl 650 (that is equa-
“on 3.47) is uncertain to the author.

One can but surmise that a number of actual tanks were ana-
‘vsed using the exact shell theory and an average value ob-
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tained. The value which provides the numerical value given in
API 650 is a height of x equal to 1.4949 rt, , which gives the fol-

lowing equation:

B? =413(1-v2)\ﬁxm‘i9‘/”—1 -1.9216
1

Substituting this into equation 3.42:

ay= YHr 10216 cos(1.9216) +
tT

Bisls

—- ‘t’—r x1.4949,rt;
1 1

1.4949
6 = 1T 4 g _ 1HT 14949
t T 1

Putting oy = Sd = Allowable design stress and rearranging:

t =1 (1.0509) - L LN '491":19\/“_1
d

Noting that the thickness t is the thickness obtained from the
hydraulic loading, i.e.

¢ _yHD _ yHr
e 0
98, &

241050314949 j b
ts H t

From equation 3.43:
t

2
Y _1.0503-1.4049 |2 [ 4
t SH Lt

Substituting the nomenclature and dimensions of AP| 650:

equ3.43

[co acdrmZ [
=1.0503 -1.4949 “.ezjﬂ [t
Y 12%s,12H \t,

b
tD

4 X Height from battom
3000|mm
2500|mm
Max. posilivie stress | 2060\mm | o = A |
IX Max. stress
2000|mm,
S Equ. A1 i fadre] at 2040 mm.
Al _fx
a [e] » 1500
Equ. A5 Q’; /
\ = A
&  —
© X
= | ~| 1000|mm g /
= A Equ. A6 /
A
2h &l 500|mm
/ N / =
e 4 Y /
-250 -200 -150 -100 -50 0 +50 +100 +150 +200 +250

Circumferential mid - surface stress in N/ mm?

Figure 3.43 The variation of circumferential mid-surface stress in a tank, 76 m diameter and 25 m high, with a bottom course thickness of 40 mm
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2
Y 4.0503-1.4949 x0.329 (S [
t HS, |1,

0 d

Y _1.0503-0.4918°2 E
% HY S,

This is a quadratic equation in ty/ty. It could have been used in
this form in the Standard. However, it was simplified into a linear
form. It would appear that this was done be examining a num-
ber of vessels of different diameters, heights and allowable
stress design values and solving the quadratic equation 3.44
exactly. If this is done it is found that the (t4/t;) values are in the
range of 1 to 0.87.

equ3.44

It would appear that the lowest value was taken, one presumes
for conservatism.

Putting this in equation 3.44:
4 _1.0503-0.49182 [HC 1087
t HY S,

0

tt—1 - 1.0503-0.4582 |HC equ3.45

Q d

Afurther factor of 1.01 was introduced to equation 3.45 to com-
pensate for a possible loss due to a thinner second course:

——41061 0463 ae

equ3.46
ty 5 y

Puttingt, =2.6-H-D- GS a modified form of the previous basic
d

equation 3.46 is obtained as follows:

b= {1 061-0.463 — \/f:l 2.6;1DG +CA equ3.47
where:

D = nominal tank diameter (ft)

H = height from bottom of shell to top angle (ft)

G = design specific gravity of liquid

Sq = allowable design stress for calculating plate
thickness (Ibf/in?)

t4 = thickness (inches)

CA = corrosion allowances (inches)

Equation 3.47 combines the circumferential stress due to the
hydraulic head (which is tensile), with the compressive cir-
cumferential stress caused by the radial edge restraining force
at the base of the shell. It also incorporates a modification to al-
low for the effect of the second course. It becomes conservative
when the height of the bottom course is greater than 2.625
Jr-t;, (wherer, is the tank radius, in inches). In such cases, the

bottom course thickness need not exceed the thickness calcu-
lated by the “one-foot” method.

3.6.3 The second course

The second course is more complicated because the restraint
of the tank bottom raises the location of the maximum stress in
the bottom course of larger tanks, to the vicinity of the girth joint
between the first two courses. Itis dependentupon the height of
the bottom course and the value of the bottom course.

There are three empirically based equations which govern the
calculation of the second course thickness and these are given
as follows:

1)  If the height of the bottom course is less than or equal to
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1.375,r-t,

then the second course t; should be the same thickness as the
bottom course t;.

2) The influence of the second course is negligible when
h, =2.625,r -t equ3.49

3) When

equ3.48

lies between 1.375 and 2.625 a linear varia-

h,
Jret
tion is introduced, and this is as follows:

A

1.
2.6254t; w

anfrty

1.375vrt

Thickness of tank shell

t

ty=tay

(2625-1.375)t, (2. 625 a)J_

625-a)
1.25

by e e )

Lo
t,=(t—-t,,)| 21—
o= -tu) 2175
when the height of first course is equal to:
a\/rt_;i.e. a =h1erT1

the thickness is:

b=ty 4ty —t23+(t14t23){2.1—%ﬁ} equ 3.5
where:
hy = height of the bottom shell course (inches)
ta = final thickness of the second shell course
(inches)
toa = thickness of the second shell course calcu-

lated in the manner described for the upper
shell courses (and given in Section 3.6.4)
(inches)

3.6.4 The upper courses

For the upper courses the “design point” required to provize
the maximum stress is obtained by examining the expansi=
and rotation of the girth joint. For a design where the thickness
of each course is determined by a common stress, the theor=-
cal location of the “design point” is at a variable distance abows
the bottom of the course in question and this is examined as =
lows:

The elastic movement of the upper shell courses at a typis
girth joint are shown in Figure 3.44. The dotted lines are the 2o
sition the shell would adopt if it was allowed to expand free’y .o
der hydrostatic loading i.e. “unrestrained radial growth™. [t is ==
sumed that a uniform radial load is applied at the lower ecos &
the upper course moving the unrestrained shell to point 2

Point 3 is the point where the deflection curve crosses the ===
deflection curve at a distance of 1.224/r-tu. This value = s
same as given in Figure 3.43 since o, and w decay in exaz
the same way:

(F]]
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3 Ambient temperature storage tank design

h h
0.32.C.hu
X3 =122/ ) A

X1 -
0.6

Initial location
:fﬁx shell
o Mairum deflection |
 hu. R?
3 Girth joint

‘P 1L A \ J

Min. height of X2 ’/‘

whentL=10,C=0=X2

tu
o.awm.[y_,_ﬁ-] /

E.tu

4 \ Unrestrained
/ [Tadial growth

Sigure 3.44 Elastic movement of upper shell courses ata typical girth joint

3
i SA3E © e "cos Px
2Kp n
The deflection w is zero when cosﬁrz- =0,i.e.
e U t
r 2p 243(1_\,2) r
¥ = & it =1.22rt
2 1.2854

Referring to Figure 3.44, point 1 is taken as the mid-point be-
sween the end point 2 and point 3. The deflection at this
mid-point is given as 0.32 times the deflection at the end (point
2).

The average deflection 8, at point 2 can be approximated by
using the “pressure area’ method. In this it is assumed that a
~ortion of the cylinder on either side of point 2, at the girth joint,
< involved as shown in Figure 3.45.

The effective cylinder length = |/it, + /it

sssume that the hydraulic pressure at girth point 2 is constant
aver the effective cylinder length. Thus the pressure times the

orojected area:

yhr(Jrt, + ﬂ) equ3.51
This pressure is resisted by:

St + ) equ3.52

shere S is the stress in the vessel.

Zoplying equilibrium, equations 3.51 and 3.52 must be equal:
=nd therefore:

Al
t\J\/E+tLJE

S=vyhJ

5 :E:mﬁ{iﬂ_l
= =E TR [+ (N

equ3.53

——_

Figure 3.45 Portion of cylinder on either side of point 2 in Figure 3.44
From Figure 3.44

he?  yhg?
CY L :Y L B
Bt EL

Substituting for &, from equation 3.53 gives:

1+J(tL/tu)
Cot-|—— = 3.54
{w(tLHu)J(thtu)} F
if

il

i
1+KJ—K_
C——@I}:T'RD equ3.55

The location of the design point above the girth joint, for the up-
per courses is the lowest value obtained from the resulting
three expressions:

X, +0.61,/rt, +0.32Ch, equ3.56
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Diameter of tank = 220 ft (67 m)

Designstressinlbs /in* (N/mme )= 17,850_(123.1) ) 23,000 (1585) 30,000 (208.9)
0 v 0
course this. In - inches & ( mm )
0,375 (9.5) 0.375 (9.5) D.375 (9.5)
244y 8 8 (244
6th. Course thks, in :- =
inches & { mm ) 0.434 (11.0) o 5] 0.375 (8.5)
(4.88) 16 ﬁ&.@)\ 16 (4.88)
s P S o
E §th. caurse thks. in - e e x
5 inches & ( mm ) 0.678 (17.2) \} 0532 633 0.412 (1050 3
€ wy & . - s 2 73
- -
£ ath. course this, in - Y & 8 N
s inches & { mm ) 0.832 (23.7) 1 0.727 (183 056 (14.2)~
£ o792 ' 3 2 32 (075
2 1 ( ( (
3rd. course thks. in :- 1 ~
inches & { mm ) 1.154 (28.3) 1 0.907 cza.% 0.708 (18.0)
(12.2) 40 I / y ) 40 (12.2)
2nd. course thks. in - Y | 1ws (zs.si L5
inches & (mm ) 1,564 (38.7) 3 0.858 (21.8) "\
(14.8) 48 5 48 (148)
Bottom course thks. in - inches & ( mm ) 4’) h]
1.351 (34.'3!,,1 1.048 (26.6)
(17.1) 58 i L i L I | 58 __(17.1)

s 8 10 12 14 16 18 20 22 24 26 28 30 32 34 lbs /in® x 1000
414 552 66.9 827 665 1103 1241 1370 1517 16855 1703 19831 2068 2206 2344 N/mm?

Average circumferential stress

Figure 3.46 Actual stresses by analysis in a tank designed by the “variable design point’ method (full line) and the “one-foot” method (chain dotted line)

£ Diameter of Tank = 280 ft. (85,34 m )
-
Diameter of Tank =120 7. (38.8m)
Design stresses in lbs /ir* (N/mm?)= 17,850 (128.1) 30,000 (206.9
0
Top coursa thks. In - inches & { mm )
0.375 (9.5)
\ 8 (2.44)
T ———{7th. course thks. in - inches & { mm }
0 16 {4.88)
6th. courss thks. in :~
Top course thks. In :- inches & ( mm ) inches & { mm }
0.25 (6.4) 0.516 (13.1) i
(244 8 \ i 24 (73
5th. course thks. in - §
g Sth. course this. in - inches & ( mm ) :
2 inches & (mm) 0.702 {17.8) ¥
£ (168) 16_| 0.255 (85) A 32 (575
= 4th. course thks, in ;- J: i
- 4th. course thks. in - inches & ( mm ) I
s inches & ( mm ) 0.896 (22B)
E: (7.3) 24 0.39 (9.9) Y 40 (12.2)
1 ¢ 3rd. course this, in - !:
&d.ouumthlm.m:-imm&(nm} inches & {( mm } \i
0.525 (13.3) 1.08 (26.9) ih
(8.75) 32 2 id 48 (14.6)
L 2nd. course thks. in - T\
2nd. course this. in - inohes & (mm ) "y inches & ( mm ) 5N
0.66 (16.8) D 1.308 (35.5) y 3
{12.2) 40 ; 1 58 (17.1)
Bottom course thks. in :- inches & { mm ) BOMeoursamk&h:—imhes&(mm)‘_‘”
0.822 (20.9) 1.501 (38.1 i
|
(14.6) 48 1 ] | : \ | | ] 1 ] 1 B4 (195)

6 8 10 12 14 18 18 20 o] 24 26 28 30 32 34 Ibs /in® x 1000
41.4 552 689 827 965 1103 1241 1379 1517 1655 1793 1931 2088 2206 2344 N/mm?

Average circumferential stress

Figure ?.47 Actual stresses by analysis in smaller and in larger tanks designed by the “variable design point” method (fu
ted line
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Il line) and the “one-foot” method (chain dot-
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X, =Ch, equ3.57
X, =1.22,rt, equ3.58
where:

tu = thickness of the upper course at the joint
(inches)

t = thickness of the lower course at the joint
(inches)

hy = height from the bottom of course under consid-

eration to the top angle or to the bottom of the
overflow (inches)

G ﬁ(:}) equ3.59
where:
"
L
The expression for C in API 650 is given as
KOS(k-1)

OO

which gives the same numerical value as equation 3.59.

31.6.5 Detailed “variable design point” method cal-
culation

The preceding calculations require an estimated thickness for
e upper course tu.

This can be achieved by using the thickness obtained by the
“sne-foot” method equation 3.36. Using the thickness of the
ower course, previously calculated, the value C can be ob-
=ined. From this X1, X2 and X3 can be calculated. The lowest
~* these X values, is then used to derive an improved value for
+ in a modified version of equation 3.36:

tx= EG—D—@—)@E +CA (Imperial units)
Sd
This first value of tx is used to repeat the steps previously de-
s=ribed, until there is only a small difference between the suc-
~=ssjve values of tx. Invariably only three iterations are neces-
sary to satisfy convergence.

~he result of using the method is a tank where the upper
—ourses are slightly thinner than those obtained with the
“~ne-foot” method. When analysed using the Kalnins program,
=~k and McGrath found that the maximum values of the actual
<r=ss compare well with the design stresses - see Figures 3.46
=~d 3.47. That is the maximum stresses in each course have a
=milar magnitude.

~his rejterative method is somewhat labourious and was very
sme consuming for designers prior to the advent of modern
~smputer software which is ideally suited for programming the
=oove calculations.

=, way of illustration Figure 3.48 shows a typical example of the
== of this method of calculation and is reproduced in its en-
ir=ty on pages 64-75.

“he authors are grateful to the late Professor A. S. Tooth, Pro-
“==sor of Mechanical Engineering, Strathclyde University, to re-
~oduce these calculations in full.

;4
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3.6.6 Comparison of the thickness results

By repeating the previous calculation for the same tank but this
time using the “one-foot” method, a comparison can be made
between the two results.

Using the “one-foot” method from Section 3.5.4.2:

For simplicity the calculation will be performed using the prop-
erties for the “high strength” steel only.

Then Sd = 193 N/mm? and St = 208 N mm?
So equations 3.34 and 3.35 become respectively:
4.9. =03
g B0 o o
Sd
49.D(H-0.3
. _48:D(H-03)
St
For the bottom course:

9.60(18-0.3)-0.
td:i_ﬁo_(ﬁgw—g+1_0=25.27 mm

4.9-60(18-0.3
= $9:69018-08) 5 07 mm
208

The greater of these two values is taken to be the thickness for
the bottom course i.e. 25.27.

The calculation can be tabulated as follows:

Min. t Rounded
(m) t (mm)

2218 | 2184

225 | 132 1040 | 1886 | 1910 | 194

| 225 | 1095 16.01 15.48 16.01 | 16.1

| 225 | BT 12.93 1230 | 1293 | 130

|
Weight of
shell kg

3 4 5 6 7 8
oneteat | 253 | 222 101 | 101 | 190 | 09 | 0 [ s0 | aosseo

Varigble | 555 | 214 | 185 | 154 | 124
design point”
o |08 |oslo0 05 | ©

7| 06

Difference

The saving in terms of weight of steel for the tank is 10,653 kg.
in favour of the “variable design point” method.

Also the thinner plate gives savings in welding time, thus less
manual labour, plant and welding consumables are utilised.

A further comparison is now made, with the shell designed to
the BS 2654 method and the resulting thicknesses are found to
be (in mm):

28.0, 24,5, 21.1,17.7,14.3,10.9, 10.0 and 10.0

The weight of this shellis 454,450 kg whichis 60,260 kg heavier
than the shell designed to the API 650 “variable design point”
method, and 49,607 kg heavier than the API 650 “one-foot”
method. However, as the minimum allowable thickness for the
top courses of the tank designed to BS 2654 is 10 mm instead
of 8 mm, this accounts for 13,317 kg of the additional shell
weight.
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3 Ambient temperature storage tank design

Design of Storage Tank Shell plating to A.P.I. 650, 10th. edition Nov 1998 + Add.1, Mar 2000.

Client : A Another.

Site : Europe.

Contract No. C 001

Calc. No. C 001 /001

Tank size:  60m dia. x 18m high.

Calculation in accordance with the "Variable - design - point" method (clause 3.6.4. of API 650)

metric imperial
Variables: D = 60 m 196.86 ft
H = 18 m 59.058 ft
G = 0.9 0.9
CA = 1 mm 0.0394 ins
8d = 193 N/mm? 27992 Ibfin?
St = 208 N/mm? 30168 Ibfin?
No. of courses = 8 8
Height of each course = 225 m 7.38 ft

The first set of calculations will be made using a 'high' strength steel.

Material specification : - A.S.T.M. A 573M Gr.485

0.5
Checkthat L /H =<1000/6 where L=(500.Dt)
D is the tank dia. in m.
t is the bottom course shell thickness.
The bottom course shell thickness has not yet been established, but for
for The Variable point method not to be applicable for a tank of the above
dimensions, it can be calculated that the bottom course would have to be
2> 300 mm thick and surely this will not be the case.

Calculations are worked simultaneously for both the 'design’ & ‘test' conditions.

For the Bottom course :
From Clause 3.6.3.2. Find values for "tpd" and "tpt".

tpd= 49xD(H-03)xG +CA

Sd
tpt= 49xD(H-0.3)
St
tpd = 25.27 mm
tpt = 25.02 mm
From Clause 3.6.4.4. tid=(1.06- 0.0696D /HG 49HD.G + CA
H Sd Sd
tit={1.06- 0.0696 D \/ﬂ 49HD
H St St
tld = 2550 mm
tit = 2523 mm
Lesser of 'tpd' & 'tld* = 25.27 mm Lesser of tpt' & 'tit' =
The greater of these two latter figures is : - 25.27 ins.
[ Bottom course thickness = 25.3 mm. |

The validity of using the Variable Point method can now be checked as required by Clause 3.6.4.1

0.5
Checkthat L /H =<1000/6 when L=(500.Dt) = 871.21 and H= 18
L/H= 48.40 As this is <= 1000 / 6, the variable point method may be used

Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 1
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3 Ambient temperature storage tank design

For the Second course :

I

h1= 2250 mm. Width of bottom course.
r= 30000 mm. Nominal Tank radius.
(t1d-c.a.)= 2427 mm. Btm. course thks. less CA. Use for "t2a" (design).  Used for ratio, h1 =/ . t1
t1d = 2527 mm. Total Btm. course thks.
t1t = 2502 mm. Lesser of tpt' & ‘tlt'. Used for ratio, h1 +\fr i |
Ratio for ‘t1d" : h1 = 2.637 Ratio for 't1t': h1 = 2597
rx(tid-ca.) st

Ratio 't1d' is >=2.625, then, t2 = t2a, This is found by trial for the 'Design’ case as follows :-
Ratio 'tt' is >1.375 but <2.625, then, 12 = t2a + (t1 - 12a)[2.1 - {h1/1.25(r.t1)*0.5}] and {2a for the
' Test ' condition is found as follows :-

Calculate the Second course Test' thickness by trial

tud= 49xD(H-03)G+CA = 22.18 mm
Sd
tut= 49xD(H-03) = 21.84 mm
1st. Trial St
Find values of " x1, x2, & x3 " for both the Design & Test conditions. Course No. 2
Kd = 1.150 x1d = 859.662 Kt = 1.1456 x1t = 846.628
Cd= 0.072 x2d = 1131.416 Ct= 0.0700 X2t = 1102.782
H(m)= 15.75 xd3 = 995.217 H(m)= 1578 xt3 = 987.476
Use lowest value of 'xd' 859.662 mm Use lowest value of 'xt'= 846.628 mm
0.860 m = 0.847 m
tdx = 4.9 x D( H - x/1000 )G +CA = 21.41 mm
Sd
ttx= 4.9xD (H-x/1000) = 21.07 mm
2nd. Trial. St
Repeat above calculation using new values for 'tu’ & Btm. course thk's, for Design & Test.
fid = 25.27 tit = 25.02 tud =tdx = 21.41 tut =ttx = 21.07
Find values of " x1. x2. & x3 " for both the Test & Design conditions.
Kd = 1.180 x1d = 920.533 Kt = 1.188 x1t = 934.163
Cd= 0.086 x2d = 1348.770 Ct= 0.089 X2t = 1403.867
H(m)= 15.75 xd3 = 977.853 H(m)= 1975 xt3 = 969.850
Use lowest value of 'xd' 920.533 mm se lowest value of xt'= 934,163 mm
= 0921 m - 0934 m
tdx = 4.9 x D(H - x/1000 )G +CA = 21.33 mm
Sd
ttx= 4.9xD (H-x1000) = 20.94 mm
3rd. Trial. St
Repeat above calculation using new values for 'tu' & Btm. course thk's. for Design & Test.
tid = 25.27 fit= 25.02 tud = tdx = 21.33 tut = ttx = 20.94
Find values of " x1. x2. & x3 " for both the Test & Design conditions.
Kd = 1.184 x1d = 930.062 Kt= 1.195 x1t = 948,581
Cd= 0.088 x2d = 1381.527 Ct= 0.092 X2t = 1453.381
H(m)= 15.750 xd3 = 975.946 H(m)= 15.750 xt3 = 966.998
Use lowest value of 'xd' 930.062 mm e lowest value of xt'= 948.581 mm
= 0.930 m = 0.949 m
tdx = 4.9 x D(H - x/1000 )G +CA = 21.32 mm. =t2a
Sd
ttx = 4.9xD (H-x/1000) = 20.92 mm. =t2a. Use to calc. value of t2 for the'Test' case
St 21.32 mm. = 21.4 mm.
Test' 12 = t2a + (t1-t2a) [2.1- h1/1.25(r.t1)"0.5 21.06 mm. |
[ Second course thickness = 21.4 mm. |
For the Third course.
1st. Trial tld = 21.32mm. tLt= 20.92 mm. |
tud= 49xD(H-03)G+CA = 19.10 mm |
Sd
tut= 49xD(H-03) = 18.66 mm
St

Zouce 3.48 lllustration of the use of the “variable design point” method calculation - page 2
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Find values of " x1, x2, & x3 " for both the Design & Test conditions. Course No. 3

Kd = 1.116 x1d = 705.270 Kt = 1123 x1t = 710.091
Cd= 0.056 x2d = i Ct= 0.059 X2t = 792.872
H(m)= N xd3 = 923.428 H(m)= 135 xt3 = 912.745
Use lowest value of 'xd'= 705.270 mm Use lowest value of ‘xt'= 710.091 mm
= 0.705 m = 0710 m
tdx = 4.9 x D( H - x/1000 )G +CA = 18.54 mm
Sd
ttx = 4.9 xD (H-x1000) = 18.08 mm
St
2nd. Trial tld = 21.32 mm. tLt = 20.92 mm
tud = 18.54 mm. tut = 18.08 mm
Find values of " x1. x2, & x3 " for both the Design & Test conditions.
Kd = 1.150 x1d = 765.610 Kt = 1.128 x1t= A28
Cd= 0.072 x2d = 970.821 Ct= 0.062 x2t = 837.188
H(m)= 13.5 xd3 = 909.895 H(m)= s 1s) xt3 = 898.455
Use lowest value of 'xd' 765.610 mm Use lowest value of xt'= 717.128 mm
= 0.766 m = 0717 m
tdx = 4.9 x D(H - x/1000 )G +CA = 18.46 mm
Sd
ttx= 4.9xD (H-x/1000) = 18.07 mm
St
3rd. Trial tld = 21.32 mm. tLt= 20.92 mm
tud = 18.46 mm. tut = 18.07 mm
Find values of " x1. x2, & x3 " for both the Design & Test conditions.
Kd = 1.155 x1d = 774.811 Kt = 1133 X1t = 727.162
Cd= 0.074 x2d = 1002.749 Ct= 0.064 x2t = 868.932
H(m)= 135 xd3 = 907.863 H(m)= 135 xt3 = 898.208
Use lowest value of 'xd'= 774.811 mm Use lowest value of 'xt'= 727.162 mm
= 0775 m = 0.727T m
tdx = 4.9 x D(H - x/1000 )G +CA = 18.45 mm
Sd
ttx= 49xD (H-x/1000) = 18.05 mm
St
[ Third course thickness = 185 mm |
For the Fourth course.
1st. Trial tld = 18.446036 mm. tLt= 18.05 mm
tud= 49xD(H-03)G+CA = 16.01 mm
Sd
tut= 49xD(H-03) = 15.48 mm
St
Find values of " x1. x2, & x3 " for both the Design & Test conditions. Course No. 4
Kd = 1.152 x1d = 685.382 Kt = 1.166 x1t = 702.078
Cd= 0.073 x2d = 820.622 Ct= 0.080 X2t = 895.052
H(m)= 11.25 xd3 = 845.565 H(m)= 11.25 xt3 = 831.322
Use lowest value of 'xd'= 685.382 mm Use lowest value of xt'= 702.078 mm
= 0.685m = 0.702 m
tdx = 4.9 x D(H - x/1000)G +CA = 15.48 mm
Sd
ttx= 4.9xD (H-xM1000) = 1491 mm
St
2nd. Trial tld = 18.45 mm. tLt = 18.05 mm
tud = 15.48 mm. tut = 14.91 mm
Find values of " x1. x2. & x3" for both the Design & Test conditions.
Kd = 1.191 x1d = 742.528 Kt= 1.166 x1t = 693.570
Cd= 0.091 x2d = 1021.186 Ct= 0.079 x2t = 892536
H{(m)= 11.25 xd3 = 831.498 H(m)= 1425 xt3 = 815.917
Use lowest value of 'xd'= 742.528 mm Use lowest value of 'xt'= 693.570 mm
= 0743 m = 0.694 m
tdx = 4.9 x D(H - x/1000 )G +CA = 15.41 mm
Sd
ttx= 4.9xD (H-x1000) = 14.92 mm
St

Figure 3.48 lllustration of the use of the “yariable design point” method calculation - page 3
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3rd. Trial fld= 18.45 mm. Lt = 18.05 mm
tud = 15.41 mm. tut = 14.92 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions.
Kd = 1.197 x1d = 751.227 Kt= 1472 x1t = 703.433
Cd = 0.093 x2d = 1051.662 Ct= 0.082 X2t = 922842
H(m)= 11.250 xd3 = 829.391 H(m)= 11.250 xt3 = 816.246
Use lowest value of 'xd'= 751.227 mm Use lowest value of 'xt'= 703.433 mm
= 0.751 m = 0.703 m
tdx = 4.9 x D( H - x/1000 )G +CA = 15.39 mm
Sd
tix= 4.9xD (H-x/1000) = 14.91 mm
St
[ Fourth course thickness = 154 mm |
For the Fifth course.
1st. Trial tld= 15393654 mm. tLt= 14.91 mm
tud= 49xD(H-03)G+CA = 12.93 mm
Sd
tut= 49xD(H-0.3) = 12.30 mm
St
Find values of " x1. x2. & x3 " for both the Design & Test conditions. Course No. 5
Kd = 1.191 x1d = 640.609 Kt= 1212 ¥it= 658.774
Cd= 0.091 x2d = 814.771 Ct= 0.100 X2t = 900.847
H(m)= 9.00 xd3 = 759.764 H(m)= 9.00 xt3 = 741.007
1 Use lowest value of xd'= 640.609 mm Use lowest value of xt'= 658.774 mm
= 0641 m = 0.659 m
tdx = 4.9 x D( H - x/1000 )G +CA = 12.46 mm
Sd
ttx= 4.9xD (H-x/1000) = 11.79 mm
St
2nd. Trial tld = 15.39 mm. tLt = 14.91 mm
tud = 12.46 mm. tut = 11.79 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions.
Kd = 1.235 x1d = 690.468 Kt = 1.196 xit = 630.703
Cd= 0.110 x2d = 992.221 Ct= 0.093 X2t = 837.248
H(m)= 9.00 xd3 = 745916 H(m)= 9.00 xt3 = 725.567
Use lowest value of 'xd'= 690.468 mm Use lowest value of xt'= 630.703 mm
= 0690 m = 0631 m
tdx = 4.9 x D(H - x/1000 )G +CA = 12.39 mm
Sd
ttx= 49xD (H-x/1000) = 11.83 mm
St
3rd. Trial tld = 15.39 mm. tLt = 14.91 mm
tud = 12.39 mm. tut = 11.83 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions,
Kd = 1.242 x1d = 697.973 Kt = 1.203 x1t = 639.782
Cd= 0.113 x2d = 1018.874 Ct= 0.096 X2t = 863.715
H(m)= 9.00 xd3 = 743.867 H(m)= 9.00 xt3 = 726.787
Use lowest value of 'xd'= 697.973 mm Use lowest value of 'xt'= 639.782 mm
= 0.698 m = 0.640 m
tdx = 4.9 x D(H - x/1000 )G +CA = 12.38 mm |
Sd |
tix= 4.9xD (H-x/1000) = 11.82 mm j
St ;
| Fifth course thickness = 12.4 mm
For the Sixth course.
1st. Trial tld = 1238 mm. tlLt= 11.82 mm ]
tud= 49xD(H-03)G+CA = 9.84 mm
Sd
= 9.12 mm

tut= 49xD(H-03)
St

Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 4
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3 Ambient temperature storage tank design

Find values of " x1, x2, & x3 " for both the Design & Test conditions.

Course No. 6

Kd = 1.258 x1d = 590.692 Kt = 1.296 x1t =
Cd= 0.120 x2d = 810.054 Ct= 0.136 X2t =
H(m)= 6.75 xd3 = 662.950 H(m)= 6.75 xt3 =
Use lowest value of 'xd'= 590.692 mm Use lowest value of 'xt'=
= 0591 m =
tdx = 4.9 x D( H - /1000 )G +CA = 9.44 mm
Sd
ttx= 4.9xD (H-x/1000) = 8.67 mm
St
2nd. Trial tLd = 12.38 mm. Lt = 11.82 mm
tud = 9.44 mm. tut = 8.67 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions.
Kd = 1.311 x1d = 632.268 Kt= 1.251 x1t=
Cd= 0.142 x2d = 961.166 H(m)= Q117 x2t =
H(m)= 6.75 xd3 = 649.390 H({m)= 6.75 xt3 =
Use lowest value of 'xd'= 632.268 mm Use lowest value of 'xt'=
= 0632 m =
tdx = 4.9 x D( H - x/1000 )G +CA = 9.39 mm
Sd
ttx= 4.9x D ( H-x/1000) = 8.74 mm
St
3rd. Trial tld = 12.3819497 mm. tLt = 11.82 mm
tud = 9.38731523 mm. tut = 8.74 mm
Find values of " x1. x2, & x3 " for both the Design & Test conditions.
Kd = 1.319 x1d = 638.392 Kt = 1.259 x1t =
Cd= 0.146 x2d = 983.370 Ct= 0.120 x2t =
H(m)= 6.75 xd3 = 647.428 H(m)= 675 xt3 =
Use lowest value of 'xd'= 638.392 mm Use lowest value of 'xt'=
= 0638 m =
tdx = 4.9 x D(H - x/1000 )G +CA = 9.38 mm
Sd
ttx= 49xD (H-xM1000) = 8.73 mm
St
[ Sixth course thickness = 9.4 mm |
For the Seventh course.
1st. Trial tld = 938 mm. tLt= 8.73 mm
tud= 49xD(H-03)G+CA = 6.76 mm
&d
tut= 49xD(H-03) = 5.94 mm
St
Find values of " x1. x2, & x3 " for both the Design & Test conditions. Course No. 7
Kd = 1.388 x1d = 524.336 Kt = 1.471 x1t=
Cd = 0.173 x2d = 780.220 Ct= 0.205 X2t =
H(m)= 450 xd3 = 549331 H (m)= 450 xt3 =
Use lowest value of "xd'= 524.336 mm Use lowest value of 'xt'=
= 0524 m =
tdx = 4.9 x D( H -x/1000 )G +CA = 6.45 mm
Sd
thx= 49xD (H-x/1000) = 5.63 mm
St
2nd. Trial tld = 9.38 mm. tLt = 8.73 mm
tud = 6.45 mm. tut = 5.63 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions.
Kd = 1.454 x1d = 554.646 Kt = 1.354 X1t =
Cd= 0.199 x2d = 894.697 Ct= 0.160 X2t =
H((m)= 450 xd3 = 536.685 H(m)= 4.50 xt3 =
Use lowest value of 'xd'= 536.685 mm Use lowest value of 'xt'=
= 0537 m =
tdx = 4.9 x D(H -x/1000 )G +CA = 6.43 mm
Sd
ttx= 4.9x D (H-x/1000) = 5.68 mm
St
3rd. Trial tld = 9.38 mm. tLt = 8.73 mm
tud = 6.43 mm. tut = 5.68 mm
Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 5
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613.197
919.316
638.032
613.197 mm
0613 m

564.119
790.453
622.348
564.119 mm
0.564 m

572.417
812.505
624.832
572.417 mm
0572 m

552.814
923.080
514.858
514.858 mm
0515 m

480.858
719.064
501.516
480.858 mm
0.481 m



3 Ambient temperature storage tank design

Find values of " x1. x2, & x3 " for both the Design & Test conditions.

Kd = 1.458 x1id = 556.361 Kt = 1.357 x1t = 483.988
Cd= 0.200 x2d = 901.157 Ct= 0.161 X2t = 725509
H(m)s= 450 xd3 = 535.980 H(m)= 4.50 Xt3 = 503.650
Use lowest value of 'xd'= 535.980 mm Use lowest value of xt'= 483.988 mm
= 0536 m = 0.484 m
tdx = 4.9 x D(H - x/1000 )G +CA = 6.43 mm
Sd
ttx= 4.9xD (H-xM1000) = 5.68 mm
St
[ Seventh course thickness = 6.5 mm

For the Eighth course.

1st. Trial tld = 6.43 mm. tLt= 5.68 mm
tud= 49xD(H-03)G+CA = 3.67 mm
Sd
tut= 49xD(H-03) = 2.76 mm
St
Find values of " x1,x2, & x3 " for both the Design & Test conditions. Course No. 8
Kd = 1.752 x1d = 418.356 Kt = 2.059 xit= 452168
Cd= 0.300 x2d = 674.548 Ct= 0.384 X2t = 864.873
H(m)= 225 xd3 = 405.001 H(m)= 225 xt3 = 350.816
Use lowest value of 'xd'= 405.001 mm Use lowest value of ‘xt'= 350.816 mm
= 0.405 m B 0351 m
tdx = 4.9x D( H -x/1000)G +CA = 3.53 mm
Sd
tx= 4.9xD (H-x1000) = 2.68 mm
St
2nd. Trial tld = 6.43 mm. tLt = 5.68 mm
tud = 3.53 mm. tut = 2.68 mm
Find values of " x1, x2. & x3 " for both the Design & Test conditions:
Kd = 1.823 x1d = 429.656 Kt = 1.608 x1t= 355.842
Cd= 0.321 x2d = 722.386 Ct= 0.254 X2t = 571.045
H(m)= 2.25 xd3 = 396.986 H(m)= 225 xt3 = 346.215
Use lowest value of 'xd'= 396.986 mm Use lowest value of 'xt'= 346.215 mm
= 0.397 m = 0.346 m
tdx = 4.9 x D(H - x/1000 )G +CA = 3.54 mm
Sd
ttx= 4.9xD (H-x/1000) = 2.69 mm
St
3rd. Trial tld = 6.43 mm. tLt= 5.68 mm
tud = 3.54 mm. tut = 2.69 mm
Find values of " x1. x2, & x3 " for both the Design & Test conditions.
Kd = 1.817 x1d = 428.780 Kt = 1.603 xit = 354.837
Cd= 0.319 x2d = 718.683 Ct= 0.252 x2t = 567.250
H(m)= 2.250 xd3 = 397.603 H(m)= 2.250 xt3 = 346.634
Use lowest value of 'xd'= 397.603 mm Use lowest value of 'xt'= 346.634 mm
= 0.398 m = 0347 m
tdx = 4.9 x D(H - %1000 )G +CA = 3.54 mm
Sd
ttx= 4.9xD (H-x/1000) = 2.69 mm
St
r Eighth course thickness = 3.6 mm

A summary of course thicknesses is given at the end of this set of calculations.

The upper courses often calculate to be thinner than the minimum allowable shell course thickness
for the particular diameter of tank under consideration, therefore a second set of calculations is
produced using a 'low strength' steel and this often results in a more financially economical design
for one or more of the upper courses.

Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 6
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3 Ambient temperature storage tank design

A second set of calculations is now made using a 'low’ strength steel.

For the Bottom course :
First find "tpd" & "tpt".

metric imperial
Variables : D = 60 m 196.86 ft
H = 18 m 59.058 ft
G = 0.9 0.9
CA = 1 mm 0.03%4 ins
Sd = 137 N/mm? 19870 Ib/in?
St = 154 N/mm? 22336 Ib/in?
No. of courses = 8 8
Height of each course = 225 m 7.38225 ft

Material Specification :- A.S.T.M. A 283 Gr.C

Calculations are worked simultaneously for both the 'design’ & 'test' conditions.

From Clause 3.6.3.2. tpd= 49xD(H-03)xG +CA
Sd
tpt= 49xD(H-03)
St
tpd = 35.19 mm
tpt = 33.79 mm
From Clause 3.6.4.4. tid=|1.06- 0.0696D |HG | [49H.D.G +CA
H Sd Sd
tit=[1.06 - 0.0696 D jE 49 H.D
H St St
tid = 35.08 mm
tlt = 33.70 mm
Lesser of 'tpd' & tld' = 35.08 mm Lesser of ‘tpt' & 'fit' = 33.70 mm
The greater of these two latter figuresis : - 35.0773689 ins.
| Bottom course thickness = 35.1 mm. |

For the Second course :

h1= 2250 mm. Width of bottom course.
r= 30000 mm. Nominal Tank radius.
(t1d-ca)= 34.08 mm. Btm. course thks. less CA. Use for "t2a" (design)  Used for ratio h1 «/T. t1
t1d = 35.08 mm. Total Btm. course thks.
tit = 33.70 mm. Lesser of tpt' & 'tit'. Used for ratio h1 =y 11
Ratio for 't1d" - h1 = 223 Ratio for 't1t' h1 = 224

rx(tid-ca.) Vorxtit
Ratio 't1d" is >1.375 but <2.625, then, t2 = t2a + (t1 - t2a)[2.1 - {h1/1.25(r.t1)"0.5}] and t2a for the ' Design' condition
is found as follows :-

Ratio 't1t' is >1.375 but <2.625, then, t2 = t2a + (t1 - t2a)[2.1 - {h1/1.25(r.t1)*0.5}] and t2a for the ' Test' condition
is found as follows :-

Calculate the Second course 'Test' thickness by trial

tud= 49xD(H-03)G+CA = 30.84 mm
Sd
tut= 49xD(H-03) = 29.50 mm
1st. Trial St
Find values of " x1, x2, & x3 " for both the Design & Test conditions. Course No. 2
Kd = 1.137 xid = 920.469 Kt = 1.143 x1t = 919.523
Cd= 0.068 x2d = 1042.896 Ct= 0.069 X2t = 1080.352
H(m)= 1875 xd3 = 1173.484 H(m)= 18,75 xt3 = 1147.620
Use lowest value of 'xd'= 920.469 mm Use lowest value of 'xt'= 919.523 mm
0.920 m 0.920 m
tdx = 4.9 x D(H -x/1000 )G +CA = 29.64 mm
Sd
ttx= 4.9x D (H-x/1000) = 28.31 mm
St

Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 7
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3 Ambient temperature storage tank design ‘

2nd. Trial.
Repeat above calculation using new values for 'tu' & Btm. course thk's, for Design & Test.

tid = 35.08 tht = 3370 tud=tdx = 2964 tut=tix= 28.31
Find values of " x1. x2, & x3" for both the Test & Design conditions.

Kd = 1.183 x1d = 1014.799 Kt = 1.190 x1t = 1017.352

Cd = 0.087 x2d = 1373.657 Ct= 0.090 X2t = 1422.390

H(m)= 1575 xd3 = 1150.459 H(m)= 15,75 xt3 = 1124.375
Use lowest value of 'xd'= 1014.799 mm Use lowest value of xt'= 1017.352 mm
= 1.015m = 1.017 m
tdx = 4.9 x D(H -x/1000 )G +CA = 29.46 mm
Sd
ttx= 4.9xD (H-x/1000) = 28.13 mm

3rd. Trial. St
Repeat above calculation using new values for 'tu' & Btm. course thk's, for Design & Test.

tld = 35.08 tit = 3370 tud=tdx= 2946 tut=ttx = 28.13
Find values of " x1, x2. & x3 " for both the Test & Design conditions.

Kd = 1.191 x1d = 1029.598 Kt = 1.198 x1t = 1033.308

Cd = 0.091 x2d = 1425.434 Ct= 0.094 X2t = 1478.055

H(m)= 15.75 xd3 = 1146.918 H(m)= 1575 xt3 = 1120.661
Use lowest value of 'xd'= 1029.598 mm Use lowest value of xt'= 1033.308 mm
= 1.030 m = 1.033 m

tdx = 4.9 x D(H - x/1000 )G +CA =
Sd
ttx= 49xD (H-x/1000) =

29.43 mm.

=t2a. Use to calc. value of t2 for the'Design’ case

28.10 mm. =t2a. Use to calc. value of t2 for the'Test' case

St 29.43 mm. = 29.5 mm.
'Design’ t2 = t2a + (t1-t2a) [2.1- h1/1.25(r.t1)"0.5 = 31.381 OK
‘Test' {2 = t2a + (t1-t2a) [2.1- h1/1.25(r.11)"0.5 = 29.832 mm.
31.381
| Second course thickness = 31.4 mm.
For the Third course.
1st. Trial tld = 3138 mm. tLi= 29.83 mm
tud= 49xD(H-03)G+CA = 26.49 mm
Sd
tut= 49xD(H-03) = 25.2 mm
St
Find values of " x1. x2. & x3 " for both the Design & Test conditions. Course No. 3
Kd = 1.184 xld = 922,642 Kt = 1.184 x1t = 907.971
Cd= 0.088 x2d = 1183.773 Ct= 0.087 X2t = 1179.957
H(m)= 13.50 xd3 = 1087.669 H(m)= 13.50 xt3 = 1060.769
Use lowest value of 'xd'= 922.642 mm Use lowest value of xt'= 907.971 mm
= 0923 m = 0.908 m
tdx = 4.9 x D(H -x/1000 )G +CA = 25.29 mm
Sd
ttx= 4.9xD (H-x/1000) = 24.04 mm
St
2nd. Trial tld = 31.38 mm. Lt = 29.83 mm
tud = 25.29 mm. tut = 24.04 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions.
Kd = 1.241 x1d = 1017.683 Kt = 1.180 x1t = 887.251
Cd= 0413 x2d = 1519.795 Ct= 0.085 X2t = 1153.829
H(m)= 13.50 xd3 = 1062.698 H{(m)= 13.50 xt3 = 1036.052
Use lowest value of 'xd'= 1017.683 mm Use lowest value of xt'= 887.251 mm
= 1.018 m = 0887 m
tdx = 4.9x D( H -x/1000 )G +CA = 25.11 mm
Sd
ttx= 4.9xD (H-x/1000) = 24.08 mm
St
3rd. Trial tld = 31.38 mm. Lt = 29.83 mm
tud = 25.11 mm. tut = 24.08 mm

Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 8
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3 Ambient temperature storage tank design

Find values of " x1, x2, & x3 " for both the Design & Test conditions.

Kd = 1.250 x1d = 1032.709 Kt = 1.188 x1t = 904.445
Cd= 0.117 x2d = 1572.787 Ct= 0.089 x2t = 1206.227
H(m)= 13.50 xd3 = 1058.835 H(m)= 13.50 xt3 = 1036.904
Use lowest value of 'xd'= 1032.709 mm Use lowest value of 'xt'= 904.445 mm
= 1.033 m = 0.904 m
tdx = 4.9 x D( H - x/1000 )G +CA = 25.08 mm
Sd
ttx= 4.9xD (H-x/1000) = 24.05 mm
St
[ Third course thickness = 251 mm
For the Fourth course.
1st. Trial tld = 25.0791621 mm. ilLt= 24.05 mm
tud = 49xD(H-03)G+CA = 22.15 mm
Sd
tut = 49xD(H-03) = 20.90 mm
St
Find values of " x1, x2, & x3 " for both the Design & Test conditions. Course No. 4
Kd = 1132 x1d = 27111 Kt = 1.150 x1t = 742836
Cd= 0.064 x2d = 718.354 Ct= 0.072 X2t = 811.765
H(m)= 11.25 xd3 = 994 .476 H(m)= 11.25 xt3 = 966.142
Use lowest value of 'xd'= 718.354 mm Use lowest value of 'xt'= 742.836 mm
= 0.718 m - 0743 m
tdx = 49 x D(H -x/1000 )G +CA = 21.34 mm
Sd
ttx= 4.9xD (H-xM1000) = 20.06 mm
St
2nd. Trial tld = 25.08 mm. tLt = 24.05 mm
tud = 21.34 mm. tut = 20.06 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions.
Kd = 1975 x1d = 788.732 Kt= 1427 x1t = 693.797
Cd= 0.084 X2d'= 939.524 Ct= 0.061 x2t = 689.359
H(m)= 11.25 xd3 = 976.168 H(m)= 1128 xt3 = 946.404
Use lowest value of 'xd'= 788.732 mm Use lowest value of 'xt'= 689.359 mm
= 0.789m = 0.689 m
tdx = 4.9 x D( H - x/1000 )G +CA = 21.20 mm
Sd
ttx= 4.9xD (H-x1000) = 20.16 mm
St
3rd. Trial tld = 25.08 mm. tLt = 24.05 mm
tud = 21.20 mm. tut = 20.16 mm
Find values of " x1, x2. & x3 " for both the Design & Test conditions.
Kd = 1.183 x1d = 799.419 Kt = 1.134 x1t = 707.094
Cd= 0.087 x2d = 977.786 Ct= 0.065 X2t = 727.153
H(m)= 11.250 xd3 = 973.054 H(m)= 11.250 xt3 = 948.809
Use lowest value of 'xd'= 799.419 mm Use lowest value of 'xt'= 707.094 mm
= 0.799 m = 0.707 m
tdx = 4.9 x D(H - x/1000 )G +CA = 21.18 mm
Sd
20.13 mm

ttx= 4.9xD (H-x/1000) =
St

l— Fourth course thickness =

21.2 mm |

For the Fifth course.

1st. Trial tld = 21.18 mm. tLt = 2013 mm
tud= 49xD(H-03)G+CA = 17.80 mm

Sd
= 16.61 mm

tut= 49xD(H-0.3)
St

Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 9
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3 Ambient temperature storage tank desigr

.J Find values of " x1, x2. & x3" for both the Design & Test conditions. Course No. 5
‘ Kd = 1.190 x1d = 705.429 Kt = =212 x1t = 718.325
Cd = 0.020 x2d = 811.349 Ct= 0.100 X2t = 899.172
H(m)= 9.00 xd3 = 891595 H (m)= 9.00 Xt3 = 861.179
Use lowest value of 'xd'= 705.429 mm Use lowest value of xt'= 718.325 mm
= 0.705m = 0.718 m
tdx = 4.9 x D(H-x/1000 )G +CA = 17.02 mm
Sd
ttx= 4.9xD (H-x/1000) = 15.81 mm
St
2nd. Trial tld = 21.18 mm. tLt = 20.13 mm
tud = 17.02 mm. tut = 15.81 mm
Find values of " x1, x2 & x3 " for both the Design & Test conditions.
Kd = 1.245 x1d = 764.989 Kt = 1.183 x1t = 670.236
Cd= 0.114 X2d = 1028.455 Ct= 0.087 X2t = 781.644
H(m)= 9.00 xd3 = 871.767 H(m)= 9.00 xt3 = 840.220
value of 'xd'= value of 'xd'= value of 'xd'= 764.989 mm Use lowest value of 'xt'= 670.236 mm
= 0.765 m = 0670 m
tdx = 4.9 x D( H - x/1000 )G +CA = 16.90 mm
Sd
ttx= 49xD (H-x/1000) = 15.90 mm
St
3rd. Trial tld = 21.18 mm. tLt = 20.13 mm
tud = 16.90 mm. tut = 15.90 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions.
Kd = 1:258 x1d = 774.044 Kt = 1.191 x1t = 681.867
Cd= 0.118 x2d = 1061.363 Ct= 0.090 X2t = 814.185
H(m)= 9.00 xd3 = 868.816 H(m)= 9.00 xt3 = 842,656
Use lowest value of 'xd'= 774.044 mm Use lowest value of xt'= 681.867 mm
= 0.774m = 0.682 m
tdx = 4.9 x D( H - x/1000 )G +CA = 16.89 mm
Sd
ttx= 4.9xD (H-x/1000) = 15.88 mm
St
[ Fifth course thickness = 16.9 mm |
For the Sixth course.
1st. Trial tld = 16.89ins. tLt= 15.88 ins.
tud= 49xD(H-03)G+CA = 13.46 mm
Sd
tut= 49xD(H-03) = 12.31 mm
St
Find values of " x1. x2. & x3 " for both the Design & Test conditions. Course No. 6
Kd = 1.255 x1d = 643.947 Kt = 1.290 xit = 659.023
Cd = 0.119 x2d = 801.117 Ct= 0.133 X2t = 900.845
H(m)= 6.75 xd3 = 775179 H({m)= 6.75 xt3 = 741.504
Use lowest value of 'xd'= 643.947 mm Use lowest value of 'xt'= 659.023 mm
= 0.644 m = 0.659 m
tdx = 4.9 x D( H - x/1000 )G +CA = 12.79 mm
Sd
ttx= 4.9xD (H-x/1000) = 11.63 mm
St
2nd. Trial tld = 16.89 mm. Lt = 15.88 mm
tud = 12.79 mm. tut = 11.63 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions,
Kd = 1.320 x1d = 693.500 Kti= 1.241 X1t = 603.966
Cd= 0.146 x2d = 986.244 Ct= 0.113 x2t = 761.502
H(m)= 6.750 xd3 = 755.804 H{(m)= 6.750 xt3 = 720.572
Use lowest value of 'xd'= 693.500 mm Use lowest value of 'xt'= 603.966 mm
= 0.694 m = 0.604 m
tdx = 4.9 x D(H - x/1000 )G +CA = 12.70 mm
Sd
ttx= 4.9xD (H-x/1000) = 11.73 mm
St

Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 10
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3 Ambient temperature storage tank design

3rd. Trial tld = 16.89 mm. tLt = 15.88 mm
tud = 12.70 mm. tut = 11.73 mm
Find values of " x1, x2. & x3 " for both the Design & Test conditions.
Kd = 1.330 x1d = 700.905 Kt = 1.251 x1t = 614.333 ]
Cd = 0.150 x2d = 1013.811 Ct= (6 Bl I8 X2t = 788.819 :
H({m)= 6.75 xd3 = 752.972 H(m)= 6.75 xt3 = 723.821
Use lowest value of 'xd'= 700.905 mm Use lowest value of xt'= 614.333 mm
= 0701 m = 0614 m
tdx = 4.9x D( H - x/1000 )G +CA = 12.68 mm
Sd
ttx= 4.9xD (H-x/1000) = 11.71 mm
St
| Sixth course thickness = 1247 m?l
For the Seventh course.
1st. Trial tld = 1268ins. tlLt= 11.71 ins.
tud= 49xD(H-03)G+CA = 9.11 mm
Sd
tut= 49xD(H-03) = 8.02 mm
St
Find values of " x1, x2, & x3 " for both the Design & Test conditions. Course No. 7
Kd = 1.392 x1d = 570.944 Kt = 1.461 X1t = 589.208
Cdi= 0.175 x2d = 787.548 Ct= 0.201 x2t = 906.346
H(m)= 450 xd3 = 637.857 H(m)= 450 xt3 = 598.354
Use lowest value of 'xd'= 570.944 mm Use lowest value of xt'= 589.208 mm
= 0571 m = 0.589 m
tdx = 4.9 x D( H - x/1000 )G +CA = 8.59 mm
Sd
ttx= 49xD (H-x1000) = 7.47 mm
St
2nd. Trial tld = 12.68 mm. tLt = 11.71 mm
tud = 8.59 mm. tut = 7.47 mm
Find values of " x1. x2, & x3 " for both the Design & Test conditions.
Kd = 1.477 x1d = 608.169 Kt = 1.364 xit = 524.695
Cd= 0.207 x2d = 932.921 Ct= 0.164 x2t = 737.507
H(m)= 450 xd3 = 619270 H (m)= 450 xt3 = 577.386
Use lowest value of 'xd'= 608.169 mm Use lowest value of 'xt'= 524.695 mm
= 0.608 m = 0525 m
tdx = 4.9 x D( H - x/1000 )G +CA = 8.52 mm
Sd
ttx = 4.9x D (H-x/1000) = 7.59 mm
St
3rd. Trial tld = 12.68 mm. tLt= 11.71 mm
tud = 8.52 mm. tut = 7.59 mm
Find values of " x1, x2 & x3 " for both the Design & Test conditions.
Kd = 1.489 x1d = 613.481 Kt = 13¢5 xit = 533.669
Cd = 0.212 x2d = 953.578 Ct= 0.168 X2t = 758.139
H(m)= 450 xd3 = 616672 H (m)= 450 Xt3 = 582.129
Use lowest value of 'xd'= 613.481 mm Use lowest value of xt'= 533.669 mm
= 0613 m = 0534 m
tdx = 4.9 x D(H-x/1000)G +CA = 8.51 mm
Sd
ttx= 49xD (H-x1000) = 7.57 mm
St
| Seventh course thickness = 8.6 mm]
For the Eighth course.
1st. Trial tld = 851 mm. tLt= 7.57 mm
tud = 49xD(H-03)G+CA = 477 mm
Sd
tut = 49xD(H-03) = 3.72 mm
St

Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 11
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Find values of " x1. x2 & x3 " for both the Design & Test conditions. Course No. 8
‘ Kd = 1.785 x1d = 453.696 Kt = 2.034 x1t = 476.045
Cd= 0.310 x2d = 696.980 Ct= 0.378 x2t = 850.595
H{(m)= 225 xd3 = 461.325 H(m)= 2.25 Xt3 = 407.710
Use lowest value of 'xd'= 453,696 mm Use lowest value of 'xt'= 407.710 mm
= 0.454 m = 0.408 m
tdx = 4.9 x D( H - x/1000 )G+CA = 4.47 mm
‘ Sd
ttx= 4.9xD (H-x/1000) = 3.52 mm
St
2nd. Trial tld = 8.51 mm. tLt = 7.57 mm
tud = 4.47 mm. tut = 3.52 mm
Find values of " x1, x2, & x3 " for both the Desidn & Test conditions.
Kd = 1.903 x1d = 470.823 Kt = 1.694 x1t = 401.126
Cd = 0.344 x2d = 773.308 Ct= 0.282 X2t = 634.316
H(m)= 225 xd3 = 446.728 H(m)= 2:25 xt3 = 396.290
Use lowest value of 'xd'= 446.728 mm Use lowest value of 'xt'= 396.290 mm
= 0447 m - 0.396 m
tdx = 4.9 x D( H - x/1000 )G+CA = 4.48 mm
Sd
ttx = 4.9xD ( H - x/1000 ) = 3.54 mm
| St
3rd. Trial tld = 8.51 mm. tLt = 7.57 mm
tud = 4.48 mm. tut = 3.54 mm
Find values of " x1, x2, & x3 " for both the Design & Test conditions.
Kd = 1.898 x1d = 470.027 Kt = 1.689 x1t = 400574
| Cd= 0.342 x2d = 769.771 Ct= 0.280 X2t = 630.676
H(m)= 25 xd3 = 447.400 H(m)= 2:25 xt3 = 397.516
Use lowest value of 'xd'= 447.400 mm Use lowest value of ‘xt'= 397.516 mm
= 0.447 m = 0.398 m
tdx = 4.9 x D( H - x/1000 )G+CA = 4.48 mm
Sd
ttx= 49xD (H-x1000) = 3.54 mm

St

r Eighth course thickness = 45 mm

Summary of calculated course thicknesses.

The minimum nominal Shell thickness for
aTankof ———» 60m. dia.is —» 8 mm

‘High' strength material. 'Low’ strength material.
Course No. Calc. thks. | Actual thks. Material. Course No. | Calc. thks. | Actual thks. Material.
(mm) (mm) AS.T.M. (mm ) (mm) A.S.T.M.
1 253 2549 A 573M Gr.485 1 21| 351 A 283 Gr.C
2 21.4 21:4 A 573M Gr.485 Z 314 314 A 283 Gr.C
! 18.5 185 A 573M Gr.485 3 251 251 A283Gr.C
4 15.4 15.4 A 573M Gr.485 4 21.2 212 A 283 Gr.C
5 12.4 124 A 573M Gr.485 5 16.9 16.9 A283Gr.C
5] 94 9.4 A 573M Gr.485 6 12,7 127 A283GrC
i [SiE; 8 A 573M Gr.485 7 86 8.6 A283Gr.C
8 3.6 8 A 573M Gr.485 8 4.5 8 A 283 Gr.C
Final selection of Shell thicknesses and Steel specifications :-
Course No. | Thickness | Steel grade !
(mm ) AS.T.M.

1 253 A 573M Gr.485

2 214 A 573M Gr.485

3 185 A 573M Gr.485

4 15.4 A 573M Gr.485

5 124 A 573M Gr.485

6 9.4 A 573M Gr.485

7 8 A 573M Gr.485

8 8 A 283Gr.C The weight of the shell is :- 394190 kg

Figure 3.48 lllustration of the use of the “variable design point” method calculation - page 12
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3.6.7 Shell stiffening — wind girders

Having dealt with the differences in approach to designing shell
thickness between the British and American Codes, the Ameri-
can approach to shell stiffening requirements is now
considered.

3.6.7.1 Primary wind girders to APl 650

The background for the requirements of primary wind girders to
the API 650 Code are the same as for the BS Code and these
have already been given in Section 3.5.1.

The API Code refers to top wind girders rather than primary
wind girders and the formula for the required section modulus
forthe girder is the same as the BS formula except that it is pre-
sented in a slightly different format, as follows:

Z= 212% equ. 3.60
where:
= required section modulus (cm?)
= nominal tank diameter (m)
Hz = height of tank shell (m) including any freeboard

provided above the maximum filling height as a
guide for a floating roof

The constant }{; equates to 0.058 used in the BS formula (see
equation 3.22 ).

The formulais based on a wind speed of 100 mph and therefore
must be modified for any other wind speed by multiplying the

2
right hand side of the equation by [T:)/_OJ

where:

V= design wind speed (mph)
V 2
In Sl units this becomes (m] where V is in m/sec.

For tank diameters over 60 m, the section modulus required by
equation 3.22 may be reduced by agreement between the pur-
chaser and the manufacturer, but the modulus may not be less
than that required for a tank diameter of 60 m.

As is the case for the BS Code, API requires that when the top
wind girder is located more than 600 mm below the top of the
shell, the tank shall be provided with a 60 x 60 x 5 mm top curb
angle for shells with a top course thickness of 5 mm and a 80 x
80 x 8 mm angle for top courses more than 5 mm thick.

3.6.7.2 Secondary wind girders to API 650

Again, the theory behind the design of secondary wind girders
(referred to as intermediate wind girders in the API Code) is the
same as that given in Section 3.5.2 for the BS Code. However
there are differences in the presentation of the formulae and the
nomenclature used, as follows:

In the BS Code the maximum height of the unstiffened shell is
given in equation 3.33 as:

1/

. 5Y/2
Hp_K[tmm J

D3
where:
K = 95,000
3.563Vs? + 580 Va
Vs = the design wind speed (m/sec)
Va = the design vacuum (mbar)
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The equivalent API formula is intended to apply to tanks with ei-
ther open tops or closed tops and is based on the following fac-
tors taken from R.V. McGrath's Stability of APl 650 Standard
Tank Shells, (Reference 3.6).

a  Adesign wind velocity (V) of 160 km/h (100 mph) which
imposes a dynamic pressure of 1.23 kPa (25.6 |bf/ft2). The
velocity is increased by 10% for either a height above
ground or a gust factor; thus the pressure is increased to
1.48 kPa (31 Ibf/ft2). An additional 0.24 kPa (5 Ibf/ft2) is
added to account for inward drag associated with
open-top tanks or for internal vacuum associated with
closed-top tanks. Atotal of 1.72 kPa (3h Ibf/ft2) is obtained.

For the purposes of this Standard, this pressure is in-
tended to be the result of a 160 km/h (100 mph) fastest
mile velocity at approximately 9 m (30 ft) above ground. H,
may be modified for other wind velocities, as specified by
the purchaser, by multiplying the right side of the equation
by [(V:/V)?], where V, =1 60 km/h (100 mph). When a de-
sign wind pressure, rather than a wind velocity, is specified
by the purchaser, the preceding increase factors should
be added to the purchaser’s specified wind pressure un-
less they are contained within the design wind pressure
specified by the purchaser.

b  The wind pressure being uniform over the theoretical
buckling mode of the tank shell, which eliminates the need
for a shape factor for the wind loading.

¢  The modified US Model Basin formula for the critical uni-
form external pressure on thin-wall tubes free from end
loadings, subjectto the total pressure specified in ltem a.

d  Other factors specified by the purchaser. When other fac-
tors are specified by the purchaser that are greater than
the factors in Items a - ¢, the total load on the shell shall be
modified accordingly and H, shall be increased by the ratio
of 1.72 kPa (36 Ibf/ft2) to the modified total pressure.

The resulting API formula is given as:

3
H, =947t (%] equ 3.61
which is the same as:
1
A

H, = 9.47[t r;';‘ } in the BS format.

where:

H4 = the vertical distance (m) between the interme-
diate wind girder and the top angle of the shell
or top wind girder of an open top tank

t = the “as ordered” thickness (mm), unless other-
wise specified, of the top shell course

D = nominal tank diameter (m)

Note: This implies that, unless directed otherwise by the pur-
chaser, the tank designer can use the total, “as built”
thickness of the top course in calculation without de-
ducting from it any corrosion allowance which may
have been included in the course thickness. The BS
Code requires any corrosion allowance to be deducted
from the top course thickness for this calculation.

For wind speeds other than 100 mph, H;, is modified by multi-

2
plying the right hand side of equation 3.61 by (%} where Vis

the design wind speed in mph.
- 44.7)? s
For Sl units this becomes 75 where V is in m/sec.

To compare equations 3.33 and 31.61, consider a tank de-
signed for a wind speed of 100 mph (44.7 m/s). The minimum
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value for the partial internal vacuum used in the design of sec-
ondary wind girders to the BS Code is that quoted in the Code
for open top, or non-pressure tanks, Va = 5 mbar.
Then from equation 3.32
= 95,000 =
3.563 x44.7° + 580 x 5

This resultis very similar to the constant of 9.47 derived for use
in the API formula given in equation 3.61.

9.482

The principal difference between the Codes, is that the BS
Code increases the value used for internal vacuum Va for
high-pressure tanks (56 mbar) to 8.5 mbar. Whereas no in-
crease is required when designing for higher pressures when
applying Appendix F of the API Code.

Applying the increased value of 8.5 mbar to equation 3.32
gives:

K = - —7.884
3.563 x44.7% + 580 X 8.5

This has the effect, for a given set of tank design parameters, to
decrease the minimum allowable spacing of the girders on a
high-pressure tank designed to the BS Code by 16.75% over
the API requirements. Hence, depending upon the geometry of
the tank, this could lead to an increase in the number of wind
gliders required for the BS tank.

Section 3.5.2 showed how a tank shell of varying course thick-
nesses, designed to the BS Code, was transposed to a equiva-
lent height shell having a constant thickness equal to the thick-
ness of the top course.

The API Code follows exactly the same mathematical route in
determining the equivalent, (or “transposed shell” as it is re-
ferred to in the API Code). Also the method for the determina-
tion of the number and positioning of the girders is the same as
for the BS Code.

However, whereas the BS Code tabulates the required section
for the secondary wind girders against ranges of tank diame-
ters, the AP| Code requires the section modulus of the section
to be calculated using the same equation as that used for the
top girders (equation 3.60), except that the value for H is differ-
ent. For Intermediate wind girders to the API Code:

2|
Pl D1 equ 3.62
117
where:
D = tank diameter (m)
Hi = vertical distance (m) between the intermediate

wind girder and the top angle of the shell, or
the top wind girder of an open top tank (see
equation 3.61)

Again, equation 3.62 is based on a wind speed of 100 mph.
For other wind speeds the right hand side of the equation is

2
multiplied by (%} where V is the required design wind

speed.

2
For Sl units this becomes [%} where V is in m/sec.

The required section modulus for intermediate wind girders is
based on the properties of chosen steel sections, which are at-
tached to the shell. Normally rolled steel angles or channels are
used but for larger girders, polygonal sections formed from
folded plate are often used. (See Figures 3.30 and 3.31.)

When determining what steel section(s) is required to satisfy
the section modulus given by equation 3.62, a portion of the

3 Ambient temperature storage tank design

tank shell may be included in the calculation and the portion al-
lowed is given by:

13.4+4/D xt equ3.63
where
D = nominal tank diameter (m)

I

t shell thickness (mm) at the point of attachment

The use in the API Code of equation 3.62 for determining the
section size for intermediate wind girders usually results in
larger section sizes than that required by Table 3 of the BS
Code.

Comparisons between BS and API wind girder section require-
ments are given in Figure 3.49 for a range of tank diameters
and minimum course thicknesses.

Intermediate (secondary) girders to the APl Code ‘
equ | equ 3.62 ‘ | .
D T 3.61 | Required | equ3.63 Selected Actual Wk::’gr:t
(m) | (mm) | Hi z 13.44D -t section Zem)| e
(m) (cm®)
5 | 6 | 13| jo02s0 | 127.124 | 200%100X10 {04 400| 2300
4 angle |
20 | 6 |o33| 210682 | 1as70 | 200X 100%10 1500800 23.00
angle 0y
25 | 6 |eoeet| 245812 | 164116 | 2ORNOX2 ogzene| 273
angle ]
29 | 6 |5347| 264532 | 176758 | 203 x 89 channel |273.180 | 29.78
Plate gird
3 | 8 |793 | 605031 | 227408 | oo 9rUeTEenga00| 3568 |
=370 wide |
|
| Plate girder b
40 8 |6776 | 637758 | 239.706 AL Oeerd  les7.3s0| 8743 |
= 390 wide |
I ]
Plate girder [
45 8 | 5679 | 676445 | 254247 Blegiterd | pay400| 38.89 |
= 400wide
50 8 | 4849 | 713035 | 268000 | | S OWErd o5, c10| 3832 |
= 420wide ‘
| ] ' |
747.838 Plate gird |
55 g |a203 | 281081 | Aegrderb oo eon| a7.67
| | = 430 wide | | |
T I |
59 8 | 3783 | 774585 | 201423 | TeQiderd a0 s60| a7.19
‘ = 440 wide | | ]
Intermediate (secondary) girders to the BS Code
| I
[ t
D Selected 5, | Weight km/m
(m) {im) section Actugl zicmy) circ.
15 6 100x 65 8 64.7 9.94
20 6 125x75x 8 95.3 12.20
25 6 125X 75x 8 953 12.20
29 6 125x 758 953 12.20
36 8 150 x 90 x 10 173.9 18.20
40 8 150 x 90 % 10 173.9 18.20
45 8 150% 90 x 10 173.9 18.20
50 8 200 x 100 x 12 314.4 27.30
55 8 200 x 100 x 12 314.4 27.3
59 8 200 x 100 x 12 3144 27.3

Figure 3.49 Comparisons between BS and AP| wind girder section require-
ments

Note: Typical dimensions for plate girders made from formed
plate are given in Figure 3.31.

The minimum thickness requirements for the top courses alter
atdiffering tank diameters in each Code, so, in order to keep the
comparisons on the same basis, tank diameters have been se-
lected to fall into two of the top course minimum thickness cate-
gories, namely, 6 mm and 8 mm, for both Codes.

STORAGE TANKS & EQUIPMENT 77



3 Ambient temperature storage tank design

3.6.7.3 Comparison between British and American sec-
ondary wind girder requirements

The differing secondary wind girder requirements, between the
British and American Codes, can be compared by designing a
tank shell to both Codes using the same overall dimensions
and design parameters.

Take the British tank design illustration in Section 3.5.2.3. Here
it was demonstrated that the shell required two secondary wind
girders, each being an angle section of 200 x 100 x 12 (27.3
kg/m).

Designing the shell to the American Code, and using the same
design parameters (i.e. external floating roof tank 96 m diame-
terand 19 m high having eight 2.375 m wide courses), the shell
is to be designed for a wind speed of 60 m/sec and the primary
girder is 1 m down from the top of the shell.

Note: The shell, being over 60 m diameter, is designed to the
“variable design point” method.

Also, due to the lower allowable stress for the American Code,
which is based on the ultimate tensile stress of the shell mate-
rial, rather than the minimum yield stress in the case of the Brit-
ish Code, the lower courses are thicker than those to the British
Code, whereas the two upper courses are to the minimum al-
lowable nominal thickness for construction purposes to the
American Code. (.e. 10 mm to API, and 12 mm to BS).

Course Number h (m) t (mm) He (m) 5 |

1 1.375 10.0 1.375

2 2375 [ 10.0 2.375

3 2.375 141 1.006

4 2.375 19.2 0.465

5 2375 247 0.248

6 2.375 28.8 0.169

i 7 2.375 39.2 0.078
8 2.375 40.7 071

5.787

However, as the stiffening requirements are being compared,
rather than the differences in the shell thickness requirements,
the upper two courses will be kept at the same thickness as that
for the BS Code. The data used will therefore be as follows:

Course Number h (m) t (mm) He {fn} }
1 1.375 12.0 1.375
2 2.375 | 12.0 2.375
3 2.375 14.1 1.006
4 | 2.375 19.2 0.465
5 i 2.375 24.7 0.248
6 2.375 28.8 0.169
7 2,375 39.2 0.078
8 2375 407 071
5.787

The maximum spacing for stiffeners on the shell from equation
3.61is:

3 2
H, =9.47x12 [EJ X [ﬂ} =2787 m
96 60
He 15.187 5 o7e
H, 2.787

Therefore two secondary wind girders are required.
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These girders are ideally spaced at % apart = 1.929 m.

The first girder, when positioned 1.929 m down from the primary
girder, is on a course of minimum thickness and is not within
150 mm of a horizontal girth weld. This position is acceptable.

The second girder is positioned 1.929 m below the first, i.e. at
3.858 m below the primary girder and in this position it is on the
14.1 mm thick course, which is not a course of minimum thick-
ness and is also only 108 mm below a girth seam. On both
counts its position must be adjusted.

Adjust the position for being on a course thicker than the mini-

mum as follows:

{3.858—(1.375+2.375)} x [

12.0

14.1}2‘5

+(1.375+2.375) =3.912 m below the primary girder

T
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Figure 3.50 Typical stiffening ring sections for tank shells

From API 650, figure 3-20
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Column 1 Column 2 Column 3 Column 4 Colurn 5 Column 6
‘i Meraber Size Shell Thickness [mm (in.)]
| mm in. 5Chie) 6(1a) 8(%16) 10 (%) 11(he)
Top Angle: Figure 3-20, Detail a
P 6ax64x64  2Yy3x2lpxly 6.86 (0.41) 7.01 (0.42) — — —
64%64%7.9 20/, % 2, % 51 8.30(0.51) 8.48 (0.52) - o —
76X 76X 9.5 3x3x3g 13.80 (0.89) 14.10 (0.91) — — —_
Curb Angle: Figure 3-20, Detail b
64 % 64 %64 2y x 2y % Yy 27.0(1.61) 28.3 (1.72) = — —
64X 64%79 25 %2V % /16 31.1(1.89) 32.8(2.04) — = =
76 %76 x 6.4 3Ix3xly 38.1(2.32) 39.9(248) — — —
76 % T6%9.5 3Ix3x3g 43,0 (2.78) 52.6(3.35) — - —
102x102x64 4x4xl, 57.6 (3.64) 71.4 (4.41) — — —
102x102%9.5 4x4x3 65.6(4.17) 81.4(5.82) — — —
One Angle: Figure 3-20, Detail ¢ (See Note)
64 x 64 %64 2y x 2y x 1y 28.5(1.68) 29.6 (1.79) 313 (1.87) 32.7(1.93) 33.4(2.00)
64%64%79 2, x 245 % 16 33.1 (1.98) 34.6 (2.13) 36.9(2.23) 38.7(232) 39.5 (2.40)
102x 76 x6.4 4% 3%y 58.3 (3.50) 60.8 (3.73) 64.2 (3.89) 66.6 (4.00) 67.7 (4.10)
102x76%7.9 4x3%5/g 68.3 (4.14) 71.6 (4.45) 76.2 (4.66) 79.4 (4.82) 80.8 (4.95)
127%x76 %79 5%3x%5/ 16 90.7 (5.53) 95.2 (5.96) 102.0 (6.25) 106.0 (6.47) 108.0 (6.64)
127x89%7.9 5 XB‘lzxslm 101.0(6.13) 106.0 (6.60) 113.0(6.92) 118.0(7.16) 120.0 (7.35)
127 x 89 x9.5 5x3Yyx 3y 116.0 (7.02) 122.0 (7.61) 131.0(8.03) 137.0 (8.33) 140.0 (8.58)
152%x102%95 6x4x3g 150.0 (9.02) 169.0 (10.56) 182.0(11.15) 191.0(11.59) 194.0 (11.93)
Two Angles: Figure 3-20, Detail d (See Note)
102x76%7.9 4x3x5/g 186 (11.27) 191 (11.78) 200 (12.20) 207 (12.53) 210(12.81)
102x76%95  4x3x3 216 (13.06) 222 (13.6T) 233 (14.18) 242 (14.60) 245 (14.95)
127x76%x7.9 5%3x3g 254 (15.48) 262 (16.23) 275(16.84) 285 (17.34) 289 (17.74)
127 %76 9.5 5x3x3g 296 (18.00) 305 (18.89) 321 (19.64) 333 (20.26) 338 (20.77)
127x89%x79  5x3lpx% 279 (16.95) 287 (17.70) 300 (18.31) 310(18.82) 314 (19.23)
127x89x9.5  5x3lax¥g 325 (19.75) 334 (20.63) 350 (21.29) 363 (22.01) 368 (22.54)
152x102x 9.5 6xdx3g 456 (27.74) 468 (28.92) 489 (29.95) 507 (30.82) 514 (31.55)
Formed Plate: Figure 3-20, Detail ¢
b=250 b=10 — 341 (23.29) 375 (24.63) 392 (25.61) 199 (26.34)
b =300 b=12 L 427(29.27) 473 (31.07) 496 (32.36) 505 (33.33)
b=350 b=14 —— 519 (35.49) 577 (37.88) 606 (39.53) 618 (40.78)
b=400 b=16 — 615 (42.06) 687 (45.07) 723 (47.10) 737 (48.67)
bh=450 b=18 — 717 (48.97T) 802 (52.62) 846 (55.07) 864 (56.99)
b=500 b=20 — 824 (56.21) 923 (60.52) 976 (63.43) 996 (65.73)
b =550 b=22 = 937 (63.80) 1049 (68.78) 1111 (72.18) 1135 (74.89)
b =600 b=24 — 1054 (71.72) 1181 (77.39) 1252 (81.30) 1280 (84.45)
b=650 b=26 — 1176 (79.99) 1317 (86.35) 1399 (90.79) 1432 (94.41)
b=700 b=28 — 1304 (88.58) 1459 (95.66) 1551 (100.65) 1589 (104.77)
b=750 b=30 — 1436 (97.52) 1607 (105.31) 1709 (110.88) 1752 (115.52)
b =800 b=32 — 1573 (106.78) 1759 (115.30) 1873 (121.47) 1921 (126.66) J
b =850 b=34 s 1716 (116.39) 1917 (125.64) 2043 (132.42) 2096 (138.17) }
b=900 b=136 — 1864 (126.33) 2080 (136.32) 2218(143.73) 2276 (150.07) ‘
b=950 b=38 — 2016 (136.60) 2248 (147.35) 2398 (155.40) 2463 (162.34) |
b= 1000 b=40 e 2174 (147.21) 2421 (158.71) 2584 (167.42) 2654 (174.99) \
Note: The section moduli for Details ¢ and d are based on the longer leg being located horizontally (perpendicular to the shell) |
when angles with uneven legs are used.

Figure 3.51 Section moduli of stiffening ring sections for tank shells (Values given in cm? (in)
From API 650, table 3-20
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3 Ambient temperature storage tank design

This position puts the girder 162 mm below the girth seam and
therefore further adjustment is not required.

The spacing between the girders on the transposed shell is:
1.929 m, 1.983 m and 1.875 m = 5.787 m. These spacings are
all less than Hy at 2.787 m and therefore are acceptable.

The section sizes for the girders have now to be calculated.

From equation 3.62 the section modulus is calculated as fol-
lows:

For the upper secondary girder the value for Hy is 1.929 m, and

2 2
gD th {L]
17 447

_96% x1.929 x[ 60

2
—] =1884 cm?
17 44.7

Section type and size

Figure 3.50 shows typical stiffening ring sections and is taken
from Table 3-30 of AP1 650 and typical values of section for var-
ious types of ring sections.

From equation 3.63 the participating portion of the shell plating
which can be included in the calculation for the girder is:

13.44/D-1 =13.4496 x 12 =455 mm
Referring to Figure 3.50, a Detail ‘e’ type girder is required.

The table in Figure 3.51 does not have a shell thickness of 12
mm listed but at 11 mm the nearest Z value to 1884 cm? is 1921
cm? indicating that a minimum girder width of about 32 inches
(813 mm) is required.

A detailed calculation gives an actual minimum width of 770
mm, giving a Z value of 1890 cm?.

Forthe lower secondary girder the value for H; is 1.983 m, and

2 2
) [L}
17 447

967 x 1.983 ( 60

2
J =1937 cm?®
17 44.7

The participating portion of shell is found to be 493 for the 14.1
mm plate, and the required Z value is 1937 cm?® indicating that a
Detail ‘e’ type girder with a similar width to that for the upper
girder is required.

A detailed calculation again shows that a minimum width of 770
mm, gives a Z value of 1940 cm? for the 14.1 mm plate.

Both girders will have the same minimum cross section and itis
found that if the girders are made in sections to match the num-
ber of shell plates there will be 32 polygonal sections per girder
and these will each weigh an average of 50.64 kg/m of tank cir-
cumference.

Conclusion

The British design requires two girders each out of 200 x 100 x
12 x 27.3 kg/m angle, giving a total net weight of 16,467 kg.

The American design again requires two girders but of a much
larger section made from 6 mm folded plate having an average
fabricated weight of 50.64 kg/m giving a total net weight of
30,545 kg, which is 85% more than the British design.

Referring back to Morton’s research in Section 3.5.2.2, it ap-
pears that the British Code has heeded his advice, which sug-
gests that fairly small section girders give adequate stiffness to
a shell, whereas the American Code seems not to have done
S0.
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3.7 Compression area for fixed roof tanks
3.7.1 Effect of internal pressure

All closed tanks which are subjected to an internal pressure
which is in excess of the weight of the roof plates, try to adopt a
spherical form, whereby the meridional and latitudinal stresses
at any given point in the containment parts would tend to
equalise.

By way of illustration, the effect on a vertical cylindrical cone
roof storage tank is shown in an exaggerated form in Figure
352,

Two critical areas of distortion become apparent:
1)  The shell-to-bottom joint.
2) The shell-to-roof joint.

The distortion of the shell-to-bottom joint has already been dis-
cussed in Section 3.5.3 and the shell-to-roof joint is now consid-
ered.

The action of the pressure on the underside of the roof causes a
compressive force to be induced in the shell-to-roof joint as
shown in Figure 3.53.

The area in the vicinity of this connection needs to be strong
enough to withstand the compressive force in order to preventa
buckling failure taking place as shown in Figure 3.54.

roof space

Compressive force

}

Figure 3.53 Compressive force at shell-to-roof joint



Figure 3.54 An example of a failed shell-to-roof joint due to internal pressure
Courtesy of EEMUA

3.7.2 Derivation of the required compression zone
area

The compression areawhichis requiredis derived as follows:
The load acting normal to the underside of the roof
=p-n-R* (N)
The circumference of the shell
=2-m-R (mm)
Then the vertical force in the shell

p-n-R? o

= foi (N/mm circ.)
2.n-R 2

A*A

SERIISEE

p N/mm?
R | R

L P

The horizontal component of this vertical force is found as:

Where 8 is the angle between the roof and the horizontal, at the
point where the roof meets the shell.

pR
e 2

p.R N / mm circ.
2tan @

Consider an elemental ring of the tank shell having a thickness t
of 1 mm and a length L of 1 mm and resolve the forces acting at
axis XX.

Consider a unit cube of this ring, then the force F acting
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__PR
" 2tan®
As this force is acting on areatx L (1 mm x 1 mm), it becomes a
pressure
_ PR
“2tan®
To find the circumferential (hoop) stress in the ring of diameter
2R and length L, proceed as follows:
The load on the elemental horizontal strip at axis

N/mm circ.

N/mm equ 3.64

XX = pressure X area

=P'x2RxL equ3.65
The force in the ring resisting this load at axis

XX = stress x area

=Scx2(txL) equ 3.66

where Sc is the stress.

The load given by equation 3.65 must equate to the force given
in equation 3.66 and therefore.

Scx2xtxL=Px2RxL
Substituting equation 3.64 for P:

Scx2xtxl= PR o
2tan @

Then:
exL - PREL
Sc-tanb
The cross-sectional area A for the ring
=Xl
but as both t and L are both 1 mm, then:
p-R?

e equ 3.67
Sc-tan 6

3.7.2.1 Effect of roof slope on cross-sectional area

It can be seen from equation 3.67 that for a given tank radius
and pressure, the lower the slope of the roof, the lowerthe value
for tan 0 and in consequence a higher value for the compres-
sion zone area is required. This is an important factor when de-
signing “frangible” roof joints, which s discussedin Section 3.8.

3.7.3 Compression zones

3.7.3.1 Compression zone area to BS Code
In the BS Code the units which apply to equation 3.67 are:

A = area to be provided within the compression

zone (mm?2)
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p = internal pressure in the roof space less the
weight of the roof plates (mbar)

R = radius of the tank shell (m)

Sc = allowable compressive stress (N/mm?)

0 = the angle between the roof and the horizontal,
at the point where the roof meets the shell (de-
grees)

Note: The BS Code states that, unless otherwise s;aeciﬂed,
the value for Sc shall be taken as 120 N/mm~.

p in mbar must be converted to N/mm? by multiplying by 0.0001
and R is converted from metres to millimetres. The equation
then becomes:
p x 0.0001 x R? x 10002

2xScxtan 6

A=

2
A_50-p-R

T B equ 3.68
Sc-tan 6 .

That is how the equation is shown in the BS Code.

Note: The weightofthe roof plates in mbar, must be deducted
from the internal pressure in order to arrive at the cor-
rect value for p for use in equation 3.68. The weight of 1
mm thickness of 1 m? of carbon steel late is 7.85 kg, or
77N which equates to 0.77 mbar and so a more conve-
nient way to write the equation for carbon steel tanks is:

50(p —0.77tr)-R?

equ 3.69
Sc-tan 0

3.7.3.2 Compression zone area to APl Code

The basic American API 650 Code does not cater for pressur-
ised tanks but merely stipulates minimum curb angle require-
ments for various sizes of tanks and these are given in Section
3.7.9.1, Figure 3.59.

However Appendix F of this Code caters for pressurised tanks
and gives requirements for roof-to-shell compression zones.

Appendix F follows the same theory as that for the BS Code but
inthe API Code the tank diameter D in metres is used instead of
the radius and the internal pressure p is expressed in kilopas-
cals (kPa) instead of mbar, and as 1 kPa = 0.001 N/mm? the
equation in the AP| Code becomes:

2
D
. PX0001 x (D3 x1000) _125.p.D?
2xScxtan 6 Sc-tan 0

The API Code uses a value of 137.5 N/mm? (20,000 Ibs/in?) for
Sc and the equation reduces to:
__pD?
" 1.1-tan 6

equ3.70

The value used for p is the internal pressure less the weight of
the roof plates expressed in kPa and the AP| Code deems that
1 mm thickness of 1 m2 of carbon steel plate weighs 0.08 kPa,
then the formula becomes:

D*(p-0.08 th)

A= ey equ3.71
This is how the equation is shown in the APl Code.
where:

A = area to be provided within the compression

zone (mm?)

o} = internal pressure in the roof space (kPa)

D = diameter of the tank shell (m)

th = thickness of the roof plates (mm)
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0 = slope of the roof from the horizontal (degrees)

3.7.3.3 BS and API Code differences of allowable compres-
sive stress

Due to the difference in the values used for the allowable com-
pressive stress S, (120 N/mm? in the BS Code and 137.5
N/mm? in the AP| Code), the compression area required to the
BS Code is 14.6% greaterthan that required to the AP Code.

3.7.4 Providing the required compression area

The roof-to-shell compression zone is made up of three basic
components:

1) A participating area of the roof plating
2) A participating area of the shell plating

3) Ifrequired, the above areas can be augmented by adding
steel sections at the roof-to-shell junction

In the case of 1) and 2) these areas may be increased by thick-
ening up the plating in the area local to the joint. Additional steel
sections, when added into the compression zone, must fall
within the participating area of the shell plating. The areas
which are considered to comprise the compression zone are il-
lustrated in Figures 3.55, 3.56 and 3.57.

3.7.4.1 For the BS Code

The requirements to the BS Code are given in figure 7 of the
Code and illustrated in Figure 3.55:

where:

R = the radius of curvature of the roof at the point
where it meets the shell (m) (for conical roofs
R, = R/sin 8)

R = the radius of the tank shell (m)

t = the thickness of the shell in the compression
zone (mm)

1 = the thickness of a stiffening section (mm)

1F: = the thickness of the roof plate in the compres-
sion zone (mm)

W, = the participating length of roof plating in the ef-
fective compression area (mm)

W, = the participating length of shell plating in the

effective compression area (mm)
3.7.4.2 For the API Code

The requirements to the AP| Code are given in figure F-2 of Ap-
pendix F of the Code and illustrated in Figure 3.56:

where:

ta = thickness of angle leg

tb = thickness of bar

te = thickness of shell plate

tn = thickness of roof plate

ts = thickness of thickened plate in shell

W, = maximum width of participating shell
= 06(R.t)"’

Wh = maximum width of participating roof
= 0.3(R,th)"” of 300 mm (12/in),

whichever is less
R = inside radius of tank shell
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Figure 3.55 Shell-to-roof compression areas to BS 2654
From BS 2654, figure 7

Rz = length of the normal to the roof, measured
from the vertical centreline of the tank

— RC
(sin 9)
Note: All dimensions and thicknesses are in millimetres and
(inches).

Further examples for increasing the area in the roof-to-shell
compression zone are given in Figure 3.57.

3.7.5 Establishing the compression area

The formulae for calculating the values W,, and We for the vari-
ous roof-to-shell connections are arrived at empirically through
research carried out by R. Perono, (Reference 3.7).

The increase in pressure in the roof space causes an upward
deflection of the roof plating. Perono assumed the shape of this
deflection to be parabolic in the region close to the shell and de-
duced that the length concerned was proportional to

0.6,/Radius of the plating x thickness

and this is the value adopted by the BS Code for W;. Although
the same theory does not apply to the shell, the BS Code uses
the same equation for the participating length of the shell plat-
ing We.

3.7.6 API limitations for the length of the roof com-
pression area

It is interesting to note that the BS Code uses a single factor of
0.6 for W, the length of the roof compression area shownin Fig-
ure 3.55, whereas in Figure 3.56 for the AP| Code, a factor of
0.3, (with a maximum allowable value of 300 mm), is used when
angle sections are used to supplement the compression area.
Where roof compression plates are used, then the factor used
is 0.6 but the maximum length allowable for Wy, in these in-
stances is:

0.9R. 4,

where:
Re = inside radius of the shell
th = thickness of the roof compression plate

W, =0.6VT000R
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3.7.7 Calculating the compression zone area

When applying the above theory, the designer will calculate the
W,,, and W, participating plate lengths and hence the available
area as (W, x tr) + (W, x t). This is then compared with the re-
quired area from either equation 3.68 or 3.71 depending upon
which Code is being used. Ifthere is a deficiency, consideration
may be given to redressing this deficiency by adding in one or
more steel sections or thickened plates at tie joint as shown in
Figures 3.55, 3.56 and 3.57.

Thickened plates may be used for either the roof or the shell
section or for both together, depending upon the amount of ad-
ditional area, which is required. When adopting this method it
must be remembered that the participating length of the com-
pression area W, and/or W, has to be recalculated using the
new thicker plate chosen for the roof and/or shell section and
this greater value is then multiplied by the thicker plate thus giv-
ing a larger compression area.

3.7.8 Practical considerations

The most suitable method for providing the required area for a
particular application is found by trying various combinations of
the available steel sections. For additional area requirements
of up to say 9000 mm?, angle sections can be used. Beyond this
then horizontally disposed plate stiffeners and/or thickened
shell and roof plate sections have to be considered.

If thickened sections of shell or roof plate are decided upon,
then it should be borne in mind, that from a practical and com-
mercial point of view, it is considered cheaper to produce a
thickened shell plate section than roof section. This is because,
unless flat bar can be sourced, the development of the cone
frustum from rectangular plate is wasteful in terms of material.
Also the labour involved in marking off, cutting and rolling the
conical section, is more than that required for the cylindrical
shell section. This is demonstrated later in Section 3.7.10.3.

3.7.9 Minimum curb angle requirements

For small diameter, or non-pressure tanks, (to the BS Code),
the calculated compression area may be so small that it can be
catered for by the allowable compression areas of the shell and
roof plating alone. Therefore it can be argued that for these
cases there is no need to introduce additional area at the jointin
the form of a curb angle.
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Figure 3.56 Roof- to-shell compression areas to API 650
From API 650, Appendix F

84 STORAGE TANKS & EQUIPMENT




ta
gk
-
M | 8 Iiiy

16.ta max.
@k
A : BA Ly ov
M
W\,
|
] 2 1 bLoerbe
it n, ?L_te-

3 Ambient temperature storage fank design

Figure 3.57 The use of two angle sections or two thickened roof and shell plates to increase the area in the roof-to-shell compression zone

From a practical point of view, both the BS and AP| Codes take
the view that for construction purposes, (unless there are spe-
cial circumstances which are given in Section 3.7.9.2), then
tanks must be provided with a top curb angle of a certain mini-

mum size.

The reason for this is to:

a) Maintain shell circularity during construction

b) Give a landing for the roof plating

c) Give alanding for the roof handrail stanchions (where fit-

ted)

3.7.9.1 Minimum curb angle sizes for fixed roof tanks

In the BS Code, the minimum size of curb angle which shall be
fitted to the tank shall be that derived from equation 3.68 or as
given in Table 4 of the Code (Figure 3.58) whichever is the

greater.
Tank diameter (m) Minimum size curb angle (mm)
<=10 60 x 60 x 6 |
>10<=20 60 x 80 x 8 |
>20< =36 80 x80x 10
>36< =48 100 x 100 x 12 |
> 48 150 x 150 x 10 ‘

Figure 3.58 Minimum size of curb angle from BS 2654

The corresponding requirements to the AP| 650 Code are given
in clause 3.1.5.9 of the Code and are shown in Figure 3.59.

Tank diameter (m) Minimum size curb angle (mm)

<=11 50x50x5
>11<=18 | 50 x50 x 6
>18 80x80x 10

Figure 3.59 Corresponding requirements AP| 650 for minimum curb angle
3.7.9.2 Cases where minimum curb angle requirements do
not apply

The stipulations given in Figures 3.58 and 3.59 do not apply to
the following:

a) Open top tanks.

b) Tanks having self-supporting roofs to AP| 650 —these are
governed by specific requirements given in clauses 3.10.5
and 3.10.6 of API 650 which can result in roof-to-shell con-
nections as ‘detail a’' of Figure 3.55 or ‘detail h’ of Figure
3.56.

c) Forthe API Code only. — Tanks < = 9 m diameter which
have the top angle formed by flanging the top edge of the
shell as shown in Figure 3.60.

3.7.9.3 Effect of internal pressure and tank diameter on re-
quired compression area

For the BS Code, the effect of the varying internal design pres-
sure for a range of tank diameters is demonstrated in Figure
3.61, for the following tank design parameters.

Tank pressure type Non Low High
Internal pressure p = 7.5 20 56 mbar
Roof plate thickness t, = 5 5 5 mm
P - wt. Roof plates = 365 16.15 52.15 mbar |
Roof slope 1in ? 5 | 5 5
L tan 6 = | 0.2 ' 0.2 02
sin 8= ‘ 0.1961 0.1961 0.1961 ‘ ‘
== ==
P 5= 120 120 120 Nimme |
From equation 3.68:
. 50-p-R?
A required = b,
Sc-tan 6
From Figure 3.55, the available roof plate area
=W, -t =0.6,/1000-R,-t, xt, equ3.72
The available shell plate area
=W, -t=0.6v1000-R-t xt equ3.73

From Figure 3.65 it can be seen how the compression zone/re-
quirements increase dramatically over the range of tank diame-
ters, when moving from a non-pressure through to a high- pres-
sure rating. This is because, in equation 3.68 the pressure

increases by a factor of 14.29 i.:—:‘.5326155

linearly whilst the value

for the tank radius is being squared.

12t
e e B 3
e :,1—:_:._‘,._ 15
e o T |-
A A
175t =R =3t
t
—| |
Inside of shell

Figure 3.60 Top edge of shell flanged to form a landing for the roof plates
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T A A A Top shell min. A Additional areza required
(m) mquimi2 N.P. requirac: LP. requiredz H.P. thickness provided by areas W), & W, {mm®)
(mm?) (mm?) (mm’) (mm) (mm’) N.P. LP. H.P.
4 30 135 435 5 o77 0 0 0
] - 68 303 978 5 1197 0 0 | 0
8 122 538 1738 5 1382 0 0 356
______ 10 | 10 841 2716 5 1646 0 0 1171
| 125 207 11314 4244 5 1728 0 0 2516
., B 1_5 428 1893 6111 6 2076 o 0 4036
17.5 A 582 2576 8318 6 2242 0 334 = 6076 )
| 20 - 760 = 3365 10865 ] 2397 0 968 8468 |
@5 962 4258 13750 6 2542 0 1716 11209
25 1188 5257 “1 6976 6 2679 0 2578 14296
275 1438 6361 20541 6 2810 0 3551 17731
30 1711 1 7570 24445 8 3518 0 4052 20927
33 2070 9160 20579 -] 3690 0 5470 25889
36 2464 10901 35201 8 3854 5 0 7047 31347
39 o 2891 o 12794 41313 8 4011 0 8783 37301
42 3353 14838 47913 8 4163 0 10675 43750
45 3850 17033 55002 8 4308 Q 12725 50683
48 4380 19380 62580 8 - 4450 0 14930 . 58130
51 4945‘ - 21878 706847 8 4587 J 358 17291 86060
L - 54 ) 5_543 24528 79203 8 4720 824 19808 74483

Figure 3.61 Varying internal design pressure for a range of tank diameters

Hence, large diameter, high-pressure tanks require to be
heavily stiffened at the roof-to-shell joint to prevent compres-
sive failure in this area. Figure 3.62 shows the results from Fig-
ure 3.61 in graph form.

The effect of imposing a mandatory requirement for the provi-
sion of a minimum size of curb angle is shown in Figure 3.63.

Figure 3.78 shows that for the full range of non-pressure tanks
selected, the minimum curb angle requirement satisfies the de-
sign area required for the compression zone for all the tanks.
However this is not the case for all the low and high-pressure
tanks and most of these will have to be provided with sections
having larger cross-sectional areas.

3.7.10 Design example

Consider the 54 m diameter, high-pressure tank designed to
BS 2654, details of which are shown in Figure 3.63.

The required roof-to-shell compression area is 79203 mm?2.

The range of angle sizes which are readily available are not
large enough to satisfy the area which is required and so the
use of thickened roof and shell plates will be employed.

By a trial and error method, a suitable arrangement can be
found by using the maximum allowable roof and shell lengths
together with a plate thickness of 34 mm, which will satisfy the
total area requirement. For ease of calculation the same thick-
ness plate has been used here for both the roof and shell plate
areas, but they can be of different thicknesses if so desired.

3.7.10.1 Roof compression area
From Figure 3.55

W 0.6,/1000 R, -,

= 06,100 x——21
0.1961 x 34

1,298 mm
The compression area is therefore 1298 x 34 = 44,132 mm?

1]

The maximum allowable outstand of the roof plate beyond the
shell is 16.t which in this case is 16 x 34 = 544 mm.
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The area of this section is 544 x 34 = 18,496 mm?

Then the total roof compression area =
44,132 + 18,496 = 62,628 mm?

3.7.10.2 Shell compression area
From Figure 3.55

Wi, 0.6+/1000-R-t
0.6+/100 x 27 x 34
575 mm

The shell compression area = 575 x 34 = 19,550 mm.

The total of the roof and shell compression areas available
=62,628 + 19,550

= 82,178 mm?

This is acceptable, although 2,975 mm? more than required. By
reducing the roof plate outstand beyond the shell to 457 mm re-
duces the area by (544 - 457) x 34 = 2,958.

This then gives a total compression area of 79,220 mm?, which
is acceptable.

3.7.10.3 Rationalising the calculation

The above example is based on using the maximum allowable
participating lengths for Wy, and W in the roof and shell area
calculations. Using the maximum value for W, resulted in a
plate thickness of 34 mm being the ideal thickness to suit the
calculated lengths. But 34 mm is not considered to be a “stan-
dard” thickness and 35 mm thick plate would be more appropri-
ate. Repeating the above calculations for 35 mm plate and us-
ing appropriately chosen values for Wy and We, the result given
in Figure 3.64 is obtained.

3.7.10.4 Economy of design
The net weight of the components is:

for the shell 29,703 kg
for the roof 77,281 kg
Total net weight 106,984 kg



4ssuming that the components are to be cut from standard
plate sizes then:

The amount of plate required to cut the shell plate sections, as-
suming the ring to be in 18 pieces (the same as the number of
shell plates per course), would be:

& standard plates 10 m x 2 m x 35 mm which weigh 32,970 kg.
The plate thus scrapped is 3,267 kg. or 10%, whichis generally
acceptable.

The amount of plate required to cut the developed roof plate
sections, assuming again that the ring would be in 18 pieces,
would be:

3 Ambient temperature storage tank design

18 standard plates 10 m x 2.5 m x 35 mm which weigh 123,638
kg. The plate scrapped in this case being 46,357 kg. or 37.5%,
which is high and costly.

From this exercise it can be appreciated that the designer
should try to design the roof component to suit standard flat bar
sizes or, if cutting from plate, attempt to minimise the amount of
scrap plate which is produced.

A further means of economy, is to maximise the area put into
the shell component, where material wastage is lower, leaving
aminimum balance of area to be catered for by the roof compo-
nent, However there is a potential danger of inducing second-
ary bending stresses in the compression zone due to the cen-

iz

Required roof-to-shell compression area { mm* )

HilEE iR B

e

— e — —

dm = — 1

10 125 15 175 20 225 25 275 30 33 36 38 42 45 48 51 54

Tank diameter (m)

— — =—Non-presswre Tank - ==--- Low-pressure Tank High-pressure Tank
Figure 3.62 Comparison of roof-to-shell compression area requirements
A Is the min. size cul ient?
di:::.':er mq:: s mq:lmd mq:lmd :E:E::: Min. curb sizs to Code “;:;‘fu':g“' provided by min, size curb ;:mz;b i
3 2 2, (mm®) +areas W, & W,
(m) N.P. (mm’) | L.P.(mm’) | H.P. (mm’) o) (mm’) (o) N.P. LP. H.P.
4 30 135 435 5 60x60x6 691 1668 Yes Yes Yes
E 6 68 303 978 5 60x60x6 691 1888 Yes Yes Yoz |
8 122 538 1738 5 60xB60x6 691 2073 Yes Yes Yes
10 180 841 2716 5 60x60x6 691 2236 Yes Yes No
o 12,5 297 1314 4244 8 B60x60x8 903 2631 Yes Yes No
5 428 1883 6111 6 60 % 60 x 903 2079 Yes Yes No
17.56 582 2576 8318 6 60x60x8 903 3145 Yes Yes No
le 20 760 3365 10865 6 60x60x8 803 3300 Yes No No
22,5 962 4258 13750 6 80x80x10 1510 4052 Yes No No
a 25 1188 5257 16976 6 80x80x10 1510 4189 Yes No No
275 1438 6361 20541 6 80x80x10 1510 4320 Yes No No
n.- 30 1711 7670 24445 8 80xBOx10 1510 5028 Yes No No
33 2070 9160 29579 8 80x80x10 1510 5200 Yes No No
36 2464 10901 35201 8 80x80x10 1510 5364 Yes No No |
39 2891 12794 41313 8 100x 100x 12 2270 6281 Yes No No
42 3353 14838 47913 8 100x 100x 12 2270 6433 Yes No No
45 3850 17033 55002 8 100 x 100 x 12 2270 6579 Yes No No
48 4380 19380 62580 8 100 x 100 x 12 2270 6720 Yes No No
51 4945 21878 70647 8 150 x 150 x 10 2930 7517 Yes No No
54 5643 24528 79203 8 150x 150 x 10 2930 7650 Yes No No .

Figure 3.63 Total compression zone areas, including minimum curb angle sizes
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Max. We = 583

Shell plate 8

Figure 3.64 Roof-to-shell compression zone design for a 54 m diameter
high-pressure tank

troid of the cross sectional area being lowered as shown in
Figure 3.65b.

3.7.11 Positioning the centroid of area

BS 2654 and API 650 do not give any detailed guidance or cal-
culations for the positioning of the centroid of area.

3.7.11.1 The BS Code

The BSI Code states that: “If a horizontal girder is required to
provide additional cross-sectional area, this girder shall be
placed as close to the junction as possible and at a distance al-
ways less than the effective shell length for compression area
W,". The arrangement referred to here, is shown typically in
Figure 3.56 details (g) & (i)

3.7.11.2 The APl Code Appendix F
Appendix F of the API Code, shows in Figure 3.56 detail ‘b’ and
‘¢’ that the roof plate connection point on to the horizontal leg of

the curb angle shall be between the position of the vertical neu-
tral axis of the angle and the heel of the angle.

Force

Moment arm

Figure 3.65a Compression zone having roof and shell plates of the same
thickness
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More specific guidance is given for tanks having dome roofs
and self-supporting cone roofs, i.e. roofs without internal sup-
porting structures. In these cases clause F7 states that the par-
ticipating compression area shall be in accordance with clause
3.12.4 of the API Standard 620, “Design and Construction of
Large, Welded, Low-Pressure Storage Tanks.”

Except thatthe allowable compressive stress stated in AP1620,
shall be increased from 105 N/mm? (15,000 lbs/in?) to 140
N/mm? (20,000 Ibs/in?)

3.7.11.3 Guidance on the positioning the centroid of area

Having mentioned API 620, which incidentally, allows design
pressures up to 1035 mbar (15 Ibsfin?). This Code gives guid-
ance on the positioning of the centroid of the compression zone
area in clause 3.12.5.2 which states that:

“The additional area shall be arranged so that the centroid of
the cross-sectional area of the composite corner of the com-
pression region lies ideally in the horizontal plane of the corner
formed by the two members. In no case shall the centroid be off
the plane by more than 1.5 times the average thickness of the
two members intersecting at the corner.”

Presumably this somewhat stricter rule has been applied in API
620 because of the possibility of much greater forces being evi-
dent at the roof-to-shell junction due to higher allowable tank
operating pressures to this Code. Nevertheless this guidance
can be used to good effect for all tanks.

This guidance is shown pictorially in Figure 3.66.
3.7.12 Cost-effective design

The way in which any additional cross-sectional area is built
into the roof-to-shell compression zone can be a test of the tank
designer’s skill. This is particularly the case for large diameter,
high-pressure tanks, where the designer needs to accomplish
the task of providing large amounts of additional area to satisfy
the Code requirements, together with the most cost-effective
method of doing this to satisfy the tank purchaser’s budget.

F}tc_e/_’-

moment RO

—

Figure 3.65b Compression zone with the shell thickness much greater than
the roof
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The centroid of the composite shell and root
area shall not be outside this shaded area

L

'AA - the horizontal plane of the comer formed
by the roof and shell members

x = the maximum off piane allowance = 1.5 (fr+1) /2

Figure 3.66 Ideal location for the centroid of the compression zone area to API
520, (For information only, not mandatory to the BS 2654 and APl 690 Codes)

3.8 Frangible roof joint, or weak
roof-to-shell joint

3.8.1 Introduction

Fixed roof tanks which store volatile products will have a mix-
ture of product vapour and air in the space between the surface
of the product and the tank roof. This mixture may be in the
flammable range and, due to malfunction, external fire or inter-
nal explosion, there may be a sudden increase in pressure
within the tank which the normal vent devices and emergency
vents are unable to cope with. Consequently the tank may be
damaged and this can result in failure of either the shell-to-bot-
tom joint or the roof-to-shell joint.

In either case such failures are disastrous but the failure of the
shell-to-bottom joint can be particularly horrendous due to the
release of the stored product over the surrounding area caus-
ing the attendant ecological and environmental problems.

Of the two types of failure, the roof-to-shell failure is to be pre-
ferred, as this will normally create sufficient free-venting area to
allow the release of the tank over-pressurisation without any
loss of stored product. To increase the likelihood of a preferen-
tial roof-to-shell failure, some fixed roof tanks can be provided
with a weak roof-to-shell connection, known as a “frangible roof
joint”. A typical arrangement of this type of joint is shown in
Figure 3.67b.

3.8.2 Frangible roof joint theory

Assuming a empty cone roof tank, then, as the pressure in the
tank increases above atmospheric pressure, a point will be
reached when the upward force on the roof plating will equal the
downward load due to the weight of the roof plating. As the
pressure increases further, the roof plating will lift off its support
structure and this further increase in pressure is withstood by
tensile membrane forces ‘T' in the roof plating (see Figure
3.68). These forces exert a pull at the shell-to-roof junction and
so induce compressive forces in this area.

A point will be reached when the upward force due to further in-
crease in pressure, will overcome the downward load due to the
weight of the shell and support structure, and at this pressure,
the floor plating at the tank periphery will start to lift off the tank
foundation, as illustrated earlier in Figure 3.52.

The floor being allowed to lift off the foundation, can result in
high stresses being set up in the shell-to-bottom joint which can
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Figure 3.67a Typical roof joint

Handrail stanchions, platform supporting brackets
or stiffeners of any kind must not be welded across
the roof-to-shell joint
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Figure 3.67b Typical frangible roof joint

resultin failure of the joint. This possibility must be prevented by
designing the roof-to-shell joint to fail before the shell-to-bottom
joint does. This is accomplished by considering the point at
which the pressure in the tank is such that the floor is just about
to lift off its foundation.

3.8.3 The maximum compression zone area allow-
able

For a roof connection to be considered frangible, the maximum
compression zone area allowable must be determined.

The roof plating is assumed to act as a membrane and any
bending effects are ignored, as are any changes in geometry,
also the angle between the slope of the roof and the horizontal
0, is assumed to remain at its design value.

Considering Figure 3.68.

p = internal pressure
il = membrane force in roof plating
Wr = weight of roof plating

Figure 3.68 Tensile membrane forces
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Ws = weight of shell and roof support structure
which is carried by the shell

R = tank radius

0 = angle of the roof slope to the horizontal

Wr and Ws shall have any corrosion deducted.

Note: The above condition assumes that the tank is empty,
but the theory is equally valid if the tank contains liquid.
When this is the case, then the load due to the weight of
the liquid, which is considered to be effective, (i.e. say
within 750 mm of the shell), is added to that of the shell
and framing.

However, it is normal practice to design for the worst
condition, which in this case, is when the tank is empty,
thus giving a lesser value for the allowable area for the
compression zone for the frangible condition.

Hence the uplift force on the roof plates is given by p- =-R? and
this force is resisted by the weight of the shell and support struc-
ture Ws.

Then:

p-n-R%=Ws equ 3.74

It has already been determined in equation 3.68, that the re-
quired compression area at the shell-to-roof junction is given
by:

A upRt
2 Sc-tan 6
And transposing for p:
2-A-Sctan 8
p= T equ 3.75
Substituting for p in equation 3.74 then:
2-A-Sctan OXH_RQ ~Ws
R
Hence:
A= o WP, equ3.76
2.mt-Sc-tan 0

The area A thus found, is the maximum that can be allowed for
the shell-to-roof compression zone to be considered as a fran-
gible joint.

3.8.4 Other factors affecting the frangible roof con-
nection

3.8.4.1 Roof slope

In Section 3.7.2.1 it was demonstrated that as the roof slope be-
comes shallower, the value of 8 decreases and hence the re-
quired cross sectional area increases. Taken to the extreme, as
0 tends to 0°, then the required cross-sectional tends to infinity.

Therefore it can be seen that a shallow slope favours the frangi-
ble condition. Both the British and American Codes recognise
this and put a limit on the maximum roof slope allowed for a roof
to be considered frangible. These limits are given in Sections
3.8.5.1and 3.8.6.1.

3.8.4.2 Size of weld at the roof plate-to-shell connection

During the failure process of a frangible roof, the normal se-
quence of events is for the roof to deform, and undergo elastic
buckling.

Many creases will appear at the periphery as a reduction in di-
ameter occurs and the compression zone will buckle and col-
lapse. This causes the peripheral roof plate weld to tear away
from its shell mounting and hence the excessive internal pres-
sure is relieved.
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The size and quality of this weld is therefore an important factor
of the frangible joint. However there does not appear to have
been very much research done in this area, and this could be
due to difficulties in making meaningful analytical studies of the
influence and behaviour of such welds when subjected to this
type of failure mechanism.

The Codes do however require that the peripheral roof plate
weld be kept as small as possible and in no case shall it be
larger than 5 mm. From a practical point of view, making the
weld size any less than this, can be detrimental in the long term,
because experience has shown that in time, this weld suffers
from the effects of corrosion wastage which can eventually lead
to vapour leaks at the joint.

3.8.5 Formula as expressed in BS 2654

A is expressed in mm?

Ws is given the notation ‘T' and is the weight of the
shell, shell stiffening and roof framework sup-
ported by the shell but excluding the roof
plates, expressed in kilograms.

Sc is expressed in N/mm? and curb failure is as-
sumed to occur at 220 N/mm?2, so this figure is
built into the equation.

0 is the slope of the roof at its point of connec-
tion to the shell in degrees.

The formula then becomes:
__ Tx9807  Tx7.07x10°
2 xnx220-tan tan 6
Which is as it is shown in Appendix F of BS 2654.
3.8.5.1 Additional requirements to BS 2654

In addition to the restriction in cross-sectional area for the
roof-to-shell zone for the frangible condition, the Code requires
that the following conditions shall also be met, as described in
Sections 3.8.4.1 and 3.8.4.2:

e The slope of the roof plating at its connection to the shell
shall not be more than 1 in 5.

equ3.77

e The peripheral roof plating-to-shell connection weld shall
not be more than 5 mm.

3.8.6 Formula as expressed in API 650

A is expressed in mm?

Ws is given the notation W and is the weight of the
shell, shell stiffening and roof framework sup-
ported by the shell but excluding the roof
plates, expressed in Newtons

Sc is expressed in N/mm? and curb failure is as-
sumed to occur at 221 N/mm?, (32,000 Ib/in?)
so this figure is built into the equation

0 is the slope of the roof at its point of connec-
tion to the shell in degrees
The formula then becomes:
A W B W
T 2xnx221xtan® 1390 xtan 0

Which is as it is shown in clause 3.10.2.5.3 of API 650.
3.8.6.1 Additional requirements to APl 650

In addition to the restriction in cross-sectional area for the
roof-to-shell zone for the frangible condition, the Code requires
that the following conditions shall also be met, as described
above in Sections 3.8.4.1 and 3.8.4.2:

equ3.78



s W W

AL

(]

v

¢ The slope of the roof plating at its connection to the shell
shall not be more than 1 in 6.

s The peripheral roof plating-to-shell connection weld shall
not be more than 5 mm

3.8.7 Difference between Codes

The principal difference between the British and the American
Codes is that BS 2654 allows the slightly steeper roof slope of 1
lin 5, against 1 in 6 to API 650.

The different constants used in equations 3.77 and 3.78 are
due to the tank weight being expressed in kilograms in BS 2654
and in Newtons in AP| 650.

The maximum allowable cross-sectional area in millimetres
calculated by either equation is found to be the same for a given
set of design parameters.

3.8.8 Conflict of design interests

During the initial tank design stage, the shell-to-roof joint will
have been designed to suit the internal service pressure re-
quirement, as detailed in Section 3.7. The most appropriate

method of providing the required cross-sectional area in the
roof-to-shell joint will have been established and hence the tank
will be capable of withstanding the compressive forces which
will develop in this area during normal operation of the tank.

However, it may be necessary to ensure, that in the event of an
accidental over-pressurisation in the tank, it would be desirable
for the shell-to-roof joint to fail. This may not always be possible
because the compression area built into the tank to satisfy the
operating pressure may be more than that allowed for a frangi-
ble roof joint, within the strictures of the Code.

The likelihood of this conflict occurring and the possible means
by which it can be overcome, will become evident from the fol-
lowing Sections.

3.8.8.1 “Service” and “Emergency” design conditions

The maximum cross-sectional area at the compression zone
which is allowable by equations 3.77 and 3.78 for the tank
emergency condition, may be found to be less than that re-
quired to satisfy resistance of the internal pressure for the ser-
vice condition calculated by equations 3.68 or 3.71.

When this occurs the tank is deemed not to have a frangible
roof joint, but this situation may be overcome by providing the
tank with anchor bolts or straps attached to the lower shell area
ofthe tank and secured to a peripheral concrete foundation ring
beam.

3.8.9 Examples of frangible and non-frangible roof
joints

Using the tank shell design illustration given in Section 3329,
and assuming a roof slope of 1 in 5, and a roof plate to curb an-
gle weld of 5 mm, then further calculations give the following
information:

3.8.9.1 Tank designed for an operating pressure of 7.5
mbar

Case A1

Case A1 allows for the curb angle to be lapped on to the top of
the shell, as shown in Figure 3.67a. This arrangement is gener-
ally adopted for two main reasons;

1) The available area of the compression zone which is re-
quired for the tank operating pressure is increased, be-
cause the top of the shell plating behind the angle is also
included in the zone. This is advantageous as it minimises
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the amount of additional area which may have to be pro-
vided by a curb angle.

2) During the erection of the tank, lapping the angle directly
up against the top of the shell plating is a simpler erection
procedure.

In Case A1, the area available from the roof and shell plating is,
on its own, more than enough to satisfy the amount required
from equation 3.67 and therefore only the minimum size of an-
gle from Figure 3.58 will be fitted to the tank, in this case a 80 x
80 x 10 angle. The total area provided in the compression zone
is found to be 5028 mm?. This is more than the allowable area of
4811 mm2, and the roof joint is therefore considered not to be
frangible.

Case A2

Case A2 allows for the vertical leg of the curb angle to be butt
welded directly on to the top of the shell plating as shown in Fig-
ure 3.67b This is a more difficult erection task than that for a
lapped curb angle but can be advantageous when a frangible
roof joint is required, because the area of the shell-to-roof com-
pression zone is reduced due to the lesser area of shell plating
being within the zone.

Again, it can be seen that the area provided by the shell and
roof is more than enough to satisfy the requirement of equation
3.64, and in this instance, the minimum size curb angle is butt
welded, rather than lap welded to the shell, thus reducing the
area available from the shell by the depth of the anglei.e. 80 x 8
= 640 mm?2.

This is enough to reduce the total available compression zone
area to a figure which is less than the maximum allowed for a
frangible joint and therefore the roof joint is frangible.

Case A1 Case A2
Pressure 7.50 mbar 7.5 mbar
Compression zone area required for

2 1711 mm? | 1711 mm?
operation

|| Curb angle lapped or butted to shell? | Lap-welded to shell

| Butt-welded to shell

Wh and Wc area | 3518 mm? ‘ 2878 mm?
Additional area required -1807 | 1167

Selected curb angle size B0x80x10RSA | 80x80x10RSA
Selected curb angle area 1510 mm? l 1510 mm?

Total area provided 5028 mm? 4388 mm? |
Is total area provided sufficient? Yes yes

Tank weight T 136089 kg 136089 kg
jg:};:imurn area allowed for frangible 4841 il 4874 mim2

Is the roof joint frangible? No Yes 1

3.8.9.2 Tank designed for an operating pressure of 20 mbar
Cases B1 and B2

At this higher pressure the required compression zone area
has significantly increased from 1711 mm? to 7570 mméZ,

Following what was learned from Case A2, the selected curb
angle size of 150 x 150 x 18 for Case B1, is butt-welded to the
tank shell as shown in Figure 3.67b. However, it can be seen
that in doing this, the loss of shell area leaves a deficit of 152
mm? (7570-7418) in the area required for operation, and this is
not acceptable.

Case B2 is calculated in the same way as Case B1 except that
the larger angle size of 200 x 200 x 16 is used and the conse-
quent increase in the cross-sectional area of the angle gives an
acceptable total area for the compression zone required for op-
erational purposes.
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For both Cases B1 and B2 however the area of the compres-
sion zone is far in excess of the maximum allowed for a frangi-
ble roof joint.

Case B1 Case B2
Pressure 20.00 mbar 20.00 mbar
Compression zone area required for
7570 mm? 7570 mm?

operation

‘ Curb angle lapped or butted to shell? Butt-welded to shell Butt-welded to shell

Wh and Wc area 2318 mm? 1918 mm?

Additional area required 5252.32 5652

Selected curb angle size 150 x 150 x 18 RSA | 200 x 200 x 16 RSA

Selected curb angle area 5100 mm? 6180 mm?
Total area provided 7418 mm? 8098 mm?
Is total area provide sufficient? No Yes
Tank weight T 139634 kg 140426 kg
;\:;::w‘mum area allowed for frangible 4936 mm? 4964 mm?
Is the roof joint frangible? No No

Case B3

From the previous Cases B1 and B2 it was found that for this
particular tank size and its attendant design parameters, there
was no advantage in butt-welding the curb angle to the shell.

Case B3 therefore is based on lap welding the curb angle as
shownin Figure 3.67a. It can be seen from the results that in do-
ing this the inclusion of the additional area of the shell plate be-
hind the curb angle allows a smaller angle size of 150 x 150 x 15
to be used, and the combination gives an adequate overall total
area in the compression zone.

Case B3

Pressure 20.00 mbar

Compression zone area required for operation 7570 mm?

Curb angle lapped or butted to shell? Lap-welded to shell

Wh and Wc area

Additional area required ‘ 4052

3518 mm?

Selected curb angle size | 150 x 150 x 15 RSA

Selected curb angle area |

4300 mm?
Total area provided ‘ 7818 mm? J
|s total area provide sufficient? | Yes i‘
Tank weight T | 139041 kg J‘
Maximum area allowed for frangible joint ‘ 4915 kg
s the roof joint frangible? ‘ No ﬂ‘

However, as before in the previous cases, this areais wellin ex-
cess of that allowable for a frangible roof joint.

3.8.10 Tank anchorage — a means to frangibility

The tank in Case B3 meets the Code requirement for having
sufficient cross-sectional area in the roof-to-shell compression
zone for operating conditions. But under an emergency over
pressure condition, this area is too great to ensure that the
roof-to-shell joint is frangible and therefore may not fail under
this extreme condition. This could cause the shell-to-floor rim of
the tank to lift off the foundation and the resulting distortion in
this area could cause this joint to fail rather than the
roof-to-shell joint.

This occurrence can be prevented by anchoring the tank to a
suitably designed concrete ring beam which forms a part of the
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tank foundation. Three methods of anchorage are illustrated in
Figures 3.69 (a), (b) and (c).

3.8.10.1 Ensuring a frangible roof connection using an-
chorage

Apart from the frangibility consideration, anchorage may also
be required due to the following conditions:

e The operating pressure causing uplift of the tank.
e The overturning effect on the tank of the prevailing wind.
e Instability of the tank caused by seismic action.

These instances are discussed in Section 3.9 and Chapter 15
or 26, but for now, the means of designing anchorage to ensure
a frangible roof joint will be considered as follows:

3.8.10.2 Determining anchorage requirements

Where a roofis deemed notto be frangible, then the pressure at
which it would fail has to be determined. This is done by trans-
posing equation 3.69 or 3.71 depending upon which codeis be-
ing used, and thus determining a failure pressure p.
Taking the case for the British Code then from equation 3.69:
_A-Sc-tan B
50-R?
Failure is considered to occur at a compressive stress Sc of 220
N/mm?2.

+0.77 1r equ3.79

Hence failure pressure

4.4.A-tan 0
pE=———

o +0TT

Remember that in the British Code p is in mbar.
Similarly, for the American Code, from equation 3.71.

1.1-A-tan 0
P=——m

= +0.08-th

For the American Code, failure is considered to occur at a com-

pressive stress of 221 N/mm?.

The constant 1.1 in equation 3.71 is calculated using a allow-
375

able stress of 137.5 N/mm? e.g. 11? —11

This has to be recalculated using the failure compressive stress
of 221 N/mm? and the new constant is ;12—;;- =177

Failure pressure is therefore
e 1.77-A-tan 6

5 +0.08-1r equ3.80

In the American Code p is in kilopascals — (1 kPa=10 mbar)
3.8.10.3 Worked example
Consider the tank depicted in Section 3.3.2.9.

This tank is 30 m diameter, has a roof slope of 1: 5, a roof plate
thickness of 5 mm and compression zone details as given in
Section 3.8.9.2 for Case B3.

Anchorage is to be provided using bolts.

Using the BS Code for this example, then the failure pressure
will be:
:4.44 x78:8 x0.2 _0.77 x5
15
= 34.43 mbar

= 3.443 kN/m?

This pressure acting on the roof of the empty tankwili produce a
uplift of:
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Figure 3.69c Combination using strap and bolt anchorage
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Up=n-R?-p
=nx15% x3.443

=2433.71 KN

The weight of the tank shell, stiffening and roof structure given
in Case B3 is 139041 kg which equates to 1363.55 kN.

Then the net uplift = 2433.71 -1363.55 = 1070.16 kN.

The BS Code requires anchors to be spaced around the tank
circumference at a minimum of 1 m and a maximum of 3 m.

In this case a 3 m spacing will be used and hence the number of
bolts required is:

30)(:1::31.42

This is rounded up to 32.

However, as there are 12 plates per shell course, then 36 an-
chors will be selected, giving 3 per plate and thus clashes be-
tween anchor brackets and vertical shell course butt welds will
be avoided.

The load per bolt due to the over-pressurisation uplift will be

1070.16
36

The BS Code also requires anchors to have a minimum cross-
sectional area of 500 mm?. This equates to a bolt core diameter
of 25.33 mm and hence a overall bolt diameter of 30 mm will be
selected, which has an actual core stress area of 561 mm? (this
excludes any corrosion which may be required).

=29.73 kN

The stress in each bolt due to the over-pressurisation uplift will
be

_ 29.73 x 1000
561

=53.0 N/mm?2

The BS Code states that the allowable tensile stress in the an-
chorage shall not exceed 50% of the specified yield strength, or
33.33% of the minimum tensile strength of the anchorage ma-
terial, whichever is the lowest.

Taking medium strength steel having a minimum tensile
strength of 430 N/mm? and yield of 255 N/mm? for this diameter
of bolt, then the allowable tensile stress would be 127.5 N/mm?.
The selected bolt size is therefore acceptable.

3.8.10.4 Further design check

From above it can be seen that the tank can be subjected to a
pressure greater than its design pressure i.e. 34.58 mbar in-
stead of 20 mbar. The original tank design must therefore be
checked to ensure that the allowable stress in the shell (equa-
tion 3.7) is not exceeded. This is accomplished by fransposing
S, the allowable stress and t in equation 3.7.

3.8.10.5 Other anchorage considerations

The anchorage design here is only catering for the uplift due to
over-pressurisation and it must be borne in mind that this may
have to be combined with any anchorage requirements which
may be found to be necessary to stabilise an overturning mo-
ment on the tank due to wind loading which is dealt with in
Section 3.9.

3.8.11 API 650 Code — anchor requirements

3.8.11.1 Minimum bolt diameter

The minimum anchor bolt diameter should not be less than 25
mm, plus a corrosion allowance of at least 6 mm, giving a mini-
mum diameter of 31 mm. This is similar to that given in the BS

STORAGE TANKS & EQUIPMENT 93




3 Ambient temperature storage tank design

Code at 30 mm, except that in the case of the BS Code any cor-
rosion allowance is added to 30 mm.

3.8.11.2 Spacing of anchors

The API Code does not specify a minimum spacing for anchors
but states a maximum spacing of 3 m.

3.8.11.3 Allowable stresses in anchors

Table F-1 of Appendix F of AP1 650 gives the allowable stresses
and this is reproduced in Figure 3.70.

3.8.12 Further guidance on frangible roofs

3.8.12.1 EEMUA

EEMUA (The Engineering Equipment and Materials Users As-
sociation) publication No. 180, gives very useful advice on the
subject, (Reference 3.8).

One of the aspects covered, is an alternative method of ensur-
ing a frangible joint in the tank shell near to the top of the tank
and this is shown in Figure 3.71.

This method could also be used to convert an existing non-fran-
gible roof tank, to have a frangible joint.

Note: Care must be exercised in using this method to ensure
that the frangible shell-to-roof joint will fail before the
shell-to-bottom joint, the shell joint or the anchorage. A
thorough finite element analysis should be undertaken
to make certain that the fillet weld between the angles
fails before any other area of the tank.

3.9 Tank anchorage — further consider-
ations

3.9.1 Wind loading and internal service pressure

The British, American and European Codes all address this
subject. Fixed roof tanks shall be provided with anchorage fif,
due to one of the following conditions, there may be a tendency
for the shell and the bottom plate, close to the shell, to lift off the
foundation:

s Uplift on an empty tank due to internal design pressure,
counteracted by the effective weight of the roof and shell.

¢ Uplift due to internal design pressure in combination with
wind loading, counteracted by the effective weight of the
roof and shell, plus the effective weight of product, consid-
ered by the tank operator, to be always present inthe tank.

(This last condition is at the sole discretion of the tank oper-
ator.)

Note: The tank weights referred to are the weights after de-
ducting any corrosion allowances.

3.9.2 Anchorage attachment

The principle point of attachment of the anchorage shall be on
the tank shell plating and not the bottom plating and should be
so designed to accommodate any tank movement due to ther-
mal changes and hydrostatic pressure. Stresses induced into
the shell due to the anchorage shall be kept to a minimum. Ex-
amples of tank anchoring methods are shown earlierin Figures
3.69 (a), (b) and (c).

The allowable stresses to the British, American and EN Codes
are given earlierin Sections 3.8.10.3 and 3.8.11.3andin Figure
3.70.
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3.9.3 Spacing of anchors

The allowable spacing of anchors to the British and American
Codes are given earlier in Sections 3.8.10.3 and 3.8.11.2 re-
spectively.

3.9.4 Worked example

Following a worked example is a good way to illustrate how an-
chorage is applied to a tank, and also how some of the previous
theory is applied.

Some of the previous data is used:
Using the tank design data from BS 2654, in Section 3.3.2.9,
except that the internal service pressure will be increased from

7.5 mbar to 56 mbar in order to ensure that anchorage will be
required. This is shown in Figure 3.72.

Allowable Stress at Root of
Anchor Bolt Threads
Uplift Resulting From MPa _(m
Tank design pressure 105 15,000
Tank design pressure plus wind* 140 20.000
Tank test pressure 140 20,000
Failure pressure (from F6) x 1.5 £ E

*See Appendix E for seismic design requirements.

bottom shall not be assumed to reduce the anchor load. The
failure pressure shall be calculated using as-built thicknesses.
cMinimum specified yield strength.

Figure 3.70 Allowable design stresses in anchors
From AP| 650, table F-1
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Figure 3.71 Frangible joint in a tank shell
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Tank Diameter D = 30.000 m Shell = 12 Plates per Course
Tank Height H= 16.000 m
Specific gravity w = 0.800 1.00 to be used for Shell design.
Internal press. p= 56.00 m.bar Internal vac 6.00 m.bar
Corrosion allowances ;- Shell plates 0.00 mm
Floor plates 0.00 mm
Roof plates 0.00 mm
Shell angles 0.00 mm, Total= 0.00 mm off each flange thks
Design temperature :- Max. 90.00 °C
Min. 0.00 °C

3 Ambient temperature storage tank design

I
e :
Course No. Height (m) Thickness (mm) Equival ::)l height
5 2.0 8.0 2,000
7 20 8.0 2.000
2 | 20 8.0 2.000

The total equivalent stable height of the shell HE = 12.388 m.
3.9.4.3 Maximum unstiffened height of the shell

Steel type :- BS EN 10025 S275
275.000 N/mm? for 't <= 16mm
183.333 N/mm? (2/3 x min. Yield)

Minimum Yield Stress =
Design stress =

Shell thickness D/20.5 {98.w (H-0.3)+p}+ca

‘The Code requires a min. thickness

Design of the Shell.

8.00 mm

(ignore 'p'if =< 7.5 m.bar )

Course no.| Course Design | Calculated | Thickness |Any impact
height (m) stress thks. (mm) | chosen |Requ'mts?
1 2.000 183333 13.05 13:1 Yes
2 2.000 183.333 11.44 11.5 No
3 2.000 183.333 9.84 9.9 No
4 2000 183.333 8.24 8.3 No
5 2.000 183.333 6.63 8.0 No
6 2.000 183.333 5.03 B8O No
i) 2.000 183.333 3.42 8.0 No
3 2.000 183.333 1.82 8.0 No
Shell ht. = 16.00 Min. thks. = 8.00

The weight of the shell = 110,681 kg
This shell calculation demonstrates how the formula produces very thin upper courses.
The Code requires a minimum thickness of 8 mm for this tank diameter.

Figure 3.72 Tank shell design data illustration

Note: The shell thicknesses have increased slightly from
those shown in Figure 3.8, this is due to the increase in
internal pressure, from 7.5 mbar to 56 mbar.

3.9.4.1 Completion of tank design

The tank design has to be completed in order to obtain a tank
weight. This is required in order to be able to perform the an-
chorage calculation.

3.9.4.2 Shell wind girder calculation

In this example the tank site is located in Liverpool, England
and from Section 3.3.3 and Figure 3.10, the basic wind speed is
found to be 46 m/sec.

Also the topography factors from Section 3.3.3, Figure 3.11 and
3.12 are:

S$1=1.0 $2=0.96 S3=1.0
The design wind speed Vs is therefore 46 x 0.96 = 44.16 m/sec

Referring back to Section 3.5.2, equation 3.24 gives the equiv-
alent stable height of each shell course:

" 25
He = h(ﬂ:ﬂ]

For the bottom course:

g 25
He = 2.0[—] =0.538 m
1341

The calculation for the full shell can be shown in tabular form as
follows:

Equivalent height

Course No. Height (m) Thickness (mm) m)
1 20 131 0.853
2 2.0 11.5 0.807
3 2.0 9.9 1.174
4 20 &3 1.824
5 2.0 8.0 2.000

This is obtained from Section 3.5.2, equation 3.33 which gives:

b
tmin® )2

But first a value for K must be obtained from equation 3.32

where
i 95,000
(3.563- Vs2 +580- Va)

95,000

K = —7.998
(3.563 x 44.16% + 580 X 8.5)

Then:

85 0.5

Comparing the maximum height of unstiffened shell allowable
Hp = 8.811 m, to the equivalent stable height of the shell HE =
12.388 m it can be seen that as 8.811 m < 12.388m < 2 x 8.811
m, then one secondary wind girder is required and the Code re-
quires this to be positioned at HE/2 = 6.194 m down from the top
of the shell.

However, the girder may be positioned at a point 12.388 - 8.811
= 3.577 m down from the top of the shell, as in this position the
maximum permitted spacing of 8.811 m is still maintained.

There is an argument for placing the girder(s) as close to the top
of the tank as possible because it has been found in practice
that the upper courses tend to suffer more internal corrosion.
This is due to the wetting and drying cycle in the upper area due
to product movements in and out of the tank. Hence the
girder(s) offer stiffness in the area where it is most needed.

In any event the girder(s) shall not be within 150 mm of a shell
girth weld.

3.9.4.4 Section size for the secondary wind girder

From Figure 3.32, for a 30 m diameter tank the section size
shall be a 125 x 75 x 8 mm angle.

The toe of the longer leg of the angle is welded to either the in-
ternal or external surface of the shell. The normal preference is
to attach it to the external surface. This leaves a smooth internal
surface, which makes for easier tank cleaning and also allows
for the future fitting of an internal floating cover if, due to change
of stored produce, this is found necessary.

The weight of this wind girder is 1,150 kg.
3.9.4.5 Shell-to-roof compression zone
From equation 3.69 the required area in this zone is:
50.(p-0.77-1r)-R?
- (p-0.77 r)-R
Sc-tan 6

The minimum allowable roof plate thickness to the Code is 5
mm (to which any corrosion allowance has to be added).

The normal roof slope for a cone roof tank is 1 : 5 and this will be
used here.

For this tank
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50 x 456 —(0. :
= x {56 —(0.77 x5)} x 15
120 x 0.2

= 24,445 mm?

3.9.4.6 Participating roof and shell plate area

From Figure 3.55, in Section 3.7.4.1, the participating roof plate
length:

Wh=0.6,/1000-R, - t.
R, is the roof plate radius at the point where it meets the shell
and is given by:

B A5
L,
T A

Then:
Wh =0.6/1000 x 76.485 x 5 =371 mm
The area of this length of roof plating:
=Wh-t =371 x5=1885 mm?
Similarly the participating shell plate length:
Wc =0.6+/1000-R-t
In this case the radius of the shell:
R=15m
Then:
Wc=0.61/1000 x 15 x 8 =207.85 mm
The area of this length of shell plating:
—Wc-t =207.85 x 8 = 1662.8 mm?
The total participating area:
= Wh+ Wc=1885+1662.8 = 3547.8 mm”
The additional area required at the junction:
= A—(Wh+Wc)
= 24,445 -3547.8 =20,897.2 mm?
To comply with the Code, this additional area must lie within the
participating roof and shell lengths of:
Wh = 371 mm and We = 207.85 mm.

The additional area is too large to be provided by any combina-
tion of the largest angle sizes which are commonly available to
us. The alternative therefore, is to use thickened roof and shell
plates within the compression zone.

Following the same method used in the design example in Sec-
tion 3.7.10.1, the following result is obtained.

Corroded area required = 20,897.2 mm?

Try tr = 18 mm

and t = 16 mm

c.a. = 0mm

Roof slope 1in 5

Tank diameter = 30m

Roof radius = 76.486m

(tr-ca.) = 18 mm

(-ca) = 16 mm
Recalculate:

Wh =0.6+/1000 x 76.485 x 18 =704 mm

and

Wc=0.6+/1000 x 15 x 16 =294 m
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Also the Code allows the participating roof plate to overhang
the shell by 16.t which in this case is 16 x 16 = 256 mm.

By trial and error it is found that the roof plate dimensions of Wh
= 700m plus a shell overhang of 210 mm, give a roof plate area
of (700 + 210) x 18 =16380 mm?,

Using the allowable shell length of 294 mm x 16 mm, then the
area for the shell section is 4704 mm2.

The total area is therefore 16,380 + 4,704 = 21,084 mm? and
this meets the requirement.

Also it can he found that the centroid of the two plate sections
lies 7.64 mm above the corner formed by the two participating
plates.

From Section 3.7.11 the maximum distance for the position of
the centroid of area, either above or below the corner is:

1.5 (tr+1) /2 =25.5 mm
The chosen arrangement satisfies this requirement.
The weight of this composite section is 15,594 kg.

The compression zone will be constructed as shown in Figure
3ir3.

3.9.4.7 Roof plating

The roof plate thickness was selected as 5 mm, which is the
minimum to the Code, and, as is normal for this type of roof, the
lapped joints between the plates are welded on the top side
only.

The suitability of this thickness and joint type has to be proved
in accordance with equation 5.3 in Chapter 5. The reason for
this is that, as the roof plating is only attached to the tank at its
periphery then, under pressure it can lift off its support structure
and act as a membrane and so its suitability in this condition has
to be verified.

From equation 5.3 in Chapter 5, the thickness of the roof plate
to resist pressure:

=
where:

p = 56 mbar

R, = 76.485

S = 18.33 N/mm?

1 = 0.35 for a single side-welded lap joint
Then

=it x=7.64
~~__Centroid of area

294 (max.) | 310

1:4 slope \ 16

| 8 shell thickness

i

Figure 3.73 Compression zone construction
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The roof plating is not acceptable at 5 mm thick, with single
lap-welded joints. Three solutions to this situation are possible:

=6.68 mm

1) Lose 7 mm roof plating (which is a non-standard thick
ness, therefore 8 mm would probably be selected.)

2) Weld the underside as well as the top side of the lap welds.
This would increase the joint efficiency factor p to 0.5. The
required design thickness would then reduce to 4.67 mm
and then 5 mm plate would be acceptable.

However, welding the underside laps on such a large area of
roof would be an expensive and labourious task.

3) Re-design the roof as an umbrella roof when the roof ra-
dius can be selected to accept 5 mm plate.

In practice solution 3) would be the most favourable option, but
for the purposes of this exercise we will continue with the cone
roof and select to use 8 mm plate. A further effect of this deci-
sion is to increase the weight on the roof structure by about 17
tonnes (24 kg/ m?) and hence the design of the structure will
have to cater for this additional load.

The weightof the 8 mm roof plating is found to be 45,270 kg.
3.9.4.8 Roof structure

The various types of roof structures are dealt with in Chapter 5,
where it will be seen that they are designed to structural engi-
neering standards, which are not exhaustively dealt with in the
tank standards. For the tank in question, the structure will be of
the internal truss type and from previous experience it is found
that the net weight of such a structure is in the region of 31,000
kg, after allowing for the thicker than usual roof plating at 8 mm.

3.9.4.9 Anchorage calculation

Enough information is now available to calculate the effective
weight Ga of the tank for the anchorage calculation and this is
summarised as follows:

kg
Shell 110,681
Wind girder 15150
Shell-to-roof
compression zone 15,594
Roof structure 31,000
Roof plating 45,270

Ga = 203,695 = 1997.6 kN

Note: The floor weight is excluded from the effective tank
weight.

The forces acting on the tank which can cause anchorage to be
required will now be considered.

3.9.4.10 Overturning moment due to wind action only

Referring to Section 3.3.3.4 for the theory used in CP3 : Chap-
ter V : Part 2, the following is found:

Using equation 3.15, the design wind speed has been estab-
lished as 44.16 m/sec.

From equation 3.17 the dynamic pressure:
q=0.613-V.*

q=0.613 x 44.167

gq=1195.4 N/m?

The tank height to diameter ratio =16/30 = 0.533; and from Fig-
ure 3.12 the coefficient C;= 0.7.

The wind force normal to the shell from equation 3.20:
Fs =Cf.q-D-H

3 Ambient temperature storage tank design

Fs=0.7 x1195.4 x30 x 16

Fs =401,654 N
The wind force normal to the roof from equation 3.21:
Fr=Cf-q-%D-h

Fr=0.7x1195.4x(30.’2) x3

Fr=37,655.1N

The resulting wind moment on the tank is found from equation
3.19:

Mw = [Fs-H/2]+ [Fr(H+h/3)]
Mw = [401,654.4x16/2]=[37,655.1 (16+3/3)]

Mw =3,853,371.9 N or 3,853.37 kNm

Whilst it is not specifically mentioned in BS 2654, it is advisable
to apply a factor of safety to the tank overturning moment. Guid-
ance on this is given in BS 449: Part 2 “The use of structural
steel in building”. Clause 10b of this Code states “When consid-
ering wind loads, the restoring moment shall not be less than
1.4 times the overturning moment due to dead loads and wind
loads, nor less than 1.2 times the overturning moment due to
the combined effects of dead, imposed and wind loads”. There-
fore a factor of 1.4 will be used.

The value for Mw used in the anchorage calculation then in-
creases to 3,853.37 x 1.4 = 5,394.72 kNm.

The counteracting righting moment on the tank is given by mul-
tiplying the effective weight of the tank W less the uplift on the
roof due to the wind passing over it, which is usually taken as
0.6 x g x area, by the moment arm measured between the polar
axis of the tank and the tank shell.

Mr, = [W -(0.6 xgxarea)xD /2]

The uplift in this case is 0.6 x 1195.4 x 7 x 30% = 507 kN
Mr, =(1997.6-507) x30/2
Mr, =22.359 KNm

As Mry > Mw, anchorage is not required.

3.9.4.11 Overturning moment due to wind action while in
service

The Code requires the tank stability to be checked when it is
empty, but subjected to its internal design pressure together
with the external wind load and this is performed as follows:

The upthrust on the roof due to the internal pressure is:
Up =n/4-D?-p

Up = /4 x 30%x 56 x 0.01

Up =3958.42 kN
The resultant downward load is:
Ga-Up=1,997.6-3,958.42 = -1,960.82
Then the righting moment for this case:
Mr, =(Ga-Up)D/2
Mr, =-1,960.82 x 30 /2
Mr, =-29,412.3 kNm

The wind moment Mw is the same as before for this condition
and hence for this case Mr, < Mw and therefore anchorage is
required.
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Note: There is provision in the Code for the tank user to stipu-
late that there will always be a certain amount of prod-
uct in the tank at all times whilst the tank is in service.
For such cases the applicable weight of this product
can be added to the weight of the tank to counteract the
upthrust due to the internal pressure. This, in some
cases, can negate the requirement for anchorage to be
provided.

3.9.4.12 Design of the anchorage

To determine the load induced in the anchorage by the over-
turning moment, consider the following approach.

From the fundamental theory of bending it is known that:

Iy
where:

M = in this case the wind overturning moment

| = moment of inertia of the cross-section of the
tank

f = stress in cross-section

y = maximum distance from the axis of the section
to the outer fibres, in this case the radius r of
the tank shell

It is also known that:

‘— — 7 the modulus of the cross-section.
Y

and therefore:

i b equ 3.81
7 q
Also:
Stress =|Bﬂ Q= E
area A

The cross-sectional area of a thin cylinder is given as:
A=n-D-t

where:
D = diameter of the tank
t = shell thickness
Then:
f= L equ3.82
n-D-t
Equations 3.81 and 3.82 can now be equated:
M_ 1L
Z n-D:-T

By definition, Z, the section modulus for a thin walled cylinder is
given by:

oo B
4
Then:
M L 4.M i
3 — or 3 =
n/4.D02-t =Dt mn-D*t mDT
Hence:
ot

D

Lis the total load in all the anchors, so if the number of anchors
is N, then the load in each anchor is:
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——

Load/anchor = ﬂ
DN

The force W, resisting this load is that due to the shell, shell stiff-
ening and that part of the roof structure and plating which is
supported by the shell, (all after the deduction of any corrosion
allowance), minus p, the simultaneous uplift from operating
conditions such as the internal pressure on the roof.

This uplift may in certain cases be more than the weight of the
tank and in such cases the load is added to the load due to the
overturning moment.

Then:

W = (w -p) and the load per bolt = %

The load in each anchor is therefore is

4.M W
g R 3
. equ3.83

This is the expression, which appears in APl 650, clause

3.111.3 for anchorage, except that D is shown as the anchor cir-
cle diameter.

Adopting the nomenclature used in Section 3.94.10 and 11,
then equation 3.83 can be written:

_4-Mw _(Ga—Up)

= equ 3.84
D-N N

The BS Code does not give a method for calculating the an-
chorage loading but leaves this to the individual designer to for-
mulate.

The BS Code does stipulate that the spacing of anchors shall
be between 1 and 3 metres (see Section 3.8.10.3) and also that
the minimum cross-sectional area of an anchor shall not be less
than 500 mm?2, excluding any corrosion allowance.

Itis often convenient to arrange the anchors such that there are
an equal number on each shell plate, in this way clashes be-
tween anchor positions and vertical course welds can be
avoided.

For the 30 m diameter tank in question, the maximum number
of anchors is 94 and the minimum 32. As there are 12 plates per
course, then 36 anchors will be selected, giving 3 per shell
plate.

Assume the use of anchor bolts as shown in Figure 3.69 (a)and
a pitch circle diameter of 30.32 m.

From equation 3.80 the load per bolt

_4x5394.72 (-1,960.82)
"~ 30.32x36 36
—74.2 kN /bolt

Selected from the worked example in Section 3.8.10.3isanan-
chor bolt material having a minimum tensile strength of 430
N/mm? and a minimum yield strength of 255 N/mm? and hence
an allowable tensile stress of 127.5 N/mm? based on 50% ofthe
yield strength.

A bolt diameter of 36 mm will be selected, having a core stress
area of 817 mm? and this excludes a corrosion allowance.

The tensile stress in the anchor bolts will be:

74.24 x 1000
817

=90.87 N/mm?

This actual stress is less than 127.5 N/mm? and is therefore ac-
ceptable.
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3.9.4.13 Check for frangibility

If the tank were required to have a frangible roof joint, then the
calculation given in Section 3.8.10.3 would be based on the an-
ticipated roof failure pressure and performed as follows:

From Section 3.9.4.6 the total area of the compression zone is
21,084 mm2,

From Section 3.9.4.7 the roof plating is 8 mm thick

From Section 3.9.4.9 the effective weight of the tank (excluding
the roof plates) is 158,425 kg = 1553.64 kN.

From equation 3.79
__A-sc-tan @

= T

_ 21,084 x220 x 0.2

S 0TxE
X

= 88.62 millibar or 8.862 kN/m?
The upthrust on the roof:
Up =nx15% x 8.862

=6,264.18 kN
The net uplift on the roof is:
6,264.18 - 1,553.64 = 4,710.54 kN.

The tank is to have 36 off 36 mm diameter bolts, each having a
core cross-sectional diameter of 817 mmZ.

The load in each baolt:
= M —13085 kN
6
The stress in each bolt:

_130.85 x1000
817

=160.16 N/mm?

This is greater than the allowable stress of 127.5 N/mm? and is
therefore unacceptable.

Try using 42 mm diameter bolts with a core cross-sectional
area of 1112 mm?2,

The stress in each bolt:

~ 130.85 x 1000

S =117.67 N/mm2 and this is acceptable

It can be seen then, that whilst the tank anchorage of 36 off 36
mm diameter bolts was acceptable for wind and service load-
ing, for the frangible roof condition the bolt diameter had to be
increased to 42 mm.

Alternatively, the number of bolts could have been increased if
there was a desire to maintain a bolt diameter of 36 mm.

As mentioned in Section 3.8.10.4 the stress in the shell plating
must be checked at the roof failure pressure.

3.9.4.14 Wind loading to API 650

The American Code uses a different method to establish the
wind loading on a tank.

In clause 3.11.1 of the Code, specific wind pressures are pub-
lished, based on a wind speed of 100 mph, (160 km/h) and
these are:

1.4 kPa (30 Ibf/ft?) on vertical plane surfaces.
0.86 kPa (18 Ibf/ft?) on projected areas of cylindrical surfaces.

0.72 kPa (15 Ibffft?) on projected areas of conical and double
curved surfaces.

3 Ambient temperature storage tank design

These pressures can be adjusted for other wind velocities by
multiplying them by (V/160)? for Sl units, or (V/100)? for Imperial
units, where V is the wind speed in km / h or mph respectively.

The value Mw, the overturning wind moment, is then calculated
using the above figures.

The American Code chooses a safety factor of 1.5 (it was 1.4
for the British Code) and therefore for an unanchored tank:

1.5 Mw must be less than or just equal to the effective weight of
the tank W x D/2.

This is actually shown in the Code as:

Mw <= g [MJ
Sk 2

The load in each anchor tb is found from equation 3.79 except
that it is presented in the Code as:

W
"d-N N
where:
d = diameter of the anchor circle (m)

3.10 Tanks produced in stainless steel ma-
terials

The BS and API Codes are written around the use of carbon
steel materials. However for many years the petrochemical in-
dustry has required tanks made in stainless steel materials. Ac-
cordingly designers have used the existing Codes and adapted
them for stainless steel materials.

Stainless steel does not strain under load in the same way that
carbon steel does, as it does not have a distinct yield point. The
alternative is to use the value of the “proof stress” as the yield
stress and usually the value for the 1 % proof stress is used.

In 1998 API 650 introduced Appendix S into the Code and this
gives recommendations for designing tanks in austenitic stain-
less steel grades 304, 304L, 316, 316L, 317 and 317L.

The Appendix gives many recommendations, the important
ones being in the following areas:

e Lists of acceptable materials to be used for plates and struc-
tural sections, piping, forgings and bolting materials.

e Designinformation — This is very similar to that given in the
main body of the Code but for the shell design itincludes the
use of a joint efficiency, the value of which is dependant
upon the level of radiographic inspection of the shell welds.

e Tables for the allowable stresses and “yield stresses” for
tank shells at various design temperatures for the range of
steel grades covered by the Code.

e A table giving values for the modulus of elasticity of stain-
less steel over a range of temperatures.

e Alist of other Appendices which require modification when
used for austenitic stainless steels.

The BS Code does not yet give advice on the use of stainless
steels for tank construction.

The European code prEN 14015 -1 does include references to
he use of stainless steel and these can be briefly summarised
as follows:

= Alist of acceptable austenitic and austenitic-ferritic steels to
EN 10088 -1 is given

e The allowable stress levels have to be determined by the
designer from EN 10088 -1

e Minimum floor plate thicknesses are given as:
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Lap-welded floors 5 mm
(compared to 6 mm for carbon steel)

Butt-welded floors 3 mm
(compared to 5 mm for carbon steel))

e The minimum allowable nominal shell thicknesses are
given as:

Carbon steel (mm)

Tank diameter ‘D’ \ Stainless steel (mm) ‘ for comparison
it o kgl o o R B o i
5

10 to <15 4 | ‘

‘ 15t <30

S T e M

- -

| 30to <45

‘ By agreement between the
purchaser and the contractor

Up to 12 depending on
diameter

h e

s Minimum roof plate thickness 3 mm
(compared to 5 mm for carbon steel)

o Minimum thickness of structural roof members I mm
(compared to 5 mm for carbon steel)

e Shell nozzle barrel thicknesses:

T =
Carbon steel (mm)
for comparison

| LS 35 5 A
|% >50<=75 e D 55
T >75<=100 6 7.5
“ >100 <= 150j____ 7 85
‘  >150<=200 ‘ a8 10.5 ]

h__::> 200 1 9 \ 125

“ 0.D. of Nozzle (mm) | Stainless steel (mm)

¢ Roof nozzle barrel thicknesses:

e |
‘I n.b. of nozzle (mm) Stainless steel (mm) ‘

Carbon steel (mm) ‘
for comparison
i — e e 8 e
|L_725_,7 | AR e
Sl 5 ol ]

“f Bl ¥l o 27

|r7 R - Ll T Rl | gy e Nl _“

e ' (I |
150 | e TR

| 200 T ‘ 8.2 _‘||

| 250 4 03

|\ 300 Jr 45 = 95 \‘|

3.11 Semi-buried tanks for the storage of
aviation fuel

An interesting design of storage tank has become the Standard
for the storage of aviation fuel at most military air bases and
some commercial airports.

These are vertical cylindrical tanks which are cased in rein-
forced concrete and either fully or semi-buried. In the case of
military establishments, the reason is based on security from
aerial or ground attack. A series of these tanks under construc-
tion is shown in Figure 3.74

The tanks are supported on a cone down to the centre rein-
forced concrete foundation with a slope of 1:25 and a central
bottom liquid outlet. The bottom is usually butt-welded and
around 12 mm thick. It is important to ensure that there are no
voids between the floor plating and the foundation in order to
give a firm seating for the support columns. Also, the floor must
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freely drain to the centre sump. Itis therefore important to
sure that the plates do not distort during welding and the us
strongbacks is essential as shown in Figure 3.75.

Figure 3.74 Semi-buried tanks under construction
Courtesy of McTay

e ——

Figure 3.75 The use of strongbacks during welding to stop plate distortion
Courtesy of McTay
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Figure 3.76 The fank shell is coated with bitumen-based paint system
Courtesy of Whessoe

Figure 3.77 The tank is clad in reinforced concrete
Courtesy of Whessoe
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Sigure 3.78 The tank is clad in reinforced concrete
Courtesy of Whessoe

Sigure 3.79 The tank roof is clad in reinforced concrete
Courtesy of Whessoe

Sigure 3.80 The whole structure is partially or completely buried
Courtesy of Whessoe

The tanks’ bottoms were originally designed to resist an exter-
nal pressure arising from the ground water of around 1 m head
(nence the 12 mm thickness) but for later tanks this require-
ment was removed (although the 12 mm thickness was main-
tained).

The tank shells are butt-welded and the tank roof is flat sup-
ported by internal columns. Following construction of the metal-
lic parts, the tank shell is coated with a bitumen-based paint
system, see Figure 3.76, andis cladin reinforced concrete (Fig-
ures 3.77 and 3.78) as is the tank roof (Figure 3.79). In some
cases a concrete combined pump house and control room is

3 Ambient temperature storage tank design

Figure 3.81 Lining of internal surfaces with an appropriate epoxy-based paint
system

Courtesy of Mc Tay

constructed on top of the tank. The whole structure is then par-
tially, or completely buried and grassed over to make its pres-
ence less obvious. This is shown in Figure 3.80.

These tanks are made of carbon steel, up to 33 m in diameter.
The internal surfaces are lined with an appropriate epoxy based
paint system for reasons of product cleanliness as shown in
Figure 3.81.
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4 Nozzle design and the effect of
applied loading

The majority of piping systems connectinto a tank at a low elevation in the bottom course of the
shell plating. The design of these external piping systems which connect to thin-walled, large
diameter, cylindrical vertical storage tanks can pose a problem in the analysis of the interface
between the piping system and the shell nozzles.

The designer must consider the stiffness of the tank shell and the radial deflection and
meridional rotation of the shell nozzle resulting from the product head, pressure and uniform or
differential temperature between the shell and the bottom. The work of the piping designer and
the tank designer must be coordinated to ensure that the piping loads imposed on the shell
nozzles by the piping are within safe limits.

This Chapter elaborates on the method of analysis given in Appendix P of AP 650.
Contents:

4.1 Nozzle design
4.1.1 The scope of the nozzles analysed
4.1.1.1 The loading on the nozzle
4.1.1.2 Definition of stiffness coefficients
4.1.1.3 Shell deflection and rotation
4.1.1.4 Determination of loads on the nozzle
4.1.2 The assessment of nozzle loadings
4.1.2.1 Determination of allowable loads according to the API 650 approach
4.1.2.2 Construction of the nomograms
4.1.2.3 Determination of allowable loads
4.1.3 Concluding comments
4.1.4 Method of analysis example
4.1.4.1 The problem
4.1.4.2 The solution
4.1.4.3 The stifiness coefficients for the nozzle-tank connection
4.1.4.4 Unrestrained shell deflection and rotation at the nozzle centreline
4.1.5 Assessment of the nozzle loading example
4.1.5.1 Determination of the non-dimensional quantities
4.1.5.2 Construction of the load nomograms

4.2 References
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4 Nozzle design and the effect of applied Joading

4.1 Nozzle design

Grateful acknowledgment is given to the late Professor A. S.
Tooth, Professor of Mechanical Engineering at University of
Strathclyde, Glasgow, for the following elaboration of the appli-
cation of the theory.

Many large diameter cylindrical tanks are constructed with low
entry nozzles in the shell close to the base plate - illustrated in
Figure 4.1. The location of these enables bulk liquid storage
systems to make use of gravity feed for discharge. In view of
this, and of their small diameter compared to the tank diameter
and the fact that the tank radius/wall thickness (R/t) ratio is
large, it is not possible to make use of the charts provided in BS
5500 and WRC Bulletin 107 (or WRC 297) to determine the
stiffness coefficients for the nozzles when subjected to local
loading. The above references are primarily designed for the
analysis of pressure vessels, rather than storage vessels, and
are limited to vessel geometries within the range appropriate
for high pressure service.

To cope with this, a simplification is often made when carrying
out an overall pipework analysis, in which the tank is assumed
to be a rigid anchor. However, ignoring the local flexibility of the
nozzle-shell connection in the piping flexibility analysis can re-
sult in a significant overestimation of the rigidity of the piping
system and of the “end reactions” at the pipe-to-nozzle junc-
tion. This can often lead to unnecessary redesign of the piping
system and the nozzle-shell attachment to handle the higher
loads, which are predicted by the analysis.

The APl 650 Code Appendix P addresses this problem,
whereby the local stiffness coefficients can be obtained. These
are given for arange of R/t values, nozzle radius/shell radius ra-
tio values (a/R), and ratios of distance from the base/nozzle di-
ameter (L/2a), which are appropriate for these large storage
vessels. The nozzle restraints can thus be more accurately
modelled and included in any conventional piping analysis pro-
gram, to determine the actual loads on the nozzle and from
these the resulting stresses in the vessel. The method is how-

Y
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ever only to be applied to tanks whose diameter is larger than
36 m.

The approach, by Billimoris and Hagstrom, (Reference 4.1)
was incorporated into AP1 650 Appendix P in November 1988.
The purpose of the method is to provide local stiffness coeffi-
cients for the nozzle-shell connection that can be used in the
design of the piping system. The restraint of the nozzle connec-
tion can be simulated by including these coefficients in any con-
ventional piping flexibility analysis program. Then from a com-
patibility analysis of the piping system, the value of the loads on
the nozzle can be determined and, thereafter evaluated to see
if they can be safely carried by the tank.

4.1.1 The scope of the nozzles analysed

Two types of reinforced nozzle connections are considered in
API| 650. These are:

¢ Reinforcing in the nozzle only by an increase in the noz-
zle wall thickness, in which case the tank is not reinforced by
a pad plate or insert.

¢ Reinforcing of the shell by means of a pad plate or an in-
sert plate. The width of the reinforcing zone on each side of
the nozzle centre-line is prescribed as 2a and the thickness
of the reinforcing plate is assumed equal to the tank thick-
ness.

For both types of nozzle connections, the distance from the
tank bottom L, (see Figure 4.52), is described in terms of L/2a.
Two cases are examined, viz., L/2a=1.0 and 1.5L.

Curves for determining the stiffness coefficients are given for
R/t ratios from 300 to 3000 and a/R ratios from 0.005 to 0.04.
Forintermediate values of R/t and a/R, the stress values can be
found by interpolation from the curves. It is considered that the
ranges of the ratios R/t and a/R given in the Code should ade-
quately encompass the majority of low-type fittings. Other val-
ues of L/2a can be approximated.

= Wae
| | RADIAL LOAD F,

F
H Wee = FR/KFI
8.
- 6, = tan™ (Wx/L)
LONGITUDINAL MOMENT M,
@ : 8, =M [K_

Way = (L) tan (8,)

CIRCUMFERENTIAL
MOMENT M,

Figure 4.1 AP| 650 nomenclature for piping loads and deformation on nozzle together with three types of loading
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=igure 4.2 Diagrammatic presentation of pressure load distributions
4.1.1.1 The loading on the nozzle

Under the most general movement of the piping system, the
nozzle will be subject to three forces and three moments acting
- and about the orthogonal axes. However, only one force and
“wo moments are considered significant in causing shell defor-
mations.

These three types of loading are shown in Figure 4.1; they are:
e radial thrust Fr, longitudinal moment My, applied in a verti-
zal plane through the centre of the nozzle, and circumferential
moment Mc, applied in a horizontal plane through the centre of
e nozzle.

The above nozzle loadings were modelled assuming the nozzle
-zdial load was uniformly distributed over an equivalent square
~atch of the uncut shell. That is the hole, the nozzle penetration
=nd the nozzle geometry are ignored. The moment loadings
were assumed to apply a triangular interface pressure load to
e square patch of the uncut shell. These distributions are
shown diagrammatically on Figure 4.2.

NOTE: This simplified approach, by which the nozzle local
loading is transferred to the uncut vessel, is thatusedin
WRC Bulletin 107 and BS 5500. However, in the WRC
Bulletin 297 a more rigorous approach is adopted
whereby the actual nozzle and shell are analysed, that
is to say the shell is penetrated.

- addition to the deformations due to piping loads. there will be
#ee-body deflections and rotations of the tank shell.

4.1.1.2 Definition of stiffness coefficients

The relationship between the elastic deformation of the tank
<hell nozzle connection and the external loads are expressed
on Figure 4.1 in the following linear form:

Reinforcement on shell
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] - ]
€ ixi0
= x [ =
o E =
B = \. =
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0 r 5
1% 10

5 %3 58858 g

=u;9ure 4.3 Stiffness coefficient for radial load: Reinforcement on shell
_2a=1.0)

3000
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Fr =Kg X Wee equ4.1

M =K_x6f equ4.2

M =K¢ x6¢ equ4.3

where:

Kg, K = stiffness coefficients

& Ke

Wge = radial deflection of the tank at the nozzle con-
nection

oL = rotation of the tank meridian in a vertical plane
at the nozzle connection

0c — rotation in the horizontal plane at the nozzle

connection due to a circumferential moment

Reinforcement on shell

i 5 Lf2a=10 3
g B 1
E 1x102 E

E S b -
L N a/R=0005 -
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5 1x10° | .
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Figure 4.4 Stiffness coefficient for longitudinal moment: Reinforcement in noz-
zle neck only (L/2a =1.0)

Reinforcement on shell
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Figure 4.5 Stiffness coefficient for circumferential moment: Reinforcement on
shell (L/2a = 1.0)
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4 Nozzle design and the effect of applied loading

Fr = radial thrust
My = longitudinal moment
Mc = circumferential moment

In relation to the equations 4.1 to 4.3, it should be noted that ra-
dial deflections and meridian rotations arise from both the radial
thrust Fr and the longitudinal moment M.. The resultant com-
patibility equations are given in Section 4.1.1.4, equations 4.6
to 4.8, which make this point clear. In API 650 there is no dis-
tinction between the displacements caused by the individual
nozzle forces and the resultant displacements caused by all ef-
fects, the same symbol is used for both.

A computer program based upon the work of Kalnins was used
to derive these stiffness coefficients, which are given in the
Code in non-dimensional form. As indicated in Section 4.1.1,
two values of the ratio, distance from the base/nozzle diameter,
are examined i.e. L/2a = 1.0 and 1.5, and the two types of rein-
forced local geometry were considered.

In all, the Code presents twelve charts. For illustration typical
values of stiffness coefficients are given in Figures 4.3, 4.4 and
4.5 for radial load, longitudinal moment and circumferential mo-
ment for the case of L/2a = 1.0, and for the reinforcement on the
shell case.

4.1.1.3 Shell deflection and rotation

The product in the tank produces both radial and rotational
growth. They are given by the following:

Radial growth of the shell

The unrestrained outward radial growth of the shell at the cen-
tre of the nozzle resulting from the product head and/or the ther-
mal expansion can be determined as follows:

98x10°GHR?[

W = = Lue-f’tcos(ﬁl_ % H+ aRAT

equd.4
Rotation of the shell

The unrestrained rotation of the tank at the centre of the nozzle
resulting from the product head can be determined as follows:

9.8x10°G-H-R* (1 _ _ .
e (ﬁ —pe " (cos(B-L) +sin(p- L))J
equ4.5
where:

G = design specific gravity of the liquid

H = maximum allowable tank filling height (mm)

R = nominal tank radius (mm)

E = modulus of elasticity (MPa)

t = tank thickness at the nozzle (mm)

[ = vertical distance from the nozzle centreline to
tank bottom (mm)

P = characteristic parameter = 1% (1/mm)

o = coefficient of thermal expansion of the tank
material, [(mm/ mm -°C)]

AT = temperature differential (°C)

Note: The phrase “unrestrained” in the above two expres-
sions takes account of the vessel base restraint, which
implies zero radial movement and the freedom to rotate
like a “hinge”, but not the restraint caused by the pipe
work.

4.1.1.4 Determination of loads on the nozzle
The relationship between the elastic deformation of the nozzle
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and the external piping loads can be expressed as follows:

W = %— —Ltan[r}} + W (from equation 4.67) equ4.6
R L

g = M —tan™ o e + 9 (from equation4.68) equ4.7
K, LKy

0, = Me equ4.8
KC

Wk, 6. and 8¢ are the resultant radial deflection (in mm) and ro-
tation (in radians) of the tank at the nozzle opening resulting
from the piping loads Fr, M, and M and the product head, pres-
sure and uniform or differential temperature between the tank
shell and the tank bottom.

In the above equations the deflections W and 6 can be obtained
from equations 4.4 and 4.5. The resultant deflection and rota-
tions on the left-hand side of equations 4.6 to 4.8 must be equal
to those from the connecting piping system, which can be ob-
tained from a pipe work analysis. The problem, therefore, co-
mes down to the solution of three simultaneous equations,
where the unknowns are the three piping loads, Fr, M and Mc.
The problem, therefore, is solved.

The assessment of these loads as given in AP 650 are outlined
in Section 4.1.2 and in Section 4.1.4 the details of the approach
in Appendix P is shown by means of an example.

4.1.2 The assessment of nozzle loadings

4.1.2.1 Determination of allowable loads according to the
API 650 approach

API 650 Appendix P provides a linear interaction diagram to es-
tablish an allowable load criterion for any “low type” nozzle con-
figuration when several loads acttogether. The hoop stress due
to the product head is taken into consideration in formulating
the criteria. When the nozzle loads are acting to produce ten-

Two-thirds of the r?guirad reinforced area must be located
within a+ 0.5 (Rt)"" of the opening centeriine W
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/'Yu

e ;

Yol ¥
3]

7TV

=
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0.1 0.2 0.3 0.5 1.0 2.0

A =a/(A)° = (asAN(R/M)™

Figure 4.6 The coefficients Y. and Y
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200 s e
Two-thirds of the required reinforced area must be located
within @ + 0.5 (Rt )** of the opening centerling \

Ye
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Figure 4.7 Obtaining coefficient Yo

sion in the areas of the tank shell which experience hoop tensile
stresses due to product head, the criteria for allowable nozzle
loads are more restrictive than when these nozzle reactions act
in the opposite direction and their effect is mitigated by the
product head.

The stresses due to the product head at a particular elevation
on the tank shell are related to the distance from the tank bot-
tom. Thus, it is possible to express their effect in terms of a
non-dimensional distance from the bottom. Itis also possible to
express the effect of the nozzle loads in terms of a non-dimen-
sional length by normalising the reaction, using the pressure
force on the cross-sectional area of the nozzle as the normalis-
ing divisor.

Homograms have been constructed by limiting the total maxi-
mum calculated hoop membrane stress due to the product
head and the nozzle loads to 110% of the design allowable
stress. Also the maximum calculated surface stress (i.e. mem-
brane and bending) has been limited to three times the allow-
able design membrane stress. (This latter limitation implies that
the stress in this region is secondary, which is somewhat opti-
mistic since there will also be a primary bending element as
well). The allowable load parameters have been adjusted in
cases where the bending stress is the governing factor. Consis-
tent units for the various parameters in the approach must be
used throughout.

In view of the multiple possibilities and because the piping anal-
ysis usually involves several loading cases, a graphical proce-
dure, using nomograms is suggested. Despite the complexity
of the loading Billimoris and Hagstrom (Reference 4.1) havere-
duced the approach to the use of only two nomograms for each
nozzle configuration.

The non-dimensional stresses due to the piping loads Fgr, ML

and M are proportional to the quantities:

b | Be} A L f, My, respectively,
AT AL aYe \ Fe

where:
a

A = -J—ﬁ_t_

Fp = pra? the pressure end load on the nozzle for

the pressure due to design product head at the
nozzle centreline

Ye, Yo = the coefficients which indicate the effect of the
&Yc nozzle loads on the shell-nozzle junction and
obtained from Figures 4.6 and 4.7

20 [E&} _isthe non-dimensional quantity plotted on the
2Y. | ) = abscissa of the “allowable load” nomogram

e M and B i Mo are plotted on the ordinate; one
ax: LF aYe | R

nomogjram for each combination of radial load and moment.
4.1.2.2 Construction of the nomograms

The following steps are set out in API 650:

1. Determine the non-dimensional quantities X, /VRt,
Xe/~/Rt and X /Rt for the nozzle configuration.

2. Lay out two sets of orthogonal axes on graph paper with
ordinate and abscissa as indicated above and shown in
Figures 4.8 and 4.9.

3. Construct four boundaries for Figure 4.8 and two bound-
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(/aY) (M, [F)

0.1or
| & [1.0-0.75 X, / (A1)°3),

whichever is greater

IIlI!IIl

Ll af2v) Rl

0.10r
[1.0-0.75 X, /(A1)
whichever is greater

Figure 4.8 Construction of nomogram for b,, b,, ¢,, ¢, boundary

(2 [ aYe) (Mc/Fe)

1.0

0.1o0r
[1.0-0.75 X/ (R1)%%),
whichever is greater

h'

Ao s bt
-1.0 -05

Ll v R
1.0

Figure 4.9 Construction of nomogram for b,, ¢, boundary

aries for Figure 4.9. Boundaries by and b, are constructed
as lines at 45° angles between the abscissa and the ordi-
nate. Boundaries ¢4, ¢;, and c; are constructed as lines at
45° angles passing through the calculated values indi-
cated on Figures 4.8 and 4.9. The shift in the 45° lines re-
flects the points made earlier concerning the necessity of
restricting the tensile stresses when they are additive.

4.1.2.3 Determination of allowable loads

1. From the values of the local nozzle loading Fr, M. and M,
and the other parameters, the following quantities can be
obtained:

L T ava R

2 Plo’[thepc:»intcorresspcnndingtoL —FE, L o onthe
2 LR aY LR

nomogram constructed as shown in Figure 4.8, redrawnin
Figure 4.10.

3. Plotthe pointcorrespondingtoi E, b M on the
2 \F) af\k

nomogram constructed as shownin Figure 4.9, redrawnin
Figure 4.11.

4. Forthe piping loads to be acceptable both points must lie
within the boundaries of the nomograms shown in Figures
4.10 and 4.11.
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Figure 4.10 Determination of allowable loads from nomogram: Fg and M
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Figure 4.11 Determination of th allowable loads from nomogram: F and M,

4.1.3 Concluding comments

The method set out in AP1 650 provides a method for determin-
ing the stiffness characteristics of the tank shell-to-nozzle junc-
tion, which can be used in a thorough piping analysis fo deter-
mine the piping loads.

Having determined the piping loads, their magnitudes can be
assessed by means of an interaction diagram set out in API
650. The ordinates of two nomograms are normalised with re-
spect to the end pressure on the nozzle. Design limitations con-
sistent with the various piping loads are built into these dia-
grams to provide the required design safety.

Note: Such an analysis is not provided in BS 2654. It could
well be that this reflects a degree of uncertainty as to
the validity, or value, of the newer methods of analysis.
Perhaps further assessment of these methods is re-
quired.

4.1.4 Method of analysis example

The example given in API 650 Appendix P is used to illustrate
the method of analysis to determine the forces which arise on a
610 mm (24") nozzle located near the bottom of the tank when
connected to a simple pipework layout.

4.1.4.1 The problem
This is presented as follows:

Atankis 79.24 m (260 ft) in diameter and 19.506 m (64 ft) high,
and its bottom course is 33.78 mm (1.33 in) thick. The tank has
a low type nozzle with an outside diameter of 610 mm in-accor-
dance with API 650, and the nozzle centreline is 630 mm
(24.75 in) up from the bottom plate, with reinforcement on the



2a =610 mm

L L =630 mm

\ b

5—_dt

33.78 mm | |g

Figure 4.12 Low type nozzle with reinforcement in nozzle neck only

From API 650, Appendix P, figure P-6

opening (neck) only (see Figure 4.12).

Determine the end conditions (W, 8, Kg, K| and K¢) for usein a
piping analysis and hence determine the value of the radial
thrust Fg, the longitudinal moment M. and the circumferential
moment Mc.

where:
a = 305 mm
15 = 630 mm
H = 19,506 mm
AT = 93-21=72°C
R = 79.24/2 x 1000 = 39,624 mm
t = 33.78 mm
E = 198,620 N/ mm?
G = 1.0
o = 0.0000012 mm/ °C

4.1.4.2 The solution

In the first instance APl 650 Appendix P is used to determine
the stiffness coefficients and the unrestrained shell deflection
and rotation at the nozzle resulting from the hydrostatic head
and the temperature differential. Thereafter these values are
used in a pipework analysis to determine the thrust and mo-
ments at the nozzle. An assessment is made, using the method
given in Appendix P, to determine the acceptability of the de-
sign.

The stiffness coefficients:
For the nozzle-tank connection
R/t = 39624 / 33.78 = 1173

a/R = 305/ 39624 = 0.008

L/2a=630/610=1.0

For the radial load from Figure 4.13
KR
E(2a)

=34 %10~

Kg =(3.1x10*)(198620 x 610)

Kg =37559 N/mm

For the longitudinal moment from Figure 4.14

K >=3.0x10"
E(2a)

4 Nozzle design and the effect of applied loading

K. =(3.0x 10) (198620 x610° )

K, =13.6 x10"° mm —N/radian

For the circumferential moment from Figure 4.15
KC

s =5.0x10"
E(2a)

Ko =(5.0x10) (198620 x 610%)

Ko =22.6 x 10~°mm —N/radian

Unrestrained shell deflection and rotation at the nozzle
centreline

The product in the tank (hydrostatic head and temperature dif-
ferential) produces both radial and rotational displacement.
The unrestrained values of these are given by equations 4.4
and 4.5 in terms of the tank geometry, the tank material con-
stants, the height and specific gravity of the liquid contents,
shown as follows:

n . 4.R?
W:_—Q'B“OE ;3 Ak (1—eBLCOS[B-LhD+a-R-AT

9.8x107°G-H-R? (1 b ;
9=_X_E¢__(ﬁfﬁe BL(t:os(ﬁ-L)+:s|n([3-L))J

And B = characteristic parameter

_1.285 _ 1.285

~ JR-t /39624 x33.78
thus

p-L=0.00111 x 630 =0.7rad
Substituting into equation 4.4:

W 28x 10°® x 1.0 x 19506 x 39624
- 198620 x 33.78

((1 —g Pt cosO.T) = 12%{;]

+(12 x 10 x 39624 x 72)

=0.00111

W =44.73 x (1-(0.4966 x 0.7648) ~0.0323) +34.23

W =60.53 mm (APl gives 59.7 mm, using rounded values)
Substituting into equation 4.5:
9.8x10°G-H-R?
E-&
i -pL .
E—B-e (cos (ﬁ-L)+S|n(B-L))J

98 x 10 10 x 19506 x 39624°
198620 x 33.78

8=
(_1 9;06 ~0.00111 X 0.4966 (cos 0.7 +sin 0.7)]

p=

0=44.73 X

{0.00005127 - (0.00111 x0.4986 x (0.7648 + 0.6442) ) |
6 =44.73 x~0.0007254

0 =—0.032 radians (as given in APl) = 1.833 degrees
4.1.5 Assessment of the nozzle loading example

As indicated in Section 4.1.2, using the approach in API 630
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4 Nozzle design and the effect of applied loading

Appendix P provides an interaction diagram to establish the al-
lowable loads. The background to the criteria and details of the
method of construction of the nomograms has already been
given. The example given here uses the method and plots the
four cases on the resulting nomograms.

4.1.5.1 Determination of the non-dimensional quantities

From the nozzle illustrated in Figure 4.12 the following values
can be found:

Xa =935 mm at the top of the nozzle
Xg = 325 mm at the bottom of the nozzle

Xc = 630 mm at the centre line of the nozzle

Using these the following non-dimensional quantities are as fol-
lows:

935

Xa
O ol B 0 L aolBd
JRt /39624 x 33.78

X, 325
Zee Con se L W aE
JRt /39624 x33.78

Xe 630
e = 0 054
JRt /39624 x33.78

a 305
P . T B e
JRt /39624 x33.78

From Figures 4.6 and 4.7, the values of Y|, Yr and Y¢ can be
found.

Y. =78
YF =19
Yc =15.0

4.1.5.2 Construction of the load nomograms
From these values a nomogram can be constructed.

1.0-07528 -1.0-0.75 [L] =0.79
JRt /39624 x 33.78

Reinforcement on opening (neck) only
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Figure 4.13 Stiffness coefficient for radial load: Reinforcement in nozzle neck
only (L/2a = 1.0)

From API 650, figure P-2G
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1.0-0.752% —1.0-0.75 [L] ~0.40
JRt /39624 x 33.78

1.0-0.752 —1.0-075 [LJ ~0.59
JRt /39624 x 33.78

The ordinates and abscissa of these nomograms can be found
using the radial load Fp , associated with the pressure head at
the nozzle. In this case this is equal to:

F. =Pra? = (9800)(1.0)(19.2 ~0.630)(0.305)° = 53,200N

Reinforcement on opening (neck) only
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Figure 4.14 Stiffness coefficient for longitudinal moment: Reinforcement in
nozzle neck only (L/2a = 1.0)

From API 650, figure P-2H

Reinforcement on opening (neck) only
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Figure 4,15 Stiffness coefficient for circumferential moment: Reinforcement in
nozzle neck only (L/2a = 1.0)

From API 650, figure P-21
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ON The limiting nozzle loads can now be established.

For the condition M_ = 0 and M¢c =0
* [R|_122x10°F, <<04
2% \F;

and hence
g 04 -

Rmax™ 4 29510

For the condition M_= 0 and Fg =0

& (%} =1.07 x10° M, <=0.59

=328000N (tension at ‘A’ controls)

a-YC |k
and hence
0.59
— " —550%16° N.mm
M 1.07 x10°
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- 3
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4 Nozzle design and the eiffect «

(tension at ‘'C’ controls)
For the condition Mc = 0 and Fg =0

& [%J =2.05x10°%M <=04

a-YL | K
and hence
0.4 &
=——" =195 x10° N.mm
Mo 2.05x10%

(tension at "A’ controls)
A summary of the limiting nozzle loadings are:
Frmax = 328,000 N (tension at ‘A’ controls)

M., =550 x 10° N.mm (tension at ‘C’ controls)

M., =195 x 10° N.mm (tension at ‘A’ controls)

4.2 References

41 Stiffness Coefficients and Allowable Loads for Nozzles
in Flat Bottom Storage Tanks, H. D. Billimoris and J.
Hagstrom, ASME Jn Pres Ves Techn 100 (4), 1978 p.
389.
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5 The design of tank roofs - fixed

The design of fixed roofs for atmospheric storage tanks has not undergone any radical change
I for a considerable period of time. Designs are based almost entirely on the practices and
I experiences of tank users in the petrochemical industry over many years and the design rules
which are laid down in the various Codes.

The most influential and widely used tank Code is American APl 650. This Code was first
published as API 12C in 1936 and since the early 60s the design rules for tank roofs have not
changed significantly.

The British Standard for atmospheric storage tanks BS 2654 has taken a different approach to
the American Code in many areas of tank design, but in terms of tank roof design, it has followed
the API rules almost exactly. The design of floating roofs is discussed in Chapter 6.
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5 The design of tank roofs - fixed

5.1 The design of tank roofs

This is an area of design which has been effectively fossilised
for some 40 years. This is perhaps largely because the existing
designs work well giving little incentive for innovation and that
the savings to be made are modest in comparison with the per-
ceived risks of new and untried designs being used.

Tank roofs perform the basic function of keeping the elements —
and possibly the occasional bird — out of the stored product,
and, with varying degrees of success, keeping product vapours
out of the atmosphere. The various types of roofs are outlined
below.

5.1.1 Basic types

There are two main types of tank roof and these are illustrated
in Figure 5.1.

s The first type is the fixed roof
e The second type is the floating roof

Both fixed and floating roofs are available in a number of differ-
ent forms. Fixed roofs are discussed in this Chapter and float-
ing roofs are discussed in Chapter 6.

5.1.2 Differences between fixed and floating roofs

One of the disadvantages of the fixed roof tank, especially with
the more volatile products, is the loss of product vapour which
occurs for two reasons.

Firstly, the diurnal changes in atmospheric temperature cause
“breathing losses”.

Secondly, the import and export of product to and from the tank
causes “filling” losses.

The emission of large volumes of product vapour into the atmo-
sphere is both costly and environmentally undesirable. This
problemis largely solved by the floating roof tank where the roof
sits on the surface of the product and moves up and down as
product is imported and exported and thus the majority of the
vapours are contained under the roof.

There is also a hybrid of these two main types of roof and that is
where an internal floating cover, which is of a much lighter con-
struction than the normal floating roof, is fitted within a fixed roof
tank. This internal cover may be fitted to the tank when it is first
built, or it may be retro-fitted at a later date since the compo-
nents for these types of cover are designed to fit through a stan-
dard 24" (610 mm) shell manhole.

These internal covers are used for the following reasons:

a) Where a tank service is changed to the storage of a more
volatile product.

b) Where changes to either environmental or safety consid-
erations require the reduction of vapour emissions.

c) Where the vapours of a highly volatile product have to be
contained and also there is a need to ensure that the prod-
uct is kept dry and not contaminated with rainwater.

5.2 Fixed roofs
5.2.1 Design basis

The basic design parameters are laid down in the most widely
used Codes BS 2654, API 650 and the proposed European
Code preN 14015. There are other national and company spe-
cific Standards, which may partially supersede or augment
parts of these tank Codes, but they are too numerous to be in-
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Cone or dome roof

Fixed roof tank

Floating roof tank

Fixed roof tank with
internal floating cover

Figure 5.1 Types of tank roof

cluded here and would be applied by the designer as directed
by the tank purchaser, on a job-by-job basis.

5.2.1.1 Design loadings

a) Anexternal superimposed load of a minimum of 1.2 kN/m?
(25 Ib/in3).

In the case of the American Code, this load is deemed to
include dead load plus a uniform live load.

For the British Code, this load is the sum of either internal
vacuum and snow load, or, internal vacuum and live load.

This loading generally dictates the thickness of the roof
sheeting for roofs without supporting structures, and dic-
tates the nature of the supporting structure for roofs which
have such structures.

b) Internal pressure. The British Code states that this can be
between 7.5 and 56 mbar.

It is usual to specify a modest design pressure, but in spe-
cial circumstances, higher pressures can be used (see
Chapter 4, Section 4.3.2.8). As the pressure increases,
so does its influence not only on the thickness of the shell
and roof plating, but also on the size of the compression
area at the roof-to-shell junction (see Chapter 4, Section
3.7) and on the requirements for anchorage to prevent
tank uplift (see Chapter 3, Section 3.8.10 and 3.9).

The American Code is based on the tank operating at at-
mospheric pressure, or that internal pressure which
equates to the weight of the 3" (4.76 mm) roof platesi.e. 4
mbar. The exception to this is covered by Appendix F of
the Code which gives the requirements for tanks operating
at up to 2% Ibs/in®.g (172 mbar).

c) Exceptional loadings. These may include the possibility of
an internal explosion or sudden overpressure due to ab-
normal causes. For such cases it is usual to specify a fran-
gible shell-to-roof joint which fails preferentially to relieve
the high internal pressure, whilst continuing to contain the
stored product. (see Chapter 3, Section 3.8).



5.2.1.2 Design methods

5 The design of tank roofs - fixed

ted, by agreement between the tank purchaser and the
manufacturer, provided that this can be justified by special

a) R lati
) A::::t l:rc?:r:n;ceptional i irste e el S ot procedure tests simulating the actual configuration to be
? used on site.
sheet thickness allowable is specified in the Codes. o g 3
o ; it ¥ e Cross bracing shall be provided in the plane of the roof, inat
Lﬁg?ﬁ:g&%ﬂi;ﬁq&gzz i:ﬂ;ﬂ;r;{;nﬂt?fl;ge;sr,ngf Sl least in two bays, i.e. between two pairs of adjacent rafters,
s A i on all roofs more than 15 metres in diameter. Sets of bracing
ngﬂiclt%ttizshinméngggcﬁi@ﬁkgggzevih?éﬁ stt):tseesd" on shall be equi-spaced around the tank circumference.
st.ee'l gh'eet less than 3" (4.76mm) in thickness may be e \Vertical bracing on trussed roof structures only shall be pro-
punctured by severe strikes and shall not be relied upon vided in an approximate vertical plane between trusses as
as protection for direct lightning strikes”. follows:
b) Roof framing For roofs more than 15 metres diameter — 1 ring.

The British Code refers to the Structural Steel design
Code BS 449.

The American Code contains its own rules taken from vari-
ous publications (References 5.3, 5.4 and 5.5).

5.2.1.3 Code requirements

The rules for designing and detailing tank roofs are covered
fully in both the British and American Codes and these should
be followed carefully during the design process. Some of the
major requirements are given here as follows:

From the British Code

Note:

The spacing of roof plate supporting members for cone roof
tanks shall be such that the span between them does not
exceed 2 metres where one edge of the panel is supported
by the top curb angle. Where this support is not present, the
span shall not exceed 1.7 metres.

For dome roofs this spacing may be increased as agreed
between the tank purchaser and the manufacturer.

The roof plating shall be continuously welded to the shell
curb angle.

For tanks exceeding 12.5 metres diameter, roof plates shall
not be attached to the roof supporting structure.

The roof plates are normally lapped by a minimum of 25mm
and fillet-welded on the top side only. The laps should be ar-
ranged such that the lower edge of the uppermost plate is
beneath the upper edge of the lower plate (the opposite way
to that of tiles on the roof of a building) in order to minimise
the possibility of moisture due to condensation on the un-
derside of the plates entering the internal lap joint.

The American Code shows the laps the opposite way to
this, presumably to allow the roof to shed rain water.
Depending upon the stored product, it may be some-
times necessary for the lap joint to be welded on both
sides or made as a butt joint.

The slope of cone roofs is generally 1:5 or for column-sup-
ported roofs 1:16. The radii of domed roofs is generally be-
tween 0.8D and 1.5D, where D is the tank diameter.

The minimum thickness for structural sections shall be
5mm (excluding any corrosion allowance) but this does not
apply to the webs of rolled steel joists, channels or

For roofs more than 25 metres diameter — 2 rings.

These ring(s) shall be at the end of the trusses which are
near to the tank shell.

From the American Code

Note:

Roof plates shall be attached to the top angle of the tank by
a continuous fillet weld on the top side only. Figure 3-3Ain
the Code shows the roof plates laps to be the same configu-
ration as tiles on the roof of a building. i.e. opposite to the
British Code.

All internal and external structural members shall have a
minimum nominal thickness of 4.3 mm (0.17") in any com-
ponent. The method of providing a corrosion allowance, if
any, for the structural members shall be a matter of agree-
ment between the purchaser and the manufacturer.

The minimum thickness of any structural member, including
any corrosion allowance on the exposed side or sides, shall
not be less than 8mm (0.25"), for columns, knee braces and
beams or stiffeners which by design normally resist axial
compressive forces, or 4.3 mm (0.17") for any other struc-
tural member.

Roof plates of supported cone roofs shall not be attached to
the supporting members.

For all types of roofs, the plates may be stiffened by sec-
tions welded to the plates but may not be stiffened by sec-
tions welded to the supporting rafters or girders

When the purchaser specifies lateral loads that will be im-
posed on the roof supporting columns (when used), the col-
umns must be proportioned to meet the requirements for
combined axial compression and bending as specified in
the Code.

The slope of supported cone roofs shall be 19 mm in 300
mm (%" in 12") or greater if specified by the purchaser.

This slope of 1 in 16 is fairly flat and is usually used for
column-supported roofs. Roofs which are supported by
radial rafters or trusses and without internal columns,
normally have a slope of 1 in 6 (the maximum allowable
to this Code for a frangible roof). This is because the
steeper slope favours the production of a more eco-
nomical rafter or truss design.

Main roof supporting members of column-supported roofs,

g o

P —

——

|m packings, or to structures where special provisions against °
= corrosion have been made. which are in contact with the roof plates, (excluding radial
rafters carrying dead loads only) shall be considered as re-
ceiving no lateral support from the roof plates and shall be
laterally braced, if necessary, by other acceptable methods.
Radial rafters carrying dead loads plus live loads, which are
in contact with the roof plates applying the live loading to the
rafters, may be considered as receiving adequate lateral
support from the friction between the roof plates and the
compression flanges of the rafters, with the following excep-
tions:

Roof plate joints are considered to have the following joint
efficiencies:

1.0 for butt-welded joints.
| 0.35 for lapped joints with fillet welds on one side.
| 0.5 for lapped joints with fillet welds on both sides.

» The allowable stress shall be taken as %; of the minimum

e specified yield strength of the roof plate material. In special
circumstances, increases in joint efficiency may be permit-

- a) Trusses and open web joints used as rafters.
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5 The design of tank roofs - fixed

- b) Rafters with a nominal depth greater than 375mm.
— c¢) Rafters with a slope greater than 1 in 6.

» Rafters for supported cone roofs shall be spaced so that in
the outer ring, their centres are not more than 0.6n metres =
1.885 metres (2n ft = 6.283ft) apart, measured along the cir-
cumference of the tank. Spacing on inner rings shall not be
greater than 1.7 metres (5% ft). When specified by the pur-
chaser, for tanks located in areas subject to earthquakes,
19mm (34") diameter tie rods (or their equivalent) shall be
placed between the rafters in the outer rings. These tie rods
may be omitted if I-sections or H-sections are used as raf-
ters.

= Self-supporting cone roofs shall have a minimum thickness
of 5 mm (¥") and a maximum of 12.5 mm (2") excluding
any corrosion allowance.

» The slope of self-supporting roofs shall be within the range
0f 9.5° to 37° whichis (1: 6 to 1: 1.333). The method of cal-
culating the required thickness for a self-supporting cone
roof is described later in Section 5.4.1.4.

e The requirements for roofs in the draft form of European
Code for prEN 14015 - 1, are basically the same as that
given in BS 2654.

5.3 Various forms of fixed roofs

Figure 5.2 summarises the various types of fixed roofs in com-
mon use.

5.4 Roofs with no supporting structure
5.4.1 Cone roofs

The British Code states that the slope of the roof shall comply
with the requirements specified by the purchaser or shall be
1in 5.

1 Roofs with no supporting structures

a) Cone roofs

i) Self supporting cone
i) Folded plate petal type

b) Dome roofs

i) Simple dome
i ) Umbrella type

2 Roofs with supporting structures

a) Cone roofs

i) Radial rafter type
ii)  Trussed frame type
i) Externally framed type

b) Dome roofs
i) Radial rafter type

i) Externally framed type
i)  Othertypes

3 Column-supported roofs [

Figure 5.2 Various types of fixed roofs
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The American Code is more specific and says that the slope
shall be within the range of 9.5° to 37° whichis (1in 6, to 1 in
1.333).

5.4.1.2 Thickness of roof plating

The British Code states that the minimum thickness of roof plat-
ing shall be 5 mm, excluding any corrosion allowance.

The American Code states that self-supporting cone roofs shall
have a minimum thickness of 5 mm (34;") and a maximum of
12.5 mm (¥2") excluding any corrosion allowance.

5.4.1.3 Self-supporting cone (or membrane roof)

The design loadings for self-supporting cone roofs are sus-
tained entirely by the roof sheeting itself, without any supporting
structure. Generally this type of roof is confined to smaller
tanks, up to say 8 metres diameter.

The lack of an internal structure makes the roof ideal for:

e Tanks which require the application of an internal lining,
where a internal structure would hamperthe lining process.

e Tanks where a high internal corrosion allowance is speci-
fied, thus avoiding the requirement for a support structure in
very thick steel sections.

e Tanks where stainless steel roof materials are required.
There is a limited range of stainless steel sections which are
available and therefore a membrane roof obviates the need
for any support structure.

5.4.1.4 British Code — Design requirements

Equations 5.1 and 5.4 for the thickness of a self-supporting
cone roof, are based on work done by the late Professor A.S.
Tooth, see Reference 5.1 and are derived as follows:

The membrane stress for a conical roof under internal pressure
occurs in the circumferential direction at the roof-to-shell junc-
tion and is given by:

SHnieD,
t.-sind
and therefore:
ko= f:ﬁ equb.1
where:
f = membrane stress (N/mm?)
p = internal pressure (mbar)
v = radius of tank shell (m)
te = thickness of cone roof plating (m)
] = the slope of the roof measured from the hori-

zontal (degrees)

n = joint efficiency. For self-supporting roofs the
BS Code only allows butt-welded roof joints
where n = 1.0, or double lap-welded joints
where n = 0.5.

To express equation 5.1 in terms of the radius of the cone roof
re’ at the point where it meets the shell, instead of the shell ra-
dius 'r¢, it can be seen from Figure 5.3 that:

: T,
sinf=-=
rC

Substituting for ‘sin 8’ in equation 5.1 then:

:p'rc
e

equb.2

This equation has to be adjusted to accept the varying units as
follows:
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This is the equation which is given in the British Code for the
thickness of unsupported cone roofs.

The roof must also be checked to withstand the external pres-
sure due to the roof loading and vacuum. This is achieved by re-
ferring to the classical theory for buckling pressure for a perfect
sphere and adapting this for the cone roof.

The buckling pressure for a perfect sphere is
vt

q=—" equb.4
g % /3(1-v2)
where:
q’ = the buckling pressure (mbar)
Iy = the radius of the sphere (m)
E = Young's Modulus (N/mm?)
tra = the thickness of the roof plate (m)
v = Poisson’s ratio

Using a value of 0.3 for Poisson’s ratio the equation becomes:

I o
il ty

e

equb.b

This expression only applies to a perfect sphere and does not
allow for imperfections in fabrication or for a factor of safety.
The British Code applied a factor of approximately 20 to
equation 5.5.

This then gives an equation for the safe allowable external
pressure ‘Pe’:

_0.0625 E-t,*

by

Pe equb.6

Rearranging this equation for t,y we obtain:

Pe-r,” Pe
= VR T
b =\0.0625E UV E

where::
Pe = allowable safe external pressure (KN/m?)
rd = spherical radius of the dome (m)
E = Young's Modulus (N/mm?)

Writing the equation for these units gives:

10-Pe
—4.1000-r, |27
ba '10,000-E
10.Pe
—40-r,.|
b T

For a cone roof tank ‘rd’ is the radius at the point where the roof
joins the shell and is given the notation ‘r¢’ and from Figure 5.3:

= rS
sin 0

equb.7

le

Substituting for ‘rd' in equation 5.7 gives ‘., for cone roof tanks
as:

_ 401, [10Pe
¢ sin® E

t. shall not be less than 5 mm, excluding corrosion allowance.

equb5.8

The form of this equation given in the British Code is that of
equation 5.7, as in this form it can be used for both cone and

5 The design of tank roofs - fixed

I's
P i |
C
0

Figure 5.3 Equation 5.1 derivation

dome roofs simply by inserting the relevant value for the roof ra-
dius.

5.4.1.5 American Code — Design requirements
Self-supporting cone roofs shall have a minimum thickness of 5

mm (34,") and a maximum of 12.5 mm (}42") excluding any corro-
sion allowance.

The slope of self-supporting roofs shall be within the range of
9.5° to 37° whichis (1:61to 1:1.333).

The API 650 Code is based on tanks working at atmospheric
pressure and the section which deals with self-supporting cone
roofs (Section 3.10.5, in the Code) therefore, only deals with
the calculation for external pressure considerations. For cases
where tanks have to be designed for internal pressures, the de-
signer is required to refer to Appendix F, Clause F.7.3 of the
Code, which in turn refers to AP1 620 for such designs.

For external pressures the theory for buckling given above in
equation 5.7 applies, except that in the American Code the fol-
lowing values are assumed:

e The value of Young's Modulus E = 29 x 108 |b/in? (200,000
N/mm?)

s The external roof loading is taken as, a live load of 25 Ib/ft?
(1.2 kN/m?) plus a dead load of 20 Ib/ft? (approximately
1.0 kN/m?), which is the self-weight of 4" (12.5 mm) roof
plating — the maximum thickness allowed.

Also the American Code uses the tank diameter rather than the
roof radius in its equation.

From equation 5.8

¢ _40.r, [10-Pe
°“sing\ E

as.
r,=D/2
and:
Pe=2.2 kN/m? and E=200,000 kN/m?

Then equation 5.8 becomes:

T 40-D 10-2.2
¢ 2.sin 6200,000

~0.20976-D
£ sin 0
D
b =28sino L
where:

D is in metres

t can only be a minimum of 5mm, and a maximum of 12.5 mm,
excluding corrosion allowance.
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D/2

o]

rc

\

Equation 5.9 is given in the American Code.

Note: When the sum of the live and dead loads exceeds 2.2
kN/m?, the minimum thickness shall be increased by
the following ratio:

Jlive load +dead load
2.2kN/m?

The American Code also states that: — “Self-supporting roofs,
to the American Code, whose roof plates are stiffened by sec-
tions welded to the plates need not conform to the minimum

Roof slope
5

thickness requirements, but the thickness of the roof plates
shall not be less than 5 mm(34;") when so designed by the man-
ufacturer, subject to the approval of the purchaser”.

This means that a membrane roof whose thickness calculates
to be more than the maximum allowable of 12.5 mm (12") can be
re-designed by other means to allow for the inclusion of stiffen-
ers which are welded to the roof plates. Because storage tanks
are generally designed for small internal pressures, the thick-
ness of the unsupported roof is usually determined by the exter-
nal, rather than the internal pressure to which the tank is sub-
jected.

5.4.1.6 Folded plate type cone roof

This type of construction was originally devised by the Shell In-
ternational Petroleum Company and is included in its Tank De-
sign and Engineering Practice Manual.

For this type of roof, illustrated in Figure 5.4, one edge of each
of the radial roof plate panels is flanged into the form of a chan-
nel section to form an integral supporting structure. This type of
roof construction is limited by the British Code to tanks up to
12.5 metres diameter.

Normally the plate folds are internal, but for specific cases
where a smooth interior surface is required for the application of
an internal lining, the petals can be external to the tank.

Continuous fillet
weld

Roof plate-to-shell connection

Section A-A

Temporary erection bolt - remove before

tank goes into service

5 5
i e
* H
Radius 150
Folded ¢ 1
75—
Section B-B

H
i
n
"
n
n
[
"
"
n
u
i
"
"
n
n

}-:

Part plan of radial roof plates

Figure 5.4 Folded plate type cone roof design
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DESIGN FOR A FOLDED PLATE PETAL CONE ROOF.
DESIGNED TO BSS 449 & "FORMULAS FOR STRESS
& STRAIN" 5th EDITION BY ROARK & YOUNG.

5 The design of tank roofs - fixed

TANK DIA. 125 m
ROOF SLOPE 1in? 1in5
No.OF PETALS 32
MAT'L. TYPE BS EN 10025 S275
YIELD or 1% PROOF STRESS 275 Nfmm’
PLATE THKS. 5 mm
CORR. ALLOWANCE 0 mm
DESIGN PLATE THKS. ( SEE FOLDED SECTION BELOW) 5 mm
0.D. OF ROOF PLATING = 12500 + ( 2x 25mm) LAPS OVER SHELL 12550  mm
SLOPE LENGTH OF CONE ROOF (Incl. 25mm lap over Shell) 6399 mm
LENGTH OF FOLDED SECTION 5701 mm
FLANGE WIDTH OF FOLDED PLATE 75 mm
WEB DEPTH OF FOLDED PLATE 150 mm
OVERALL O.D. OF CENTRE CROWN PLATE 1344 mm
0.D. OF CROWN RING WEB PLATE 850 mm
GAP BETWEEN LOWER RAFTER FLANGES 59.5 mm O.K.
HEIGHT OF CROWN RING WEB PLATE 125 mm
THKS. OF CROWN RING PLATING 10 mm
DESIGN THKS. OF CROWN PLATING 10 mm
SUPERIMPOSED LOAD 1.2 kN/m?
INSULATION (IF ANY ) (0.25kN/m?) 0 kN/m?
TOTAL LOAD= ROOF PLATING 4851 kN

+ ROOF FOLDS 15.80 kN (Corroded)

+ CROWN RING 2.33 kN

+ INSULATION 0 kN

+ SIMPOSED LOAD 147.26 kN

TOTAL LOAD 213.91 kN
LOAD PER PETAL "Q" 213.91kN/32 PETALS 6.68 kN
REACTION AT CROWN " Rb" = 1/3x"Q" 2.23 kN
COMPN. IN FOLD "P"=Rb / sin theta 11.37 kN
4 P
Rb
p . 4 LENGTH OF FOLDED SECTION
5701
Ra

Figure 5.5 Design example for folded plate petal cone roof - page 1
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5 The design of tank roofs - fixed

SECTION OF FOLDED ROOF PETAL

L

5.00 A— l) ompression 'Flange
T T Saaas] \
\f 7
N\ ' y
- A 150
5.00

N y

k [ Tension Flange ’, L,

|: 75|

EFFECTIVE FLANGE WIDTHS
C.S.A. OF FOLD HA 1450 mm”
SECOND M.OA.OF FOLD 'I" 5087083.3 mm®
SECTION MODULUS S 67827.8 mm’
RAD of GYRATION "R 59.2 mm
SLENDERNESS RATIO  "L/Rwx" = 6399/59.2= 108.0
RATIO "D 30
MAX BENDING MNT.=0.128°Q"L 55 kNm
MAX. BENDING STRESS Fbc=BMJZ 80.7 Nimm?
ALL'BL BEND'G STRESS "Pbc" Nimm? 117 BS 449 Table 3a
MAX. COMPRESSIE STRESS Fe=P/A 7.8 Nimm’
ALL'BL COMPR. STRESS "Pc" N/imm® 73 BS 449 Table 17a
Fbc/Pbe + Fo/Pe =< 1.0 0.8 ACCEPT
DEFLECTION =( 0.01304*Q*L*3)/ E* | 21.7 ACCEPT
ALLOWABLE DEFLn. From Table 5 BS 5950; Part1 = L /200 32.0 mm i
CROWN RING DESIGN FROM :
ROARK 5th EDITION TABLE 17-7
2% =ANGLE BTWEEN RAFTERS 11.25 DEGREES
@« = 1/2 ANGLE BTWEEN RAFTERS 5.625 DEGREES
1/ « = 360/2Pi* Alpha 10.186 RADIANS I,
1/Sin = 10.202
1Tan < 10.153
HORIZ. LOAD ON RING "H'= P ¢65 0 11.148 kN
H
H H
H v H
H H
2a

H /

Figure 5.5 Design example for folded plate petal cone roof - page 2
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g R=425
I | [
RAFTER BKT. | X ! T
H //;’( F . IJ = o8
g el LA A
P | g
, 16t =160 y
/]
< 0.D. OF CROWN RING WEB = 850 (
ﬁVERALL 0.D. OF CROWN PLATE = 1344},
PROPERTIES OF RING :
RADIUS OF RING "R 425 mm
WIDTH OF RING = 16* THICKNESS 160 mm
C.S.A. OF THIS ANNULAR RING "A" 1600 mm”
SECOND M.O.A.ON AXIS 'XX' PERP.TO "H" 3413333.33 mm’
SECTION MODULUS Z=I/y 42666.67 mm’
1 MOMENT BETWEEN FORCES "H" is:
Mo=H*R/{2(1/sin oc - 1/fec) 5478223 Nmm
COMPRESSION IN RING is
No = H/2(1/sin «) 56866.15 N
Mo{Z = 1.28 Nimm®
No/A = 35.54 Nimm?®
TOTAL COMP. STRESS IN RING is
Mo/Z+No/lA= 36.83 N/mm®
ALLOWABLE STRESS = 2/3 of YIELD = 183.33 Nimm’
COMP. STRESS < ALLOWABLE ? YES ACCEPT
MOMENT AT FORCES "H" is:
Mi=H*Rf2(1/ec - 1/ tan «) 77572.00 Nmm
TENSION IN RING is :
Ni = H/2(1#tan «) 56592.33 N
MifZ= 1.82 Nimm®
NifA= 35.37 N/imm®
TOTAL TENSILE STRESS IN RING is:
MifZ+Ni/A= 37.19 Nimm?

TYPICAL DETAIL OF CROWN RING.

ALLOWABLE STRESS = 2/3 of YIELD
TENSILE STRESS < ALLOWABLE 7

5 The design of tank roofs - fixed

183.33 Nimm’
YES ACCEPT

THE DESIGN OF THE ROOF IS ACCEPTED

Figure 5.5 Design example for folded plate petal cone roof - page 3
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5 The design of tank roofs - fixed

A design example for this type of roof is given in Figure 5.5.
5.4.2 Dome roofs

The British Code states that the spherical radius of such roofs
should be within the range of 0.8 x tank diameterto 1.5 x tank di-
ameter. However, the Code does allow the tank purchaser to
specify a radius to suit his requirements. The American Code is
slightly different, and gives the range as 0.8 x tank diameter
(unless otherwise specified by the purchaser) up to a maximum
of 1.2 x tank diameter.

5.4.2.1 Simple dome

This involves the use of spherically-pressed plates, which are
expensive to produce. This type of roof is usually confined to
small, high pressure tanks, or for tanks where internal linings,
and an internal corrosion allowance or stainless steel materials
are required.

5.4.2.2 Umbrella dome

This is a cheaper version of the simple dome and again is gen-
erally used only on small diameter tanks. The roof petal plates
in this case are rolled in the radial direction only and when they

are assembled the appearance of the roof is like that of an um-
brella — hence the name. (See Figure 5.6.)

5.4.2.3 British Code — Design requirements

The membrane stress in a spherical shell is given by the stan-
dard expression:

f= P-ry

equ5.10
2ty

where:

P = internal pressure (mbar)

M spherical radius (m)

tra thickness of the domed roof plating (mm)

Rearranging for t4 then:

p-ry
=y equs.1
ta 2.f q

As was the case for the self supported cone roof, the Code uses
the same joint efficiencies n as follows:

n 1.0 for butt-welded joints

= 0.35 for lapped joints with fillet welds on one
side.

= 0.5 for lapped joints with fillet welds on both
sides

Rationalising the units, the equation becomes:

= PXT x 10°
410" x2xfxn
P-4
= equb.12
e 20-f.n

This is the form of equation which is found in the British Code for
the thickness of a spherical roof under pressure.

The roof must also be checked to withstand the external pres-
sure due to the roof loading and vacuum and by reference to the
previous equations 5.4, 5.5, 5.6 and 5.7, which are all based on
the theory for a domed roof , it can be seen from equation 5.7
that:

10-Pe
=40-r
b =401~

where:

122 STORAGE TANKS & EQUIPMENT

tra = thickness of the domed roof plating (mm)
(not less than 5mm excluding corrosion allow-
ance)

Pe = allowable safe external pressure (kN/m?)

T4 = spherical radius of the dome (m)

(generally 0.8.D to 1.5.D)
= Young's Modulus (N/mm?)

5.4.2.4 American Code — Design requirements

Equation 5.7 is used to give the thickness for an unsupported
dome roof and as previously for the cone roof, the American
Code builds the following constant values into the equation:

e The value of Young's Modulus
E =29 x 10 Ib/in? (200,000 N/mm?)

e The external roof loading is taken as, a live load of 25 Ib/f
(1.2 kN/m?) plus a dead load of 20 Ib/ft® (approximately 1.0
kN/m?), which is the self-weight of 2" (12.5 mm) roof plating
— the maximum thickness allowed.

Equation 5.7 then becomes:

10x2.2
=40-r, [——
ba d\Izoo,ooo

_fa
trd_2.4

This equation is given in the American Code.

As for the unsupported cone roof, the following applies to un-
supported dome roofs:

When the sum of the live and dead loads exceeds 2.2 kN/m?,
the minimum thickness shall be increased by the following ratio:
live load + dead load
2.2 kN/m?

The American Code also states that:

“Self-supporting roofs, whose roof plates are stiffened by sec-
tions welded to the plates, need not conform to the minimum
thickness requirements, but the thickness of the roof plates
shall not be less than 5 mm (341,") when so designed by the man-
ufacturer, subject to the approval of the purchaser.”

Observations on the unsupported cone and dome roof
thickness equations

1) By comparing equation 5.3 for the cone roof

p-r
t. =
© 10-fq

with equation 5.12 for the domed roof

:—p.rd
b 20-f-7

it can be seen that for a given roof construction, roof radius and
internal pressure then the thickness of a cone roof is twice that
for a dome roof.

2) By comparing the expression for the stress in a cylinder
from equation 4.6

_pxD
2:xt

f

with the expression for the stress in a spherical roof from
equation 5.10

fs ke
2,

e - th =

< M
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5 The design of tank roofs - fixed

10

2

Roof plates rolled in
this direction only

Figure 5.6 Umbrella type dome roof

then it can be seen, that for a constant thickness shell and
spherical roof, and hence equating ‘t' and 'ty

pxD pxry
2xf —2xf

and for this condition then, D = ry4

Then for a dome roof thickness to be the same as that of the top
course of shell plating, the radius of the dome is equal to the di-
ameter of the tank.

The American Code adopted this approach for setting the limits
for the maximum and minimum radii for domed roofs but allows
a +20% variation thus giving the range for roof radii to be:

r«=0.8.0to1.2.D
which has been given earlier.

5.5 Roofs with supporting structures, supported
from the tank shell

5.5.1 Cone roofs

The usual slope for this type of roofis 1 in 5 for the British Code
and 1 in 6 for the American Code. Unless the internal pressure
dictates otherwise it is usual for the roof plating to be 5mm (34")
thick and is single lap-welded on the top side. The Codes do not
permit the roof plating to be attached to the supporting frame-
work.

SN

%%

5.5.1.1 Radial rafter type

This type of roof is supported by a radial rafter framework com-
posed of structural sections. It is illustrated in plan form in Fig-
ure 5.7.

These structures are usually confined to tanks with diameters
less than 15 metres.

5.5.1.2 Design example

One method of designing such a structure using the British
Codes is as follows:

Assume a tank diameter of 12.5 m

No. of main rafters R1=8

No. of secondary rafters R2 = 16

= 1200 N/m?

Superimposed load

Dead load (structure and roof plating) = 740 N/m?
(Derived from experience)
Total loading = 1940 N/m?

Roof slope is 1in 5.
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5 The design of tank roofs - fixed

5

4 [ Rroof siop®

Section A- A

Angle cut from
150 x 100 x 10

Note

All boits M16 and

bolt holes 18 diameter
Qualtiy bolts ISO 88

/— 6 site fillet weld

J
Rafter

é-— Gusset plate
; >
N G eits fllstweld

continuous to sheil

Section C

Figure 5.7 Plan arrangement of radial rafter type cone roof structure
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The loading diagram is configured as shown.

The Purlin length is such that the main rafters at this point are
1.7m apart.

The roof load is apportioned to the structural members by split-
ting the surface of the roof into panels. This is at the discretion
of each individual designer and in this case, the method shown
above has been adopted. These areas are calculated using
geometrical methods and in this case are found to be:

Area A 4% 450 = 450m*

- B 2 x 454 = 908m?
C 2 x 0045 = 0.09m?

D1 x 08 = 082m

E 2 x 0245 = 0.49m?

F 1 x 03 = 036m?

15.34 m?

Check the sector area = J; x n/4 x12.5 =15.34 m* O.K.

Secondary rafter R2:
Plan length of rafter is found to be 4.18 m
Slope length of rafter is

J26/5 x 4.18 =4.263 m

Load on rafter
= (% xAreaB x 1940) =4.54 x 1940 =8807.6 N
Reactions at ends of rafter Ra and Rb
=88076/2=4403.8 N
Bending moment in rafter
W-.L 8807.6 x4.263

M= = - =4693.35 Nm
8 8

Try using a 102 x 51 R.S.C.

5 The design of tank roofs - fixed

The 102 x 51 R.S.C. as selected is therefore acceptable.
Purlin:

P

Ra + (%2 x Area E x 1940)
4403.8 + (0.245 x 1940)
4879.1 N

1

Re Rd

Re=Rd = 5—8% —2430.55N
Bending moment
M=2439.55 x 0.58 =1414.94Nm
Try using a 102 x 51 R.S.C.
From the Section tables Zxx = 40.89cm?
Bending stress
M 1414.94 x10°

e

From BS 449 Table 2 the allowable bending stress is 180 N/mm

The 102 x 51 R.S.C. as selected is therefore acceptable.
Main rafter R1:
The loading diagram for this rafter is as follows:

P1 = S
= E,_/A’/
Q
s
A
3.344 |, 2.221 685
g
Re 5565 Rf
6.25 !

tan6=15=0.2=11.31°and sin 6 =0.1961
P1 =(2xP)+ (Area C x 1940)

= (2 x 4879.1) + (0.09 x 1940) = 9932.80 N
P2 =AreaFx1940=0.36x 1940 = 698.40 N
Q1 =AreaAx1940=450x1940 = 8730.00 N
Q2 =AreaDx1940=0.82x 1940 = 1590.80 N

20952.0 N

Taking moments about Re

(Q1 x 1.672) + (P1 x 3.344) +

From the Section tables Zxx = 40.89cm?
Bending stress
M 4693.35x 10°

:E:W=11478 N/mm2

From BS 449 Table 2 the allowable bending stress is

180 N/mm?2

(Q2x4.4545) +(P2x 5.565) = Rfx 5.565

(8730 x 1.672) + (9932.8 x 3.344) +
(1590.8 x 4.4545)+ (698.4 x 5.565) = Rf x 5.565
1459.66 + 33215.28+7086.22 + 3886.60 =Rfx5.565

58784.66= Rfx5.565

STORAGE TANKS & EQUIPMENT 125
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5 The design of tank roofs - fixed

¢ _ 58784.66

=10563.
5.565 s

Re =20952.0-10563.3 = 10388.7N

Note: The compressive stress transmitted to the shell by this
load shall be minimised by mounting the rafter fixing

bracket on to a doubler plate welded to the shell.
The maximum bending moment is at position P1.
Taking moments about P1

(Re x 3.344) - (Q1 x 1.672)
(10388.7 x 3.344) — (8730 x 1.672)
= 34739.81-14596.56

= 20143.25 Nm

The compressive force C in the rafter is found as follows:

c

Rffsin 6
10563.3/0.1961
53862.47 N
Trya203x76 R.S.C.

From the Section tables:

C.8.A.= 3034 mm?

£ = 192 x 10° mm?
Fick = 80.2mm

DA =82

Maximum slope length of rafter between fixing points
L =3.344m x ,/26/5 =3.41m

L _3410 ..
r, 80.2

From BS 449, the allowable stresses are:
From Table 3a the allowable bending stress
pbc = 180 N/mm?
From Table 17a the allowable compressive stress
pc = 148 N/mm?
The actual bending stress
M 20143.25 x 10°

foc=—=——"——— =104.91N/mm?
Z 192 x 10

The actual compressive stress

el 5900247 et

e.5al 3034
BS 449 states that ib-c + E must not be more than 1.0
pbc pc
M—F bt =058+012=07 <1-0 O.K.
180 148

The 203 x 76 R.S.C. as selected is therefore acceptable.
Bracing B1:

The load B1 in the bracing is found using Lami’s theorem:

sin675°
sin45°

Bl=Cx

B1=53862.47 x 03238
0.7071

Try using a 80 x 80 x 8 Angle.

=70369.33 N
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Design the Crown Ring using Roark 5th Edition
"Formulas for Stress and Strain" - Table 17-7

Number of Main rafters connected to the Crown ring =8
H
\H T /H
H 2 H
H
H
685.0
Yyy
40.51 y 89.49
| |
5 ) p125
Rafter bracket. '|
10 (
S §
¥ T /
190 t 10 ClL 210.0
_#. ‘é’ 1 g’g;b*p: b
|
685 rad

2x 0 = Angle Between Rafters 45.00 degrees
@ =1/2 Angle Between Rafters 2250 degrees
1 ==360/(2Pix =) 255 radians
1/ 8in = 2.61
1/Tan = 24
Horiz. Load on Ring "H"=C x cos © 52.82 kN
C.8.A. of corroded Crown Ring A= 4400.00 mm°
Position of Yyy axis from outer face of ring = 4051 mm
Moment of Inertia on Axis thro' centroid Iyy= 7488016,10 mm*
Max. "Y' value 89.49 mm
Section Modulus Zyy= 83675.61 mm®
Radius of Gyration ryy= 41.25 mm
Radius of corroded Crown Ring R= 685.00 mm
Moment between Forces "H" is "Mo"
Mo = (HxR/2)x (1/sin o= - 1/ax) 1205687.99 N
Compression in Ring is "No"= H/2 (1/sin =) 6901266 N

Mo/Z= 1441 Nimm’

No/A= 1568 N/mm*
Total Comp. Stress in Ring = Mo/Z + No/A = 30.09 N/mm?
Allowable Design Stress = 183.330 N/mm?
Is Total Comp. Stress=< Allowable Design Stress? Yes accept
Moment at Forces "H" Is "Mi"
Mi={(HxR/2)x (1/ Alpha - 1/ tan =) 2392795.81 N
Tension in Ring is "Ni"= H/2(1/ tan =) 63759.38 N

Mi/Z= 28,60 N/mnm?

Ni/A= 14.48 N'mm?
Total Tension in Ring = MiZ + NVA = 4309 N/mm®
Allowable Design Stress = 183.33 N/imm*

Is Total Tensile Stress =< Allowable Design Stress? Yes accept.

The design of the Crown ring is accepted
This completes the design of the roof structure

Figure 5.8 Crown ring design example using Roark’s method

n



Mmm

C.S.A. = 1230 mm?

Tensile stress in the bracing
~ 70369.33
1230

From BS 449 Table 19 the allowable tensile stress is
170 N/mm?2

The 80 x 80 x 8 Angle is therefore acceptable.

=57.2 N/mm?

The weight of this structure together with the 5 mm roof plating
works out to be around 8000 kg or say 78500 N. This gives a
dead load of 640 N/m2 of roof area. This is less than the figure of
740 N/m? assumed for design purposes and the design as-
sumption is therefore acceptable.

5.5.1.3 Central crown ring

The design of the crown ring by Roark’s method is illustrated
using the example set out in Figure 5.8.

5.5.1.4 Trussed frame type

This type of supporting structure, shown in Figures 5.9 and
5.10, takes the form of a series of radial trusses, generally
made up from steel angle sections. Between these trusses are
circumferentially arranged members providing stability and
support for the roof plating.

The British Code requires that vertical ring bracing shall be pro-
vided under the outer circumferential purlins. This shall be, one

Two rings of vertical bracing
I

Section 'A - A'

4 sets of torsional
bracing equally spaced

Vertical bracing
shown in broken lines

Camber in roof

1ir' S o

Section 'B - B' |

Figure 5.9 Trussed frame type roof

5 The design of tank roofs - fixed
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Figure 5.10 A 39 metre trussed frame type structure under construction
Courtesy of McTay

ring for roofs over 15 m and up to 25 m diameter and two rings
for roofs over 25 m diameter. Also it requires cross-bracing to
be provided in the plane of the roof surface, in at least two bays,
between two pairs of adjacent trusses for roofs over 15 m diam-
eter. These sets of bracings have to be evenly spaced around
the tank circumference and are to give torsional stability to the
structure.

The importance of the diagonal bracing members which occur
in most types of roof supporting structures where the frame-
work is within the tank and not attached to the roof plating can-
not be overestimated. These members are usually placed in
two or four bays equally spaced within the framework and are
often known as wind bracing. Their function is to provide the
structure with some measure of torsional stability.

Figure 5.11 shows the collapsed roof framework of a tank of
some 40 m in diameter which was being constructed in the Mid-
dle East by Whessoe Heavy Engineering Ltd. The erection
foreman decided that he would construct the roof framework on
a central king post, but would leave the wind bracing to be fitted
into the structure at a later date. The king post was removed
and the roof collapsed. The spiral nature of the failure is clear to
See.

The roof did not fail immediately, which was fortunate as this
would have resulted in serious injury to the operatives within the
tank at the time that the central support was removed, but was

Figure 5.11 The collapsed roof framework
Courtesy of Whessoe
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5 The design of tank roofs - fixed

Figure 5.12 A view from outside the tank shell when the roof had failed
Courtesy of Whessoe

kind enough to wait until they had gone for lunch. Figure 5.12
shows a view from outside the tank shell which was forced into a
curious, but quite regular shape by the action of the main
trusses pulling inwards as the roof failed.

The American Code does not specifically mention these brac-

The lower part of the trusses generally protrude down below the
level of the top of the tank shell and hence can become sub-
merged in the stored product. In certain circumstances, or for
some corrosive stored products, this may be an undesirable
feature.

5.5.1.5 Design example

These days there are computer-aided design packages avail-
able for structural designers to use, but for this example, the
tried and tested “hand-cranked” method is demonstrated.

The exercise will demonstrate how the sizes of the members o
a 30 m diameter roof structure are calculated.

The arrangement of rafters and purlins in one of 12 bays of the
structure is shown in Figure 5.13. The three intermediate raf-
ters per bay are supported at their outer end by the shell and by
three purlins in the plane of the roof. The rafters lie on top of the
purlins which in turn transmit the rafter loads to the main
trusses. The load on the sections of rafters is determined by di-
viding the roof sector into panels as shown in Figure 5.13, the
size of these panels is calculated using simple geometric meth-
ods.

The numbers in Figures 5.13, represent plan areas in m?

ing requirements, but nevertheless, it is generally thought to be

" ' ; As before:
good practice to include them in roofs of this type.

This type of roof : —— oy Superimposed load = 1200 N/m?
is type of roof is commonly used wi nge of 15 m to
s y Ieie Tig Dead load (structure and roof plating) = 740 N/m?
60 m diameter. * :
(Derived from experience) .
Total loading = 1940 N/m?

TR

Panel Areas (m?)

Roof loads

U.D.L.s on rafters shown (3958)
Rafter end reactions shown 4676
All loads in Newtons

Figure 5.14 Uniformly distributed rafter loads and rafter reactions
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5 The design of tank roofs - fixed
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Space diagram of truss showing applied loads

Figure 5.15 Space diagram of truss showing applied loads

Figure 5.16 Force diagram

The panel areas can now be converted into loads which act on
the various sections of the rafters and hence the reactions at
their connections to the purlins and the shell can be estab-
lished.

The uniformly distributed loads (U.D.L.s) on rafters and rafter
reactions are as shown in Figure 5.14.

The loads transmitted to the main trusses can be worked out
from Figure 5.14 and are found to be as shown on the truss
space diagram in Figure 5.15,

Note: The compressive stress transmitted to the shell by the
load of 92,074 N shall be minimised by mounting the
rafter fixing bracket on to a doubler plate welded to the
shell.

Using Bow's notation method the truss space diagram is let-
tered Ato F and numbered 1 to 9 and a force diagram is pro-
duced to a suitable scale.

The force diagram in Figure 5.16 is produced as follows:
The loads ‘b’ to ‘c’, ‘¢’ to ‘d’, ‘d’to ‘e’, ‘e’'to 'f', and ‘f to ‘a’ are
drawn to scale down the right-hand side of the diagram.

Force diagram

Drawa line parallel to the slope of the main truss through ‘b’ rep-
resenting member 'b’ - 1.

Through point a draw a line parallel with the lower outer mem-
ber'a’- 1. Where these two lines meet is point 1 and the scale
length of these lines represents the axial load carried by mem-
bers ‘b’-1 and ‘a’- 1.

Through point 1 draw a vertical line representing member 1 - 2
and through point a draw a line parallel to member ‘a’-2. Where
these two lines meet gives us point 2 and hence the axial loads
in members 1-2 and ‘a’ - 2.

This procedure is continued until the diagram is completed as
shown.

By scaling off the diagram the axial loads in all the members can
be found.

The same results could be found mathematically using geo-
metrical methods but the force diagram gives a good pictorial
appreciation of the magnitude of the loadings on the various
truss members.
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5 The design of tank roofs - fixed

e ie.'d-5and'd -6 being the most heavily loaded and 4 - 5
being the least loaded.

The Bow's notation method also allows us to establish in which
direction the forces in the members are acting.

Take the connection of the outer purlin to the main truss, then
from the force diagram.

e Starting at ‘b, follow round the points ‘c’, 3, 2, 1 and back to
‘b’

The direction of the load 'b’ - °c’is vertically downwards, then fol-

lowing round the diagram, the directions of the loads must fol-

low this pattern and are found to be as shown here.

B C

This procedure is repeated at each joint and the load directions
are established as shown below.

S = Strut (Compression)
T=Tie (Tension)

The axial load in each memberis given in Figure 5.17, showing
also if the member is a strut or a tie.

Having found all the loadings, then suitable section sizes for the
members can be found using the requirements of BS 449,

For expediency, the numbers and sizes of bolts required for the
many and various connections in the truss will not be calculated
here because, although this is a fairly simple task it is quite
labourious. All connections will assume M20 bolts in 22 mm
diameter holes.

B1 135,500 N | Strut | A1 148250 N | Tie || 1-2 72,500 N | Strut
C3 178,750 N | Strut 133.500N | Tie || 2-3 50.000N | Tie
D5 182250 N | Strut 176,500N [ Tie || 34 29.000 N | Strut
E6 182,260 N | Strut | A7 165,500N [ Tie || 4-5 4250N | Tie
F8 168,500 N | Strut | A9 147,000N | Tie || 56 18250 N | Strut
6-7 21,000N | Tie
7-8 22,000N | Strut
8-9 36,250N | Tie

B

2

Figure 5.17 The axial load in each member
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The top boom of the truss

The most highly-loaded member in the top boom of the truss is
D5 or E5 both at 182,250 N. The length of these members is
3059.4 mm

Try a double angle section comprising 125 x 75 x 10 angles
separated by a 10 mm thick connecting gusset plate.

Properties of the compound section:
C.S.A.= 3820 mm?

Ixx = 604000 mm*
lyy = 3593103 mm*
Max Y xx = 82.7 mm
Zxx = 73035 mm?
ryy = 30.67 mm
D/t = 125
y
b
4.23 cm ] r
y Y e
b
8.27 cm
y
y
| 10 mm
—p

Compressive stress

Sl oy N/mm?
3280

L _07x30504

r 30.67

From BS 449 Table 17a - Allowable compressive stress

pc =123N/mm?
Worst case U.D.L. on the top boom is on member B1 and is 2 x
5393 N

Although this worst case U.D.L. does not coincide with the max-
imum axial compressive load they will be combined here to
prove that the chosen section for the top boom is adequate.

Bending moment
W-L _2x5393 x3059.4

M= 5 5 =4,124,836 Nmm
Bending stress
foo =2 - 2124838 g6 g\ /mme
ZXX 73035

From BS 449 Table 3a - Allowable bending stress = 172 N/mm?

E +% must be less than 1.0 for the selected member

pc
section to be acceptable.

ﬂ+ U8 0.39+0.33=0.72 <1.0 Accept
128ndi72

If by combining the two worst case loads acting on the top boom
member, as shown above, the member was proved to be inade-
quate, then each of the members making up the top boom
would have to be separately analysed using their own individ-
ual, axialand U.D.L.s. This can result in the selected section for
the top boom being found to be adequate.
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The normal practice is to have two sets of intermediate 10 mm
packers bolted through the vertical legs of the members, thus
affording the combined member additional rigidity to withstand
axial load. These packers are equi-spaced between the main
bolted connection points as shown:

Vertical struts
All struts to have double-bolted end connections.

For all struts try using two 70 x 70 x 6 Angles back-to-back and
separated by a 10 mm gusset plate.

From the Section tables the minimum radius of gyration
r = 213cm
CSA = 16.26cm?

Strut 1-2

L =1200 mm

Axial compressive load = 72,500 N

Compressive stress

212300 e N/mm?
1626
L _2100 g4
213

From Table 3a - Allowable compressive stress

pc =284 N/mm? fc < pc Accept

Strut 3-4

L = 2557 mm

Axial compressive load = 29,000 N
Compressive stress

a0 =18N/mm?
1626

L2570 _ o5

¢ 243

From Table 3a — Allowable compressive stress

pc =62N/mm? fc < pe Accept

Strut 5-6

L = 3013 mm

Axial compressive load = 18,250 N
Compressive stress

18200 =11.2N/mm?
1626
L _3013 .44
B 713

From Table 3a - Allowable compressive stress

5 The design of tank roofs - fixed

pc =46N/mm? fc <pc Accept

Strut 7-8
L = 3470 mm
Axial compressive load = 22,000 N

Compressive stress

fon o =13.5N/mm?
1626

L_ 3470 =163

r 213

From Table 3a - Allowable compressive stress

pc =35N/mm? fc <pc Accept

All the above struts are acceptable using two 70 x 70 x 6 Angles
back-to-back and separated by a 10 mm gusset plate.

All struts to be fitted with two equi-spaced bolted packers (as
stated above).

The bottom boom of the truss
The maximum tensile load in this lower boom is 175,500 N

Try using two 70 x 70 x 6 Angles back-to-back and separated by
a 10 mm gusset plate.

Gross C.S.A. of the compound section is
2x 813 mm? = 1626 mm?

Assume that the ties are bolted with M20 bolts in 22 mm
diameter holes.

From BS 449 the effective areas of the angle legs are as fol-
lows:

a2 the net area of the unconnected leg is
(70 - 6 /2) x 6= 402 mm?
al the net area of the connected leg is
402 - (22 x 6) = 270 mm?

Then

5a1  5x270 _ 1350
bal+a2 (5x270)+402 1752 )

The effective C.S.A. for each angle is
270 + (0.77 x 402) = 579.5 mm?
and for the compound section is therefore 1159 mm?

The maximum tensile stress in the tie

175,500
1169

From Table 19 - the allowable stress is 170 N/mm?

=151.4 N/mm?

The compound section is therefore acceptable.
Diagonal ties
The most highly-loaded tie is 2-3 at 50,000 N

Try using two 50 x 50 x 6 Angles back-to-back and separated by
a 10 mm gusset plate.

Gross C.S.A. of the compound section is 2 x 569 mm? = 1138
mm?

Assume that the ties are bolted with M20 bolts in 22 mm
diameter holes.

From BS 449 the effective areas of the angle legs are as fol-
lows:

a2 the net area of the unconnected leg is
(50-6/2) x6 =282 mm?
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5 The design of tank roofs - fixed

al the net area of the connected leg is
282 (22 x6) =150 mm?
Then

a1 __ 5x150 _ 750 _ .,
5al+a2 (5x150)+282 1032

The effective C.S.A. for each angle is
150+ (0.73 x 282) = 355 mm?

and for the compound section is therefore
2 %355 =710 mm?

The maximum tensile stress in the tie
50,000
710

From Table 19 the allowable the allowable stress is 170 N/mm?

=70 N/mm?

The compound section is therefore acceptable.
Crown ring

The central crown ring is designed as for the previous example
using Roark’s method. See Figure 5.18.

Intermediate rafters

The longest intermediate rafter at 3408 mm, is the one at the
centre of the bay, running between the shell and Purlin No.4.
This rafter is also the most heavily-loaded, carrying a total
U.D.Lof 11,477 N. The design for all the intermediate rafters will
be based on this worst case.

Loading diagram

The maximum bending moment is given by

_ WL 11477 x 3408

- 8 8
=4.9x10° Nmm

Try using a 127 x 64 R.S.C.
Zxx = 7599 cm?
Ixx = 4825cm*
ryy = 1.88cm
D e

t
Bending stress
M 49x10°

fbe=——=—"""———=64.48 N/mm?
Zxx  75.99x10

L3080

v 138

From Table 3a the allowable bending stress pbc is 89 N/mm?
The stress in the beam is acceptable.

Check for deflection.

Deflection is given by

5.W-L°>  5x11477 x 3408°

= =59 mm
384.E.| 384 x207,000 x482.5x 10

The allowable deflection given in BS 449 is
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i
360

This factor is to ensure, among other reasons, that there will &=
no damage to building finishes, which is not a concern when c=-
signing tank roof structures.

BS 5950: Part 1, Table 5 gives several alternatives for allowabi=
deflections. In particular it quotes L/360 for beams carrying
plaster or other brittle finishes and also L/200 for all other
beams.

The L/200 is a more realistic figure for tank roof structures anz
this is the factor which will be used.
Applying this to the above rafter, then the allowable deflection
is:

3408

——=17.0 mm
200

Hence the chosen beam size is acceptable for the stress leve
and deflection.

Purlin No. 4

8330 N 9474 N 9330 N

34.056°

/ 2100 mm

1580 mm

3160 mm

6312 mm

Design of diagonal bracing

9474 +9330/2 = 14,139 N

2100 mm

Load in diagonal bracing
=14,139 +sin 34.056 = 25,248 N

Try using fwo 80 x 80 x 6 Angles back-to-back and separated by
a 10 mm gusset plate.

C.S.A.

1870 mm?

Min. r 24.5 mm

Compressive stress

fo= 29248 _1ag N/mm?
1870

L _3794 153

i 245

From Table 17a - the allowable stress pc = 40 N/mm?

The member as selected is acceptable.
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5 The design of tank roofs - fixed

Crown ring
Central crown ring design using Roark's method

39.20 Yo

| 150
y |

t !

16 | [

b i sl
10 355
o !
g 587.5 mm Rad.
Tank dia. 3000 m
Number of rafters 12.00
Crown ring dia 1175.00 mm
Roof slope 1in? 5.00
Compressive load in rafter 168.50 kN
Design stress 183.33 N/mm?
2 x « = Angle Between Rafters 30.00 degrees
« = 1/2 Angle Between Rafters 15.00 degrees
1/c =380/ ( 2Pix «) 3.820 radians
1/8in = 3.864
1/Tan « 3.732
Horiz. Load on Ring "H" = F8x cos 8 165.228 kN
Properties of Ring
C.S.A. of corroded Crown Ring A= 5950.00 mm?
Moment of Inertia on Axis thro' centroid | yy = 9684541.32 mm* |
Section Modulus Zyy= 87406.93 mm?® |
Radius of Gyration Ryy= 40.34 mm
Radius of Crown Ring R = 587.50 mm
Moment between Forces "H" is "Mo"
Mo=(HxR/2)x (1/sin « -1/a) 213482588 N
Compression in Ring is "No"= H/2(1/sin «) 31919568 N
Mo /Z = 2442 N/mm?
No /A= 53.65 N/mm?*
Total Comp. Stress in Ring = Mo/Z + No/A = 78.07 N/mm?
Allowable Design Stress = 183.333 N/mm?
Is Total Comp. Stress=< Allowable Design Stress? Yes accept
Moment at Forces "H" is "Mi"
Mi=(HxR/2)x (1/ « -1/ Tan «) 4255017.50 N
Tension in Ring is "Ni"= H/2(1/tan «) 308319.35 N
Mi/Z= 48.68 N/mm?
NifA= 51.82 N/mm?
Total Tension in Ring = Mi/Z + Ni/A = 100.50 N/mm?
Allowable Design Stress = 183.33 N/mm?
Is Total Tensile Stress =< Allowable Design Stress Yes accept
The complete Roof Designis --  accepted

Figure 5.18 Central crown ring design calculation using Roark’s method
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5 The design of tank roofs - fixed

Beam of Purlin No. 4
9330 N
3160 mm

Bending moment
W-L 9.330x3,106

=7,244,745 Nmm

4 4
Try using a 127 x 64 R.S.C.
Zxx = 7599cm?
Ixx = 4825cm*
ryy = 1.88cm
D = 138

t

Bending stress
M 7,244,745

fbc=—=—""""""_-953 N 2
Zx 75,990 fmm
L _1580 g,

r 188

From Table 3a - the allowable bending stress pbcis 148 N/mm?
The stress in the beam is acceptable.

Check for deflection

Deflection is given by

W-L* 9.330 x 3.106°
48-E:| 48 x207,000 x 4825 x 10°

The allowable deflection is:
3106

—— =15.5mm
200

Hence the chosen beam size is acceptable for the stress level
and deflection.

Purlin No. 3

=5.83 mm

8517 N 6443 N B517N

R

/ 2557 mm

1185 mi

2329 mm
4658 mm

Design of diagonal bracing.
Load in diagonal bracing = 9702 + sin 47.67 = 13,124 N

Try using two 80 x 80 x 6 Angles back-to-back and separated by
a 10 mm gusset plate.

C.S.A. = 1870 mm?
Minimum r' = 24.5 mm
Compressive stress
o 13,123
1870

=7.0N/mm?
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6443 +6317/2 = 9702 N

2557 mm

From Table 17a - the allowable stress pc = 46 N/mm?
The member as selected is acceptable.
Beam of Purlin No. 3

6517 N

2329 mm

Bending moment

_W.L 6517 x2329
4 4

M

=3,794,523 Nmm

Try using a 127 x 64 R.S.C.

Zxx

= 75.99 cm?
Ixx = 482.5cm?
ryy = 1.88cm
b = 138

t

Bending stress

fbc=ﬂ=w:50_o N/mm?
Zxx . 75990

HMallBos s

r 188

From Table 3a the allowable bending stress pbcis 175 N/mm?
The stress in the beam is acceptable.

Check for deflection.

Deflection is given by:

WL 6517 x 2329°

= =1.7 mm
48-E.l 48 x207,000 x 482.5 x 10"

The allowable deflection is

Hence the chosen beam size is acceptable for the stress level
and deflection.

n

- e O =

D = =



Purlin No. 2

2716N 5886 N 2716N

b5

~

3
Ra = 5659 N Rb = 565¢ N

80 m 63 mm

1553 mm

3106 mm

4|

The maximum bending momentis at the centre of purlin and is:
M= (5659 x 1553) —(2716 x 763) =6,716,119 Nmm

Try using a 127 x 64 R.S.C.
Zxx = 75.99cm?

Ixx. = 4825cm*
ryy = 1.88cm
2 = 138

t

Bending stress

fbczﬂ=m:33_4 N/mm?
Zxx 75,990

LA

r 188

From Table 3a -the allowable bending stress pbcis 180 N/mm?
The stress in the beam is acceptable.
Check for deflection.

As the beam is loaded symmetrically, Mohr’s area method will
be used to determine the maximum deflection in the beam.

The deflection measured at Ra, from a tangent at the centre of
the deflected beam is equal to:

The first moment of area of the bending moment diagram be-
tween Ra and the centre of the beam, divided by the modulus of
elasticity and the second moment of area of the beam section.

1st-m.o.a. of B.M.diag.(Ra to centre
or Deflection = d L ( )

Ex]
1st m.o.a.:
A=%9x4.471 x10% x 527 =93.1 x 10"
B=763 x4.471 x10° x 1172 =399.8 x 10"
C:%x2245x105x1299 =111.3x10"

Total 1st m.o.a. of B.M diag.

between Ra & C.L = 604.2 x 10 N/mm?

604.2 x 10"
207,000 x 482.5 x 10*

Deflection = =6.1 mm

Allowable deflection is

ﬁ =15.53 mm
200

Hence the chosen beam size is acceptable for the stress level
and deflection.

5 The design of tank roofs - fixed

C|L
1299 mm
6.716x 10
6 C
4.471x 10
0
Ra B
527
1172 mm
Purlin No. 1
6128 N
e e
{4 4
< 1553 mm =l

Maximum bending moment
WL 6128 x 1553

Me=2 S =2.38 x 10° N/mm
Try using a 102 x 51 R.S.C.

Zxx = 40.89 cm?

Ixx = 207.7cm*

ryy = 1.48cm

D = 133

t

Bending stress

6
TN T e
Zxx 40890
L_7765 .,
r 183

From Table 3a - the allowable bending stress pbcis 180 N/mm?
The stress in the beam is acceptable.
The deflection in the beam

_w.® 6128 x 1553°

e = =1.1 mm
48-E-1 48 x207,000 x 207.7 x 10°

Allowable deflection is

@ =7.8 mm
200

Hence the chosen beam size is acceptable for the stress level
and deflection.

Cross bracings

As mentioned earlier, the British Code requires that cross brac-
ing shall be provided in the plane of this size of roof, to give the
structure torsional stability. This bracing shall be in at least two
bays of the roof, between two pairs of adjacent rafters.

In practice, it has been found that designers have often pro-
vided four sets of bracing in 30 metre diameter structures, as
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5 The design of tank roofs - fixed

Crown Ring

Lapped roof petal plates
(or can be butt-welded on to

beam flange) ; y 4.

~

Web stiffeners

\j

Section 'A" - 'A’

Figure 5.19 Externally-framed cone roof type arrangement

this has the advantage of giving added rigidity to the structure
during the construction of the roof.

The selection of the section size for these bracings usually re-
lies on the experience of the individual designer because there
are no specific loads to work with. Hence the length of the brac-
ing is considered with regard to the sag which is likely to occur
due to self-weight, and a suitable angle section is normally cho-
sen against this criteria.

For the structure designed above a bracing angle section of 70
x 70 x 6 has been chosen.

The weight of the finished structure can be calculated and in
this case it is found to be 24,300 kg. Adding the weight of the
roof plating, 29,000 kg, to this gives a total of 53,300 kg or
522713 N which gives a overall dead load of 739.5 N/mm?
which equates favourably to the figure of 740 N/mm? used for
design purposes.

This concludes the design for the trussed frame type structure.
5.5.1.6 Externally-framed roofs

This type of supporting structure consists of a series of radial
steel sections. The roof petal plate sections are welded to the
underside of the lower flange of each beam. The arrangement

is shown in Figure 5.19.

The design calculation for this type of structure based ona 15
metre diameter tank is given in Figure 5.20.

136 STORAGE TANKS & EQUIPMENT

5.5.2 Dome roofs

5.5.2.1 Radial rafter type

This structure consists of a series of curved radial steel beam
sections connected to the shell at their outer end and to a centre
crown ring at the centre of the tank. A series of circumferential
rings provide lateral support for the beams and cross bracing in
the plane of the roof is provided in some bays to give the struc-
ture torsional stability. This type of roof can be used in all sizes
of tank and has an advantage over the truss type of structure
when dealing with tanks over say 50 metres in diameter where
the truss type structure becomes quite massive.

There is a further advantage because, unlike the truss type
structure, the domed structure is completely clear of the stored
product. Also, if an internal floating cover is to be installed in the
tank, there is no loss of tank capacity.

One disadvantage is that this type of roof is not frangible and
therefore if frangibility is a desirable feature then it can not be
used.

Details of this type of structure and an illustration showing a roof
under construction are given in Figures 5.21 and 5.22 respec-
tively.

Figure 5.23 (8 pages, at the end of this Chapter, pages 144 -
151), provides a typical design calculation for this type of struc-
ture, using a 39 metre diameter tank as the basis.

There are also software packages available such as STAAD or
ANYSIS which enable the complete roof structure to be mod-
elled.

E



Tank diameter 15.00
Roof diameter 15.062
Roof Slope 1in? 500
Roof Height 1.506
Roof Slope Length 7.680
Shell top course thickness 6.00
Roof overlap on to Curb angle 2500
O.D. of central horizontal plate of Crown ring. (min.=32 500.00
O.D. of central horizontal plate toi.d. of Crown upstand  341.000
Q.D. of conical Crown ring. 1757
O.D. of Crown ring upstand. 1189.00
Minimum height of Crown ring upstand - (can be higher) 191
Max. depth of Rafter fixing bracket to suit selected Raft 161
Thickness of Rafter fixing bracket 10.00
Thickness of Crown plating 10.00
Flange width of Rafter (see below) 76.20
Space between toes of adjacent Rafters at Crown 185.719

Rafter overlap on to Crown Ring  (usually =>100 mm) 100
Gap between Rafter end & Crown upstand (say 190 mm) 190
Petal plate edge "overlap" ( from centre line of Raiter ) 100
Petal plate edge "underap" ( from centre line of Rafter 50

5 The design of tank roofs - fixed

m
m (incl. curb oflap)

m
m
mm

mm
mm
mm
mm
mm
mm
mm
mm
mm
mm (>100mm, OK)
mm (>=100mm, OK)
mm

mm

mm

=>100mm, OK

Web
stiffeners.
100 || Overiap
Section at radial joint in Roof plate.
/ ; 3
] 1
50 {1;7 Underlap

Tan of Roof Angle 0.2000
Sin of Roof Angle 0.1961
Cos of Roof Angle 0.9806
Roof Angle (Theta) 11.310 degrees
Roof plate steel Type CSorSS 7?7 cs
Roof plate Yield or 1% Proof Stress 27500 N/mm’
Roof plate design Stress = 2/3 x Yield or 1% Proof Stre 183.33
Roof Plate Thks. 500 mm
Corrosion Allowance on Roof plating. 000 mm
Roof Plate Design Thks. 5.00 mm
Weight of Roof Plating 69.290 kN uncomroded
Weight of insulation 000 kN/m?
Weight due to Insulation 0.000 kN
No. of Beams 16.00
Corrosion allowance off each face of Rafter 0.000 mm
Total corrosion allowance is therefore 0.000 mm
Unit weight of Beams 23.82 kg/m uncorroded
Weight of Structure detailed above 25.738 kN
VWeight of Crown Ring 3.062 kN uncorroded
Superimposed Load (normally 1.2kN/m? 1.20 kN/m?
Superimposed Load 213.814 kN
Total Load on Roof 'Q 311.904 kN

Rafter length 6.884

Load per Rafter "Q"= Total Load/No. of Beams 19.494
Vertical Load @ Roof Centre = 1/3x "Q" = 6.498
Load down axis of Rafter = "P" = "Rb"/sin Theta B3 133

Figure 5.20 Design calculation for externally-framed cone roof type - page 1

kN
kN
kN
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5 The design of tank roofs - fixed

Try using a Rafter Section: 203 x 76 x 23.82 ka/m R.S.C.
The relevant properties of the uncorroded Rafters are as follows * —

Depth of Section 203.20 mm
Flange width 76.20 mm
Flange thickness 11.200 mm
Weight of Rafter 23.820 kg/m
Cross sectional Area "A" Uncorroded propertie 30.34 cm?
Moment of Inertia 1 xx 1950.00 cm*
Elastic Modulus Z xx 192.00 ¢m?
Radius of Gyration R xx 8.02 cm
Ratio D/T 18.20

Length of Rafter 6884 m

Slendemess Ratio L/R xx(Beam restrained by roof plate) 85.8

Modulus of Elasticity "E" 207.000 kN/mm?
Max Bending Mnt. = BM =0.128x Qx L 17177 kN.m
Max Bending Stress "foc" = BM /Z 89.464 N/mm?

Max Compressive Stress "f¢" = P/ A

10921 Nimm?

Allowable Bending Stress "pbc" (BS 449 Tables 2 &3a) 150.0 N/mm?

Allowable Comp. Stress  "pc" (BS 449 Table 17a) 101.0 N/mm?
fbe/pbe + felpe must be =< 1.0 Actual value is — 0.705 ACCEPTABLE
Deflection = (0.01304 x Qx L°) divided by E x| 2054 mm
Allowable Deflection = L /200 (BS 5950 : Pt . Table 5) 34.42
Is Actual Deflection < Allowable Deflection? YES  ACCEPTABLE
Crown Ring, |

t

ﬂ#\_‘

e

168t
]

Effective regions of Ring = 16 x 't * or the actual available dimension whichever

is the smaller. Upstand = 160 mm
Inner conical section = 160 mm
Outer conical section = 160 mm
Load on Crown Ring "P = 33.133 kN
Section Modulus of Ring *Z'= 174811 cm?
C.8.A. of Ring "A"=  4837.858 mm?
Radius of Crown Ring "R"= 594500 mm

From "Roark 5th Edition Table 17-7
Angle between Rafters = 23 «

22500 degrees

12 " : = 11.250 degrees
1/ Theta = ( 360 / 2x Pix «) 5.093 radians
1fsin « = 5126
1ftan o« = 5.027

Moment between Loads "P"= "Mo"=PxR/2(1/sin « -1/«} 323.761 kN.mm

Compression in Ring  "No"= P/2(1/sin «) 84.918 kN.mm
Mo/Z= 1.852 N/mm?
No /A= 17.553 N/mm?
Total Compressive Stress Mo/Z + No/A = 19405 N/mm?

Allowable Stress from earlier is

Is Total Comp.Stress < Allowable Stress ?

183.333 N/mm?
YES  ACCCEPTABLE

Moment under Load "P"="Mi"= PxR/2(1/« - 1/tan «)  646.273 kN.mm

Tension in Ring "Ni"= P/2(1/tan «) 83.287 kN
Mi/Z= 3.697 N/mm?
NifA= 17.216 Nimm?
Total Tensile Stress Mi/Z +Ni/A = 20913 N/mm?
Allowable Stress from earlier is 183.333 N/mm?
Is Total Tensile Stress < Allowable Stress ? YES ACCEPTABLE

THE ROOF AS DESIGNED IS THEREFORE ACCEPTED

Number of plates required to cut Petal plates from is : -8  OFF

Figure 5.20 Design calculation for externally-framed cone roof type - page 2
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5 The design of tank roofs - fix

o
&1

Top curb level

Nominal diameter

Diameter

Rafter end detail

Section A-A
Purlin end cleat

Section B-B
Wind brace end cleat

Detail of centre ring

Figure 5.21 Details of rafter type dome roof

5.5.2.2 Externally-framed type

This again consists of a supporting structure composed ofase-
ries of curved radial rafters. In this case the roof sheeting is at-
tached to the underside of the supporting rafters. This type of
arrangement s ideal for internally-lined or stainless steel tanks,
which can have a carbon steel external structure.

The method of construction used here was to shop-fabricate
the sectors of roof plating with a radial beam already welded to
& i ' each edge of the plate. The photograph shows the first four pet-
bl ; als in place and supported at the centre by a temporary king
post. Every other petal plate sector was then lifted into position
SOTF and finally the gaps between the pre fabricated sectors were
Vi plated in.

The design of this type of structure is similar to that of the inter-

P - nally domed structure but as the roof plates are welded to the

: = s SRR lower flange of the radial rafters, the rafters are “tied” together

PR £ EETT : it ; and hence there is no horizontal load transmitted to the shell

Figure 5.22 Radial rafter dome roof under construction from the rafters and hence the reinforced curb angle arrange-
Courtesy of Whessoe ment is not required.
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5 The design of tank roofs - fixed

\ A Crownning L
| PR el
¢ = ] Roof plates ;

Radial rafters

Web stiffeners

Lapped roof petal plates

fer can be butt-welded on

to beam flange) , y
¥

s B

1 Section 'A - A'

Figure 5.25 Initial stage of construction of externally-framed dome roof of a
44 m diameter tank

Courtesy of McTay
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Figure 5.26 Completed externally-framed dome roof tank
Courtesy of Whessoe

Figure 5.24 shows a typical arrangement for this type of roof.

The rafters are laterally restrained by the roof plating but it is
usual to weld web stiffening plates into the rafters as shown in
Section A~ A of Figure 5.24 and the length of L for determining
the slenderness ratio for the rafters is taken as the greatest un-
supported distance on the rafter.

Figure 5.25 shows the initial stage of construction of this type of
roof on a 44 metre diameter tank. Figure 5.26 shows a com-
pleted 90 m diameter tank roof.

Figure 5.28 90 m diameter internally-framed dome roof completed and ready
to be air-lifted (note the stabilisation cables attached to the centre of the floor)
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Figure 5.29 A 90 m diameter roof being air-lifted to the top of the tank
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Figure 5.30 A 90 m diameter roof being secured into place

L

Figure 5.31 A 90 m diameter roof in its final position and ready for welding to
the shell compression plate

5.5.3 Other types

There are a number of methods available for designing domed
roofs and in some instances the circumferential rings are
deemed to take tensile loads, thus decreasing the load in the

5 The design of tank roofs - fixed

Figure 5.32 33 m diameter geodesic dome roof being built alongside a tank
Courtesy of McTay

Figure 5.33 A 33 m diameter aluminium geodesic dome roof being lifted into
position on a tank

Courtesy of McTay

Figure 5.34 A 33 m aluminium geodesic dome roof in position on the tank
ready for the final peripheral flashings to be put into place

Courtesy of McTay

main rafters. In particular for very large diameters say above 80
metres, Reference 5.2 should be consulted.

For ease of construction, these very large diameter roofs are of-
ten constructed inside the shell on the floor of the tank, see Fig-
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5 The design of tank roofs - fixed

ures 5.26, and then lifted to the top of the tank under air pres-
sure. The small gap between the rim of the completed roof and
the shell is sealed with a temporary flexible membrane which is
secured to the roof rim. The pressure under the roof which is re-
quired to lift it is surprisingly small.

Take a 90 m diameter roof having an all-up weight of 620
tonnes. The pressure equalling this weight over the area of the
tank is equivalent to 9.6 mbar and this pressure can be deliv-
ered by large volume fans attached to the shell manholes. The
roofis stabilised during its ascent by cables attached to the floor
which pass through the crown of the roof and across the outer
surface to sheaves at the rim, finally these cables are anchored
at points above the rim of the shell. Figures 5.27, 5.29, 5.30 and
5.31 show a 90 m diameter roof constructed and lifted in this
way.

5.5.3.1 Geodesic dome roofs

This type of roof is a fully triangulated, spherical, space frame
structure, generally designed to be self-supporting from its pe-
riphery with an integral peripheral tension ring to take the hori-
zontal forces. They are usually constructed in reinforced plastic
or aluminium, Figure 5.32 to 5.34 show a 33 m diameter roof of
this type under construction and being lifted into position.

They are particularly suited to water and wastewater applica-
tions where their corrosion resistant properties are a distinct ad-
vantage, also these relatively lightweight structures lend them-
selves to being retrofitted to existing tanks for the containment
of vapour, gasses and odours, as they can be erected along-
side a tank and lifted into position in one piece.

They are also used in the petrochemical industry, again for the
containment of vapours or as weatherproof covers for floating
roof tanks containing moisture sensitive products.

5.6 Column-supported roofs

As an alternative to providing a structure which is supported
only by the tank shell, the column-supported roof introduces a
series of vertical supporting columns. These are arranged in a
series of circumferential rings around a single centre column.
The rings of columns are circumferentially linked by girders
which in turn support radial rafters on which the roof plating is
laid. It is usual to adopt a shallow conical shape (1in 16) and in
theory there is no limit to the size of the tank roof which can be
constructed in this way and it is reported that a tank of 110
metres in diameter has been built.

Figure 5.35 Column-supported roof tanks under construction

Courtesy of MB Engineering Services Ltd
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Figure 5.36 Column-supported cone roof tanks under construction
Courtesy of Whessoe

Figure 5.37 Completed column-supported roof structure

The construction of this type of roof is shown in Figures 5.35,
5.36 and 5.37.

Clearly, careful thought has to be given in cases where there is
a possibility that the tank foundation may be prone to differential
settlement due to poor soil conditions, which can result in differ-
ential settlement of the columns, thus causing undesirable in-
crease stresses in the roof members and their connections.

Consideration has to be given to the possibility of lateral loading
of the columns due to the motion of the stored product when de-
signing for a seismic condition. The column bases should, un-
der all conditions, be restrained in position on the tank floor. The
bases should not be attached to the floor but shall be prevented
from moving by welding angle cleats to the floor at the edges of
the column bases.

Figure 5.37 shows the rafters projecting beyond the support
beams, this is done to ensure that the maximum allowed spac-
ing of 1.7m (5.5 ft) between the rafters is maintained.
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To provide torsional stability in the plane of the roof it is neces-
sary to provide cross bracing in at least two bays of the struc-
ture for roofs exceeding 15m in diameter. These sets of bracing
should be spaced evenly around the tank circumference. The
bracings are normally thin flat tie bars welded to the top flanges
of the rafters or may be tie rods connected between the webs of
the rafters.

The shallow roof slope makes this type of roof unsuitable for in-
ternal pressures much in excess of the self-weight of the roof
plating itself (usually 4 mbar).

For column-supported roof structures which are designed to
the British Code then the recommendations of the Structural
Steel Code BS 449 shall apply.

For tanks designed to the American Code then the applicable
Structural Steel Codes which apply to the country in which the
tank is being built shall apply.

For tanks which are builtin America the AISC Code, (see Refer-
ence 5.3), shall be used together with the overriding require-
ments of API 650 given in the Code, clause 3.10.3.3. for slen-
derness ratios and clause 3.10.3.4, for the allowable
compression in columns.

The design of column-supported roofs is fairly straightforward
and may be approached as follows:

a) Split up the area of the roof and apportion the resulting
loads to the individual radial rafters. These rafters are
treated as simply supported beams with a U.D.L.

b) The girders connecting the tops of the columns together
take the point loads from the radial rafters, remembering
that the girders support half the load from an inner ring of
rafters, plus half the load from an outer ring of rafters.
Again the girders are considered as simply supported
beams with multi-point loads.

c) Halfthe load from each of the two adjacent girders inacir-
cumferential ring is carried by the connected column and
the design of the columns is subject to the applicable
Structural Steel design Code.

5.6.1 Column selection

The selection of the type of column section to be used excites
the imagination inasmuch as the columns are usually quite tall
and hence the minimum radius of gyration through any axis of
the column must be as large as possible in order to arrive at the
greatest value obtainable for L/r . The obvious answer is to use
a tubular section for the columns, which of course has only one

value for its radius of gyration but there is often reluctance o us-
ing tubes because of the possibility of internal corrosion dam-
age which cannot be detected, also tubes are often more ex-
pensive than other sections or combination of sections.

RE

Diaphragm plates

£

Figure 5.38 Examples of other sections used for columns in column-supported
roofs

Other sections which have been used are shownin Figure 5.38.

5.7 References

541 Structural stability of the tank-code requirements, Pro-
fessor A.S. Tooth, Department of Mechanical Engineer-
ing, University of Strathclyde.

5.2. Adesign philosophy forlarge storage tank braced dome
roofs, The Structural Engineer, G. Thompson, G. K.
Schleyer and Prof. A. S. Tooth, 1987.

5.3  Specification for Structural Steel Buildings, Manual of
Steel Construction, Allowable Stress Design, The
American Institute of Steel Construction (AISC), (Note
that Chapter ‘N’ on the use of plastic design in Part 5 Al-
lowable Stress Design of this latter Specification is spe-
cifically not allowed.)

5.3  Steel Plate Engineering Data Series, Useful Information
- Design of Plate Structures, Volumel., American lron &
Steel Institute (AISI).

55  Minimum design loads for Buildings and other Struc-
tures, American Society of Civil Engineers (ASCE) —
Sandard 7-93.
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& The design of tank roofs - fixed

Design for the radial Rafters of a Domed roof.
Design Codes :- BS 449
A.P.1.850  (A.P.l. 650 does not give all of the specific requirements for
Supported Dome or Umbrella Roofs therefore the guidance
given in Clause 3.10.2.7, applies to this design.)
Design of Roof in the corroded condition.

Material Specification 305 x 165 x 40# Universal Beam to B.S 4. in BS En 10025 S275 Material
Tank mean Diameter D 39 m
Tank Height H 22 m
Dome Roof Diameter DL 39
Dome Roof Radius RR 585 m RRIDL= 150 OK
Number of Rafters NMR 44
Super. load 1.2 kKN/m?
Rafter weight 31 kg/m
Roof plate thickness 5 mm
Roof plate corrosion allowance 0 mm
Other uniform roof load Purlins 0.031 kN/m?
Crown ring 465kN  0.004 kN/m?
Design load for roof TL 1.86 KN/m?
Radius to inner end of Rafte RU 1250 mm
Dia. to inner end of Rafter RD 2500 mm
For lateral restraint the Rafter is split into 5 sections by fitting Purlins. (Actually there are
6 sections, but the outer one is not at the same
Dome Roof Design spacing as the others therefore is ignored here.)

1. Determine load applied by the structure Crown Ring.
PCL= RD? . pi.TL
4. NMR
Where : RD = Diameter of Crown Ring. (2xRU)
| TL = Roof loading.
- NMR = Number of main Rafters.

| 2. Determine geometery of any section.

RU
RL |<—>

al

| RL = Rad. at outer end of Rafter
RU = n n inner n n n

RR = Rad. of dome.

F1 = Angle subtended by RU Arcsine (RU/RR)

F2 = Angle subtended by RL Arcsine (RL/RR)

F3 = Angle subtended by section F2-F1

F4 = Rise in height of section {(1-cosF2)-(1-cosF1)}.RR
Arc = Arc length RL to F4 F3.RR

Figure 5.23 Design calculation for radial rafter dome roof type - page 1
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5 The design of tank roofs - fixed

3. Load on Rafter section.

HTT l
HTR I o|L

I RU
L RL
Where :
HTR= RUZ.pi.TL I
NMR
HTT = (RL-RU).2.pi.TL
NMR

4. Reactions at lower end of Rafter section.

Horizontal Reaction.
HTH= {(HTR(RL-RU?/2+(HTT. (RL-RU)¥6 + PCL. (RL -RU )} /F4

Vertical Reaction.
VIH= HTR . (RL-RU X(HTT. (RL-RU))/2 + PCL

5. Calculations at 50 No. intewal%’l
/ \ T F8

HD \\ ol RU

XN = Present arc distance from upper end of section.

F7=XN/RR

HD = Horizontal distance.  {sin ( F1+F7 )RR }-RU

F8 = Vertical distance at poir{ (1 -cos (F1+F7))-(1-cosF1)}.RR

@

Bending moment at the above intervals.
BM1 = -HTH . F8 4HTT . HD®*+HTR . HD?4PCL . HD
{RL-RU).( 2

7. Shear force at above intervals.
F10 = Vertical load at any point considered.
= HilE: HEAE FTR . HB+ PEL
(RL-RU ).2
SF = Shear load at point considered.
= F10.cos ( F1+F7 ) +(- HTH . sin ( F1+F7))

8. Compression at above intervals.
COM = F10 . sin { F1+F7 )+ HTH. cos (F1 + F7)

9. Stress at above intervals.
fc= - COM / Area of Rafter
fb= BM/{Z of Rafter
Stress intopflange= fc+fb
Stress in bottom flange= f¢c-fb

Figure 5.23 Design calculation for radial rafter dome roof type - page 2
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5 The design of tank roofs - fixed

Design calculations.
1. PCL= 0.2075058 kN

2. F1=0.0213691 Rads.
F2 = 0.3398369 Rads.
F3 = 0.3184678 Rads.

F4= 33323148 m

ARC = 18.630364 m

3. HTR= 0.3320092 kN/m
HTT = 4.8473347 kN/m

4. HTH= 08476427 kN ( Horiz. load at shell )
VTH = 50.498603 kN ( Vert. load at shell )

5. XN= 0.3726073 m (intervals at which calcs. are made along the Rafter.)

Depth mm|Width mm |Wt.  kg/m|Sect. type
Beam section to be used for the Rafter :- 305 165 40 U.B.
(356 x 171 x 51 kg/m with a 1mm c.a. off each face.)
Properties of Rafter :- c.sa.= 515 cm? | xx 8523 cm’
Z wx = 561.2 cm®  |lyy: 763 cm’
DiT= 299 ryy 3.85 cm
Is the Rafter welded to the Roof plating ? NO (i.e. Internal or external structure ?)
Purlin Section size is :- 90x9%0x10RSA
Thickness of Roof plating 5 mm
Roof plating corr. allowance 0 mm
Roof plating design thicknes 5 mm
Properties of Rafterincl platt  ¢.s.a.= 67.75 cm?  Ixx 1149100 cm’
( For external structures only Zxx= 605.82 cm® DfT= 29.9
ryy 5.69 cm
For this case :-
Use bare Rafter properties only
c.s.a.= 515cm? Ixx 8523.00 cm’
ZXx= 561.20 cm® D/T= 29.9
ryy 3 85cm
The value of 'f' to be used is ryy= 3.85 cm (for lateral restraint for the Beam )

Figure 5.23 Design calculation for radial rafter dome roof type- page 3
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5 The design of tank roofs - fixed

Cross sectional area = 5150 mm?*  Zxx : 561200 mm® D/T=29.9
Relevant value for ' ryy ' = 38.50 mm
Arc length of Rafter = 18.630 m Calculations made at :- 50 intervals along Rafter
XN HD BM SF COMP fc fb Top Btm
arc (m) {kN.m) (KN ) (kN ) (N/mm?) | (N/mm?) | (N/mm?) | (N/mm?)
1 0.373 0.372 -0.798 -2.382 08.448 -19.116 -1.422 -20.539 -17.694
2 0.745 0.745 -1.770 -2.830 98.437 -19.114 -3.165 -22.269 -15.959
3 1.118 1.117 -2.903 -3.241 98.426 -19.112 -5.172 -24.284 -13.940
4 1.490 1.490 -4.181 -3.616 98.415 -19.110 -7.451 -26.560 -11.659
5 1.863 1.862 -5.593 -3.954 98.405 -19.108 -9.966 -29.074 -9.142
5 2.236 2.234 -7.123 -4.255 98.398 -19.108 -12.693 -31.799 -6.413
I 2.608 2.606 -8.769 -4.520 98.392 -19.105 -15.608 -34.714 -3.497
8 2.981 2977 -10.487 -4.749 98.390 -19.105 -18.688 -37.793 -0.417
9 3.353 3.349 -12.294 -4.941 98.392 -19.105 -21.907 -41.012 2.801
10 3.726 3.720 -14.165 -5.098 98.399 -19.107 -25.241 -44.348 6.135
11 4.099 4.091 -16.088 -5.218 98.411 -19.109 -28.668 -47.777 9.559
12 4.471 4.462 -18.050 -5.303 98.429 -19.112 -32.163 -51.275 13.050
13 4.844 4.833 -20.036 -5.352 58.454 -19.117 -35.702 -54.819 16.585
14 5.217 5.203 -22.034 -5.366 98.486 -19.123 -39.262 -58.386 20.139
15 5.588 55674 -24.031 -6.345 98.525 -19.131 -42.820 -61.951 23.689
16 5.962 5944 -26.013 -5.289 98.574 -19.141 -46.353 -65.493 27.212
17 6.334 6.313 -27.968 -5.199 98.632 -19.152 -49.836 -68.988 30.684
18 6.707 6.683 -29.883 -5.074 98.700 -19.165 -53.248 -72.413 34.083
19 7.080 7.052 -31.745 -4.915 98.779 -19.180 -56.566 -75.746 37.386
20 7.452 7.420 -33.541 -4.722 98.868 -19.198 -59.767 -78.985 40.570
21 7.825 7.788 -35.260 -4.496 98.970 -19.218 -62.829 -82.047 43.612
22 8.197 8.156 -36.888 -4.237 99.084 -19.240 -65.730 -84.970 46.490
23 8.570 8.524 -38.413 -3.945 99.212 | -19.264 -68.448 -87.712 49.183
24 8.943 8.891 -39.823 -3.620 99,353 -19.292 -70.961 -90.253 51.669
25 9.315 9.258 -41.107 -3.263 99.509 -19.322 -73.248 -92.570 53.926
26 0.688 9.624 -42.251 -2.875 99.679 -19.355 -75.287 -94.643 55,932
27 10.060 9.990 -43.245 -2.455 99.865 | -19.391 -77.059 -96.450 57.667
28 10.433 10.356 -44,077 -2.005 100.068 | -19.431 -78.541 -97.971 59.110
29 10.806 10.721 -44.735 -1.523 100.287 | -19.473 -79.714 -99.187 60.241
30 11.178 11.085 -45,209 -1.012 100.523 | -19.519 -80.557 | -100.076 61.038
31 11.551 11.449 -45.486 -0.471 100.777 -19.568 -81.051 | -100.619 61.483
32 11.923 11.812 -45 556 0.099 101.050 -19.621 -81.176 | -100.797 61.555
33 12.296 12.175 -45.408 0.698 101.341 -19.678 -80.913 | -100.591 61.235
34 12.669 12538 -45.032 1.325 101.653 -19.738 -80.243 -99.981 60.505
35 13.041 12.900 -44.417 1.981 101.984 -19.803 -79.147 -98.950 59.344
36 13.414 13.261 -43.553 2.663 102.335 -19.871 -77.607 -97.478 57.736
37 13.786 13.622 -42.429 3.372 102.708 -18.943 -75.605 -95.548 55.662
38 14.159 13.982 -41.037 4.108 103.102 -20.020 -73.123 -93.143 53.103
39 14.532 14.341 -39.365 4.869 103.518 -20.101 -70.145 -90.245 50.044
40 14.904 14.700 -37.405 5.656 103.957 -20.186 -66.652 -86.838 46.466
41 15.277 15.058 -35.147 6.467 104.419 -20.275 -62.629 -82.904 42.353
42 156.650 15.416 -32.583 7.302 104.904 -20.370 -58.059 -78.429 37.689
43 16.022 16,772 -29.703 8.161 105.413 -20.468 -52.927 -73.395 32.458
44 16.395 16.128 -26.498 9.043 105.946 -20.572 -47.216 -67.788 26.644
45 16.767 16.484 -22.960 9.948 106.504 -20.680 -40.913 -61.593 20.233
46 17.140 16.839 -19.082 10.874 107.087 -20.794 -34.002 -54.795 13.208
47 17.513 17.193 -14.854 11.822 107.695 -20.912 -26.469 -47.380 5.557
48 17.885 17.546 -10.270 12.790 108.329 -21.035 -18.300 -39.334 -2.735
49 18.258 17.898 -5.321 13.778 108.980 | -21.163 -9.481 -30.644 -11.682
50 18.630 18.250 0.000 14.785 109.677 | -21.297 0.000 -21.297 -21.297
Maximum values are : - 109.677 21.297 81.176
Comp kN fc N/mm? b N/mm?

Compare max. bending stresses against allowable to BS 449.

The Rafter is not welded to the roof plating, therefore the relevant value
of 'ryy’ is to be used based upon the effective length between purlins.

Length of Rafter Lr = 18.360 m.
The Beam is split into:- 5 sections by web stiffeners or purlins
Li/5 = E
L= 3726 m
Lir = a7
DT = 299

Figure 5.23 Design calculation for radial rafter dome roof type - page 4
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5 The design of tank roofs - fixed

Table 17a of BS 449 pe= 86 N/mm?
Table 3a of BS 449 pbec = 127 N/mm?
Actual comp've. stress fo=  21.297 Nimm?
Actual bend'g stress foc=  81.176 N/mm?
fc/pc+ fbe / pbe = 0.89 <1,0K
10. Crown Ring design
From Roark 5th edition Table 17 Ref. No. 7
Angle between Rafters = 2ec = 0.143 rads.
1/2 angle between Rafters Sec= 0.071 rads.
1o = 14.006
1/sin o = 14.018
1/tan e = 13.982
Selection of Crown Ring properties Sect Mod'ls  Area
Enter requirements Y or N Y/N?  Details as applicable £ (cms) A (sz)
From Sheet 'B' of this Prog. | N } 319.5 137.52
From another source (give details): See below 445.48 130.83
(cm®) (cm?)
(maxz 16.1)= 240 L 10 mm
.
15 f’
| | =
| ! | 26.6
‘ .6 mm
‘f + } 83.50 mm
Nl
| AT o
| [ | § 1§
130 mm
|, Crown ring radius 1250 mm
G |
1
Properties of Channel:
Size: 305 x 102 x 46.18 |kg/m
c.s.a. = 58.83 cm®
I= 499.50 cm®
cy = 2.66 cm
Areas: Channel 58.83
Plate rings 72.00
Total 130.83 cm”®
1st m.o.a. from back of Channel:
Channel 156.49
Plate rings 936.00
Total  1092.49 cm®
Weight of Crown ring = 332.69 kg Channel + 141.3 kg Top & Btm plates
= 473.99 kg which is 4.65 kN
Position of centroid of section = 1092.49 = B835cm
130.83

Figure 5.23 Design calculation for radial rafter dome roof type - page 5
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2nd m.o.a. about centroid of section:

5 The design of tank roofs - fixed

Channel 2404.479 cm*
1ggforplate B.D= 1728 cm®
12
1yyforplate  2506.263 x 2 = 5012.527 cm*
Total 2nd m.o.a. = 2404.48 + 5012.53 = 7417.01 cm*
y max. = 16.65 cm
y min. = 8.35 cm
Zyy= 741701 = 445.48 cm’
16.65
Cross sectional area A = 130.830 cm?
Section modulus Z = 445480 cm®
Total weight W = 474.0 kg or= 4.65 kN
Horizontal load = HTH=H = 98.476 kN
BM between loads on Ring= Mo =H x R/2 (1/sin e< = 1/(1/e< ) = 732.853 kN.mm
Compression in Ring is = No=H/2 (1/sine) = 690.199 kN
Mo/Z = 2.086 5.602 N/mm?®
No/A = 15.493 N/mm?*
Total comp. stress in Ring = Mo/Z + No/A = 21.095 N/mm?
Allowable stress to BS 449 = 180.000 N/mm?
Is the actual stress in the Ring acceptable? YES
BM at loads on Ring = Mi = H x R/2(1/e< - 1/tans) = 1465.332 kN.m
Tension in ring is = Ni = H/2 (1/tane) = 688.440 kN
MilZ = 11.200 N/mm?
Ni/A = 15.454 N/mm?
Total tensile stress in Ring = Mi/Z + Ni/A = 26.654 N/mm?
Allowable stress to BS 449 = 180.000 N/mm?
Is the actual stress in the Ring acceptable? YES:

Deflections in the Ring due to load from Rafters

Radial displacement at each load point =
1/sine? = 196.491
U 2oe = 0.0357
1/2.sine<.cose< = 0.036
1foc = 14.006
E= 207000
1= 6104.4

Figure 5.23 Design calculation for radial rafter dome roof type- page 6

HxR®
ZxEx|

N/mm?
cm’

[1/sine<? (1/2e< + 1/2.5iNecCOS.o<) - 1/o<]
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5 The design of tank roofs - fixed

Radial displacement at each load point = 0.000062 mm (inwards)
Acceptable displacement = Length between loads/200 0.892 mm
Is displacement acceptable? YES
Radial displacement between each load point = HxR®  [2fe - 1/sinec o< X (COSec/sine<2)]]
4xExI
2fec = 28.011
COSec = 0.997
sine<® = 0.005
o< X (CoSec/sine<?) = 13.994
Radial displacement between each load point = 0.000054 mm (outwards)
Is displacement acceptable? YES
The desian of the roof is accepted

In the above design method, the main rafters are deemed to carry all the loadings and the
circumferential rings are there to give lateral support to the rafters but they do not take any
appreciable load. This means that the rafters exert an appreciable horizontal load at their
attachment point to the shell and the top of the shell must be reinforced to take this load.
From the above calculation this load is seen to be HTH at 98.47 kN and the necessary
reinforcement in this case is provided by a double angle arrangement which is designed
as follows:

A
200 X 200 «x 18 R.S.A.

Try two angles forming a box section
200x 200 x 24 R.S.A. and a 120 x 120 x 12 R.S.A.

| A
L 13.034| 6.966 X
£

oY
Space
available 1.366
182 b o
% P
BL
3.434 (]

B
120 x 120 «x 12 R.S.A.

, Number of equispaced loads acting on the Ring. 44

‘ Horizontal Load on Crown Ring HTH = "H" = 98.476 kN (from Sht. 'A")
| Radius of Ring "R" = 19500 mm

| C.S.A of Ring "A" = 9660 mm*

| Moment of Inertia of Ring "I" 3421.227 cm*

. Section of Modulus of Ring "Z" = 262.494 cm®

Figure 5.23 Design calculation for radial rafter dome roof type - page 7
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From "Roark 5th Edition Table 17-7
Angle between Rafters = 2 x « =
1/2 Angle between Rafters = «< =
1/Theta = (360/2xPi.x =) =
1/sin e =
1tan e =
Moment between Loads "H" = "Mo" = H x R/2(1/sin e<1/ec) =
Tension in Ring "No" = H/2(1/sin=) =
Mo/Z =
No/A =
Total Tension Stress Mo/Z + No/A =
Allowable Stress from BS 449 is:

Is Total Tensile Stress < Allowable Stress? YES

Moment under Load "H" = "Mi" = H x R/2(1/e< - 1/tane<)
Compression in Ring "Ni" = H/2(1/tans<)

Mi/Z =

Ni/A =

Total Comprehensive Stress Mi/Z + Ni/A =

Allowable Stress from BS 449 is:

Is Total Comprehensive Stress < Allowable Stress? YES

Deflections in the Ring due to load from Rafters

Radial displacement at each load point =

HxR?
2xExl
1/sine<? =
1/2 ec =
1/2.8in<c0s.oc =
Yl =
E=

Radial displacement at each load point =
Acceptable displacement = Length between Loads/200 =

(8]
=
(]
[=]
h

8.181818 degrees
4.090909 degrees
14.00563 radians
14.01754
13.98183
11432.5 kN.mm
690.1987 kN.mm
43.55336 N/mm?
71.44914 N/mm?
115.0025 N/mm?
180 N/mm?
ACCEPTABLE
22859.17 kN.mm
688.4402 kN
87.08452 N/mm?
71.2671 N/mm?
158.3516 N/mm?
180 N/mm?
ACCEPTABLE

[1/sin®ec(1/2e< + 1/2.8iN@.COS.o<) - 1/e<]

196.4915
0.0357
0.035579
14.00563
207000 N/mm?
3421.227 cm*

0.417 mm (outwards)
13.923 mm

Is displacement acceptable? YES

Radial displacement between each load point =

Hx R®
4xEx]
2fec =
1/sin o =
COoSe< =
sine<? =

oc X (COSe< .’sinocz) =

Radial displacement between each load point =

[2/e< - 1/sines - [ X(cOS =</sin =<2)]]

28.01127
14.01754
0.997452
0.005089
13.99371

0.365265 mm (inwards)

Is displacement acceptable? YES

Figure 5.23 Design calculation for radial rafter dome roof type - page 8
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6 The design of tank roofs - floating

A floating roof greatly reduces vapour losses due to changes in climatic conditions and during
tank filling operations. These losses are particularly significant where volatile organic
compounds are stored in tanks which are subject to high filing and emptying cycles. The two
types of floating roofs are discussed: the external floating roof and the internal floating roof and
variations on these. A review of floating roof accessories or equipment is made and examples of
many appurtenances given.

Contents:

6.1 Introduction

6.2 The principal of the floating roof

6.3 External floating roofs
6.3.1 Types of external floating roof
6.3.1.1 Single-deck pontoon type
6.3.1.2 Double-deck type
6.3.2 Other types of floating roof
6.3.2.1 BIPM roof
6.3.2.2 Buoy roof
6.3.3 Floating roof design example
6.4 Internal floating roofs
6.4.1 Types of internal floating roofs
6.4.1.1 Pan roof
6.4.1.2 Honeycomb roof
6.4.1.3 Pontoon and skin roof

6.5 External floating roof appurtenances
6.5.1 Roof support legs
6.5.2 Guide pole
6.5.3 Roof seals
6.5.3.1 Mechanical seals
6.5.3.2 Liquid-filled fabric seal
6.5.3.3 Resilient foam-filled seal
6.5.3.4 Compression plate type seals
6.5.4 Rim vents
6.5.5 Drain plugs
6.5.6 Fire fighting
6.5.6.1 Rim fire detection
6.5.7 Roof drains
6.5.7.1 Articulated piping system
6.5.7.2 Armoured flexible hose
6.5.7.3 Helical flexible hose
6.5.7.4 Drain design Codes
6.5.7.5 “The man who drained the floating roofs”
6.5.8 Syphon drains
6.5.9 Emergency drains
6.5.10 Bleeder vents
6.5.11 The gaugers platform
6.5.12 Rolling ladder
6.5.13 Deck manholes
6.5.14 Pontoon manholes
6.5.15 Sample/dip hatch
6.5.16 Foam dam
6.5.17 Electrical continuity
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6 The design of tank roofs - floating

6.1 Introduction

The realisation that a great deal of product was being lost by
evaporation from fixed roof petroleum tanks lead research into
developing a roof which floated directly on the surface of the
product thus reducing these evaporation losses.

The development of this technology began shortly after the first
World War by Chicago Bridge & Iron Company (CB & 1), which
undertook full scale floating roof fire tests in the presence of
prominent leaders in the petroleum and insurance industries to
convince them that storing volatile products in floating roof
tanks was a viable proposition.

A series of tests were carried out in 1923, see Figure 6.1,
whereby gasoline was poured on to a floating roof and its seals
and fittings, and was then ignited. The fire was readily extin-
guished without damage to tank or its contents of gasoline, see
Figure 6.2. The original CB & | floating roof designs, and some
variant of them, have been in regular use ever since.

Figure 6.1 CB & | Floating Roof fire test in 1923
Courtesy of

Figure 6.2 CB & | Floating Roof fire test for invited audience of petroleum in-
dustry leaders — hats compulsory !

Courtesy of

The use of a floating roof also greatly reduces vapour losses
due to changes in climatic conditions and during tank filling op-
erations. These losses are particularly significant where volatile
organic compounds are stored in tanks which are subject to
high filling and emptying cycles.

Figure 6.3 illustrates very simplistically the loss mechanisms
experienced in fixed roof tanks.
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Figure 6.3 The loss mechanisms experienced in fixed roof tanks

6.2 The principal of the floating roof

The floating roof is a circular steel structure which is provided
with built-in buoyancy allowing it to float on top of the stored
product in a closed or open top tank. Due to the limits of accu-
racy in constructing large circular structures, the overall diame-
ter of the floating roof is generally about 400 mm smaller than
the inside tank diameter thus allowing it to rise and fall on the
product without binding on the tank shell, rather like a pistonin a
cylinder. The gap between the outer rim of the roof and the in-
side of the tank shell is closed by means of a flexible sealing
system, of which there are many types available and these are
discussed later in Section 6.5. The seal also serves to central-
ise the position of the roof in the tank.

There are two types of floating roof;

a) The external floating roof, where the roof sits on the
product in an open top tank and the roof is open to the ele-
ments.

b) The internal floating roof where the roof floats on the
productin a fixed roof tank. The roof and product in this ar-
rangement are protected from the ingress of rain and
snow and also from the effect of wind. This type of roof, be-
ing protected from the elements, is usually of much lighter
construction.

6.3 External floating roofs

The single-deck pontoon type and the double-deck type of roof
are the most commonly used type of designs, although there
are other variants available.

The design rules laid down in AP| 650, BS 2654 and the pro-
posed European Code prEN 14015-1 are essentially the same
and these are:

a) The roof design shall be such that the roof will remain
afloat on a product of specific gravity of 0.7 with two adja-

b)



cent pontoon compartments punctured (additionally for
the single-deck pontoon type roof only, that the centre
deck is also punctured).

b) The roof design shall be such that the roof will remain
afloat on a product of specific gravity of 0.7 carrying a load
of 250 mm of rainfall over the entire roof area with the pri-
mary roof drain considered inoperative.

6.3.1 Types of external floating roof

6.3.1.1 Single-deck pontoon type

This type of roof, illustrated in Figure 6.4, derives its principal
buoyancy from a outer annular pontoon which is divided radially
into liquid tight compartments. The centre deck is formed by a
membrane of steel plates lap welded together (usually on the
top side only) and connected to the inner rim of the pontoons.
This centre deck is normally 5 mm or 34" thick.

This type of roof is used in tanks up to about 65 metres in diam-
eter. Roofs that are larger than this have been known to suffer
from wind-excited fatigue which can cause cracking in the
welded joints of the centre deck. (Attempts to prevent this by in-
troducing stiffening on the underside of the deck has not always
been entirely successful.) Also, because of the flexibility of a
large centre deck, the natural rise in the deck when floating can
make drainage of rainwater from the deck a problem. Vapour
can also become trapped in the space thus formed under the
deck, which can promote corrosion in this area.

Figure 6.4 Single-deck pontoon type roof
Courtesy of Whessoe

6.3.1.2 Double-deck type

This type of roof, shown in Figure 6.5, consists of an upper and
lower steel membrane (usually in 5mm plate) separated by a
series of circumferential bulkheads which are subdivided by ra-
dial bulkheads. The outer ring of the compartments so formed
are the main liquid tight buoyancy for the roof. This type of roof

Figure 6.5 Double-deck type roof
Courtesy of Whessoe

6 The design of tank roofs - floating

is of much heavier construction (and hence more expensive)
but this more rigid design allows better drainage from the top of
the roof, which usually has a minimum slope of 1:64 and the
lower membrane is more likely to stay in contact with the stored
product and hence there is less likelihood of static vapour pock-
ets forming under the roof. Also, the air gap between the upper
and lower plates has a insulating effect against solar heat
reaching the stored product which can be advantageous when
storing volatile products in hot climates.

The rigidity of this type of roof mainly (although not completely)
overcomes wind-excited cracking problems.

This type of roof is favoured for small tanks under, say 10
metres in diameter, where if the single-deck pontoon type were
used, would only leave a very small centre deck area. It is also
used for tanks above, say 65 metres in diameter, where the
more rigid construction mainly eliminates the drainage, under-
deck corrosion and deck cracking problems. The double-deck
roof has more buoyancy available compared with the sin-
gle-deck type which is advantageous in satisfying the design
requirement in a) above, especially for large diameter roofs.

Figure 6.6 shows a double-deck floating roof under construc-
tion. The bottom deck has been laid, the circumferential and ra-
dial bulkheads fitted and the top deck stiffeners are in place
ready to receive the top deck plating.

Figure 6.6 A double-deck floating roof under construction
Courtesy of McTay

6.3.2 Other types of floating roof

6.3.2.1 BIPM roof

The BIPM type of roof designed by Shell, the Netherlands, con-
sists of both annular pontoons and radial box girders which of-
fer additional buoyancy for the punctured condition. These box
girders also stiffen the centre deck membrane. The design s il-
lustrated in Figure 6.7.

This design was an attempt to produce a floating roof which was
stiffer than the single-deck pontoon type without incurring the
cost and weight penalties associated with the double-deck roof.
The reason for this initiative was in the main associated with the
need to produce an economic roof with good resistance to wind
induced fatigue problems. In this respect the design was suc-
cessful. However, other problems bedevilled this design as the
radial ribs were prone to buckling in service, which was thought
to be related to:

* The initial periphery to centre construction preset.

* Foundation settlement giving uneven support to the roof in
the landed condition.

* Changes in the stored product specific gravity.
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6 The design of tank roofs - floating

Fligdure 6.7 A type of roof consisting of both annular pontoons and radial box
girders

Courtesy of Whessoe

The resulting buckling of the ribs led to numerous failures in
service and the use of this design was discontinued and it is not
known if any roofs of this type are still in service.

6.3.2.2 Buoy roof

Of the two mandatory Code design conditions a) and b)givenin
earlier, it has been found through experience that for the sin-
gle-deck pontoon roof, the most onerous design condition is
when the two adjacent pontoon compartments and the deck are
punctured. In this condition the flooded deck plating exerts ra-
dial loads on to the pontoons which cause compressive
stresses in the pontoon structure. Also, as the tank diameterin-
creases, the weight of the centre deck to be supported in-
creases, and the buoyancy required from the peripheral pon-
toons increases.

The obvious answer may be to increase the width of the pon-
toon ring which will increase buoyancy and reduce the size of
the centre deck. However it has been established that the rela-
tively thin upper and lower pontoon plates offer little resistance
to the induced compressive stresses and they can buckle at rel-
atively low stress levels. The area of the pontoons which offer
most resistance is found to be the inner and outer rim plates
and a short section of the upper and lower pontoon plating im-
mediately adjacent to the rim plates. The remainder of the up-
per and lower plates therefore require stiffening by using
structural sections, thus increasing the weight and cost of the
roof.

The principal problem with the single-deck pontoon roof is the
lack of buoyancy in the centre deck and in the early 1970s an
American tank constructor produced a roof design which over-
came this problem. It was called it the “Buoy roof”. This design
incorporates a series of liquid-tight buoyancy units arranged in
a grid pattern on the top of the centre deck. These units give
buoyancy to the centre deck when in the punctured condition.
They can be circular, square, rectangular, or of any shape to
suit the width of the plates used to form the centre deck. Gener-
ally the deck support legs (described later) are housed through
the centre of the units, which has the advantage of offering stiff-
ening to the units concerned and vertical stiffness to the legs
themselves.

Afurther advantage of the buoy roof is that the cross-section of
the peripheral pontoons is dramatically reduced as it only has to
provide enough buoyancy for itself and a short section of the
centre deck plating immediately adjacent to it. The overall ad-
vantage of this type of roof design is for tanks having diameters
larger than, say, 65 metres.

This roof design appeared in the UK at a time when site con-
struction was beset by problems of labour militancy, high costs
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and poor quality. The buoy roof allowed an increased level o
shop fabrication which was helpful in controlling quality, time
and cost. It was usual to arrange for shop-fabricated units con-
sisting of the buoy, the supporting leg and the single-deck im-
mediately surrounding the buoy to be supplied to site whers
only the closing seams were required to be completed.

This design suffered from problems with wind-excited fatigue
cracking, particularly around the buoy units where the stiffness
of the buoy and the deck were very different. Also problematic
was the draining of rainwater because the majority of the centr=
deck floated flat and consequently there was no natural slope to
the drainage sumps. Rain would accumulate on the roof away
from the drains, this then caused low points attracting more rain
which formed non-draining ponds on the roof. In some cases
drainage channels were fabricated into the roof in an attempt o
alleviate the problem but this added more weight to the roof
which was undesirable.

A typical buoy roof is shown in Figure 6.8. It is a 96 m diameter
roof at the Phillips Seal Sands Facility for crude oil storage.

Figure 6.8 A typical buoy roof
Courtesy of Phillips Petroleurm Company

6.3.3 Floating roof design

The design of a floating roof touches the fringes of naval archi-
tecture as well as that of structural engineering.

Where the Codes give guidance on designing say, secondary
wind girders or shell-to-roof connections, we are left to our own
devices with regard to the detail design of floating roofs. Hence,
each tank designer has developed his own approach in order to
satisfy the requirements of the Code.

One such approach is given for the design of a single-deck roof,
and is shown in Figure 6.9, “Design of a single-deck Floating
Roof for a Storage Tank designed to API 650 Appendix C and/
or BS 2654,

6.4 Internal floating roofs

Internal floating roofs are used inside fixed roof tanks to reduce
vapour emission into the tank void above the product. Because
this type of roof is not open to the elements, a much lighter form
of construction in aluminium or plastic can be used. Also the rim
seals do not have to be as robust and are often made from
moulded flexible closed cell urethane foam in the form of a
wiper seal where the tip of the seal is above the rim as the roof
descends and flips below the rim as the roof ascends.

The selection of construction materials for a particular service
condition has to be carefully considered especially when using
aluminium, where the unexpected introduction of corrosive
traces in the product can cause serious damage to the roof
components.




6 The design of tank roofs - floating

Design of a Single deck Floating Roof for a Storage Tank.

Designed to A.P.1. 650 10th edition, Nov 1998 Appendix 'C' and / or
B.S. 2654 : 1989 + amd 1997 Clause 9

Tank size : 3500 m i/dia. X 15.00 m high

Specific gravity of Product 0.70
The Code requires the Roof to be designed for a specific gravity of ;-
However, this complete calculation may be repeated if necessary using
the actual product s.g. in order to determine actual floatation levels.

0.70

Yield stress of steel being used
Modulus of Elasticity of the steel

275.00 N/ mm 2
209000.00 N/ mm 2

Pontoon geometry. ( All dimensions in 'mm' unless otherwise stated. )

ﬁ 35.00 m i/dia. of Tank Shell
= 0.00_ 3460 m o/ dia of Roof
I imgap 2000.00 = 30.60 m
g < <

10.00 gap

— lees 100.00 x 6.00

10.0¢ ‘ [ Seal mounting F.B.
s 80.00 x 12.00
A 30000 —
Y 5.00 Pit
860.00 450.00 22.00 Pontoons in / 460.00 ¥ (
5.00 Plt e i 7
|, |40.00 !
10030 '!v' =11
‘ 1
Bumper bars 5.00 Pit 8 20.0¢
300.00 x 100.00 x 25.00 | 4%
20.00 | = 1975.00 " 20.00
i i Inner Rim
5.30 Jilt Outer Rim 2200.00% Maintenance height of Deck

measured at Inner Rim position.

Slope in Tank floor 1 in
Cone up or cone down ( looking from the Shell )?

100.00
Down :

x 1.98 x 500 x 7.85 =1108.52 kg.

Floor

Weight of Floating Roof.

22.00 Compartment plates = 0852—80045

Top pontoon plate =n x 17.50% x 15.46% x 5.00 x 7.85

8282.43 kg.

Btm pontoon plate =n x  17.342 x 15.30° x 5.00 x 7.85 = 8221.08 kg.

[30.60 x 1000.00] + 20.00
1000.00

[34600.00 - 5.00]
~1000.00

Innerrim=mx x x 0.45 x 20.00 x 7.85 = 6796.22 kg.

Outerrim=n x x 0.87 x 5.00 x 7.85 = 3689.94 kg.

Seal mounting F.B. = = x 34.56 x 0.10 x 6.00 x 7.85 = 511.44 kg.

gure 6.9 Design of a single-deck floating roof for a storage tank designed to API 650 Appendix C and/or BS 2654 - page 1
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Bumperbars= 2200 x 030 X 0.10 x 2500 X 7.85 = 129.53 kg.

Pontoon legs in 3" sch. 80 Pipe = %Q X 3070.00 x 1546 - 520.06 kg.

Pontoon leg housings in 4" sch. 80 pipe = 222'00 X 131000 x 2240 = 322.78 ka.

600.00 dia. Pontoon Hatches, in 630.00 Cover dia.
50.00(1:" 15000 |
J

6.00 mm PIt.
600.00

Weight = Neck= 13.32 + Cover = 19.34
Total = 3266 kg. X 2200 = 718.53 kg.
Pontoon nozzles, fittings etc. Say=  1000.00 kg
Weight of Rim Seal :-
(based on 53.00 kg./ m. of Rim circ. ) = 5761.05 kg.

Deck mounting flatbar = 7 x (3060 - 80.00 ) 000 x 1200 x 7.85 = 72256 kg.

1000.00 000.00

(on innerrim )

Weight of Deck plates =

2
/4 x {30.60 - [(81%630)"2]} x 5.00 x 7.85 = 28789.64 kg.

Deck legs in 3" sch. 80 pipe.

2
_ Areaofdeck _ 3060 x pi/4 _
No. of legs requd.= “30miileg - 3000.00 24.51
Say = 26.00
Weight =  26.00 x 3327.00 x 1540 - 1332.13 kg.
Deck leg housings in 4" sch. 80 pipe = 26.00 x 1300.00 x 22.40 = 757.12 kg.
Deck nozzles, fittings etc. Say = 1500.00 kg
olli er
Tank height -  15.00 m + 2m Gaugers platform, less clean - out height 220 =
Assume max. angle of ladder is 60°, then length of ladder is :- 17.09 m
Allow a ladder weight of 50.00 kg /m acting on the Roof then ladder weight is :-
The worst case eccentricity for the ladder is at 8.76 m. from the Tank centre line.
( to be used for a later calculation. )
Summary of weights :-  Pontoon components :- 37061.58
Deck components :- 33955.93
Total weight of Floating Roof "W'=  71017.51 kg.
lume ons.,
4 2.00 " 15.300 rad. =
| 16.633 rad. ,
0.31 ‘@qo
% 16.300 |rad. ”
0.45 @ J
8 N O
16.633 rad. ¢
S S Semeteck foating roof for a storage tank designed to API 650 Appendix C and/or BS 2654 - page 2
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14.80 m

854.48 kg.



6 The design of tank roofs - floating

_ 2.00 L ;

Volume () = 031 X 500 X 3327x ® = 31.876 m

Volume ) = 045X 200 X 3260x © = 92174 m?
.00

Voume 3) = 011 x 29 y 3307y - 10974 m
= 135.024 m?

Operational floatation levels.

Floatation depth of 5.00 mm thk. Centre Deck, on water.

5.00x 7.85
1000.00

Floation depth of Pontoon weighing 37061.58 kg

x 1000.00 = 39.25 mm

Displacement in water = 37061.58 _ 37 0g2 m*
1000.00

Floatation depth 'd' = { 37.062 - 10.974)
200 x 3260x W

=0.127m

Displacement in a product having a density of 700.00 kg/m*

Floatation depth of 5.00 mm thk. Deck, on a product of s.g. = 0.70

5.00 x 7.85 x 1000.00
700.00

Fioation depth of Pontoon weighing 37061.58 kg

= 56.071 mm

Displacement in a productofs. g. = 070 = 3706158 _ 53945 m2
700.00
; o = (52.945-10.974) L
Floatation depth 'd 200 X 3260 X T 0.205m
205.00 mm for Pontoon 56.00 mm for Deck
—_— Product level Deck level
I

Ry g

iy

Difference in Pontoon & Deck levels = 149.00 mm

Set Deck at 149.00 mm up from inner corner of Pontoon and
the underside of the Deck will still be 'wetted'.
Freeboard available above Deck level and the top outer corner of the Pontoon =
450.00 - 149.00 + 30500 = 606.00 mm

The normal operational lavel for the Roof is :-
Weight of Roof 71017.513 kg

This equates to a volume of product of ; - 71017.513 = 101.454 m?3
700.00
Then the depth of floatation above the Deck is resolved as follows : -

= 149.00 2
101.454 = 10.974 + 92174 x 45000 +(w4x30.60Xx depth)

depth = 101.454 - 10.974 - 30.520
735.415

x 1000 = 81.532 mm

Figure 6.9 Design of a single-deck floating roof for a storage tank designed to API 650 Appendix C and/or BS 2654 - page 3
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6 The design of tank roofs - floating

Product level

: [t Gl iy Deck level
82 '

j j - . 149.00
I

Deck to support 250m 10" ) of rainwater,

Volume of rainwater collected over the area of the Tank =
T/ X 35.002 X025 - 244377 m?3
Volume to be displaced on a product desity of 700.00 kg/m*

71017.51 | 244.38

=50.00 + 070 = 450563 m

Assuming the Deck stays level.
With the Deck set at 149.00 mm from lower inner corner of the Pontoon,

Bt 2
then the max. volume available is - 10,974 + (92.174x 212 )+ (0.79% 34.60x 0.61)= 610.995 m’

As the volume available > than volume required, the calculation is accepted

The Roof must stiil float with the Centre Deck & two Pontoon compartments punctured.

Volume available with two out of 22.00 compartments punctured = 135.024 x %gg =122.75 m3

71017.51

u 3
70000 - 101.454 m

Minimum volume required to meet design requirements =

As 122.75 > 101.45 Available volume sufficient .

Product liquid level above the Deck is found as follows :-

101.454 = (92.174 + 10.974 - Part of Volume @) x 22:20

22.00
101.45-93.77 = Pt.vol® x 2200
22.00
Pt. vol.® =8.451 m® @ 345.500
| e )
Product level above base of Section @ L] R s S ]
is found by iteration using method given i e
overleaf Enter a value here—p» 44.50 mm
44.00 mm| -
This gives a Part volume for (1) of 8.487 m?
This is close enough to 8.451 m ® to be acceptable.

'Freeboard' of Pontoon above the product
level for the punctured condition is  305.00 - 44.50 = 260.50 mm This is acceptable

Level of product above the Deck = 34550 mm

Figure 6.9 Design of a single-deck floating roof for a storage tank designed to API 650 Appendix C and/or BS 2654 - page 4
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6 The design of tank roofs - floating

Method to find the level by which a Single deck Floating Roof sinks due to two
compartments being punctured.

The loss of buoyancy will cause the product to rise in top section @ of the
Pontoon cross - section and this iteration method determines that level.

'$' denotes dimensions automatically inputted from the design sheet.

Input figure ( on Sheet 'A" ) until the volume required of 8.451 m"
is arrived at ( from Sheet 'A’ ) F
|< 2000 $
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Volume 'a"= 7.854806 mZ
Volume'b'= 0.63209 m3
'a'+'b'= 8.486895 m
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From Roark 5th Edition "Formulas for Stress & Strain"

Chapter 10.11
gaM = [Ki(y/t)+K2 (y/t)—- (1)
E.t74
paz = [K3.(y/lt)+K4 (y/t)— (2)
E-t2
Where g = unit load of Deck. (N/mm?) -
5.00 (785 - 0.70) x9.81x 10= 0.000351
where:- t =Deck plate thks.  (mm) 5.00
Thks. of Inner Rim plate (mm) 20.00
Width of Deck mounting flat bar ( mm ) 80.00
T= Thks. of Deck mounting flat bar ( mm ) 12.00
a= radius of Tank (mm) 15300.00
V= poisson's ratio (0.3) 0.30
E= youngs modulus ( N/mm?) 209000.00
plate yield stress ( N/mm?) 275.00
allowable stress = 2/3 x Yield (N/mm?) 183.333

ub = bending stress  (N/mm?)
pd = diaphragm stress (N/mm?)
u= total stress pb+pud
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6 The design of tank roofs - floating

Condition :-

Fixed & Held. K1

At the centre

K3

At the edge K3

Equation (1) - 147124.32
Ki(y/t)
K2.(y/t)?

By iteration :-
Try 1 y L]

Try 'y’
Sagin Deck =
uba? _
E.t2

ub at centre =

Equation (2)=

Equation (2)= Lébataz—z

pb at edge

3.65 N/mm? (bending)
18.35 N/mm? (total stress)

53 . 5es K2 = nagbe oo
(1-v4) (1-v2)
2 = 286 K4 = 0.98
(1-v)
4 = 440 K4 = 0.48
(1-v2)
= [KI1(y/t)+ K2 (y/t)3]~—-—- (1)
= 586 (y/t)
= 286 (y/t)®
147124.32 5.86 (yft) 286 (y/t)®
51496.09 2.05 (yt) 1.00 (y/t)®
51496.09 0.41 (y) 001 (y/t)®
6437010.9 5125y 1.00 v
6437010.92 953274 + 6434856.00
186.00 6437010.92 6444388.74 Decrease value of 'y '
6437010.92 948149 + 6331625.00
185.00 6437010.92 6341106.49 Increase value of 'y’
186.00
K3. (y/t)+ K4 (y/t)y ——for max. stress at centre of Deck.
2.37 N/mm? (bn'dg.) 30.15 N/mm? (Diaphragm)
32.52 N/mm? (total stress)
Acceptable
K3.(y/t)+Kd. (y/t)? for max. stress at edge of Deck.

14.70 N/mm? (Diaphragm)

It is the diaphragm stress at the edge which causes the tension at the outer edge
of the Deck and hence the stress in the Inner Rim.

Then radial force on Inner Rim = 14.70 x 5.00 = 73.51 N/ mm. circ.

301.00

149.00|

Section modulus

Then bending stress in Rim plate

20.00
_ | I 24.34 N/ mm

73.51 N/ mm
‘ 49.17 N/ mm

Bending mnt. = 49.17 x 149.00= 7326.67 N. mm
BB 1% 2000 TEN s
6 6.00 :
= 732667 - 109.90 N/mm?
66.67

Acceptable
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6 The design of tank roofs - floating

Find Section Modulus of the Inner Rim using an area of 16 x thks. as the Section boundaries.

10.00'y'

20.00'D'
— T

]i 32000 = (16t)

652/00.1 'BYili—] ——.12.00
320.00 = (16.t)

I=BxD?® = 434666.67 mm
' 12

Z=1ly = 43466.67 mm?

CSA = 13040.00 mm?

Check that the compressive stress in the Inner Rim is acceptable
From Roark 5th edition Table 17 Case 7 ( Formulas for circular rings )

Using load points at each mm of circumfrence, hence a very small angle between
load points approximates to a u.d.l. acting on the Inner Rim.

2 x Alpha = angle between load point: 0.00°
Alpha = % angle between load points 0.0018724086°
= (.00003268 rads.

1/Alpha = 360/2Pi x Alpha 30600.08429

1/Sin Alpha 30600.08429

1/Tan Alpha 30600.08428

Load / mm of Rim circumfrence 73.51 N/mm

No. of load points on the circum'fce 96133.00 ( one / mm of circ. )
Horiz. load on Inner Rim 'H’ 0.074 kN / Load Point
Properties of the effective section of the Inner Rim

Rim diameter 3060 m

Radius of Inner Rim 'R’ 15300.00 mm

C.S.A. of the effective section 'A' 13040.00 mm 2

Section modulus Z = /vy (in plane of load)
=  434666.667 mm?*

Moment between loads 'H' is ;-

Mo = H x R/ 2(1/sin Alpha - 1/Alpha) 3.063 Nmm
Compression in Inner Rim is :-
No = H/ 2 (1/sin Alpha) 1124757.498 N
Mo/Z = 0.00000705 N/mm?
No/A = 86.254 N/mm?2
Total compressive stress in Inner Rim is :-
Mo/Z+No/A= 86.254 N/mm?
Allowable stress = 183.333 N/mm?
Is comp. stress < Allowable stress ? Yes accept
Moment at loads 'H' is :-
Mi =H x R/ 2 (1/Alpha - 1/ tan Alpha) 6.126 Nmm
Tension in Inner Rim is :-
Ni = H/2 (1/ tan Alpha) 1124757.498 N
Mi/Z= 0.00001409 N/mm?2
Ni/A= 86.254 N/mm?2
Total tension in Inner Rim is :-
Mi/Z+NilA= 86.254 N/mm?
Allowable stress = 183.333 N/mm?
Is tensile stress < Allowable stress ? Yes accept

The stresses are accepted
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6 The design of tank roofs - floating

Consider the effect of two punctured Pontoons and Centre Deck
on the stability of the Floating Roof.

34.60 m. dia.
' 30.60 m. dia.
Mﬁ
E —’J‘

Areaof Pontoon=  © /4 x(34.60?-30.60% =204.832 m?

| K Y

/ I Punctured Pontoon area.

/ \/ 6432727 = 0.57 rads.
RN
\ \-‘
! y
\‘_ ___/
Z—
| Xl Y
Remaining Pontoon area = 204.832 X ——%ﬁjﬁ = 186.211 m 2

7 = 2sin@2(R®-r®) _ 2sin 327272 (17.300°- 15300°)
3 x Arem. - 3 % 18521

= 1610 m

Moment of Inertia of remaining Pontoon area :-

R4 4
lyy= (B2l ) (21 ~@/180x m) - sin @]

= (17.300* - 15.300% [2 7 - (32.72%80 X T0) - sin 32.727] = (4347.05) x (6.283 - 0.571 - 0.541)

= 22480.08 m*

%
]

fyy+(Arem. x Z2)

22480.08 + (186.211x 1.610%) = 22962.73 m*

Listing moment = Weight of Roof 'W' x Z
71.018 x 1.610
114.335 Tonnes . m

Compare to actual eccentric loads -

5 2.00 2
Deck = 33101 x 25 00 X 15.300 46.041 tonnes . m
2.00
Pontoons = 37.062 x 200 X 16.300 = 54.919 tonnes . m
Ladder = 0.854 X 8.755 = 7.481 tonnes. m
Total = 108.441 tonnes. m

As 108.44 is less than 114.33 The Roofis O.K.
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6 The design of tank roofs - floating

Additional submersion on punctured side :-

_ ML (R +2Z) . 114335x(17.300 + 1.610)
= XX x 9. - 22962.729 x 0.700 0.135 m

Reduced depth on opposite side :-

g= ML (R-2Z) _114335x (17.300-1610) _ 5412 m
Ixx x sg. ~  22962.729 x 0.700

Nominal floatation depth is 345.50 above Deck ( from earlier calculation )

Max. submersion= 0.346 + 0.135= 0.480 m
Asthisis < 0.606 (ie. there is "freeboard" of 0.126 the Roof still floats.

Min. submersion= 0.346 — 0.112 = 0.234 m

0.136 _
17.300 ~

onsider the influence of 10" ( 254mm rainwater on the Deck.

Angle of Roof = tan 0.445°

Volume of rainfall ( from previous calculation ) :- 244377
Volume of displacement ( from previous calc.) :- 450.563

2
Area of total Roof = T4 X 3460 = 940.247 m*

7
Area of Deckonly= T/4x 30600 = 735415 m*

h' = height of rainwater above deck 24438 / 73542 = 0.33 m
033 ,
B e ! ; — — B —F%— | 0611
ol e N
0.450 0.15

depth' of submersion

450.563 — 10.974 — [92.174 x (0.149/0.450)]

Depth of submersion

940.25
450563 — 10.974 — 30520 _
= 540,247 R

Load due to steel Deck & rainwater = 33955.932 + 244376.639 = 278332.571

Upward force of producton ufs Deck 735415 x 0435 x 700.00 = 223967.93

Nett downward force = 27833257 - 223967.034 = 23364.64 kg = 7392 kg/m?

73542 m?
72519 N/m?

The Centre Deck deflects downwards due to the additional weight of water on the Deck.
This deflection is found from Roark 5th Edition "Formulas for Stress & Strain" Chapter 10.11 (page 406)

4
E-ﬁT = [KI(y/t)+K2 (y/t)——- (1)

%%t; = [K3.(y/t)+K4 (y/t — (2)
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6 The design of tank roofs - floating

Where q= unit load of Deck. (N/mm?) 6

725.192 x 10 = 0.00
where:- t = Deck plate thks.  (mm) 5.00
Thks. of Inner Rim plate (mm) 20.00
Width of Deck mounting flat bar ( mm) 80.00
T = Thks. of Deck mounting flat bar ( mm ) 12.00
a = radius of Tank  (mm) 15300.00
v = poisson's ratio (0.3) 0.30
E = youngs modulus  ( N/mm?) 209000.00
plate yield stress ( N/mm?) 275.00
allowable stress = 2/3 x Yield (N/mm?) 183.333
ub = bending sitress (N/mm?)
ud = diaphragm stress (N/mm?)
u = total stress pb+pd
Condition :- o3 a8
Fixed & Held. K1= 222-= 586 = : = 2.86
(1-v2) = (1-v2)
At the centre K3= —2 = 286 K4 = 0.98
(1=v)
At the edge K3= —4 = 440 K4 = 0.48
(1-v2)
Equation (1) : 304223.09 =[KI(y/t)+K2(y/t)]-— (1)
Ki(y/t)= 586 (ylt)
K2.(ylty= 286 (yft)?®
304223.09 5.86 (y/t) 286 (y/t)*
106483.41 2.05 (yit) 1.00 (y/t)®
106483.41 0.41 (yit) 0.01 (y/t)?
13310426 54.25 'y 1.00 y*
By iteration :- 13310425.88  12095.31 + 13144256.00
Ty 'y' = 236.00 13310425.88 13156351.3 Increase value of 'y '
13310425.88 1214656  + 13312053.00
Try 'y' = 237.00 13310425.88 13324199.6 Decrease value of ' y'
Sag in Deck = 237.00
Equation (2)= %"—t‘-’; = K3.(y/t)+Kd (y/t)y -—-for max. stress at edge of Deck.
pb atedge = 4.65 N/mm? (bendin 23.87 N/mm? (Diaphragm)
= 28.52 N/mm? (total stress)
Equation (2)= %’ﬁ: = K3.(y/t)+Kd (y/t} —— for max. stress at centre of Deck.
ub at centre = 3.02 N/mm? (bn'dg.) 48.95 N/mm? (Diaphragm)
= 51.97 N/mm? (total stress)
Acceptable
It is the diaphragm stress at the edge which causes the tension at the outer edge
of the Deck and hence the stress in the Inner Rim.
Then radial force on Inner Rim = 2387 X 5.00 = 119.35 N/ mm. circ.
20.00
) ‘ 39.52 N/ mm Bendingmnt. = 49.17 X 149.00 = 7326.67 N. mm
301.00
119.35 N/ mm
149.00 ‘ 79.83 N/mm
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6 The design of tank roofs - floating

2
: . BxD2 _ 1x2000 -
Section modulus = 6 = 6.00 = B6.67 mm?
Then bending stress in Rim plate = 7226&_;?7 = 10990 N/mm?

Acceptable

Find Section Modulus of the Inner Rim using an area of 16 x thks. as the Section boundaries.

T 10.00"Y

JZ\ZO.OO Iy
iszo.oo (16.t)

652.00 | 'B' || 12.00
:l:e.zo.oo (16.4)
i

|= BaE ;ZDS = 434666.67 mm
Z = |ly = 43466.67 mm?
C.SA = 13040.00 mm 2

Check that the compressive stress in the Inner Rim is acceptable.

From Roark 5th edition Table 17 Case 7 ( Formulas for circular rings )

Using load points at each mm of circumfrence, hence a very small angle between
load points approximates to a u.d.l. acting on the Inner Rim.

2 x Alpha = angle between load point: 0.00374°

Alpha = % angle between load points 0.00187° = 0.00003268 rads.
1/Alpha = 360/2Pi x Alpha 30600.08429

1/8in Alpha 30600.08429

1/Tan Alpha 30600.08428

Load / mm of Rim circumfrence 119.35 N/mm

No. of load points on the circumfrence

Horiz. load on Inner Rim 'H'

96133.00 { one / mm of circ. )
0.119 kN / Load Point

Properties o effective section of the Inner Ri

Rim diameter 3060 m
Radius of Inner Rm 'R’ 15300.00 mm
C.S.A of the effective section 'A' 13040.00 mm 2
Section modulus Z = 1/y(inplane 434666.667 mm *

Moment between loads 'H' is :-

Mo = H x R/ 2 (1/sin Alpha - 1/Alpha)

Compression in Inner Rim is :-
No = H/ 2 (1/sin Alpha)
Mo/Z =
No/A =

4,973 Nmm

1826121.630 N
0.00001144 N/mm 2
140.040 N/mm 2

Total compressive stress in Inner Rim is :-

Mo/Z+No/A=
Allowable stress
Is comp. stress < Allowable stress ?

140.040 N/mm 2
183.333 N/mm 2
Yes accept
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6 The design of tank roofs - floating

Moment at loads 'H' is :-

Mi=H x R/ 2 (1/Alpha - 1/ tan Alpha) 9.946 Nmm
Tension in Inner Rim is :- :
Ni=H/2 (1/ tan Alpha) 1826121.629 N
Mi/Z= 0.00002288 Nfmm 2
Ni/A= 140.040 N/mm 2
Total tension in Inner Rim is :-
Mi/Z+Ni/A= 140.040 N/mm 2
Allowable stress = 183.333 N/mm 2
Is tensile stress < Allowable stress ? Yes accept

The stresses are accepted

The Deck 'dishes' due to the weight of water as shown below:-

\

Radius of 'dish' R

15.300 radius of Deck

/i’/
89.1 13"/
N= 0.237 W

15.302

Solving the above geometry the radius of the 'dished' Deck is 493.979 m

Vol. of dished Deck = n/3 xb? (3R- b)= 8715 m?
we o 244377 - 87154  _
Depth 'h' = 735415 = 0214 m
To find revised submersion depth 'd' = 450.56 - 10.97 - 30.520-87.15 _ a3y
940.247
Find nett load acting on the Deck.
Weight of steel Deck = 33955.93 kg
: : _  244376.64 kg
of ter = S=—————
Weight of rain water 27833257 kg

Total upward force on Deck. = [87.154+ (735.415 X 0.342)]x 700.00 = 237258.37 kg

Nett downward force = 278332.57 - 237258.371 = 41074.200 kg

41074.200 x 9.810

This represents a pressure of 735.415

= 54791 N/m?
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6 The design of tank roofs - fioating

Check again to ensure that the stresses in the Inner Rim are acceptable in this revised condition.

é’“% = [K1(y/t)+K2 (y/tP]— (1)
EU—-a—tg = [K3.(y! +Ka& (y/t)}— (2)
Where g = unit load of Deck. (N/mm?)

547,905 x 10° = 0.00

where:- t = Deck plate thks.  (mm) 5.00

Thks. of Inner Rim plate (mm) 20.00

Width of Deck mounting flat bar ( mm ) 80.00

T = Thks. of Deck mounting flat bar ( mm ) 12.00

a = radius of Tank (mm) 16300.00

v = poisson's ratio (0.3) 0.30

E = youngs modulus ( N/mm?) 208000.00

plate yield stress ( N/mm?) 275.00

allowable stress = 2/3 x Yield (N/mm?) 183.333

pb = bending stress (N/mm?)
ud = diaphragm stress (N/mm?)
p = total stress pb+pud

Condition :-
528 26
. = = = T = 286
Fixed & Held. K1 1-v?) 5.86 K2 Qovi)
At the centre K3 = (7—2—;—) = 286 K4 = 098
At the edge K3 = 4_ = 440 K4 = 048
5
Equation (1) = 229850.16 = [K1.(y/t)+K2. (y/t)*l-— (1)
Ki(y/t) = 586 (y/t)
K2.(y/ty = 286 (y/t)?
229850.16 5.86 (yft) 286 (y/t)?®
80451.58 2.05 (yit) 1.00 (y/t)?
80451.58 0.41 (yit) 0.01 (y/t)3
10056447 51256 y 1.00 y*
By iteration :- 10056447.11 11019.03 + 9938375.00
Try 'y' = 215.00 10056447.11 9949394.03 Increase value of 'y '
10056447.11 11070.28 + 10077696.00
Try 'y' = 216.00 10056447.11 10088766.3 Decrease value of 'y’
SaginDeck = 216.00
Equation (2) = Ug—at; = K3.(y/t)+K4. (y/t) -—— for max. stress at edge of Deck.
pb atedge = 4.24 N/mm? (bendin 19.83 N/mm? (Diaphragm)
= 24.07 N/mm? (total stress)
Equation (2) = Hg—?—: = K3.(y/t)+Kd. (y/t)? — for max. stress at centre of Deck.
ub atcentre = 2.75 N/mm? (bn'dg.) 40.66 N/mm? (Diaphragm)
= 43.41 N/mm? (total stress)
Acceptable

Itis the diaphragm stress at the edge which causes the tension at the outer edge
of the Deck and hence the stress in the Inner Rim.
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6 The design of tank roofs - floating

Then radial force on Inner Rim = 19.83 x 500 = 99.14 N/mm. circ.

20.00 |

" 32.83 N/mm Bendingmnt. = 49.17 x 149.00 = 7326.67 N. mm
301.00 :
99.14 N/mm
149.00 ‘ 66.31 N/mm
2

. L BExDY L alx 70000

Section modulus = 5 = | e = 66.67 mm?

Zggﬁégl = 109.90 N/mm?
: Acceptable

Then bending stress in Rim plate

Find Section Modulus of the Inner Rim using an area of 16 x thks. as the Section boundaries.
1.,10.00 '
T 20.00'D'

M

imo.oo (161)
652.00 | 'B' || —£12.00
:Ezo.oo (161)

i 3
| (s E% = 43466667 mm
Z =|/y = 4346667 mm?
CSA = 1304000 mm?

Check that the compressive stress in the Inner Rim is acceptable.

From Roark 5th edition Table 17 Case 7 ( Formulas for circular rings )

Using load points at each mm of circumfrence, hence a very small angle between
load points approximates to a u.d.l. acting on the Inner Rim.

2 x Alpha = angle between load point:  0.00374481°

Alpha = % angle between load points 0.001872406° = 0.00003268 rads.
1/Alpha = 360/2Pi x Alpha 30600.08429

1/Sin Alpha 30600.08429

1/Tan Alpha 30600.08428

Load / mm of Rim circumfrence 99.14 N/mm

No. of load points on the circumfrence 96133.00 ( one / mm of circ. )
Horiz. load on Inner Rim 'H' 0.099 kN / Load Point
Properties of the effective section of the Inner Rim

Rim diameter 30.60 m

Radius of Inner Rim 'R’ 15300.00 mm

C.S.A. of the effective section 'A’ 13040.00 mm 2

Section modulus Z = |/y (inplane 434666.667 mm 3
Moment between loads 'H' is :-

Mo = H x R/ 2 (1/sin Alpha - 1/Alpha) 4.131 Nmm
Compression in Inner Rim is :-
No = H / 2 (1/sin Alpha) 1516842.578 N

Mo/ Z 0.00000950 N/mm 2

nu

No /A 116.322 N/mm *
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6 The design of tank roofs - floating

Total compressive stress in Inner Rim is :-

Mo/Z+No/A= 116.322 N/mm 2

Allowable stress = 183.333 N/mm 2
Is comp. stress < Allowable stress 7 Yes accept
Moment at loads 'H' is :-
Mi =H x R /2 (1/Alpha - 1/ tan Alpha) 8.262 Nmm
Tension in Inner Rim is :-
Ni=H/2 (1/ tan Alpha) 1516842.578 N

Mi/Z= 0.00001901 N/mm 2.

Ni/A= 116.322 N/mm 2,
Total tension in Inner Rim is :-

Mi/Z+Ni/A= 116.322 N/mm 2
Allowable stress = 183.333 N/mm 2
Is tensile stress < Allowable stress ? Yes accept

The stresses are accepted

Resulting state of floatation.
100;DO

706.00 606.00

Note that the normal operational floatation level here 82 mm

esign of the supporting legs.
Note that the legs are to be designed to carry only the weight of the roof and not the weight of any
accumulated rain water on the deck. To this end it is important to ensure that when the tank is out of
of service, the drain bungs must be removed from the deck to allow any rain water to drain to the tank
floor.

There are two types of support legs.

Pontoon legs :- \ Deck legs :-
L = fou o
> b (>E
1ooo.oo¢
| y
| il J
3091 mm 3242 mm for outer legs
3298 mm for inner legs
L o - (
y!
| |
8 Inner deck legs are on a 4.42 m. radius.
18 Quter deck legs are on a 10.00 m. radius.
11 Pontoon legs are on a 16.45 m. radius.
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6 The design of tank roofs - floating

Inner deck legs.
Area of deck supported by the innerlegsis 7.21 m.rad. = 163.25 m?
Areaperleg 16325 _ 2041 m?
8.00
Total wt. of centre deck = 33955.93 kg. 333.00 kN
Load on one leg = 33300 x %15 K 9.24 kN
( Area of deck) :
Add live load of 1.2kN/m? = 24.49 kN
Load onone leg = 33.73 kN

Use 3" nb. sch 80 pipe. 88.9mm o.d. x 7.62mm wall = 73.66mm i.d. cc.s.a. = 1948mm?
Length of leg 3298 mm

fc=L/A = 3334638 =  17.31 N/mm?
Lfr = 235_%% = 113.88 From BS 449 Table 17a Allowable stress = 66.00 N/ mm?

Actual stress is less than allowable, design accepted.

Outer deck legs.
Area of deck supported by the outer legs is that which is between :-

1207m.rad. and 7.21 m.rad. = 294.76 m?
Areaperleg 29476 - 4g3g e

18.00
Total wt. of centre deck = 33955.93 kg. 333.00 kN
Loadononeleg = 333.00 x 16.38 7.41 kN
(Area of deck) 73542

Add live load of 1.2kN/m? = 19.65 kN
Loadononeleg = 27.07 kN
Use 3" nb. sch 80 pipe. 88.9mm o0.d. x 7.62mm wall = 73.66mm i.d. cc.s.a. = 1948mm?

Length of leg 3242 mm
foc=L/A = 2708537 _ 4389 N/mme
1048
Lir = 2%‘;% = 111.95 From BS 449 Table 17a Allowable stress = 66.00 N/ mm?

Actual stress is less than allowable, design accepted.

Pontoon legs.

Area of deck supported by the pontoon legs is that which is between :-
15.30 m.rad. and12.07 m. rad. = 277.41 m?, 277 4
the load on this area is 333.00 x 5-=— = 12561 kN

735.42
Add live load of 1.2 kN /m? = 332.89 kN
Add weight of pontoons ~ 37061.58 kg 363.46 kN
Total load = 821.96 kN

No. of pontoon legs = 11 Load per leg = 82111'96 = 7472 kN

Use 3" nb. sch 80 pipe. 88.9mm o.d. x 7.62mm wall = 73.66mm i.d. cc.s.a. = 1948mm?

Length of leg 3081 mm
fc=L/A = 74}’93&43 = 3836 N/mm?
L/ir= 3091 - 40673 From BS 449 Table 17a Allowable stress = 72.00 N/ mm?

28.96

Actual stress 1s less than allowable, design accepted.
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Internal roofs either float directly on the product, and therefore
there is no vapour space, or, the sealing membrane is carried
above the product on pontoons and so there is a confined
vapour space. The likelihood of an explosion or fire in this space
is improbable as the saturated vapour will be too rich to support
combustion.

An important issue, which is relevant to the use of internal float-
ing roofs, is that the free space above the roof must be ade-
quately vented to prevent an accumulation of a potentially ex-
plosive weak vapour and air mixture, and this is usually
achieved by fitting large purpose made vent cowls around the
periphery of the tank roof, together with a vent at the crown of
the roof. These vents encourage the scouring of this space by
wind action.

The usage of capacity of the tank is governed by the limit of
travel of the roof within the tank. The lowest level is determined
by the roof not fouling any floor piping or shell fittings which pro-
trude into the tank. Also for maintenance purposes, personnel
will require access to the underside of the roof via the shell
manhole.

The upper limit is governed by the type of roof structure and/or
the depth of the shell brackets supporting the roof structure.
Large diameter tanks which have a truss type roof structure
which extends below the level of the top of the shell can signifi-
cantly reduce usable volume.

6.4.1 Types of internal floating roofs

e Pan roof
e Honeycomb roof

e Pontoon and skin roof
6.4.1.1 Pan roof

The pan roof, shown diagrammatically in Figure 6.10, consists
of a circular membrane with a vertical outer rim plate on to
which the rim gap seal is mounted. This type of roof is prone to
sinking because it does not have any closed buoyancy com-
partments. Leakage on to the roof can cause it to capsize and
sink. Hence, whilst cheap to construct, the operational disad-
vantage of this type of roof means thatitis rarely, if ever used.

6.4.1.2 Honeycomb roof

The construction of this type of roof is shown diagrammatically
in Figure 6.11. It is made from panels of aluminium or plastic
which consist of a upper and lower skin separated by a matrix of
internal cells, or a plastic foam. The panels are usually between
25 and 80mm thick and are connected together by purpose-
made extruded sections. This type of roof can be prone to the
skin separating from the honeycomb but has the advantage of
natural inherent buoyancy. It can suffer being punctured with-
out loosing buoyancy, but the light construction can be dam-
aged by turbulence due to slugs of air in the import pipeline.

Wiper seal

Pan roof

g

Figure 6.10 A pan roof shown diagrammatically
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Panel arrangement

o’
j Extruded aluminuim framing

LA i {D

Panels approx. 2500 mm x 500 mm x 50 mm thick

Aluminium skin
Closed celi foam
Aluminium frame

Cross section of panel and framing

Figure 6.11 A honeycomb type roof construction
Courtesy of MB Engineering Services Ltd

A disadvantage in this form of construction is that punctured
panels which are contaminated with product make a drained
down, out-of-service tank, very difficult to gas free for mainte-
nance purposes until the damaged panels are identified and re-
moved from the tank.

6.4.1.3 Pontoon and skin roof

This roofisillustrated in Figure 6.12 and consists of a number of
straight lengths of tubular aluminium pontoons. These pon-
toons are arranged in a ring around the periphery of the roof
with parallel rows of pontoons connecting from one side of the
ring to the other. The rows of pontoons are connected together
by purpose-made aluminium extruded sections set at right an-
gles to the lines of pontoons the ends being joined to the outer
pontoon ring.

Attached to the matrix formed by these sections is a thin alu-
minium skin which forms the vapour barrier. The skin sits above
the product by about 150 to 200 mm and the gap is sealed at the
periphery of the roof by a vertical rim plate, the lower end of
which is immersed in the product. The peripheral rim gap is
sealed with a preformed flexible wiper seal.
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Automatic tank Centre vent

gauge piping

Ground cable
roof attachment J

Step on
thief hatch
located over
sample well

Optional
overflow vent

18" @ s.s
ground cables
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float well

Sample well

Shell manway

Ultraseal |

Rim plate

Rim pontoons

Anti-rotation roof fitting

Peripheral roof
vent/inspection hatch

=

Anti-rotation
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through fitting
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rim plate

P Rim pontoons
Anti-rotation
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to floor

Cover access hatch

Vacuum breaker
and actuator leg

Figure 6.12 The pontoon and skin roof - showing the normal appurtenances for an internal floating roof

Courtesy of Ultraflote Corporation

The required load bearing capacity for these roofs varies from
Code to Code. The API Code has the most stringent require-
ment, which requires the roof when floating or when supported
onits legs, to be able to safely carry a load whichis equivalent to
at least two men walking anywhere on the roof, (2200 N overan
area of 0.1 m?), which translates to an isolated load of 22 kN
over 1m2,

Similarly the BS and European Codes require that at least three
men should be supported over an area of 3 m? which is an
equivalent isolated load of only 1 kN over 1m?.

The appurtenances provided on these type of roofs are also
shown in Figure 6.12.

Ensuring electrical continuity between the deck and the tank is
very important in order to allow any charges of static electricity
which are transmitted to the deck from the product to be re-
leased safely. All conductive surfaces of the roof must be elec-
trically connected and bonded to the shell either by electrical
shunts in the seal (a minimum of four to API ) or in the case of
the BS or European Codes by multi-stranded flexible cables at-
tached to the top surface of the deck and the tank roof or shell.
Two cables are required on tanks up to 20m diameter, and four
for larger sizes. The European Code recommends that the min-
imum cross sectional area of each stranded cable should be 80
mm?2. Care must be taken to ensure that the cables do not snag
on any of the roof fittings during the operation of the roof and it
may be that spring loaded cable reels can be used to keep the
cables tensioned at all times.

The full Code design requirements can be found in the following
publications:

BS 2654 Appendix E
AP| 650 Appendix H
prEN 14015 -1 2000 Annex C
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These internal decks are usually proprietary designs and so all
design work for them is completed by the specific manufac-
turer. They are usually designed so that all the component parts
can be passed through a 24" (610mm ) diameter manhole. This
allows them to be retro fitted to existing tanks.

6.5 External floating roof appurtenances

The diagram shown in Figure 6.13 shows the principle appurte-
nances which are required for the operation of a external float-
ing roof. The diagram depicts a single-deck roof but the princi-
ples are basically the same for all roofs.

6.5.1 Roof support legs

When the tank is empty, the floating roof needs to be supported
at some distance above the tank floor. This is necessary so that
the roof does not foul any heating coils, drain lines, shell-
mounted propeller mixers etc. Also access will be required via
the shell manholes for the maintenance personnel.

The roof is therefore provided with support legs and these can
be seen in Figures 6.4, 6.5 and 6.7 and specifically in Figure
6.14. The legs consist of two concentric tubes. The outer,
shorter tube, which is normally of 100 mm n.b. schedule 80
pipe, forms a housing which is welded into the roof. The inner
tube, which forms the support leg is normally of 80 mm n.b.
schedule 80 pipe and is secured to the housing with a steel pin
which passes through both tubes.

The selection of the pipe sizes above gives a radial clearance of
4 mm between the tubes which is large enough to prevent the
assembly seizing up due to corrosion or the ingress of detritus.
The legs normally have two pin location holes, one giving a leg
length for operational conditions and the other allowing a lon-
ger leg which is used when the tank is coming out of service.
This additional length increases headroom under the roof for
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1 Roofdrain 9 Pontoon manhole
2 Rolling ladder 10 Screwed drain plug
3 Roling ladder runway 11 Foamdam

4 Gaugers platform

5 Access to gaugers platform 13 Guide pole

6 Support legs 14 Guide pole trunking
7 Rimvent 15 Sample hatch

8 Deck manhole 16 Seal

Figure 6.13 Principal floating roof appurtenances

Figure 6.14 The underside of a floating roof showing the support legs and in-
ternal pipework

Courtesy of McTay

maintenance personnel. The adjustment of the leg pin position
is made manually, while the roof is floating, and hence it is rec-
ommended that the leg size is limited to 80 mm n.b. as a larger
size would be too heavy to handle.

Where the leg housings are welded into single-decks which are
lap-welded on the top side only, it is recommended to stitch-
weld the underside laps to give added strength in the area of the
housing connection.

The area of the floor on which the legs land is normally rein-
forced with a fully welded doubler plate which distributes the leg
loads into the floor plating. Also the bottom of each leg should
be notched to allow product trapped in the leg during service, to
drain out as the tank is drained down.

The support requirements for a single-deck pontoon type roof
require careful consideration, as this type of roof is not as rigid
as the double-deck type.

An initial caleulation for the number of support legs required for
a single-deck roof can be approximated as follows :

For the pontoon support legs, allow one leg per 6 metres of
tank circumference.

The number of centre deck legs can be roughly calculated by
allowing one leg per 34 square metres of centre deck area for

12 Automatic bleeder vent

tanks up to 60 metres in diameter, and one leg per 26 square
metres for tanks larger than 60 metres in diameter. A structural
design check is the made on the legs to ensure that they are ca-
pable of carrying the required loads.

The centre deck legs are located as near as possible on
equi-spaced radii between the tank centre and the inner rim of
the pontoon.

The concentric tube construction of the legs allows product
vapour to escape through the annular space between the leg
and its housing and also through the leg location pin holes. This
can be prevented by covering each leg with a non-permeable
fabric tube, closed off at the top and tightly clamped around the
leg housing at the bottom. They are known in the tank industry
as "leg socks".

6.5.2 Guide pole

Avertical guide pole is situated about one metre inside the tank
shell and its purpose is to prevent the floating roof from rotating
in the tank. The pole is usually made from 300 to 450 mm n.b.
pipe. The lower end is connected to the tank floor (or lower
shell) and at the top to the gaugers platform, which is an exten-
sion to the tank top access stair. Only one of the connections
can be rigid and it is normal for this to be the lower one, the top
of the pole passing through a large diameter ring at platform
level which has three adjusting screws for plumbing the pole.

The pole passes through a trunking in the roof pontoons, the
top cover of which is fitted with rollers to prevent lateral move-
ment of the roof in the trunking. Radial movement of the roof is
not restrained here as this is provided by the roof seal system
which tends to centralise the roof in the tank. Excessive escape
of vapour from the radial elongated slot in the cover of the
trunking is limited by the use of a brass plate, which is a snug fit
on the pole but is allowed to slide radially across the cover of the
trunking, thus sealing the slot in the cover.

The guide pole is very often used to house level-indicating
equipment. To ensure that the product level in the pole is the
same as the level in the tank, slots are cut in the pole to allow
the liguid levels to equalise. This has the disadvantage in that
the slots allow the escape of vapour into the atmosphere, al-
though this may be minimised by the use of a tubular fabric con-
certina type sealing system on the outside of the pole.
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6.5.3 Roof seals

The gap between the inside of the tank shell and the outer rim of
the floating roof is normally about 200 mm. This gap is provided
to ensure that the roof will not jam against the shell during oper-
ation.

To prevent the escape of vapour from this gap and to minimise
the amount of rain entering the product here, a sealing system
is required. This sealing system has to be flexible enough to al-
low for any irregularities in the construction of the roof and shell
when the roof is travelling up and down and for any radial or lat-
eral movement of the roof due to wind or other action.

When floating roofs were first devised, they were fitted with just
one primary sealing system but recent legislation, which limits
vapour emissions, has meant that a secondary seal is now re-
quired to be mounted above the primary.

Many types of primary seal have been devised over the years
since floating roofs were developed and a selection of these are
discussed below together with the more recently developed
compression plate type of primary and secondary seal.

6.5.3.1 Mechanical seals
This type of seal has been in use for many years and its robust

construction gives years of maintenance free service, Figure
6.15 illustrates such a seal.

Z# STAINLESS STEEL

& 'y
/ \\ o SHUNT
y \%}'/ CONTINOUS SEAL

s TOP DECK

FLEXURE

BULKHEAD

PANTAGRAPH
HANGER

SEALING RING —

TANK SHELL ———l} ="

Figure 6.15 Mechanical seal
Courtesy of Chicago Bridge & Iron Company (CB & I)

The seal consists of a ring of thin galvanised or stainless steel
plates, each about 4 metres long and 1.2 metres deep, bolted
together with sealing strips and countersunk bolts.

This ring of sealing plates is kept in close contact with the shell
by a series of weighted or spring-loaded pantograph mecha-
nisms mounted on the outer rim of the pontoons. The lower
edge of the plates is immersed in the product and the upper
edge is roughly level with the top rim of the pontoons. The gap
between the plates and the pontoons is sealed by a flexible
U-shaped fabric which is connected to the top of the ring of
plates and to the pontoon rim by clamp bars and bolts.

Vapour can escape however where irregularities in the shape of
the shell allow gaps between the plates and the shell. To allevi-
ate this problem the seal ring can be made to accommodate
such changes in shape by the introduction of flexure points in
the seal plates. These flexure points are formed by vertical
shallow V-shaped creases in the plates at about 560 mm cen-
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tres and the open top of these creases is capped to prevent
vapour emission. The creases, as well as allowing the seal ring
to conform to the shape of the shell, also act as stiffeners where
the thrust from the pantograph mechanisms is transmitted to
the seal ring.

One of the disadvantages of this type of seal is that the
U-shaped fabric seal can collect rainwater, shell corrosion
products and any waxy residue deposited on the shell. To mini-
mise this, a second ring of short overlapping plates called a
weather shield can be attached to the pontoon rim and rest
against the shell at about 60°. This weather shield helps to shed
rainwater and any detritus from the seal. With regard to waxy
deposits on the shell, the upper edge of the ring of seal plates
can be formed to act as a scraper on the shell to remove any
waxy products.

To ensure the dispersal of any static or lightning, a series of thin
flexible stainless steel shunts are connected between the bolt
rings of the roof and the seal ring thus giving electrical continu-
ity between the roof and the shell.

6.5.3.2 Liquid-filled fabric seal

The liguid-filled fabric seal, see Figure 6.16, consists of a petro-
leum and abrasion resistant synthetic rubber type tube filled
with 200 to 250 mm depth of sealing liquid. This tube is posi-
tioned in the rim space and is supported at its lower end by a
bottom ring on a hanger system.

WEATHER SHILED

TOP DECK

SEALING BAND

SEALING LIGUID

NORMAL
PRODUCT LEVEL.

TANK SHELL—~—= | 574
b/

Figure 6.16 Liquid-filled fabric seal
Courtesy of Chicago Bridge & Iron Company (CB & I)

The sealing liquid ensures close contact of the tube on the tank
shell and the outer rim of the floating roof. The liquid may be fuel
oil or the same liquid as that stored in the tank. In non-freezing
climates water may be used as the sealing liquid. The sealing
liquid makes the tube take up whatever rim space is available
around the circumference and automatically compensates for
discontinuities in the shell or roof rim profile. The fixed diameter
flexible bottom ring is supported by a hanger system which in-
corporates bumper bars to limit the minimum rim gap and pre-
vents pinching of the tube material. This flexible ring has a fixed
circumference and therefore automatically aligns to any dis-
continuities in the major or minor axes of the tank and roof. The
usual rim space range is plus or minus 100 mm on a nominal
rim gap of 200 mm.

6.5.3.3 Resilient foam-filled seal

This type of seal, shown in Figure 6.17, is similar to the lig-
uid-filled seal except that the tube is filled with pre-formed
blocks of resilient urethane foam, rather than a liquid and there-
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Figure 6.17 Resilient foam-filled seal
Courtesy of Chicago Bridge & Iron Company (CB & I)

fore does not require a bottom hanger support system. The re-
silient foam blocks ensure a good contact of the tube on the
shell and roof outer rim gap of 200 mm. The seal allows varia-
tions of £ 100 mm in the rim space and excessive pinching of
the seal tube is prevented by limiting bumper bars mounted on
the lower edge of the outer rim of the roof.

Advantages of this type of seal are that when it is mounted just
above the liquid level in the rim gap, any small tears or abra-
sions in the tube will not cause a serious collapse of the seal.
Also, when replacement is finally necessary, this may be done
entirely from above the roof.

6.5.3.4 Compression plate type seals

In terms of the timescale of the evolution of floating roofs, the
compression plate type of seal is a more recent innovation and
these are described as follows.

Secondary seals

Demanding environmental requirements required seal manu-
facturers to develop seals which would significantly reduce
even further the vapour or odour losses from floating roof tanks.
It was found that even properly maintained primary seals, oper-
ating in geometrically accurate tank shells, permitted vapour
losses from the rim gap due to the swirling, scouring action of
the wind within the tank. To counter this, independently
mounted spring action compression plate secondary seals,
formed from thin galvanised steel or stainless steel sheet, were
mounted above the primary seal thus excluding the wind from
the rim gap.

The number and size of the plates are custom-made to suit the
profile of the shell, roof and the rim gap and the bolting pitch is
made to suit the existing vertical or horizontal seal mounting
ring on the outer rim of the roof. The spring action, due to the in-
duced compression in the plates ensures a close seal between
the abrasion resistant polymer seal tip and the shell. The tip is
bolted to the edge of the plate and the joints between adjacent
lengths of tip are overlapped with a scarfed joint and bonded
with an adhesive compound.

The joints between adjacent compression plates are bolted and
sealed with a soft gasket and allow relative movement between
the plates whilst preserving an impervious seal. In some cases
the plates are not bolted and sealed, but instead a continuous
flexible vapour barrier fabric is fitted behind the plates attached
to the seal tip and the seal mounting ring on the roof. A further
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advantage of this type of seal is that it can be fitted from above
the roof without the tank having to be taken out of service. This
type of seal is illustrated in Figure 6.18.

Primary seals

The success of compression plate secondary seals led manu-
facturers to develop this type of design as a primary seal also.
The technology, geometry, materials of construction and the fix-
ing method is the same as that of the secondary seal, the main
difference being that the primary seal deflects downwards such
that the tip of the seal is usually just above the level of the stored
liquid.

This type of primary seal is very often fitted in conjunction with
its counterpart secondary seal. ltis used for new tanks and also
as the replacement system for the older type of existing seals
when it becomes due for retirement. As mentioned earlier, an
advantage of these seals is that they can be fitted from above
the floating roof. See Figure 6.19.

Seals incorporating foam dams

An effective way to contain and deal with a potential fire in the
rim space of a floating roof tank is to provide a foam dam at the
outer rim of the roof. This short vertical steel wall ensures that

for clarty’

Alternative seal tip profile

Figure 6.18 Compression plate type secondary seal
Courtesy of McTay

Selected
Seal Tip

Alternative seal tip profiles
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Figure 6.19 Compression plate type primary and secondary seals
Courtesy of McTay
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as the top-injected fire fighting foam spills down the inside face
of the shell, the foam dam contains and concentrates the foam
within the rim space and does not allow it spill out over the sur-
face of the roof. Some of the older floating roof tanks were not
provided with foam dams and a further refinement, which can
be included when fitting the compression plate type of seals, is
the inclusion of a purpose-made foam dam. The design is such
that no hot work is required to fit it as it bolts on to the seal fixing
ring. Again, the tank does not have to be taken out of service to
have this refinement fitted. See Figure 6.20.

Double seal with integral Foam dam

Figure 6.20 Compression plate type primary and secondary seals with a foam
dam

Courtesy of McTay

6.5.4 Rim vents

Depending upon how a tank receives product, there are in-
stances where entrained vapour may be released into the tank
from the filling pipeline. This surge of vapour would seek re-
lease from the tank via the rim gap and the resulting build-up of
pressure could cause damage to the sealing fabric. To prevent
this, a vent tube may be fitted between the outer rim and the up-
per deck of the pontoon where either a pressure reliefvalve ora
free vent is fitted.

6.5.5 Drain plugs

At least one screwed drain plug is fitted flush to the deck of the
roof and this is opened when the tank is drained down and out of
service. The open drain allows rainwater to drain from the sur-
face of the roof on to the tank floor and thus relieves the roof
support legs of any additional load.

6.5.6 Fire fighting

Fires in floating roof tanks are usually limited to the area be-
tween the shell and the rim of the floating roof i.e. the rim space.
However, fires in this area are fairly rare, because the available
sources of ignition are generally limited to that of a lightning
strike, or a discharge of static electricity between the roof and
the shell. The latter is virtually eliminated by the earthing sys-
tems which are incorporated into the tank structure and seals.

Nevertheless fire fighting systems are provided on tanks and
one such system is designed to deliver a flame smothering ex-
panded foam mixture into the tank rim space which quickly ex-
tinguishes the fire.

Such a system may be set up in the following way:
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Several sets of foam generating and injection equipment ar=
provided, equi-spaced around the tank periphery, on extension
plates set above and bolted to the shell top curb angle. This
equipment consists of a foam generatorand pourer. The equip-
ment is fed by piping from a fire fighting point in a safe position
outside the tank bund area.

During a fire, a measured amount of a proprietary foam making
compound is injected into the fire water system leading to the
foam generating points on the tank. The foam generators ar=
designed to draw air into the mixture, causing the foam to ex-
pand as it is injected into the tank via the pourer, which is 2
downwardfacing cowling on the inside of the extension plate.

This pourer injects the foam on to the internal surface of the ex-
tension plate and hence on to the tank shell, causing it to flow
down the shell and collect and spread around the rim space.
The foam is contained and concentrated within the area of the
rim space by a vertical metal foam dam attached to the upper
pontoon plates close to the seal. This dam is set higher than the
upper tip of the seal and thus the complete seal area becomes
flooded with foam and the fire thus extinguished. A typical ar-
rangement of the equipment on the tank is shown in Figure
6.21.
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Figure 6.21 Foam fire fighting system
Courtesy of Angus Fire

6.5.6.1 Rim fire detection

The fire fighting equipment can be triggered to operate by a de-
tection system which is in the rim space. This can take the form
of a small bore plastic tube which runs around the whole cir-
cumference of the rim area.

This tube is connected into a more substantial piping system in
both flexible and hard piping, which is connected into a fire fight-
ing alarm or initiation control unit on the gaugers platform. The
rim tubing is subjected to an internal pressure and in the event
of a fire, the tubing melts releasing the pressure thus triggering
an alarm and/or actuating the fire fighting system.

Another method is to have a series of tensioned wires with fus-
ible links arranged around the rim space. Again, in the event of
a fire a fused link would cause the alarm to be raised.
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6.5.7 Roof drains

The rainfall which accumulates on the surface of the floating
roof is drained to one or more sumps set into the low points of
the top roof membrane. The sump is drained through a closed
pipework or hose system which operates within the tank. The
upper end is connected into the side of the sump and the lower
end to a low level shell nozzle and gate valve. To prevent the
roof from being flooded with product in the event of a failure in
the drain system, a non-return valve is fitted to the outlet within
the sump.

The pipework system has to be flexible to allow for the move-
ment of the roof and this can be accommodated by using the
following:

6.5.7.1 Articulated piping system

This type of drain uses a solid steel piping system with a series
of articulated knuckle joints, see Figure 6.22. Itis of rugged con-
struction but can suffer from seizure of the articulated joints due
to the slow movement of the roof or lengthy periods of inactivity
due to the roof being stationary. This can result in the joints be-
ing strained causing them to fail and allowing product into the
drain system.

However, a variation of this type of joint has been devised
whereby a two-piece steel bracket, pivoting in one plane and
housing a short length of armoured flexible hose connected to
the face of each bracket, is used as the flexible joint.

6.5.7.2 Armoured flexible hose

This type of system eliminates the need for articulated joints,
but it has been known for the hose to snag on internal tank fit-
tings or for it to be trapped under a roof support leg as the roof
grounds on the tank floor.
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Figure 6.22 Articulated pipe drainage system for floating roof tanks
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The hose system is outlined in Figure 6.23, and Figure 6.24
shows a tubular frame welded to the tank floor which is de-
signed to guide the hose away from the leg landing area.

6.5.7.3 Helical flexible hose

The helical hose (see Figure 6.25), is a refinement of the
straight hose as it is designed to take up the form of a helical
spring, the idea being that it maintains a constant repeatable
lay-down pattern on the tank floor, expanding and contracting
with the rise and fall of the roof.

Hoses can of course sustain damage due to malfunctions in
service and if punctured allow the stored product into the drain
system.

The gate valve on the drain nozzle at the shell of the tank is al-
ways kept closed except when draining water from the roof and
it is important to regularly monitor the roof for the accumulation
of water, which must be drained off leaving the system dry, es-

SHELL TO SUMP DISTANCE = R |

TANK HEIGHT = H

HOSE LENGTH = L

FLL HEIGHT = F

TANK DWMETER = D

Figure 6.23 An armoured flexible hose

Figure 6.24 A tubular frame welded to the tank floor
Courtesy of McTay

Figure 6.25 Helical flexible hose
Courtesy of McTay
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Figure 6.26 Connections to the roof sump and the steel outlet piping to the
tank shell

Courtesy of McTay

pecially in cold conditions, when damage to the system can oc-
cur due to freezing within the system.

The drain valve must never be left open when unattended, as
this could lead to the tank bund being flooded with product in the
event of a failure of the drain system within the tank.

Figure 6.26 shows the connections to the roof sump and the
steel outlet piping to the tank shell.

6.5.7.4 Drain design Codes

The design Codes require that at least one roof drain shall be
provided as follows:

API Code
The drain diameter should be:
atleast 3” (80 mm) diameter, for tanks < =36 m diameter.
at least 4" (100 mm) diameter for tanks > 36 m diameter.
BS Code
The drain diameter should be:
75 mm diameter, for tanks < = 30 m diameter.
100 mm diameter, for tanks > 30 m diameter.
150 mm diameter, for tanks > 60 m diameter.
European Code
The drain diameter should be:
75 mm diameter, for tanks < 30 m diameter.
100 mm diameter, for tanks 30 to 60 m diameter.
150 mm diameter, for tanks > 60 m diameter.
6.5.7.5 “The man who drained the floating roofs”
— A cautionary tale:

Alarge refinery located in the UK, which shall remain nameless,
had a large number of floating roof tanks storing crude oil and
refined products.

Itis necessary to remove the accumulated rainwater from float-
ing roof tanks as they are only designed to support 10 inches of
water whilst floating. To achieve this the roofs are fitted with
drains which take the rainwater from a sump or series of sumps
on the floating roof down through the product to a lower shell
outlet connection which is fitted with an external drain valve.
This valve was always kept closed because of concern at that
time, about the possibility of failure of the roof drain, within the
product liquid. In this circumstance an open drain valve would
mean that the tank would dump most of its contents into the
bund.
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At this particular refinery the roof drainage was achieved by an
employee who, armed with a bicycle, would cycle from tank to
tank. He would climb the radial or circumferential tank stairway
and look down at the floating roof. If accumulated rainwater was
present, he would descend and drain the water into the site
drains using the external valve. During his visit to the tank he
would check to see that no oil was present in the drained water,
indicating the beginnings of an internal drain problem. He would
also look to see if the roof drain sump outlet was clear and not
blocked by sundry debris or seagulls’ nests and that the tank
bund was not being undermined by the local rabbit population.
In addition to performing a useful purpose and having a pleas-
ant outdoor life, the combination of cycling several miles each
day and climbing several hundred feet up tank stairways kept
our friend as fit as a butcher's dog.

Sadly this idyllic state of affairs was not to be allowed to con-
tinue. New management, equipped with the cost cutting gene
were installed. The tank drain man and his bicycle were seen as
being rather old-fashioned and were removed from the payroll.
Half-hearted attempts to use clever drainage valves which
could discriminate between rainwater and oil, and conse-
quently allow the tank drain valves to remain constantly open,
were made but this is an expensive and problematic area and
was consequently soon forgotten.

Some little time later, one of the tanks came to the attention of
the facility management. It was exhibiting contradictory symp-
toms. The rolling ladder was inclined at an angle which indi-
cated that the tank was empty whereas the level indication sys-
tem indicated that the tank was full. It was decided that the
rolling ladder could not lie whilst the level indication could, as in
the past it had occasionally failed to register the correct situa-
tion.

Without examining the tank further, filling was commenced.
Product soon poured over the top of the tank shell and began to
accumulate within the bund. Because of the lack of personnel
around the site, this situation continued for some time. Eventu-
ally the problem was spotted and the filling stopped. At this
stage the following situation existed:

e The bund was half full of an expensive and now useless
product

e This product had to be removed at considerable cost

e The ground within the bund was saturated with product and
required expensive treatment

e The floating roof had sunk some time earlier under the
weight of undrained rainwater

e The tank had to be emptied, cleaned and repaired

For allowing an effectively open-topped tank containing a vola-
tile product to pollute the atmosphere for an unknown period of
time and for allowing a considerable spill to occur, a fine and a
serious finger wagging was dealt to the company by the Health
and Safety Executive!

All of which made the savings due to the elimination of the tank
drain man and his bike seem rather a poor deal!

It was not all bad news however, the tank level gauging system
was undamaged and spot-on accurate.

6.5.8 Syphon drains

This system automatically drains water from the roof mem-
brane and discharges it directly into the product where it gravi-
tates to the bottom of the tank, to be collected in the floor sump.
Introducing water into the product may not always be desirable
and this disadvantage has to be weighed against the advan-
tage of rainwater being automatically removed from the roof
without the need for any manual operations.
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Figure 8.27 A syphon drain fitted to a single deck floating roof

Adiagrammatic representation of a syphon drain fitted to a sin-
gle-deck floating roof is as shown in Figure 6.27.

The device which is built into the construction of the fioating
roof, consists of a length of tube (usually 50 or 80 mm bore) set
flush with the top surface of the roof membrane and extending
vertically into the product below the roof level. The lower end of
the tube sits in a open top tray which is supported off the tube.
The length of the tube and the position of the tray is critical and
is calculated to suit the specific gravity of the stored product and
the displacement of the roof within the stored product. The sys-
tem will only operate for products having the specific gravity
that the device is designed for, or for a product having a lower
specific gravity. Storing products with a higher specific gravity is
likely to cause the roof to flood with product.

The system relies on always being primed with water, as it is the
head of water in the tube and tray, acting against the head of
product, which keeps the system in equilibrium. During a period
of rainfall, the water collects in the tube and increases the head
over that of the constant head of product and the excess water
spills out of the tray into the product. This continues until the

Air / Vapour

Product

-

Roof on support legs
tank filling

Figure 6.28 Bleeder vents

Roof floating
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rain stops, when the excess head of water decreases and the
system returns to equilibrium.

As mentioned earlier the syphon drains must always be primed
with water. This means that when a tank with a single-deck roof
is filled from being empty, the drains have to be fitted with an ex-
tension tube to prevent product escaping on to the deck
through the drain points, due to the natural displacement of the
roof. This is achieved by temporarily screwing a priming pipe
into the top of each drain tube and when the roof is floating, wa-
ter is poured into the priming pipe until the level of water in the
syphon tube is below deck level. The priming pipes are then
removed.

Also when a single-deck roof tank is on hydrotest the priming
pipes must be fitted to prevent the roof being flooded with water.
In this case the pipes remain in position throughout the test and
are only removed after the priming operation mentioned above.

During periods of hot dry weather the drains should be topped
up with water, as the water in the drains may evaporate and al-
low product to spill out on to the deck of the roof.

When this type of drain is used in a double-deck roof, the addi-
tional depth between the two decks gives much more flexibility
when changing the specific gravity of the stored products, also
the need for priming pipes is eliminated.

6.5.9 Emergency drains

These can only be fitted to double-deck floating roofs and they
are simply vertical tubes set through the top surface of the top
deck and protrude just below the bottom deck. Their purpose is
to allow natural drainage of rainwater in the event of malfunc-
tion of the primary drains. The top of these drains are normally
provided with a mesh screen to prevent them being blocked by
detritus from the deck. The use of this type of drain has waned
because the open drain allows vapour to escape from the tank,
which is unacceptable nowadays.

6.5.10 Bleeder vents

This vent only comes into operation either when the floating
roof is being landed, and the tank is drained down, or when an
empty tank is being filled. Its purpose is to vent the area below
the landed roof in its stationary position, allowing air to enter the
space under the roof as the product is evacuated from the tank,
thus avoiding a vacuum in the space and then to allow the air

Roof on support legs
tank empyting
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under the roof to escape when the tank is being refilled, avoid-
ing a pressure under the roof.

The valve is a simple device consisting of a short vertical
trunking which forms a valve seating and this is welded to a cor-
responding aperture in the deck. Through the centre, and sup-
ported off of this trunking, passes a vertical guide tube which
houses a push rod on to which is attached a disc which forms
the valve lid. The length of the push rod is such that as the tank
is emptied, the rod contacts the floor plating before the roof sup-
portlegs land and the valve opens, freely venting the space be-
neath the deck. Similarly, on refilling the tank the valve closes
after all the air beneath the roof has been expelled and the roof
floats. The diagrammatic sketch in Figure 6.28 shows the oper-
ation of the valve.

However, this type of simple valve is not environmentally
friendly because, once open, it remains open, thus allowing va-
pours to escape when the roof is landed and drained down. The
alternative is to use pressure and vacuum valves, which will
only open when there is a differential pressure across them and
will therefore remain closed after drain down. Also the pressure
and vacuum valve will allow the release of vapour from under
the roof formed by solar means or imported slugs of vapour
from the filling line, whilst in service.

6.5.11 The gaugers platform

The gaugers platform is a relatively small access area of about
four square metres, usually elevated about 2 metres above the
top curb angle of the shell. The platform overhangs the shell to
allow the guide pole to pass through it so that access can be
gained to the guide pole, which usually houses the product level
indicating equipmentor a dip hatch. Also the platformis used as
an attachment for the rolling ladder which gives access to the
floating roof.

The platform is supported off a stiffened section of the top
course of shell plating by a fairly substantial steel structure. The

platform itself is accessed from the grade level via a spiral stair-
case which follows the external contour of the shell, or from a
straight radial staircase, orin some cases from an interconnect-
ing platform from an adjacent tank.

6.5.12 Rolling ladder

The rolling ladder is the means of access on to the floating roof
from the gaugers platform. It is shown in Figure 6.29.

The upper end of the ladder is attached to the gaugers platform
by hinged brackets. The lower end is provided with an axle with
a wheel at each side of the ladder. The wheels run on a steel
track mounted on a runway structure supported off the roof so
that, as the roof moves up and down, the hinged ladder can
take up a varying angle as required.

The first ladders which were produced only had round rungs for
treads as these were accessible at whatever angle the ladder

Figure 6.29 Typical rolling ladder with self-levelling treads
Courtesy of McTay Engineering

Gaugers platform

Rolling ladder with self levelling treads
Auto level gauge cable guide assembly
Foam dam

Pontoon manholes
Rolling ladder runway,

e e

Foam dam formed around the level gauge float chamber

“Roof support legs (in maintenance position}

Guide pole
Rooef manhg
=1 er vent

Figure 6.30 The location of some of the commoen appurtenances found on a floating roof

Courtesy of McTay
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happened to be at, but these proved to be unsafe for personnel
venturing on to the roof. A much safer system was devised
which uses individually hinged stair treads having brackets on
their underside which are pinned to a common tie bar linking
them all together. This tie bar is fixed to a static bracket at the
gaugers platform in such a way that, at whatever angle the lad-
der may assume, the treads are always level.

Some tank operators now exclude the use of rolling ladders, be-
cause there have been reports of accidents to personnel on the
roof created by certain products gassing off and causing pools
of harmful vapour to collect on the roof. Alternatively, they insist
on gas detection being carried out prior to allowing personnel
on the roof,

6.5.13 Deck manholes

One or more of these square or circular manholes are provided
in the deck of the roof to allow access to the underside of the
roof from the top, when maintenance work is required whilst the
tank is out of service. Without such access maintenance per-
sonnel working on the roof, who were required to work on the
underside, would only be able to gain access by the circuitous
route involving ascending the steep rolling ladder, descending
the external staircase and entering the tank via the shell
manhole.

6.5.14 Pontoon manholes

Each pontoon of a floating roof is a separate buoyancy com-
partment and must be periodically checked to ensure that it is
dry and free from leaks. Hence each compartment has its own
inspection manhole.

These manholes are generally of light construction consisting
of a short circular coaming welded to the top plate of the com-
partment, the closure being a loose flat lid with a down-turned
lip which fits over the coaming to keep out the rain. The lid is fit-
ted with a handle for easy access to the compartment.

Figure 6.30 shows the location of some of the common appur-
tenances found on a floating roof.

6.5.15 Sample/dip hatch

The sample/dip hatch is fitted either to a nozzle which projects
through one of the pontoons or it is fitted to the top of the gauge
pole. ltisillustrated in Figure 6.31 and may be used as follows :

e Tomeasure the depth of product in the tank using a dip tape.
This may be done as a check on the correct functioning of
the automatic level gauge.

e To take a sample of the tank contents.
e To take the temperature of the tank contents.

6.5.16 Foam dam

This topic was discussed earlier in Section 6.5.9.3, in conjunc-
tion with primary and secondary compression plate type float-
ing roof seals. However, the normal construction for a foam
dam consists of a short vertical plate in 3 mm steel, which is
welded to the top pontoon plate at a short distance from the seal
assembly, see Figure 6.32. To give effective fire protection, the
height of the dam plate must be above the tip of the roof seal so
that the injected foam will completely cover the seal.

The plate is given rigidity by vertical angle stiffeners at regular
intervals around its circumference. Also, small slots are cut in
the lower edge of the dam plate at its junction to the pontoon, to

6 The design of tank roofs - floating

Figure 6.31 Typical dip hatch fitting
Courtesy of Endress+Hauser Systems & Gauging Ltd

4——— Top of Foam dam above tip of Seal

Figure 6.32 Position of foam dam in relation to the seal assembly

give drainage for rainwater which could accumulate in the
space between the seal and the dam.

6.5.17 Electrical continuity

In the event of a lightning strike on the tank, or a build-up of
static electricity within the tank due to product movements,
there needs to be a secure electrical bond between the roof and
the tank to make certain that any electrical charge is conducted
directly to earth, thus ensuring that a spark can not be created
between the roof and the tank which could cause a fire. The
means of providing this continuity may be by :

e Providing thin flexible stainless steel shunt strips between
the top of the steel sealing ring of a mechanical seal and the
seal connection ring on the floating roof.

» Along length of flexible cable attached to the gaugers plat-
form and to the top of the roof pontoons. The length of the
cable in this case makes it prone to snagging on other roof
fittings so positioning of the attachment points requires
careful consideration.

e Avariation of the above method is to bond the gaugers plat-
form to the top of the rolling ladder structure with a short
length of flexible cable. A position some way down the lad-
der structure is then chosen as a attachment point for an-
other cable, the other end of which is bonded to the floating
roof structure. This second cable is much shorter than that
above, and by careful selection of the attachment points,
the lay down path of this cable can be fairly accurately pre-
dicted.
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7 Tank fittings and ancillary
equipment for ambient temperature
tanks

This Chapter deals with the design of the various nozzles, manholes and other appurtenances
that are required for the operation of the tank. Also, consideration is given to the access
requirements to the tank for the operating personnel, and also to various fire fighting methods.

Contents:

7.1 Tank nozzles
7.1.1 BS 2654 requirements for shell nozzles
7.1.1.1 Nozzles 80 mm outside diameter and above
7.1.1.2 Flush type clean-out doors
7.1.1.3 Nozzles less than 80 mm outside diameter
7.1.2 API 650 requirements for shell nozzles
7.1.3 European Code prEN 14015 requirements for shell nozzles

7.2 Spacing of welds around connections

7.2.1 BS 2654 requirements

7.2.2 API 650 requirements

7.2.3 Flush type clean-out doors

7.2.4 European Code prEN 14015 requirements
7.3 Shell manholes

7.3.1 BS 2654 requirements

7.3.2 AP| 650 requirements

7.3.3 European Code prEN 14015 requirements
7.4 Roof nozzles

7.4.1 BS 2654 requirements

7.4.2 API 650 requirements

7.4.3 European Code preN 14015 requirements
7.5 Roof manholes

7.5.1 BS 2654 requirements

7.5.2 AP| 650 requirements

7.5.3 European Code prEN 14015 requirements
7.6 Floor sumps

7.6.1 BS 2654 requirements

7.6.2 API 650 requirements

7.6.3 European Code prEN 14015 requirements
7.7 Contents measuring systems

7.7.1 Tank dipping

7.7.2 Level indicators

7.7.2.1 Float, board and target system
7.7.2.2 Automatic tank gauge

7.7.3 Temperature measurement

7.7.4 High accuracy servo tank gauge

7.7.5 High accuracy radar tank gauge
7.8 Tank venting

7.8.1 Free vents

7.8.2 Pressure and vacuum (P & V) valves

7.8.3 Emergency vents

7.8.4 Flame arrestor
7.9 Tank access

7.9.1 Spiral staircase
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7.9.2 Radial staircase
7.9.3 Horizontal platforms
7.9.4 Vertical ladders
7.10 Fire protection systems
7.10.1 Foam systems
7.10.1.1 Base injection
7.10.1.2 Top foam pourers
7.10.1.3 Rimseal foam pourers
7.10.1.4 Foam cannons
7.11 Water cooling systems
7.11.1 Special case - Floating roof tanks
7.11.2 Tank cooling methods
7.11.2.1 Water spray and deluge sprinkler systems
7.11.2.2 Fixed and trailer-mounted water cannons
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7.1 Tank nozzles

7.1.1 BS 2654 requirements for shell nozzles

7.1.1.1 Nozzles 80 mm outside diameter and above

The BS Code requires shell manholes and shell nozzles of 80
mm outside diameter and above to be governed by the follow-

ing rules:

Minimum wall thickness for various outside diameters shall be

as shown in Figure 7.1.

7 Tank fittings and ancillary equipment for ambient temperature tanks

Qutside dia, (mm) Min.wall thickness (mm)
80 1o =< 100 7.5
>100 to =< 150 85
>150 to =< 200 10.5
>200 12.5

Figure 7.1 Minimum wall thicknesses for various outside diameters
From BS 2654, fable 5

With regard to shell manholes, the Code gives details of a stan-
dard manhole in Figure 9 of the Code but stipulates that this is
only suitable for tank heights up to 25 m. Tank heights are rarely
above this height, but if this is the case then the components of
the manhole and reinforcement would require analysis to en-
sure their suitability for the increase in pressure above a 25 m
head.

The hole which is cut into the shell to accept the manhole or
nozzle obviously weakens the shell in this area and therefore a
means of providing reinforcement to compensate for this weak-
ness is required. The Code requires that the cross-sectional
area of this reinforcement, measured in the vertical plane con-
taining the axis of the manhole or nozzle shall not be less than:

0.75 xd xt equ7.1
where
d = diameter of the hole cut in the shell plate (mm)

i

Reinforcementis provided by -The area replacement method.

thickness of the shell plate (mm)

The reinforcement may be provided by any one or any combi-
nation of the following three area replacement methods. Note
that a corrosion allowance on any surface should be excluded
from the computation of reinforcement required.

a) The addition of a thickened insert plate as in Figures 7.2
and 7.3 or a circular reinforcing plate as in Figure 7.4.

The limit of the reinforcement is such that: ‘do’, the effective di-
ameter of the reinforcement, is between 1.5.d and 2.d. A
non-circular reinforcing plate may be used provided the mini-
mum requirements are complied with. Also, where nozzles are
close to the bottom of the tank, a “tombstone”-shaped reinforc-
ing plate shown in Figure 7.3 may be used as long as the Code
rules are complied with.

b) The provision of a thickened nozzle or manhole barrel.

The portion of the barrel which may be considered as reinforce-
ment is that lying within the shell plate thickness and within a
distance four times the barrel thickness from the shell plate sur-
face, unless the barrel thickness is reduced within this distance,
when the limit is the point at which the reduction begins. Figure
7.5 illustrates this method.

c) The provision of a shell plate thicker than that required by
the shell thickness formula or given in the Table of mini-
mum shell plate thicknesses, (whichever is relevant to the
tank under consideration). The additional thickness being
used as all or a part of the required reinforcement.

Insert plate
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Figure 7.2 Thickened insert plate
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Figure 7.3 Thickened insert plate
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Figure 7.4 A circular reinforcing plate

As an alternative to the area replacement methods, the rein-
forcement can be made by the provision of a thickened nozzle
barrel protruding on both sides of the shell plating as shown in
Figure 7.6. This method was devised by R.T. Rose (see Refer-
ence 7.1) and and was first introduced into the BS Code in the
1973 edition.

The method limits a stress concentration factor ‘j’' to a maximum
value of 2 and this is derived from the graph shownin Figure 7.7
where a replacement factor ‘'y’, based on the ratio of nozzle wall
thickness to the mean radius of the nozzle, is plotted against
the ratio of the outer to inner radii of the nozzle wall.
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Figure 7.5 Provision of a thickened nozzle or manhole barrel
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Figure 7.6 Provision of a thickened nozzle barrel protruding on both sides of
the shell plating

This method is useful where space beneath a nozzle denies the
use of a reinforcing plate.

The Code gives specific requirements with regard to the
welding of nozzles into shells and these vary according to shell
and nozzle wall thickness and material strength. For nozzles 80
mm outside diameter and above, the barrel of the nozzle is set
through the shell, albeit in some instances it may be flush with
the inside face of the shell i.e. for floating roof tanks, to prevent
fouling the roof rim and seal.

All nozzle welds must have a clearance of 100 mm from any
other adjacent weld. The clearance is measured from the toes
of fillet welds and from the centre line of butt welds.

For shell mountings having openings of 300 mm or larger,
welded into shell plates thicker than 20 mm, then all lap or fillet
welds connecting the barrel or reinforcing plate to the shell and
all butt welds incorporating plates thicker than 40 mm at the
prepared edges, shall be post weld heat-treated in accordance
with the Code requirements.

Cautionary note - There have been accidents, especially on
older tanks, where cast iron valves have been used on shell
nozzles and the bodies of these have failed due to overstress-
ing or freezing. Cast steel valves should always be used in
these instances to obviate this problem.

7.1.1.2 Flush type clean-out doors

Some stored products contain entrained sediment, which tends
to settle out of suspension during a lengthy storage period. This
sediment builds up, generally in an uneven pattern, on the floor
of the tank and when landing a floating roof on its support legs it
can cause twisting of the deck due to the legs landing on the un-
even surface. This is a particular problem with large floating
roof tanks storing crude oil coming directly from the field, as
these tanks spend many years in service before being taken out
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Figure 7.7 Plot of stress concentration factor v replacement factor
of service for maintenance.
A cautionary tale

A large UK-based refinery was fed by pipeline with oil and gas
from the North Sea. The crude oil was stored in a number of 96
m diameter floating roof tanks. Each of these tanks was fitted
with three product mixers of the Plenty propeller type, fitted in
connections in the bottom course of the tank shell. The function
of these mixers was to keep the product stirred up and to
prevent the relatively high wax content from settling out of the
crude oil and accumulating on the tank bottoms. During the
early years of operation of these tanks the mixers were used
regularly as envisaged by the tank designers and no problems
occurred.

At a certain point in time, the terminal owners decided to in-
stitute a review to see if operating costs could be reduced. This
task was given to a group fitted with the financial gene, but sadly
not its technical equivalent! The collective “beady eye” even-
tually fell upon the high power consumption and consequent
cost of running the tank mixers. It was decided to make savings
by the simple expedient of not running the tank mixers at all. All
went well for a while.

The roof then began to show an increasing disinclination to
behave properly at low product levels. The centre deck would
be flat, but the outer perimeter was uneven and at a higher
level. This was again overcome by increasing the minimum
product level for tank operation. All was again well until the day
that oil began to appear from beneath the tank annular plate.
This indicated a leak in the tank bottom plating and the flow of
oil into the local bund was such that it could not be ignored.

So this meant that the tank would have to be emptied, cleaned
and repaired. Sadly the floating roof showed serious signs of
distress as the liquid level was lowered and an investigation
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Fig No 28a Fig No 28b Fig No 29 Fig No 30
Max UTS of bim. course shell plating (N/mm?) 460 >460 460 >460
Min. btm. course width to accommaodate full door height (mm) 1830 600 1830 600
Max. size of door opening W x H (mm) 916" x 1230 300" x 1230 915" x 1230 300** x 1230
Max. thks. of btm course (mm) 18.5 185 a ar
Max. thks. of insert plate (mm) 40 40 37 ar
Max. thks. of reinforcing plate (mm) N/A N/A 40 40

used on shell plating up to 37 mm thick

Figure Nos 28a & 28b are limited fo tanks having a bottom shell course no thicker than 18.5 mm, whereas Figure Nos 29 & 30 which incorporate reinforcing plates in their design, can be

*For Figures 28a & 29 the height of the door opening is: % the height of the bottom shell course, or 915 mm, whichever is the smaller

** For Figures 28b & 30 the height of the door opening is limited to 300mm for shell plate steels having a minimum U.T.S. more than 460 N/mm*

Figure 7.8 Principal parameters for each of the four types of door

through roof leg fitting holes revealed an accumulation of waxy
material of uneven thickness up to 2.0 m deep in places on the
tank bottom. This was of sufficient load bearing capacity to
locally support the weight of the floating roof. The original mix-
ers had their propellers embedded in the wax and could not be
started. Much time was spent in agitated “navel gazing” until a
suitable specialist was found with a solution to the problem.

This involved the connection to the partially-filled tank of a huge
pump which re-circulated the oil and eventually forced the wax
back into solution so that it could be removed from the tank and
disposed of. This process took months to complete and con-
siderable sums of money, many times more that the cost sav-
ings so eagerly seized on earlier. The remaining tanks were in-
vestigated and all found to be suffering from substantial wax
accumulations which required the same expensive and
time-consuming treatment!

To assist in the disposal of the sediment once the tank has been
taken out of service, the tank may have built into the shell, one
or more large clean-out doors.

These flanged doors have can have openings, roughly one
metre square, (although there are height limitations — as
shown in Figure 7.8) with the bottom edge flush with the tank
floor plating thus making for an easier internal cleaning
operation.

The large size of the opening being in the highly-stressed
bottom course of shell plating causes complicated stress pat-
terns and therefore has to be carefully designed to ensure that
the strength of the shell is not compromised.

The tank Codes recognise this and in the BS Code there are
fully detailed arrangements for four different types of Flush
clean-out doors for the designer to choose from. All of these
designs involve the door being fitted into a shell insert plate and
all these assemblies have to be post weld heat-treated on com-
pletion of fabrication.

The table in Figure 7.8 shows the principal parameters for each
of the four types of door, these are identified by the figure num-
bers as used in BS 2654.

lllustrations of two flush type clean-out doors are shown in
Figures 7.9 and 7.10.

A smaller, simpler and less expensive type of clean-out aid is
the combined water draw-off and clean-out sump. This fitting is
basically formed by a half-section of 610 mm diameter pipe 980
mm long attached beneath a 460 mm x 510 mm hole cut in the
outer region of the floor plating. The external opening of the
sump is closed with a ‘D’ shaped flange and cover, see Figure
7.-1;

This fitting is used as a water draw-off sump during normal tank
operations, with a nozzle and valve fitted at the low point on the
cover and as a clean-out opening when removing sludge from
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R75
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Figure 7.9 Flush type clean-out door with plate reinforcement, size of opening
915 mm x1230 mm
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section A-A
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Figure 7.10 Flush type clean-out door with plate reinforcement, size of open-
ing 300 mm x 1230 mm

the tank during maintenance operations. One disadvantage is
that this sump can become blocked with excessive sludge and
hence, its use as a water draw-off point when in service, is lost.

The Code states that “the fillet weld to the underside of the bot-
tom sketch plate or annular plate shall be deposited in the flat
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NOTE. A grating may be fitted 10
the sump as a safety precaution

l«———Shell plate

Shop welds

Figure 7.11 Combined water draw-off and clean-out sump

position, the bottom plate being reversed for this purpose be-
fore final positioning on the tank foundation.” However, on the
sketch of the sump in the Code these welds are denoted “site
welds". It is normal practice to perform these welds in the shop
when they can be checked for soundness before going to site.
Accordingly these welds are denoted as “shop welds” in Figure
.

7.1.1.3 Nozzles less than 80 mm outside diameter

Additional reinforcement is not required for nozzles less than
80 mm outside diameter provided that the thickness of the bar-
rel is not less than that as shown in Figure 7.12.

Qutside dia. (mm) Min.wall thickness (mm)

=< 50 5.0

>50t0 =< 75 5.5

Figure 7.12 Barrel thicknesses
From BS 2654, table 5

These nozzles do not have to be set through the shell but may
be set on the shell surface provided that the plates are checked
close to the opening to ensure that no injurious laminations are
present. It is important that the welded joint to the shell has
sound root penetration. In the event of any doubt as to the
soundness of the root, it should be back-gouged and
back-welded. The internal bead of sound joints welded from
one side only are to be ground smooth and flush with the inside
bore.

7.1.2 API 650 requirements for shell nozzles

The API requirements are similar but not the same as the BS re-
quirements. Only nozzles above 50 mm bore are required to
have added reinforcement.

The minimum cross-section of reinforcement shall be calcu-
|ated as follows:

dxt equ7.2
where
d = diameter of the hole cut in the shell plate (mm)

1l

t thickness of the shell plate (mm)
Note: Only 75% of this value is required to the BS Code.

However, the calculated minimum required design shell thick-
ness may be used in equation 7.2, instead of the nominal mini-
mum shell plate thickness. (On smaller tanks the calculated de-
sign thickness is often less than the nominal shell plate
thickness.)
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Awarning is given with respect to shell nozzles, which are close
to the bottom of the tank. Such nozzles can rotate with the verti-
cal bending of the shell under hydrostatic loading and con-
nected piping can cause a restraint on the nozzle giving rise to
additional stresses in the nozzle and shell. Attention is drawn to
Appendix ‘P’ of the Code which deals with this problem but it
must be remembered that this theory can only be applied to
tanks over 36 m in diameter.

There is only an upper limit for the outside diameter of reinforc-
ing plates and this is twice the diameter of the hole cut in the
shell. (The BS Code is between 1.5 and 2.0 times the diameter
of the hole in the shell plating.)

The means of providing reinforcement together with complete
details for the fabrication and welding of nozzles in sizes from
14" (38 mm) nominal bore, to 48" (1219 mm) nominal bore are
given in several tables and diagrams in the Code, together with
explanatory clauses.

Similar detailed information is also given for four shell manhole
diameters: 500 mm, 600 mm, 750 mm and 900 mm.

There is a proviso in the Code regarding the portion of the barrel
which can be considered as acting as reinforcement. In cases
where the strength of the barrel material is slightly less than that
of the shell plate material, then the portion of the barrel consid-
ered as reinforcement is reduced. Where the strength of the
barrel material is much less than that of the shell plate material,
then the barrel can not be considered as contributing to the
reinforcement of the nozzle.

The Code addresses instances where there may be a cluster of
nozzles close together in one area of the shell and shows how
these should be spaced within one large reinforcing plate.

7.1.3 European Code requirements for shell noz-
zles

The prEN 14015-1 requirements are the same as given in the
BS 2654 Code with the addition of the table of nozzle body
thickness requirements that include minimum thickness for
stainless steel nozzles and these are given in Figure 7.13.

Qutside dia. (mm) Min.wall thickness (mm)
<= 50 3.6
>50 to =<75 5.0
>75 to =< 100 6.0
>100 to =< 150 7.0
>150 to =< 200 8.0
>200 9.0

Figure 7.13 Table of nozzle body thickness requirements
7.2 Spacing of welds around connections
7.2.1 BS 2654 requirements

The BS Code requires that the distance between the toes of ad-
jacentfillet welds or between the toes of fillet welds and the cen-
tre line of adjacent butt welds or between the centre lines of ad-
jacent butt welds, shall not be less than 100 mm.

Welds to nozzle bodies shall not be closer to any weld which
has been post weld heat-treated than:

255t equ7.3
where
ty = wall thickness of the nozzle (mm)

=
]

inside radius of the nozzle (mm)
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A@E

c ) c ¢ ¢
Bottom plates or annular plates ———7
Note:
R-MHN = Reinforced Opening (manhole or nozzle with diamond shape reinforcing plate, see Figure 3-4A and 3-5).
LTR-N = Low Type Reinforced Opening (nozzle with sombstone shape reinforcing plate, see Figure 3-5, Detail a and b).
R-N = Reinforced Opening (manhole or nozzle with circular reinforcing plate or thickened insert plate, see Figure 3-5).
SN = Non-Reinforced Opening (manhole or nozzle inserted into the shell per the altemate neck detail of Figure 3-4B).
Variables Reference Minimum Dimension Between Weld Toes or Weld Centerline (1)(3)
Shellr | Condition |Paragraph A2) B(2) C() D 4) E(2) F(5) G(5)
Number
1< 12.5 mm As 3732 | 150 mm (6 in.) | 75 mm (3 in.) 75 mm (3 in.)
frslhin) | welded or 2Vt or 2y
ar 3733 75 mm (3 in.)
PWHT ar 2V
3733 75mm (3 in.)
for S-N
3733 Table 3-6
* 3734 8rorliyr
= 3734 8
i> 125 mm As 3731a 8Wor 8Wor
(1>trin) | Welded 250 mm (10 in.) | 250 mm (10 in.)
373.1b 8Wor
150 mm (6.in.)
3.7.33 8War
250 mam (10 in.)
1733 75 mm (3 in.)
for S-N
3.7.33 Table 3-6 8torlar
s 3734 8t
* 3734
t>125mm | PWHT 3732 | IS0 mm(6in) | 75 mm (3 in.) 75 mm (3 in.)
{r>1hin) or 2441 or 24t
3733 75 mm (3 in.)
or 2‘!2-‘
3233 75mm (3 in.)
for 5-N
3.7.33 Table 3-6
* 3734 8tarltfyr
* 3734 &
Notes:
1. If two requirements are given, the minimum spacing is the greater value, except for dimension "F™. Sec note 5.
2. 1= shell thickness. BW = B times the Jargest weld size for reinforcing plate or insert plate periphery weld (fillet or butt-weld)
from the toe of the periphery weld to the centerline of the shell butt-weld.
3. For tanks designed to Appendix A, ses A.5.2. Spacing = 21/5 1 toe to toe of adjacent welds.
4. D = spacing distance established by minimum elevation for low type reinforced openings from Table 3-6, column 9.
3. Parchaser option to allow sheil openings to be located in horizontal or vertical shell butt-welds. See Figure 3-6.
1 = shell thickness, r = radius of opening, Minimum spacing for dimension F is the lessor of 87 or Vs r.

Figure 7.14 Minimum weld requirements for openings in shells
From AP! 650, figure 3-22
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7.2.2 API 650 requirements

The API Code is more detailed in its approach and the actual
wording in clause 3.7.3. should be consulted. Basically the re-
quirements are as follows:

For non stress-relieved welds on shell plates thicker than 12.5
mm (%4"), the minimum spacing between the outer weld of a
nozzle, or nozzle assembly and the centreline of an adjacent
shell butt weld shall be the greater of eight times the size of the
outer weld, or 250 mm (10").

Where the shell plate is equal to or less than 12.5 mm (%2"), this
spacing may be reduced to 150 mm (6") from vertical shell butt
welds and the greater of 75 mm (3") or 2% times the shell thick-
ness from horizontal shell butt welds. The spacing between the
outer welds of adjacent nozzles shall be the greater of 75 mm
(3"), or 2% times the shell thickness.

Where stress relieving of the periphery weld has been per-
formed prior to welding of the adjacent shell joint, the minimum
spacing shall be 150 mm (6") from vertical shell butt welds and
the greater of 75 mm (3") or 2% times the shell thickness from
horizontal shell butt welds. The spacing between the outer
welds of adjacent nozzles shall be the greater of 75 mm (3"), or
22 times the shell thickness.

The Code contains a useful reference table in figure 3-22 which
gives a pictorial representation of the application of the above
rules. This is shown in Figure 7.14.

In certain instances it may be found that a nozzle has to be
close to or even intersects a shell butt weld and the Code will al-
low this under rules given in figure 3-6. Where a shell joint is in-
tersected, then 100% radiographic inspection of the weld is re-
quired for a distance of 1.5 times the diameter of the opening in
the shell, measured each side of the centreline of the opening,
except that the part of the shell joint which is being removed
need not be radiographed.

7.2.3 Flush type clean-out doors

The API Code is more flexible in its approach to the design of
flush type clean-out doors.

The maximum size for the door opening is dependant on the
grade of shell material being used (similar to the BS Code) but
has more size options together with tabulated plate thickness
and dimensional details. Formulae are given to calculate the re-
quired amount of reinforcement above the opening and to de-
termine the thickness of the bottom reinforcing plate. Various
methods are given to stiffen or support the bottom reinforcing
plate under differing foundation support conditions and the de-
signer is alerted to the requirement to allow for the rotation, due
to shell bulging, of these low connections when they have
pipework attached to them.

7.2.4 European Code requirements

prEN 14015-1 uses the same requirements as those for the BS
Code but includes a further condition for nozzle openings in
shell plates which intersect with shell butt welds. Where this
condition occurs then the
tangent to the opening in the
shell at the centre line of the
shell butt weld must be be-
tween 45° and 90° to the
centreline of the butt weld as
shown.

ccecae

a = 45° to 90°

ccece
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7.3 Shell manholes
7.3.1 BS 2654 requirements

The BS Code gives a detailed sketch for a 600 mm diameter
shell manhole which s suitable for all tanks up to 25 m high. The
only part which has to be designed is the shell reinforcement re-
quirements, to suit the thickness of shell to which the manhole
is to be attached. This is done to the same rules as for shell noz-
zles in Section 7.1.1.

To ease the removal of the heavy manhole cover to gain access
to the tank, a swing davit is often fitted in a cup type bracket
fixed, to one side of the manhole barrel.

7.3.2 API 650 requirements

The API Code is much more detailed and caters for shell man-
hole sizes of 500 mm, 600 mm, 750 mm and 900 mm diameter.

A general design sketch is given together with sketches of
welded joint options. Tabulated data is also given for the follow-
ing:

e Coverplate and bolting flange thickness for eight ascending
design liquid levels up to a maximum of 23 m.

e Manhole neck thickness based on shell and reinforcing
plate thickness ranging from 5 mm to 40 mm.

« Bolt circle and cover plate diameters for the four sizes of
manhole.

Instead of a circular reinforcing plate, there is also an option al-
lowing a six sided reinforcing plate the sides of which are at 45°
to the horizontal centre line of the manhole.

7.3.3 European Code prEN 14015 requirements

The requirements given in this Code are the same as those in
the BS Code.

7.4 Roof nozzles
7.4.1 BS 2654 requirements

The BS Code shows a sketch of a typical roof nozzle together
with tabulated dimensions for nozzle sizes from 25 mm to 300
mm diameter.

The duty of roof nozzles is not very arduous and their integrity
does not pose a serious threat to the soundness of the tank.
Roof nozzles are therefore lighter in construction than shell
nozzles. The reinforcement of the aperture in the roof plating for
all nozzle sizes is 150 mm larger than the aperture in the roof
plating and in all cases is made from 6 mm thick plate. Welding
of the nozzle on the underside of the roof is not required. All
welded joints on the nozzle are 6 mmi fillet welds, regardless of
the size of the nozzle.

The Code recommends that the necks of nozzles used for vent-
ing should be trimmed flush with the underside of the roof line.
This is to ensure that vapour is not trapped by the neck which
would otherwise protrude below the roof line. The polar axis of
roof nozzles should always be vertical.

Although not mentioned in the Code itis generally thought to be
good practice to use flat-faced flanged roof nozzles with full
face gaskets for roof vents and other fittings which may be of
cast iron or aluminium construction.
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7.4.2 API 650 requirements

The requirements to the American Code are very similar to
those of the BS Code with the following main exceptions:

1) Larger diameter reinforcing plates are required for noz-
zles greater than 100 mm in diameter.

2) There is the option not to provide reinforcing plates for
nozzles up to 150 mm diameter.

3) The weld between the reinforcing plate and the roof plat-
ing is a 5 mm fillet weld instead of a 6 mm fillet weld.

7.4.3 European Code prEN 14015 requirements

The European Code is the same as the BS Code with the ex-
ception that the reinforcing plate thickness shall be the same as
the roof plate thickness, also the fillet weld between the two
plates shall be the same as the roof plate thickness.

7.5 Roof manholes
7.5.1 BS 2654 requirements

The BS Code is very sparse in its guidance on roof manholes,
this guidance being as follows:

“The roof manholes shall have a minimum inside diameter of
500 mm. They shall be suitable for attachment by welding to the
tank roof sheets.

The manhole covers shall be either as specified by the pur-
chaser or of the multiple-bolt fixed or hinged type."

Because of the vagueness of the requirements, designers gen-
erally turn to the more detailed information given in the Ameri-
can Code.

From a practical point of view it is important to avoid the use of
ASA 150 Ib covers and flanges for roof manholes because of
their excessive weight.

7.5.2 API 650 requirements

This Code gives a detailed illustration and tabular information
for the design of roof manholes 500 mm and 600 mm in diame-
ter. They are of relatively light construction being in 6 mm plate.
The provision of a reinforcing plate is optional.

This Code also gives full details for two types of rectangular roof
openings, one with a bolted cover and one with a hinged cover
with one locking point. Both types are limited to a maximum
opening size of 1800 mm x 900 mm, the provision of reinforcing
plates is optional and they are intended for use on fixed steel
roofs only (not floating roofs).

Again these rectangular openings are of light construction, the
necks and optional reinforcing plates being 6 mm thick, the
cover plates 5 mm thick and the flange of the bolted type being
10 mm thick.

The bolted type is limited to tanks having a maximum internal
pressure equal to the weight of the roof plates and the hinged
type is for use on non-pressure tanks only.

7.5.3 European Code prEN 14015 requirements

This Code follows the BS Code but is more specific as it gives
dimensions for 500 mm and 600 mm diameter manholes but
does not specify steel thickness.

The illustration in the Code shows the neck and bolting flange
as if being rolled from one plate, this is unlikely to be the pre-
ferred method of construction and it is more likely that the two

7 Tank fittings and ancillary equipment for ambient temperature tanks

components would be welded together.

The Code also mentions that the manhole covers can be of the
multiple bolt type or hinged.

7.6 Floor sumps

7.6.1 BS 2654 requirements

The BS Code offers three types of drain sumps. These sumps
may be situated at the centre of the floor or at the periphery, de-
pending on the chosen floor slope. They are:

* The combined water draw-off and clean-out sump (see Fig-
ure 7.11, can only be fitted at the periphery.)

e The circular-fabricated sump, (Figure 7.15)
» The spherically-dished sump, (Figure 7.16)

The bottom of all sumps must be adequately supported by the
underlying tank foundation to ensure that they do not “hang” off
the floor aperture and cause stress in the flange connecting the
sump to the floor plating.

The fabricated sump tends to be more popular with tank fabri-
cators because difficulties can be encountered in trying to
obtain pressings of the correct dimensions for the spherical
type. However, the spherical sump is made out of one piece of
plate and therefore has no potential to leak. The fabricated
sump welds must be subjected to rigorous inspection to ensure
that they are truly sound.
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Figure 7.16 Spherically-dished sump
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7.6.2 API 650 requirements

The API Code offers details for four sizes of sump each based
on the size of the drain line.

Brief details taken from the tabulated data in the Code are
shown in Figure 7.17.

Nii::“: :f::: (I::;) Diameter of sump (mm) |  Depth of sump (mm)
S0 610 200
50 910 450
100 1220 600
150 1520 S

Figure 7.17 Details for four sizes of sump based on size of drain line

It can be seen that these sumps are somewhat larger than the
BS Code sumps, especially those for the larger sized drain
lines.

The fabrication detail for these sumps is shown in Figure 7.18,
which is reproduced, from the Code.

The API Code gives positions for the sumps measured from the
shell of the tank which indicate that they are close to the shell
but, if required, they may be placed anywhere in the floor to suit
the floor drainage requirements.

7.6.3 European Code prEN 14015 requirements

The sump requirements here are the same as those for the BS
Code.

7.7 Contents measuring systems

It is important for a tank operator to know how much product a
tank is holding at any particular time to enable the planning of
import and export requirements. There are a number of ways of
doing this and some of these are described in the following Sec-
tions.

7.7.1 Tank dipping

The most primitive method, which has been in use for many
years, is the dipping method whereby a weighted tape measure
is dropped through a hatch in the tank roof. When the weight
touches the tank bottom, the tape is withdrawn and the level of

liquid is read from the tape at the point where the tape changes
from being dry to wet. There is an art in obtaining a correct dlp
by this method because of the following factors:

e Care must be taken to ensure that the weight only just
touches the tank bottom, as allowing further tape into the
tank will give a false increased reading in the dip depth. With
experience, tank dipping personnel learn to feel for the tank
bottom and can obtain reliable repeatable results.

e Judging the point where the tape changes from dry to wet
may be fairly easy when dipping a tank containing, say mo-
lasses, but not so easy with light distillate products. Com-
pounds have been developed which can be applied to the
tape in the area where the expected level is thought to be
and these show more clearly where the dry to wet pointis on
the tape, hence resulting in a more accurate reading.

There are several types of roof nozzle dip hatches on the mar-
ket and a selection is shown in Figure 7.19.

Figure 7.19 Different types of roof nozzle dlp hatches
Courtesy of Endress+Hauser Systems & Gauging Ltd
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Note: The erection procedure shall include the following steps: (a) a hole shall be cut in the bottom plate or a sump shall be placed in the
foundation before bottom placement; (b) a neat excavation shall be made to conform to the shape of the drawoff sump, the sump shall be put
in place, and the foundation shall be compacted around the sump after placement; and (c) the sump shall be welded to the bottom.

Figure 7.18 API Water draw-off sump
From APl 650
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7.7.2 Level indicators

There are a number of proprietary mechanisms on the market,
which are capable of constantly monitoring the level of product
in the tank, and a few of these are as follows:

7.7.2.1 Float, board and target system

This method is not very accurate but it gives a good indication of
where the liquid level is in a tank.

A graduated board is attached to the tank shell over the full
height of the tank. Afloat sits on the product and is kept in place
by two guide wires which pass through eyes one on each side of
the float. The guide wires are stretched taut between the floor
and roof of the tank and a flexible stranded wire attached to the
float is led over the top of the tank by pulleys. It is led to a target
pointer, which is guided to move up and down the graduated
board as the level of the product changes. It is important to re-
member however, that when the target is at the bottom of the
graduated board, the tank is full (and not empty, as logic may
seem it to be) and vice versa.

The illustration in Figure 7.20 shows the workings of this type of
level gauge.

7.7.2.2 Automatic tank gauge

This system is a vast improvement on the above board and tar-
get arrangement and operates as follows:

The float is guided between guide wires as in the above exam-
ple but in this case a flexible tape is attached to the float and this
tape is fed through small-bore piping and pulley elbows sup-
ported off the roof and shell of the tank and is led to a gauge
head near the base of the tank. A spring-loaded mechanism in

Figure 7.20 Float, board and target level gauge
Courtesy of Motherwell Control Systems Ltd

7 Tank fittings and ancillary equipment for ambient temperature tanks

-; Sheave elbow

?

5 ’--wi«-

L= \| Pipe supports
4 —th 455_
E 1
- J L] ‘F T
T 1]
|
Tape Guide wire tensioner ‘J 'ﬁ_{
Guide wires H
e, ’
= ASn N,
1 Float ———————— i
3 e @ )
]
o
/—\ Gauge head
/ gﬁ“ﬂel
\ Lo
SR

Figure 7.21 Automatic tank gauge
Courtesy of Endress+Hauser Systems & Gauging Ltd

the gauge head allows the tape to coil and uncoil as the product
level changes and a series of pulleys and sprockets in the
gauge head are connected to a drum which gives a visible read-
out in metres and millimetres in a window on the gauge head.

This type of gauge is illustrated in Figure 7.21 and can have a
transmitter attached enabling the level signal to be sent to a
central control room and hence all the tanks on an installation
can be monitored in this way.

7.7.3 Temperature measurement

A further refinement, which can be incorporated into the auto-
matic tank gauge system, is the ability to read the average tem-
perature of the product in the tank. This is accomplished by
housing equally spaced individual thermocouples in a perfo-
rated vertical tube positioned near the level gauge. The gauge
mechanism is programmed to switch in only those thermo-cou-
ples, which are submerged in the product, and the signals from
these are automatically averaged out and read on a monitor in
the control room.

This facility is useful to operators as it enables volumetric ad-
justments to be made to their product inventory to allow for tem-
perature variations.

7.7.4 High accuracy servo tank gauge

This type of gauge is based on the principle of liquid displace-
ment. It is illustrated in Figure 7.22.

A displacer is suspended from a stainless steel wire, which is
stored on a grooved drum housed in the gauge enclosure. A
highly sensitive torque-measuring device continuously mea-
sures the effective weight of the displacer, which, under steady
state level conditions, is half-immersed in the liquid. Should the
level change, the displacer undergoes an apparent change of
weight. The gauge microprocessor senses the change in
weight and causes a servomotor to rotate the measuring drum
until balance is restored.

Density is determined by measuring the effective weight of the
displacer when completely immersed. Sample readings, re-
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Figure 7.22 High accuracy servo tank gauge
Courtesy of Motherwell Control Systems Ltd

corded at configurable intervals as the displacer, travels down
through the liquid, provide density profiling.

Water interface level and tank base measurement are achieved
by recording the point at which the gauge recognises the effec-
tive displacer weightin waterand at the tank base respectively.

7.7.5 High accuracy radar tank gauge

This type of gauge, (see Figure 7.23), achieves level measure-
ment by measuring the time of flight for a radio wave to travel
from the radar gauge to the liquid surface and back again.

Normally the gauge is mounted at the top of the tank with its an-
tenna pointing down towards the surface of the stored product.

RADAR TANK GAUGE INSTALLATION DETAILS

— TERMINAL HOUSING
TEMPERATURE PROCESSING PCE/ ikl
RADAR ECHO SIGNAL PROCESSOR/ ~| TO TERMINALS
GAUGE 'ON BOARD' PROCESSOR

8900d RADAR TANK GAUGE
MAIN RADAR GAUGE
HOUSING IS CERTIFIED
FLAMEPROOF EExd i
EExd CERTIFIED
SPOTIAVERAGING
TEMPERATURE BULB
POWER 24V dc & DIGITAL
RID hnits [ RS485 COMMS.
20 Max. (2 pair twisted cable to
BS5308 Spec.)
PRESSURE TRANSMITTERS etc

i
Figure 7.23 High accuracy radar tank gauge
Courtesy of Motherwell Control Systems Ltd
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The radio wave signal is emitted from the rod antenna and radi-
ates outwards “seeing” all the tank internals. The reflected ra-
dio wave is then collected by the same antenna and the gauge
compares the difference in frequency between the outward and
return radio waves. The frequency difference is proportional to
the distance travelled. This frequency difference then under-
goes a number of processes including Fourier transform tech-
niques and peak location algorithms which are then used to dig-
itally locate the peak frequency corresponding to the product
level reflection from which the liquid level is then calculated and
displayed on a liquid crystal display inside the unit.

Having established the level of product in the tank, this has then
to be translated into a capacity and this is done by reference to
the tank's calibration table whereby capacities can be read off a
table in 1 mm level increments.

Each tank, on completion is calibrated by a specialist company.
The earliest form of calibration was by the “strapping method”.
This method, amongst others, is governed by rules set down by
the Institute of Petroleum, see Reference 7.2.

This method involved the circumference of the tank being
strapped with a measuring tape at many points over its height,
enabling the diameter of the tank to be calculated at each level
and hence the capacity relating to each measurement, estab-
lished. The volume at the bottom section of the tank which often
contains drain pipework, heating coils etc. (known as dead-
wood), can be found by filling it with water, which is metered into
the tank and recorded against corresponding depths.

More modern laser measuring methods are used nowadays
which operate from inside the tank, they are much less labour
intensive and give very accurate diameter measurements over
the height of the tank.

Her Majesty's Customs officials take a great deal of interest in
correct tank calibration, level measurement and the recording
of tank capacities as the movement of many petroleum prod-
ucts incurs the payment of duty.

7.8 Tank venting

This subject is dealt with in detail in Chapter 8 so just a brief de-
scription of the vent fittings is given here.

7.8.1 Free vents

These are provided on non-pressure tanks and allowthe tank to
breathe due to product movements in and out of the tank and
for diurnal effects. An illustration is shown in Figure 7.24.

Sometimes the free vent fitting incorporates a dip hatch, en-
abling one roof nozzle to be used for two purposes.

Figure 7.24 Free vent & dip hatch
Courtesy of Whessoe Varec
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7.8.2 Pressure and vacuum (P & V) valves

These are used for tanks operating under an internal pressure.
The ventopens only when the setinternal pressure is exceeded
-forinstance, when product is imported to the tank. On the vac-
uum side, the valve opens when the set internal vacuum is ex-
ceeded, as is the case when product is exported from the tank.

The illustrations in Figure 7.25, show a valve which uses
weighted pallets as the valve operating mechanism, other
types of valve use a spring-loaded method.

Pressure relief

Figure 7.25 Pressure and vacuum relief valve
Courtesy of Tyco Valves & Controls

7.8.3 Emergency vents

The purpose of an emergency vent is to release a sudden rise
ininternal pressure which is beyond the capacity of the normal
vents. Their use is dependant upon the type of product being
stored in the tank and whether or not the tank has a frangible
roof. A sudden rise in pressure may be caused by events such
as an externalfire, a burst heating tube or a exothermic reaction
in the tank.

The emergency vent consists of a base unit with a weighted
hinged cover. The seal between the base unit and the cover is
maintained by the knife-edged rim of the base unit acting on a

=

Figure 7.26 Emergency vent
Courtesy of Tyco Valves & Controls
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flexible seal ring on the underside of the weighted cover. These
units are available in sizes ranging from 250 mm to 600 mm di-
ameter and an example is shown in Figure 7.26. The larger
sizes can also be used as roof manholes.

7.8.4 Flame Arrestor

Flame arrestors prevent flashback through an open tank vent
and may be fitted between the vent nozzle and the vent fitting.
They prevent the passage of flames into the tank by a tube bank
made up of a core of numerous narrow passages. Aphotograph
and diagrammatic view are shown in Figure 7.27.

There is some doubt as to the worthiness of these units and
negative views on their use on storage tanks is expressed in the
API 2000 and API 2210 publications. Some of the views ex-
pressed are as follows:

= The simultaneous occurrence of an ignition source in the vi-
cinity of the vent and the release from the vent of a mixture
capable of transmitting flame is considered to be highly un-
likely.

» Flame arresters are not considered necessary for use in
conjunction with P & V valves venting to atmosphere be-
cause flame speeds are less than vapour velocities across
the seats of P & V valves.

e Friction loss through the flame arrester reduces the flow
rate through the vent fitting.

e The narrow vapour passages of the flame arrester can
block up and thus cause pressure or vacuum related dam-
age to the tank envelope.

NUT PINNED
TO BOLT

TUBE BANK
RETAINERS

m

Figure 7.27 A typical flame arrestor
Courtesy of Tyco Valves & Controls
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7.9 Tank access

For safety reasons a tank should have two means of egress
from the roof. For a single tank, which is not interconnected with
another, then the second means of access is usually by a verti-
cal-caged ladder.

The BS 2654, AP| 650 and prEN 14015-1 Codes all specify
similar design requirements for access ways but in using these
the designer must also be aware of any local and/or client re-
quirements and safety issues.

Whilst there are some differences between the tank Codes, the
principal requirements are as follows:

e Minimum clear width of a staircase, platform or walkway
shall be 600 mm.

e Minimum height to the top handrail of a horizontal platform
or walkway shall be 1070 mm.

e Minimum depth of a stair tread shall be 200 mm.
e« Maximum slope for a staircase 45° (50° in API)

e Handrailing is required on the inside stringer of a spiral stair-
case where the gap between the stringer and the tank shell
exceeds 200 mm.

e The normal “going” and “rise” for treads of a spiral stair-
cases is 200 mm.

e The maximum vertical rise between intermediate platforms
of a staircase is 6 m.

e APl requires the design to be based on a concentrated
moving load of 4450N, whereas the BS Code requirement
is for the design to be based on a load of 2400 N/m? plus
wind load.

¢ Handrailing is to be capable of taking a load of 1000 N
(890N to API) in any direction.

e Treads which are welded to the shell are prohibited by the
BS and European Code for shell thicknesses over 12.5 mm
on steel having a UTS greater than 460N/mm? (Yield 275
N/mm2)

e Vertical ladders over 4m high shall be fitted with safety
cages. BS 4211 allows a maximum height between interme-
diate platforms of 9m but it is normal to limit this to 6m on
tanks.

Four means of accessing tanks will be considered:
e Spiral staircase

e Radial staircase

e Horizontal platform

e Vertical ladder

7.9.1 Spiral staircase

Probably the most common means of access is the spiral stair-
case. This staircase follows the contour of the tank shell as it
rises from ground level to the roof of the tank. The construction
of the staircase can take several forms and the traditional one is
that which is shown in BS 2654, figure 25, details of which are
shown in Figure 7.28.

This type of staircase is simple to fabricate and erect. Erection
on the tank is as follows:

e Obtain an accurate height of the tank and assuming the rise
of each tread is to be 200 mm then a calculation will estab-
lish the position for the lowest tread on the tank.

e The first eight or so treads can be welded to the shell to-
gether with the 25 mm square bar supports (known in the
tank business as “dog leg” supports) from ground level.
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Figure 7.28 Handrail construction

Thereafter the erector/welder climbs up the staircase and
welds the subsequent treads in place as he ascends (using
the appropriate safety equipment).

There are long-term disadvantages with this type of staircase,
and these are:

e Being welded directly to the shell makes corroded treads
difficult to replace (galvanised treads cannot be used be-
cause of the health risk in welding on to a galvanised sur-
face).

e Where tank shells are thermally insulated, there are numer-
ous penetrations in the cladding where the dogleg supports
and treads pass through and offer a path for the rain to getin
and cause corrosion on the shell.

s The tread replacementissue can be solved by using bolt on
treads where a short length of drilled angle bar is welded toe
on to the shell to which the tread is bolted. Similarly at the
outer tread support a short length of drilled flat bar is welded
to the support to carry the tread.

e Because of the shortcomings of the weld on staircase, most
spiral staircases today are constructed with a inner and
outer stringer and bolted galvanised treads. The stringers
are supported off brackets welded to the shell but the limita-
tions in the Codes regarding the welding of permanent at-
tachments to shells must be observed.

« The double stringer spiral staircase is to be preferred for
thermally insulated tanks because of the smaller number of
penetrations in the cladding.

Figure 7.29 shows a double stringer spiral staircase being
erected on a new tank and Figure 7.30 shows a completed
staircase.

7.9.2 Radial staircase

This type of staircase is often used to access large diameter
tanks, which have large bunded areas. The staircase com-
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Figure 7.29 A double stringer spiral staircase being erected
Courtesy of McTay

Figure 7.30 Double stringer spiral staircase
Courtesy of Royal Vopak

mences at the bund wall and progressively rises via the inter-
mediate platforms to the tank roof. Support for the staircase is
usually by ‘A’ frames under each intermediate platform. Figure
7.31 shows a typical arrangement on a floating roof tank.

7.9.3 Horizontal platforms

This form of access, shown in Figure 7.32, is favoured on
multi-tank installations where the tanks are linked together by
platforms and only the extremity tanks each have a spiral or ra-
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Figure 7.32 Horizontal platforms
Courtesy of Royal Vopak

dial staircase for access from the bund area.

The platforms have to allow for movement of the tanks due to
product and wind load and foundation settlement. One end of
the platform is therefore fixed to hinged brackets on one tank,
which allow vertical movement; the other end is restrained lat-
erally but allowed to slide in the horizontal direction to allow for
tank movement. Safety chains are connected loosely between
this end of the platform and the adjacent tank to prevent the
platform falling in the event that there is excessive movement
between the tanks.

7.9.4 Vertical ladders

Tank operators do not favour vertical ladders as a main means
of access to a tank roof because they are tiring to climb and re-
quire the full use of all limbs during the ascent, hence the carry-
ing of any sundry equipment is difficult. However, as a second-
ary means of escape from a tank roof under emergency
conditions when the primary route is blocked or otherwise un-
available, then they are most welcome. Such a means of
access is shown in Figure 7.33.

Self-closing safety gates should be provided at the top of each
ladder section to prevent personnel inadvertently stepping into
the open space at the top of the ladder and sustaining a nasty
accident. When two or more people are following each otheritis
recommended to allow the ladder section to be cleared by one
person before the next one starts their ascent or descent. This
prevents any boot detritus, equipment or person from falling on
to the person below.
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Figure 7.33 Vertical ladder
Courtesy of Royal Vopak

7.10 Fire protection systems

As one can readily understand, the planning for the prevention
of fire, especially in petrochemical installations, is high on their
managements’ priority list, as the consequences of an inferno
can have disastrous results, not only to the installation but to
the surrounding area and environment.

The subject is well-documented in the National Fire Protection
Association, Institute of Petroleum and British Standard Codes.
References 7. 3to 7.6 provide useful information on this impor-
tant issue.

For the purposes of this Section the protection of storage tanks
by the use of foam and water will be considered.

7.10.1 Foam systems

The foam methods considered to be the most widely used and
regarded to give an acceptable overall level of protection are
referred to in this Section. The design guidelines are to be
found in References 7.3 to 7.6.

The foam fire fighting system works by introducing a foam mak-
ing concentrate into the fire fighting water main. This produces
a solution, which is fed to a foam generator, and the resulting
foam is directed to the fire.

For fixed roof, floating roof and Internal floating roof storage
tanks there are three principal foam systems available and
these are; base injection, top foam pouring and foam cannons.

These systems are categorised in Figure 7.34.
7.10.1.1 Base injection

Base injection systems (also known as sub-surface foam injec-
tion systems) are suitable for use on fixed roof tanks containing
liquid hydrocarbons with the exception of Class 1A hydrocar-
bon liquids or alcohols, esters, ketones, aldehydes, anhy-
drides, or other products requiring the use of alcohol-resistant
foams. In operation, specialised equipment designed to oper-
ate against a back pressure introduces aspirated foam at a pre-
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Tvpe of Storage tank Type of Foam system
Base injection
Fixed roof Top foam pourers
Foam cannons *
Rimseal foam pourers
Floating roof Top foam pourers
Foam cannons *
Top foam pourers
Internal floating roof
Foam cannons *
* Foam cannons ara placed external to the tank, in such a position that, in the event of
a fire, foam can be sprayed on to the tank from a safe distance. This method is not
recommended as the primary form of protection for tanks over 18 m in diameter

Figure 7.34 Principal foam systems

determined application rate at the base of the tank, above the
bottom water layer. The foam rises through the stored product
to form an extinguishing blanket at the surface. The rising foam
causes rotational currents, which carry cold product to the
burning surface, which can aid extinction.

The concept of base injection only became possible with the
development of fluoro protein type foam concentrates, which
have high resistance to product contamination and good fluid-
ity. Additionally the finished foam must have excellent burnback
resistance (the ability of a foam blanket to resist direct flame
and heat impingement) and stability.

The system requirements are:
a) A pressurised supply of fresh or sea water

b) Suitable foam concentrate induction equipment to pro-
duce a 3% solution of foam concentrate

c) Foam concentrate storage facilities
d) High back pressure foam generators (HBPGs)
e) Non-return valve

f)  Bursting disc (where a non-return valve is not considered
sufficiently secure to prevent leakage of product back
along the foam line)

g) |Isolation gate valve on the tank (normally left open)
h) Suitable interconnecting pipe work and valving

Systems may be fully fixed with all components permanently in-
stalled, or alternatively semi-fixed, using portable HBPGs for
connection to suitable tank inlets or product lines.

The number and diameter of foam inlets will depend on the tank
diameter and the type of stored product.

Figure 7.35 may be used as a guide for the number of inlets.

The minimum foam application rate is 4.1 litres/min/m2 (0.1
gpm/ft?) and this rate will decide the size of the foam inlets.

Inlets must be positioned above any water layer in the tank and
may terminate flush with the tank wall or be fitted with stubs pro-
truding into the tank. The latter may discharge horizontally or
may be angled vertically. Discharge downwards should be
avoided, particularly if the foam can enter a water bottom or im-

Tank diameter (m) Flash point < 37.8° C Flash point=>37.8°C
Up to 24 1 1
>24 to 36 2 1
>36 to 42 3 2
>42 to 48 4 2
>48 to 54 5 2
>54 to 60 6 3
>B60 one additional inlet 465m?* of exposed product 697m? of exposed product
for each additional: surface surface

Figure 7.35 Number and diameter of foam inlets
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pinge on the base of the tank. Where more than one inlet is re-
quired, they should be spaced equally around the tank shell, us-
ing either separate inlets, or alternatively a single inlet feeding
into an internal manifold with outlet pipes towards the tank
circumference.

Correct design will take into account pressure losses in the fol-
lowing areas:

a) Friction loss in pipe work, fittings and valves
b) The maximum static head of the stored product

c) Pressure loss through the foam induction equipment and
foam generators

Features of the base injection system include:

a) Rapid response with minimum demand on resources, wa-
ter supply, foam compound and manpower.

b) Design application rates of foam are achieved with 100%
of the foam reaching the surface of the stored product.

c) High resistance of the system components to damage
during tank explosion or fire.

d) Circulation of cold product dissipates hot product layers
near the burning surface and aids extinction.

Aschematic of a base injection system is shown in Figure 7.36.

The selection of HBPGs and foam concentrate requirements
are by reference to data produced by the manufacturers of the
proprietary equipment and foam concentrates.

7.10.1.2 Top foam pourers

Top foam pouring systems are used to protect fixed roof tanks
and fixed roof tanks fitted with internal covers. In each case the
systems are designed on the basis that the fire risk comprises
the total surface area of the stored product.

The system operates by introducing a foam concentrate into a
fire waterfeed line outside the tank bund area. This line is led to
a foam generator, foam box and pourer all of which are
mounted in line at the top of the tank shell. When initiated, the
foam solution is propelied to the tank where the foam generator
aerates the solution and delivers the resulting foam through a
bursting disc in the foam box. A pourer unit immediately inside
the tank shell and connected to the foam box, directs the foam
down the shell to form a blanket which extinguishes the burning
product

The system requirements are:
a) A pressurised supply of fresh or seawater

b) Suitable foam concentrate induction equipment to pro-
duce the required percentage of foam concentrate in wa-
ter

c) Foam concentrate storage facilities
d) Foam generator (immediately under the foam box)
e) Foam box with bursting disc (this prevents tank vapours

GATE BURSTING DISC GATE

FOAM
—_—— N
SOLUTION
FLANGED
TEST & SAMPLE
CONNECTION

Figure 7.36 Base injection system schematic
Courtesy of Angus Fire
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escaping via the foam pipework)
f)  Foam pourer

Normally each of the fixed tank shell units are supplied by indi-
vidual lines from a safe area outside the tank bund but they can
be supplied by one line to the tank which splits at a manifold to
feed each unit.

The number of foam inlets is as shown in Figure 7.35 and this,
together with a minimum foam application rate of 4.1
litres/min/m? (0.1 gpm/ft?) will determine the size of the foamin-
lets. The foam solution flow through each inlet should be simi-
lar. By dividing the total minimum foam solution application rate
by the minimum number of inlets required, the flow rate per
pourer unit is established.

Certain low boiling point flammable stored products, gasohols
and high viscosity heated liquids may require higher or, in cer-
tain circumstances, lower application rates than that stated
here. These should, in all instances, be determined by test.

Design notes

If two or more inlets are required they should deliver the foam at
the same rate to the surface of the tank and that they are ar-
ranged at equal spacing around the shell.

All pipe work, valving and riser systems should be designed to
give approximately equal flow rates from each pourer.

Tests have shown that foam will travel effectively across at least
30 m of exposed burning product surface. Thus on very large
tanks, it may be necessary to increase the number of pourer
units above the minimum recommended number.

The foam inlets to the tank should be 300 mm above the maxi-
mum designed product storage level.

Cautionary note

In the event of an explosion in a tank causing ruptures at the
roof-to-shell joint and distortion in the upper shell plating, if this
is in the area of any of the foam units, these units may be ren-
dered ineffective.

Protection of bitumen storage tanks

Forfixed protection on bitumen tanks the only suitable systems
are inert gas or steam injection into the vapour space. Water
must not be used as this is likely to result in a hazardous, un-
controllable froth-over or a steam explosion owing to the vapori-
sation of the water at the high storage temperatures used for bi-
tumen. For further information refer to Reference 7.6.

lllustrations and examples of top foam pourers are shown in
Figures 7.37 to 7.39.

7.10.1.3 Rimseal foam pourers

The basis of this system has already been described in Chapter
6, Section 6.5.6.

The concept of a rimseal protection system is based on the as-
sumption that, in the event of a fire, the fire will be contained in

FOAM BLANKET —

CHECK
VALVE

WATER BASE
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the seal area between the foam dam and the tank shell and the
system design is based on treating only this annular area. This
means that if a fire should occur it must be detected early and
tackled rapidly before the roof becomes damaged and allows
the fire to spread — often to the extent of engulfing the entire
surface area. Should a situation arise in which the fire does
spread to the whole exposed surface area then a rimseal pro-
tection mechanism alone (as dictated by design of the system)
is unlikely to achieve extinguishment. If this is perceived as a
possibility, then consideration should be given to a top pouring
system designed to provide total coverage of the roof area.

TANK SHELL

AERATED FOAM

oooo
o o
o -2
cecoo

FUEL

FOAM
—_——
SOLUTION

E G AL The minimum recommended foam solution application rate for
rimseal systems is 12.2 litres/min/m2.
Figure 7.37 Top foam pourer schematic

] . The minimum number of rimseal foam pourers is dictated by
# Courtesy of Angus Fire

the height of the foam dam and is as follows:

.

e For a 300 mm high foam dam the maximum spacing be-
tween foam pourers should be 12.2 m.

FOAM BOX s For 600 mm high foam dams this can be increased to a

maximum of 24.4 m.
7.10.1.4 Foam cannons

Fixer and trailer-mounted foam cannons are suitable for pro-
tecting all types of vertical storage tanks and though subject to
performance limitations they can be used as the primary pro-
tection system to protect tanks up to 18 m in diameter. How-
ever, they are often better suited and more commonly installed
as either a secondary fixed foam system or to tackle spill fires
with the added benefit of being able to be used for tank cooling.
A foam cannon in operation is shown in Figure 7.40.

The single most important consideration when proposing foam
cannons as the primary system is that, to be effective, ex-
panded finished foam must first be delivered to the seat of the
fire. As, in most systems, the foam cannons will be close to
ground level, the foam produced will first be required to reach
up and over the tank shell. This requirement may prove difficult
to achieve because of:

a) The height of the tank

b) The distance between a tank and the cannon position
c) The prevailing weather conditions

Figure 7.38 Top foam pourer unit d) The fire updraught

e) The high probability that a partial rupture of a fixed roof
tank may only leave a small aperture through which the
expanded foam can be targeted

Courtesy of Angus Fire

Afurther problem exists in that expanded foam is applied force-
fully to the surface of the burning product, which leads to in-
creased contamination of the foam. The effects of this may be
reduced by directing the foam stream onto the inside of the tank
shell and allowing it to run down onto the surface of the product.
However, in a live fire situation this may prove impossible to
achieve.

System design criteria

In all primary protection systems using foam cannons it is as-
sumed that all the calculated foam solution requirement actu-
ally reaches the area to be protected. As has already been ex-
plained, to achieve the minimum foam solution required,
consideration must also be given to the potential foam solution
losses that will occur due to access and windage problems.
Enough equipment must therefore be available to ensure that
under all conditions the minimum application rate is being
achieved. This will, in most circumstances, result in consider-
able over-capacity in terms of equipment resource. This is often
of the order of 2:1

The minimum specific design requirements can be summa-
rised as:

Figure 7.39 Foam pourer and water deluge pipework (at centre of tank) a) The minimum foam solution application rate should be 6.5
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Figure 7.40 A foam cannon in operation - 15,000 litre/min of foam solution
Courtesy of Angus Fire

litres/min/m? for all types of foam concentrates on tanks
containing liquid hydrocarbons.

b)  The minimum foam solution application rate may have to
be increased to tackle special risks i.e. gasohols, Class 1A
hydrocarbons, etc.

¢) Greater minimum foam solution application rates may
also be required for hot fuels after a prolonged pre-burn.

d) Foam cannons should not be considered as primary pro-
tection mechanisms on vertical fixed roof storage tanks
over 18 m diameter.

e) The minimum foam solution discharge duration time
should be:

— Crude petroleum and hydrocarbons with flash points
below 37.8°C - 65 mins.

— Hydrocarbons with flash points between 37.8°C and
93.3°C - 50 mins.

7.11 Water cooling systems

The individual tank design, layout and piping system for any
particular installation will be a function both of the physical fac-
tors like terrain, site elevation, drainage, etc. and of the govern-
ing Standards regarding permissible tank spacings and posi-
tion within the installation.

Despite taking all reasonable precautions as demanded by
these considerations, a fire in an individual storage tank will
generate significant radiated heat, which can damage and/or
ignite adjacent tanks which would not otherwise be directly in-
volved. A deep-seated fire in even the smallest diameter tank
can create major problems unless cooling water is appliedtoits
close neighbours.

Tank cooling is therefore recommended as essential to com-
plete the protection of a particular installation and the following
guidelines are given in the Part 19 of the IP Code, (Reference
7.5).

Tanks within two tank diameters distance downwind of a tank
fire, or one tank diameter distance in other directions, should be
protected by application of water spray at minimum recom-
mended rate of 2 litres/min/m?.

7.11.1 Special case - Floating roof tanks

With rimseal fires in floating roof tanks, the shell which is heated
from the fire may be cooled with water whilst attempts are made
to achieve and maintain an effective foam blanket, and to avoid
re-ignition from hot surfaces. The recommended application
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rate of water is 10 litres/min/m? of vertical tank surface in con-
tact with the fire.

For the calculation of water requirements, the area should be
assumed to be that based on a nominal half of the vertica
height of the tank. Water should not be applied to the tank roof
but foam may be used at a rate of 6.5 litres/min/m2, based on
tank cross-sectional area.

This rate may reduce to 4 litres/min/m? for tanks equipped with
fixed foam pourers.

7.11.2 Tank cooling methods

The methods by which tanks may be cooled can be summa-
rised as follows:

7.11.2.1 Water spray and deluge sprinkler systems

This is the most efficient method of delivering water, evenly dis-
tributed and at the correct application rate, to the outside roof
and shell of the storage tank.

There are two principal ways of accomplishing this:

1)  Using concentric rings of piping supported about 300 mm
above the roof. These rings are fitted with spray nozzles,
which give an overlapping spray pattern to cover the whole
roof with water. The shell is similarly protected, usually
with one spray ring at the top of and about 600 mm clear of
the shell. Spray nozzles fitted to this ring and angled down
slightly are arranged to spray water over the whole circum-

PLAN
DETAIL OF SPRAY DIFFUSER
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Figure 7.41 Water deluge system with conical diffuser
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Figure 7.42 Detail of splash plate
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Figure 7.43 Roof deluge system using a coronet
Courtesy of McTay

ference and run down the shell.

2) The deluge system consists of a single water main being
led to the crown of the tank roof where the water s directed
vertically on to the roof and is evenly spread over the roof
by a conical nozzle at the end of the outlet pipe or by a cor-
onet attached to the roof plating, (shown schematically in
Figures 7.41 and 7.43).

As the water streams down the roof it is directed on to the shell
by splash plates fitted to the curb angle at the periphery of the
shell. These plates are angled so that as the water hits them it is
directed against and runs down the shell. See Figure 7.42.

These systems can be fed from a water deluge valve, which is
automatically triggered, by some form of electric, pneumatic or
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hydraulic detection system
7.11.2.2 Fixed and trailer-mounted water cannons

Both static and oscillating water cannons are a cost-effective
means of delivering water to cool storage tanks and the num-
ber, capacity, position and deployment will ultimately depend
upon individual site requirements. However, access problems
and local water supply considerations must be taken into ac-
count when considering their introduction.

7.12 References
7| Reinforcement of Manholes, R. T. Rose, British Welding
Journal, October 1961.

7.2 Tank Calibration, Section 1, The Institute of Petroleum,
Petroleum Measurement Manual, Part II.

7.3  NFPA 11 Standard for Low -, Medium -, and High - Ex-
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7.4 NFPA 30 Flammable and Combustible Liquids Code.

7.5  BS 5306 Section 6.1: 1988 Specification follow expan-
sion Foam systems.

7.6 IP Model Code of Safe Practice: Part 19, Fire Precau-
tions at Petroleum Refineries and Bulk Storage Installa-
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7.7 Bitumen, Institute of Petroleum Code of Safe Practice,
Part 11.



8 Tank venting of ambient temperature
tanks

This Chapter is confined to the venting of ambient tanks. The venting of low temperature tanks is
dealt with in Chapter 20.

The requirements of the various tank Codes and of the most influential venting Code API1 2000
are discussed and examples of suitable venting devices are provided with information on their
installation and relief capacity calculation methods.

Contents:
8.1 Introduction

8.2 The tank design Code requirements
8.2.1 APl 650
8.2.2 BS 2654
8.2.3 prEN 14015
8.2.3.1 The evaluation of venting requirements of prEN 14015
8.2.4 AP| 2000
8.2.4.1 The evaluation of venting requirements of AP| 2000
8.2.4.2 Means of venting
8.2.4.3 Pressure limitations
8.2.4.4 Relief valve installation

8.3 Typical relief valve equipment

8.4 References
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8.1 Introduction

It is probable that tank venting problems have brought more
storage tanks to grief than any other single cause. Tales of such
failures abound. The draining of the hydrostatic test water
whilst failing to allow for any, or at least sufficient air to re-enter
the tank is a particular classic. The draining of the test water is
often done at the end of the tank test and one of the last activi-
ties of the day is to open the tank drain valve before leaving the
site and allowing the tank to empty overnight.

The efforts of the tank to express its displeasure at being sub-
jected to unacceptable levels of internal vacuum (orin modern
parlance, internal negative pressure) via sundry creaks and
groans, followed by early elastic shape changes, are thus
playedto an absent audience, and the following morning brings
a serious surprise. The tank which has been the subject of sev-
eral months concentrated effort to bring to completion is now in
a crumpled heap. Replacement, or repair costs are added to by
liquidated damages to further rub the embarrassed contractor’s
nose in this unfortunate situation which could so easily have
been avoided.

The author’s experience sadly involves such incidents. In one
case the vacuum vent was propped open with a piece of wood
which fell out during the night causing the valve to close, resuit-
ing in a total roof failure. In another case, a suitable vacuum
valve was installed, but complete with its transit packing still in
place. This had the effect of jamming the valve closed.

Storage tanks, despite their apparent size and robustness, are
in reality quite fragile structures and require to be kept within
their design pressure and vacuum envelope. Comparatively
small excursions from this safe territory can bring about dra-
matic consequences.

To ensure that fixed roof tanks are maintained in their safety
zone, provision must be made to allow the tank to vent to atmo-
sphere. This is usually achieved by the provision of open vents,
pressure relief valves, vacuum relief valves and as an extreme
form of pressure relief, a frangible roof arrangement. The de-
sign and details of frangible roofs is covered in Chapter 4.
Bursting discs are not popular for this service. The performance
of bursting discs at the low pressures required by storage tanks
is not good. The differences between the maximum and the
minimum anticipated bursting pressures is large and would re-
sult in unnecessary venting and disc replacement. The perfor-
mance of bursting discs improves as the design pressure
increases, but this is of little use to the tank designer.

Events to which fixed roof tanks can be subjected to require
them to need venting provisions include:

e Liquid movement into or out of the tank causing
outbreathing or inbreathing of air, product vapours, a mix-
ture of air and product vapours or in some circumstances
purge gas.

e Thermal changes to the tank (often diurnal) necessitating
inbreathing or outbreathing.

e The rupture of internal heating coils.

e Outbreathing as a result of exposure of the outer surfaces
of the tank to fire.

¢ Process-related events such as the import of warm product,
off-specification product liquids or vapours and similar hap-
penings.

8.2 The tank design Code requirements

The protection of fixed roof storage tanks from the harmful ef-
fects of excessive levels of internal pressure or vacuum is
clearly a matter of considerable importance for both commer-
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cial and safety reasons. It is interesting just how the different
ambient tank design Codes address this subject.

8.2.1 APl 650

This Standard (Reference 8.1) is curiously relaxed regarding
this issue. Itis only in Appendix F (Design of tanks for small in-
ternal pressures) that there is any mention of the subject.

F.2.1 suggests that vents shall be sized and set so that at their
rated capacity, the internal pressure under any normal operat-
ing conditions exceeds neither the internal design pressure,
nor the maximum design pressure (this latter is the pressure for
non-anchored tanks limited by uplift at the base of the tank shell
as described in the earlier Chapter on tank design).

F7.7 (which is for anchored tanks with design pressures up to
2.5 Ib/in?) states that venting shall be supplied by the purchaser
in accordance with AP Standard 2000. The manufacturer shall
provide a suitable tank connection. The vents shall be checked
during or after the testing of the tank.

This suggests that the tank purchaser is responsible for per-
forming the vent sizing calculations, providing the equipment
necessary and informing the tank manufacturer as to what con-
nection sizes are required. In the author’s view, this is an unsat-
isfactory situation as many tank purchasers do not have the
technical abilities to undertake this responsibility or a clear un-
derstanding of the importance of getting it right.

8.2.2 BS 2654

This Standard provides the option for the venting requirements
to be specified by the purchaser, or to be determined (presum-
ably by the tank manufacturer) in accordance with a set of rules
which are provided. These rules fall into two parts, the general
rules which are summarised below and the more specific rules
which lead to the calculation of required venting rates for partic-
ular tanks and lead to vent sizing. This latter set of rules are ba-
sically a metric version of AP1 2000, and as such do not warrant
repetition in this Section.

The general rules include:

e The venting system provided shall cater for the following:

a) Normal vacuum relief
b) Normal pressure relief
c) Emergency pressure relief (this latter shall be

specified in accordance with BS 2654 unless
disregarded at the purchaser’s discretion)

e Where emergency pressure reliefis required, it shall be pro-
vided by suitable vents or by the provision of a frangible roof
joint.

e The number and size of vents shall be based on the venting
capacity obtained from Appendix F (i.e. the metric API
2000), and shall be sufficient to prevent any accumulation
of pressure or vacuum from exceeding the values given be-
low.

e Valves may be fitted with coarse mesh screens to prevent
the ingress of birds. The use of fine mesh screens as anti
flash protection is not recommended because of the possi-
bility of blockage, especially under winter conditions. Con-
sideration should be given to the possibility of corrosion
when selecting the material for the wire screen.

e The set vacuum plus the accumulation to permit the valves
to achieve the required throughput shall not exceed v,. This
is the vacuum to be used for the design of the tank shell sec-
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ondary wind stiffening which has been the subject of earlier
Chapters.

e The set pressure plus the accumulation to permit the valves
to-achieve the required throughput for normal pressure re-
lief shall not exceed the design pressure.

* No specific rules are provided for the emergency pressure
accumulation, but the following shall be considered:

a) If it is expected that the design pressure is to
be exceeded by the emergency pressure accu-
mulation, then it shall be verified that the
strength of the roof-to-shell junction is ade-
quate and whether tank anchorage is required.

Note: This particularly applies to column-supported tank
roofs with low roof slopes and to small tanks.

b) Account shall be taken of the differences which
can occur between the opening and closing
pressures (blowdown) of vents of different
types.

e The Standard does not cater for protection against
overpressure caused by explosion within the tank, and
where such protection is required special consideration
should be given to the design of the tank and the venting de-
vices.

8.2.3 prEN 14015

This draft Standard has departed from the usual practice of fol-
lowing the requirements of APl 2000. A subcommittee of Euro-
pean venting specialists was set up to write the requirements
for venting systems which appears in Annex L. This Annex de-
scribes the sources of the tank venting requirements as follows:

» Normal pressure venting requirements resulting from the
maximum anticipated rate of import of product to the tank.

e Normal pressure venting requirements resulting from the
maximum anticipated increase in tank surface temperature.

* Normal vacuum venting requirements resulting from the
maximum anticipated rate of export of product from the
tank.

e Normal vacuum venting requirements resulting from the
maximum anticipated decrease in tank surface tempera-
ture.

» Emergency pressure venting requirements resulting from
the exposure of the tank to an external fire.

» Other emergency conditions. These are listed for both pres-
sure and vacuum relieving systems and include:

— Malfunction of a gas blanketing system
— Malfunction of a tank heating system regulation
— Leakage of a tank heating system

— Exceeding the maximum allowable pumping capacity
due to incorrect connections within the pumping system

— Chemical reactions
— Poor pipe cleaning
~ Product transfer by pressurised gas

— A sudden cool-down due to cold liquid being sprayed
into a hot and empty tank

— Malfunction of a sprinkler system

— Excessive liquid flow out of the tank
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This list is most helpful, but for some reason omits to mention
the accidental import of hot liquid. This is a particularly danger-
ous condition, especially where the tank contents are volatile or
have a water heel which may suddenly boil.

Itis interesting that venting resulting from changes in baromet-
ric pressure is omitted from this list.

Having listed the venting components, this document then
goes on to describe how they may be evaluated. This section is
completely new, and as such should represent the latest think-
ing on this subject. For this reason the specific requirements of
this document are described in Section 8.2.3.1.

The document does make a number of general points, amongst
which are:

e Free vents can be applied to non pressure tanks.

e Pressure and vacuum relief valves must be used for
low-pressure, high-pressure and very high-pressure tanks.

e The set pressure plus the accumulation to achieve the de-
sired flow capacity shall not exceed the tank design pres-
sure nor the tank design internal negative pressure.

e |f very high emergency outbreathing rates are required,
them additional emergency vents shall be supplied or the
tank shall meet the requirements of Annex K (frangible
roof).

e Flow resistance due to connected pipework or possible
back pressures within the system shall be considered.

e The pressure and vacuum settings of emergency relief
valves shall be such as to not operate during the normal re-
lief valve operation.

e Forthe sizing of the emergency relief valve system, the flow
capacities of the normal pressure and vacuum relief valves
can be taken into account.

e When storing flammable liquids which can lead to an explo-
sive atmosphere within the tank, the venting system shall
be capable of preventing the transmission of flame into the
tank. This presumably means the use of flame arrestors
which are not universally approved of in some circles, due
to their tendency to block up with certain products with the
passage of time.

8.2.3.1 Evaluation of the venting requirements from
prEN 14015

Normal outbreathing and inbreathing

This is otherwise known as the normal pressure and vacuum
relief and is made up of liquid import or export and thermal
effects.

Liquid movement outbreathing

This falls into three categories dependent upon the liquid stor-
age temperature and the vapour pressure:;

a) Forproducts stored below 40 °C or with a vapour pressure
less than 50mbar

Ug, =Up equ8.i
where:
Usp = outbreathing requirement in normal m3hr of air

Uy = the maximum filling rate in m3/hr

b) For spiked products (i.e. with methane) the maximum
venting capacity shall be increased by a factor of 1.7 to
take into account the gas evolved from spiked products
during filling, hence:

Uy, =1.7U equs.2

c) Forproducts stored above 40 °C or with a vapour pressure
greater than 50mbar, the outbreathing shall be increased
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by the evaporation rate which shall be specified by the pur-
chaser.

Liquid movement inbreathing

In this case:

Up =U,e equs.3
where:

Uip = the inbreathing requirement in normal m¥hr

Upe = the maximum liquid export rate in m3/hr
Thermal outbreathing
This falls into two categories:
a) Tanks without thermal insulation

i

Uy, —0.25vT°-9[1—%] , equ8.4
where;

APg = accumulation pressure in mbar gauge

Us = thermal outbreathing in normal m%/hr of air

V1 = tank volume in m?

Note 1:if AP,, <5 mbarg or is unknown, use the bracketed
term =1.0

Note 2: The 0.25 factor is valid for latitudes between 58° and
43°. North of 58° use 0.20 and south of 43° use 0.32.

b) Tanks with thermal insulation

See below for the reduction factor for insulation or outer
containment tanks.

Thermal inbreathing
This falls into two categories:
a) Tanks without thermal insulation

1.6
TR P equ8.5
AR
where:

c = 3 for hexane and products with similar vapour
pressures and/or stored at temperatures below
25°C

G = 5 for products with vapour pressures higher
than hexane and/or stored at temperatures
above 25 °C

Pw = vapour pressure of the liquid at the highest
temperature (mbar)

AP, = accumulation vacuum (mbar gauge) (internal
negative pressure)

Ur = maximum thermal inbreathing requirement

(normal m/hr of air)
Note 1:1If the vapour pressure is unknown use C = 5

Note 2: The factors C = 3 and 5 are valid for latitudes between
58°and 43°. North of 58° use 2.5 and 4 and south of 43°
use 4 and 6.5

Note 3:1f Py, is unknown the bracketed term becomes 1.0
b)  Tanks with thermal insulation or outer containment tanks

The thermal out or inbreathing is reduced when the tank is fully
or partially insulated, or fitted with an outer containment tank.

i Forfully insulated tanks the reduction factor shall be given
by:
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1

Rin =S hL]n equ 8.6
1+ 0
i
where:
h = heat transfer coefficient (W/m?K)

Liyy; = thickness of the insulation (m)
7\-in

Note: As an example, for an insulation thickness of 0.10 m. a
thermal conductivity of 0.05 W/mK and an inside heat
transfer coefficient of 4W/m2K, the reduction factor is
calculated to be 0.11.

thermal conductivity (W/mK)

i For a partially insulated tank the reduction factor shall be

given by:
Rep = A';:“ Rm+{1—;\;‘p} equs.7
where:
A = total area of the tank surface area (shell and

roof) (m2)
Ainp

For a tank within an outer containment tank the red uction factor
shall be given by:

insulated surface of the tank (m?)

R, =0.25+0.75% equ8.8
where:
A = tank surface area not inside the outer contain-

ment tank in m? (probably part of the shell and
the tank roof)

Emergency venting

In the case of an external fire or a malfunction of other systems
such as a tank blanketing arrangement, outbreathing beyond
the capability of the normal venting equipment provided may be
required. For this eventuality it is necessary to fit additional
emergency venting equipment.

Exposure of the external surfaces of the tank can give rise to an
expansion of the gas volume within the tank (within a few min-
utes) and boiling of the tank contents (after several hours
exposure).

Where a frangible roof-to-shell joint is not provided, emergency
vents must be supplied to cater for whichever of the following is
deemed to be appropriate:

* The flow rate due to gas expansion shall be given by:

U =B e equ 8.9
1
Rinf v h.L equ8.10
i =cE=in
n
40
- Aw‘”s equ8.11
where:
A = surface area of the tank shell heated by the
fire (m?)
hy = heat transfer coefficient (W/mz2K)
Rint = reduction factor for insulation if available



8.6

3.7

or

v =

S

Note: Only atank shell height of up to 9.0m above the bottom
corner is to be considered in calculating the surface
area.

e The flow rate due to product boiling shall be given by:

! i
Uy, =4 x10* mﬁﬁ equ8.12
b Ay H, M q
where:
H, = heat of vaporisation of the product (kJ/kg)
M = molar weight of the product (kg/mol)
i = boiling temperature of the product (°K)

Note 1:For hexane (M= 86 kg/mol, H, = 335 kd/kg, T = 342 °K)
and similar products where no insulation is fitted (i.e.
1.0). this equation simplifies to:

Usy = 2384292

Note 2: The flow rate calculated for product boiling will always
cover the requirement for gas expansion.

8.2.4 API 2000

AP1 2000 has been around for many years and is undoubtedly
the grandfather of tank venting Codes. It covers non-refriger-
ated tanks (i.e. ambient tanks) and refrigerated tanks up to de-
sign pressures of 15 |b/in2.

The following covers the Code requirements for non-refriger-
ated tanks only.

In common with the other tank Codes, API 2000 lists the usual
main causes of venting being required as:

¢ Liguid movement into or out of the tank.

e Tank breathing due to weather changes (e.g. pressure and
temperature changes).

e Fire exposure.

= Other circumstances resulting from equipment failure and
operating error.

The Standard then lists and describes the “other circum-
stances” in some detail. In brief these are:

* Pressure transfer blow-off. This can occur at the end of fill-
ing from trucks or similar where a surge of vapour enters the
tank. A similar situation may occur after connected line pig-

ging.

* Inertpads and purges. Usually related to failure of the pres-
sure regulating system.

» External heat transfer devices. This could be a heated jack-
eted tank where failure of a control valve or a temperature
sensing element has occurred.

e Internal heat transfer devices.

* Venttreatment system. This could be the failure of a system
designed to collect and dispose of vented products.

o Utility failure.
* Change in temperature of the input stream to a tank

* Chemical reactions. Usually associated with the inadver-
tentimport of an incompatible material which reacts with the
stored product.

» Liquid overfilling
* Atmospheric pressure changes

+ Control valve failure
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e Steam out. If an un-insulated tank is filled with steam, the
condensing rate (particularly aided by rainfall) may exceed
the venting capacity provided.

» Un-insulated tanks. A warning about such tanks in rain-
storm conditions, especially when the vapour space is hot.

The Standard does not give rules for evaluating the venting re-
quirements caused by these events, but does at least list them
and state that they should be considered.

8.2.4.1 The evaluation of the venting requirements of API
2000

API1 2000 gives its formulae and tables in both English and met-
ric units. Only the metric versions are given below.

Normal outbreathing (pressure) and inbreathing (vacuum)

As is the case for prEN 14015, these are the venting require-
ments resulting from liquid movements and thermal effects.

Liquid movement outbreathing

Requirements are given for liquids with flash points above and
below 100 °F:

a) Liquids with flash points above 100 °F (37.8 °C) or a nor-
mal boiling point of 300 °F (148.9 °C): venting equivalent
to 1.01 Nm3/hr per cubic metre/hour of the maximum filling
rate

b) Liquids with flash points below 100 °F (37.8 °C) or a nor-
mal boiling point of 300 °F (148.9 °C): venting equivalent
to 2.02 Nm3/hr per cubic metre/hour of the maximum filling
rate

Note 1:An explanation of the basis of these requirements in
given in Appendix A of API 2000.

Note 2: Awarning about situations where the liquid is fed into a
tank at or near fo its boiling point and higher venting
rates may be required is given.

Note 3:Table 1B shows these requirements in metric units and
is shown in Figure 8.1.

(Nm®hr of Air per Cubic Meter per Hour of Liquid Flow)

B. Metric Units
Flash Point/Boiling Point® Inbreathing Qutbreathing
Liquid Liquid
Movement Out Thermal Movement In Thermal

Flash Point > 37.8°C 094 Sec Thble 2B 1.01 See Table 2B
Boiling Point 2 148.9°C 0.94 S 1.01 s
Flash Point < 37.8°C 0.94 e 2.02 B
Boiling Point < 149°C 0.94 =z 2.02 e

*Data on flash point or boiling point may be used, Wheze both are available, use flash paint
(See Appendix A).

Figure 8.1 Normal venting requirements
From AP! 2000, table 1B

Liquid movement inbreathing

The venting provided should be equivalent to 0.94 Nm®/hr per
cubic metre/hour of emptying rate.

Thermal outbreathing

Requirements are given for liquids with high and low flash
points and boiling points:

a) For liquids with flash points above 100 °F (37.8 °C) or a
normal boiling point above 300 °F (148.9 °C): venting at
least that shown in column 2 of Table 2B (Figure 8.2).

b)  For liquids with flash points below 100 °F (37.8 °C) or a
normal boiling point below 300 °F (148.9 °C): venting at
least that shown in column 4 of Table 2B.
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: Inbreathing =
Tank Capacity (v ) Outbreathing
Column 14 Column 2# Column 3% Column 4¢
Flash Point = 37.8°C Flash Point < 37.8°C
or Normal Boiling or Normal Boiling
Point 2 148.9°C Point < 148.9°C
Cubic Meters Nm3/h Nm?h Nm3h
10 1.69 1.01 1.69
20 337 2.02 iz
100 16.9 10.1 169
200 337 202 337
300 50.6 303 50.6
500 843 50.6 843
700 118 70.8 118
1,000 169 101 169
1,500 253 152 253
2,000 337 202 337
3,000 506 303 506
3,180 536 388 536
4,000 647 472 647
5,000 787 537 787
6,000 896 602 896
7,000 1,003 646 1,003
8,000 1,077 682 1,077
9,000 1,136 726 1,136
10,000 1,210 807 1,210
12,000 1,345 888 1,345
14,000 1,480 969 1,480
16,000 1,615 1,047 1,615
18,000 1,745 1,126 1,745
20,000 1,877 1,307 1,877
25,000 2,179 1,378 2,179
30.000 2495 1.497 2,495
Notes:

# For tanks with a capacity of 20,000 barrels (3,180 cubic meters) or more, the requirements for the vacuum
condition are very close to the theoretically computed value of 2 SCFH of air per square foot (0.577 Nm%h per
square meter) of total shell and roof area. For tanks with a capacity of less than 20,000 barrels (3,180 cubic
meters), the requirements for the vacuum condition have been based on 1 SCFH of air for each barrel of tank
capacity (0.169 Nm%h per cubic meter). This is substantially equivalent to & mean rate of temperature change
of 100°F (37.8°C) per hour in the vapor space (see Appendix A). An engineering review should be conducted
for uninsulated tanks where the vapor space temperature is maintained above 120°F (48.9°C) (see 4.2.5.14).
b For stocks with a flash point of 100°F (37.8°C) or above, the outbreathing requirement has been assurned to be
60 percent of the inbreathing requirement. The roof and shell temperatures of a tank cannot rise as rapidly
under any condition as they fall, for example, during a sudden cold rain.
For stocks with a flash point below 100°F (37.8°C), the outbreathing requirement has been assumed to be
equal to the inbreathing requirement to allow for vaporization &t the liguid surface and for the higher specific
gmvity of the tank vapors.

Interpolate for intermediate tank sizes. Tanks with a capacity of more than 180,000 barrels (30,000 cubic
meters) require individual study. Refer to Appendix A for additional information about the basis of this table,

Figure 8.2 Requirements for thermal venting capacity, (metric units)
From API 2000, table 2B

Thermal inbreathing

The venting provided should be at least that shown in column 2

Q = heat input from fire exposure (watts)

(see Figure 8.3 for the basis of this)

of Table 2B in Figure 8.2. A = wetted area of the tank shell (m?)
(see footnotes a and b of Table 3B (Figure
For the case of heated un-insulated tanks where the vapour 8.4))
space is maintained above 120 °F, an engineering review is
sﬁggested. 9 4 F = environmental factor from Table 4B
(Figure 8.5)
EINargelEy versiig L = latent heat of vaporisation of the stored liquid

For tanks where the roof-to-shell joint can be considered frangi- at the relieving pressure and temperature
ble according to the rules of API1 650, there is no need to provide (kJ/kg)

foremergency venting. Care should be taken to ensure that fail-

ure of this joint does not occur during normal service.

For tanks which do not have such a frangible roof-to-shell joint, Wetted Surface Area  Design Pressure Heat Input
emergency venting for fire exposure must be provided. The (sgquare m) (barg) (Watts)
venting requirement is given by: <18.6 <1.034 0 = 63,1504
218.6 and <93 <1.034 O = 224,20040566
= QETTT™ 293 and <260 <1.034 0 = 630,40040-338
Nm* /hr=881.5—| — equ8.13 260 between 0.07and Q= 43,2004082
LIM 1.034
2260 <0.07 0 =4,129,700

where:
Figure 8.3 Heat input from fire exposure

Nm®/hr= venting requirement (normal m?/hr of air) From API 2000
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8 Tank venting of ambient temperature tanks

Wetted Area® Venting Requirement Wetted Area® Venting Requirement
(square meters) (Nm/h) (square meters) (Nm¥h)
2 608 35 8086
3 913 40 8721
4 1,217 45 9322
5 1,521 50 9895
6 1,825 60 10,971
7 2,130 70 11,971
8 2,434 80 12,911
9 2,738 90 13,801
i1 3,347 110 15461
13 3858 130 15,751
15 4,563 150 16,532
17 5,172 175 17,416
19 5,780 200 18,220
22 6,217 230 19,102
25 6,684 260 19,910
30 7411 >260° —

2The wetted area of & tank or storage vessel shall be calculated as follows:

Sphere and Spheroids—The wetted area is equal to 55 percent of the total surface area or the surface area to a height of 30 feet (9,14 melers)
above grade, whichever is greater,

Horizontal Tanks—The wetted area is equal to 75 percent of the total surface area or the surface area to a height of 30 feet (9.14 meters) above
grade, whichever is greater.

Vertical Tanks—The wetted area is equal to the total surface area of the vertical shell to a height of 30 feet (9.14 meters) above grade. For a ver-
tical tank setting on the ground, the area of the ground plates is not to be included as wetted area. For a vertical tank supported above grade, a
portion of the area of the bottom is to be included as additional wetted surface. The portion of the bottom area exposed (o a fire depends on the
diameter and elevation of the tank above grade. Engineering judgment is to be used in evaluating the portion of the area exposed to fire.

YFor wetted surfaces larger than 2,800 square feet (260 square meters), see Sections 4.3.3.2.2 and 4.3.3.2.3.

Note:

Table 3 and the constants 1107 and 208.2 in Equations 2A and 2B respectively were derived from Equation 1 and Figure B-1 by using the latent
heat of vaporization of hexane (144 BTU per pound or 334,900 J/kg) at atmospheric pressure and the molecular weight of hexane (86.17) and
assuming a vapor temperature of 60°F (15.6°C). This method will provide results within an acceptable degree of accuracy for many fluids hav-
ing similar properties (see Appendix B),

Figure 8.4 Emergency venting required for fire exposure versus wetted surface area (metric units)

From APl 2000, table 3B

Tank Design/Configuration Insuia(\l:lc;;ycrztllin;g)tance 1nsuluuc(mcmT§nckness F Factor
Bare metal tank — 0 1.0
Insulated tank® 227 25 0.3b
s 11.4 5 0.15b
oy 5.7 10 0.075b
Ay 38 15 0.05b
S 28 20 0.0375%
un 23 25 0.03b
i 19 30 0.025b
Concrete tank or fireproofing — — (see note )
Water-application facilitiesd 4= — 1.0
Depressiiring and emptying facilities® — — 1.0
Underground storage — — 0
Earth-covered storage above grade — - 0.03
Irmpoundment away from tank! — — 0.5

Notes:

*The insulation shall resist dislodgment by fire-fighting equipment, shall be noncombustible, and shall not decompose at temperatures up to
1000°F (537.8°C). The user is responsible to determine if the insulation will resist dislodgment by the available fire-fighting equipment. If the
insulation does not meet these criteria, no credit for insulation shall be taken. The conductance values are based on insulation with a thermal
conductivity of 4 BTU per hour per square foot per °F per inch of thickness (9 Watts per square meter per °C per centimeter of thickness). The
user is responsible for determining the actual conductance value of the insulation used. The conservative value of 4 BTU per hour per square
foot per °F per inch of thickness (9 Watts per square meter per °C per centimeter of thickness) for the thermal conductivity is used.

These F factors are based on the thermal conductance values shown and a temperature differential of 1600°F (888.9°C) when using a heat input
value of 21,000 BTU per hour per square foot (66,200 Watts per square meter) in accordance with the conditions assumed in API Recommended
Practice 521. When these conditions do not exist, engineering judgment should be used to select a different F factor or to provide other means
for protecting the tank from fire exposure.

“Use the F factor for an equivalent conductance value of insulation.

9Under ideal conditions, water films covering the metal surfaces can absorb most incident radiation, The reliability of water application depends
on many factors. Freezing weather, high winds, clogged systems, undependable water supply, and tank surface conditions can prevent uniform
water coverage. Because of these uncertainties, no reduction in environmental factors is recommended; however, as stated previously, properly
applied water can be very effective.

“Depressuring devices may be used, but no credit shall be allowed in sizing the venting device for fire exposure.

fThe following conditions must be met: A slope of not less than 1 percent away from the tank shall be provided for at least 50 feet (15 meters)
toward the impounding area; the impounding area shall have a capacity that is ot less than the capacity of the largest tank that can drain into it
the drainage system routes from other tanks to their impounding areas shall not seriously expose the tank; and the impounding area for the tank
as well as the impounding areas for the other tanks (whether remote or with dikes around the other tanks) shall be located so that when the area
is filled to capacity, its liquid level is no closer than 50 feet (15 meters) to the tank.

Figure 8.5 Environmental factors for non-refrigerated above-ground fanks (metric units)
From API 2000, table 4B
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An alternative simpler calculation method is given which gives a
lesser degree of accuracy.

temperature of the relieving vapour (°K)

the molecular weight of the vapour

8.2.4.2 Means of venting

API 2000 provides a considerable amount of sensible advice
regarding the types of relieving devices to be used and how
these should be installed and maintained. A small part of this
advice is repeated here. For those who have a serious interest
in this subject, the complete text of this Standard, together with
the companion Standards API RP 520 and API RP 521 should
be studied in detail (References 8.5 and 8.6).

Normal venting

Normal venting for pressure and vacuum shall be accom-
plished by a pressure/vacuum (PV) valve or an open vent with
or without a flame arresting device as described below. Relief
devices fitted with a weightand a lever are not recommended.

= PV valves are recommended for petroleum products with a
flash point below 100 °F (37.8 °C) and where the fluid tem-
perature exceeds the flash point. A flame arrestor is not
considered necessary where PV valves are used as the
vapour velocities across the valve seat are considered to
exceed the flame speed.

e Open vents with flame arresting devices may be used for
the tanks described above.

= Open vents without flame arrestors may be used in the fol-
lowing cases:

— Fortanks in which petroleum or petroleum products with
aflash point of 100 °F (37.8 °C) or above are stored, pro-
vided the contents are not heated and the fluid remains
below the flash point.

— For heated tanks where the storage temperature of the
petroleum or petroleum products is below the flash
point.

— For tanks of capacity less than 9.46 m3 used for any
product.

— Fortanks of capacity less than 477 m3 used for crude oil.

* Inthe case of viscous oils, such as cutback and penetrating
grade asphalts, where the danger of pallet sticking or flame
arrestor blocking exists, open vents without flame arrestors
may be used as an exception to the rules above.

= In areas subject to strict emission regulations, open vents
may not be acceptable.

Emergency venting

Tanks with frangible roof joints do not require emergency vent-
ing devices. For other tanks the Code offers the following
advice:

e Largeror additional open vents may be provided subject to
the same provisions as given in Section on Normal venting.

= Larger or additional PV valves.

e A gauge hatch which permits the cover to lift under abnor-
mal internal pressure.

* Amanhole cover which lifts when subject to abnormal inter-
nal pressure.

e Other forms of construction which can be proved to fulfil the
required purpose.

e A rupture disc device (unlikely to be suitable for the low
pressures usually associated with ambient tanks).
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8.2.4.3 Pressure limitations

For tanks which are designed to AP1 650 Appendix F (Design of
Tanks for Small Internal Pressures) the pressure relief devices
shall be sized and set so that at the rated capacity of the device,
the internal pressure under any normal operating condition
shall not exceed the internal design pressure or the maximum
design pressure. Both of these pressures are specifically
defined in Appendix F of AP| 650.

For other API 650 tanks, the pressure relief devices selected
should limit the pressure in the tanks to prevent excessive lifting
of the tank roof sheeting. For a tank with 3/16" thick roof sheets,
this limits the pressure to 3.5 mbar.

8.2.4.4 Relief valve installation

This Code provides much sensible advice on the general de-
tails of how relieving devices should be installed. Amongst
these are:

* Installation details shall provide direct access to the tank
vapour space and not be capable of being sealed off by the
liquid contents.

e Where block valves are installed between the relieving de-
vices and the tank (for maintenance purposes), arrange-
ments shall be made to ensure that when one relieving
device is isolated, the remaining devices shall provide the
full relieving capacity. This in effect means the supply of a
spare relieving device and a system to ensure that no more
than one relieving device can be isolated at any one time.
Block valve interlocking is a commonly used solution to
achieve this.

e Inlet and outlet connections and details shall be carefully
considered to ensure that any pressure drops occurring do
not detract from the ability of the relieving arrangement to
provide the full relieving capacity required.

= Ifdischarge pipework s fitted, it shall lead to a safe location,
shall not subject the relieving devices to condensation and
not discharge vapours into enclosed spaces.

e Fortanks located inside buildings, the venting system shall
discharge outside the building and frangible roof joints shall
not be used.

e Ifrelieving systems from more than one tank discharge into
a common header, considerable care shall be exercised to
ensure that no problems arise from liquid traps, back pres-
sures, throttling and unforeseen interactions between the
relieving systems from different connected tanks.

8.3 Typical relief valve equipment

There are a number of well-known manufacturers of tank reliev-
ing equipment around the world. All produce a range of prod-
ucts suitable for use with ambient storage tanks.

Because of the low pressures associated with these tanks, it is
usual to use pressure relief valves which are dead weight-oper-
ated rather that the pilot-operated types which are more usual
atthe higher design pressures associated with low temperature
tanks. The dead weight pressure relief valves are also much
cheaper than their pilot-operated equivalents. A typical dead
weight operated valve is shown in Figure 8.6.

For vacuum relief the valves are also dead weight-operated
and a typical example is shown in Figure 8.7,

For reasons of economy in terms of reducing the number of
tank roof connections and isolation valves (where- fitted), it is
common to combine the pressure and vacuum valves into a
single item and a typical pressure and vacuum relief valve is
shown in Figure 8.8.
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Figure 8.6 Dead weight-operated valve
Courtesy of Tyco Valves & Controls
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Figure 8.7 Dead weight-operated vacuum relief valve
Courtesy of Tyco Valves & Controls
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Figure 8.8 Typical pressure and vacuum relief valves
Courtesy of Tyco Valves & Controls

Figure 8.9 Emergency vent and manhole cover
Courtesy of Tyco Valves & Controls

All types of relief valves are manufactured in a range of sizes to
suit the flow rates required. These typically range from 2" up to
12" NB.

For emergency relief (i.e. the external fire exposure case) the
pressure relief valves described above may not have sufficient
capacity for the flow rates involved and valves specifically de-
signed for this higher flow regime are available. One such is
shown in Figure 8.9. These valves are commonly supplied in
sizes up to 24" NB and some are designed to fulfil a second use
as tank roof manways.

It is usual for the valve manufacturers to provide data concern-
ing the pressure/flow characteristics of each valve in their
range of products. This enables the tank designer to select the
number and sizes of the valves required for relieving duties.
Ideally this data should be derived from physical testing of the
valves. Atypical pressure/flow curve is shown as Figure 8.10. It
is usual for these pressure/flow curves to be provided for air.

For pressure relief some adjustment must be made for the
characteristics of the product vapour. Some manufacturers
provide proprietary software which includes the pressure/ flow
data and can make appropriate allowances for different product
vapours and for suction and exit losses to aid the designer.

For tanks with fixed roofs storing certain products, often with in-
ternal floating roofs, it is common to require the space above
the liquid or internal roof to be blanketed with nitrogen gas. To
control the flow of this purge gas into the tank and ensure mini-
mum wastage, tank blanketing valves are available and an ex-
ample of these is illustrated in Figure 8.11.

8.4 References
8.1 Welded Steel Tanks for Oil Storage, API 650 Tenth edli-

tion, November 1988, The American Petroleum Insti-
tute.
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Figure 8.10 A typical pressure/flow curve

8.2  British Standard Specification for Manufacture of verti-
cal steel welded non-refrigerated storage tanks with
butt welded shells for the petroleum industry, BS
2654:1989, BSI London

8.3  Specification for the design and manufacture of site
built, vertical, cylindrical, flat-bottomed, welded, metal-
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Figure 8.11 Pilot-operated pressure/vacuum valve
Courtesy of Tyco Valves & Controls

8.4

8.5

8.6

lic tanks for the storage of liquids at ambient tempera-
tures and above — Part 1: Steel tanks, prEN
14015-1:2000

Venting Atmospheric and Low-Pressure Storage Tanks:
Non-refrigerated and Refrigerated, AP| 2000, Fifth edi-
tion, April 1998, The American Petroleum Institute.

Sizing, Selection and Installation of Pressure Relieving
Devices in Refineries, Part 1- Sizing and Selection, API
RP 520, The American Petroleum Institute

Guide for Pressure relieving Devices and Depressuris-
ing Systems, APl RP 521, The American Petroleum In-
stitute




9 Non-vertical cylindrical tanks and
other types

This Chapter is a very brief review of some of the storage tanks which do not fit into the
“conventional” vertical cylindrical category. Some are very much proprietary designs and
products and some are more pressure vessel than storage tank.

More detail, either from suppliers of the first category, should not be difficult to obtain or from
literature covering pressure vessel design, such as European Pressure Equipment, which is
part of this series of reference books.

Contents:

9.1 Rectangular tanks

9.2 Spherical tanks

9.3 Horizontal vessels

9.4 Bolted cylindrical tanks

9.5 Factory-manufactured tanks made from non-metallic materials

9.6 References
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9 Non-vertical cylindrical tanks and other types

9.1 Rectangular tanks

Rectangular tanks are a common sight in towns, factories and
airfields around the UK and elsewhere. They are almost always
factory-manufactured in transportable modules to proprietary
designs and are commonly called Braithwaite Tanks. They are
restricted to quite modest capacities when compared to the ver-
tical cylindrical types. This has much to do with the fundamental
unsuitability of the rectangular form to liquid containment.
Whilst the conventional tank’s shell is stressed by the liquid
contents in simple tension, the stressing of a rectangular tank is
more complex. The liquid loading on the flat sides requires stiff-
ened panels and often internal bracing. It is usual for the panels
to be supplied suitable for bolting together with sealing of these
joints. For water storage and for other products where cleanli-
ness is important, the panels may have a factory-applied coat-
ing on both inner and outer surfaces. An advantage of these
tanks is that they are available “off the shelf” and do not require
particularly skilled labour for their erection. They can also be
easily dismantled and re-erected elsewhere.

It is usual for such tanks to be supported on elevated steel or
masonry structures which must be suitably designed for the
loadings.

9.2 Spherical tanks

Spheres fall more correctly into the field of pressure vessels.
However, they are such a common sight that they deserve a
brief mention. They are designed to pressure vessel Standards
such as ASME VIII, BS 5500 and EN 13445. The spherical form
is well-suited to resist the internal pressures arising from the
product liquid and the vapour. For this reason, spheres were
very much in evidence for the land-based storage of products
such as LPG and this is discussed further in Chapter 17. Spher-
ical tanks are also a common component of liquid gas carriers
and this is also covered in Chapter 17.

The support of spherical tanks is most commonly achieved by
the use of legs which attach to the sphere at the equator. It is
usual for these legs to be braced together with diagonal tie rods
to provide the necessary lateral support to resist wind and seis-
mic loadings. Such a sphere is shown in Figure 9.1 together
with the arrangements for access to the top of the vessel where
the pressure relief valves and the level instrumentation are lo-
cated. The liquid inlet and outlet connections are to be found in
the bottom cap of the sphere. To ensure that any leakage from
the sphere is contained, a local bund is usually provided and an
example of this is shown in Figure 9.2.

There have been some spectacular accidents in the past in-
volving spherical vessels storing volatile and inflammable prod-
ucts. Some of these have come about by the ignition of product
leakage, possibly coming from the bottom liquid connections,
which has not been able to drain away from the vessel and has
consequently “cooked” the sphere to the point where the in-
creasing heat input causes the internal pressure to increase at
a rate that the pressure relief valve system cannot cope with,
leading to an explosive failure of the vessel.

Current thinking is to provide a bunding system from which the
leaking liquid can be rapidly removed to a spill containment pit
where a foam blanketing system can hopefully prevent or at
least minimise the effect of ignition. For reasons which are obvi-
ous, the fireproofing of the supporting legs of spheres is a man-
datory requirement.

The sphere illustrated in Figure 9.2 has external cladding, sug-
gesting that itis an insulated sphere, possibly for the storage of
semi or fully refrigerated LPG. The application, maintenance,
longevity and repair of such insulation and associated cladding
systems for spherical vessels has caused many problems for
the owners of such vessels in the past.
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Figure 9.1 A typical spherical tank under construction
Courtesy of Whessoe

A

Figure 9.2 Sp
Courtesy of Whessoe

The safety problems, both real and perceived, which have been
associated with spherical vessels has caused them to be less
popular choice for certain owners and in certain geographic lo-
cations than was the case in times past.

A big sphere would be around 22 m in diameter which would
have a gross liquid capacity of some 5575 m®. Above this diam-



eter, problems of plate thickness and site stress-relief tend to
provide a size limitation.

Asecond means of support for spherical vessels is to provide a
cylindrical skirt or a cup type of arrangement. This is commonly
known as the “Man type” of support and is often consideredas a
proprietary design, available only from certain designers and
suppliers.

9.3 Horizontal vessels

Above ground horizontal vessels have been used for many
years for the storage of modest quantities of various products.
These range in size from the simple ‘gas pigs’ for domestic gas
supply of around 0.5 m® up to vessels for high pressure gas
storage or for component parts of mounded storage systems of
around 4000 m3 for each vessel.

The high pressure gas vessels were a common sight at major
gas works at one time in the UK. They were an early form of
peak shaving for the gas network before the advent of the liquid
natural gas tanks at strategic locations around the country for
the same purpose. These vessels were built in groups of six or
more and were up to 6 min diameter and 100 m long. They were
constructed from factory-built units at the maximum transport-
able length, which were site-welded together and the closing
seams site stress relieved. An example of such a facility during
construction is shown in Figure 9.3.

Asimilar facility for the storage of liquid propane is shown in Fig-
ure 9.4. This consists of six vessels, each 12 ft (3.66 m) in diam-
eter and 120 ft' (36.6 m) long.

Figure 9.3 Site welding of high pressure gas vessels
Courtesy of Whessoe

Figure 9.4 Liquid propane storage facility
Courtesy of Whessoe

9 Non-vertical cylindrical tanks and other types

Figure 9.5 Mounded storage tank system under construction
Courtesy of

e L ol o= L g, T P
Figure 9.6 Mounded storage tank being laid on prepared sand beds
Courtesy of

For safety reasons, such above ground facilities for the storage
of products such as LPG have become unpopular. The current
trend for the pressure storage of LPG is to use mounded stor-
age systems. Here horizontal pressure vessels are used which
are supported on a bed of sand or other suitable soil, and after
construction are back-filled and buried. This arrangement pro-
vides protection from fire and missile damage. This arrange-
ment also allows for the storage of different products or product
mixes in the separate vessels which is convenient for operators
of LPG terminals.

Guides to the design of mounded storage facilities are provided
by the UK Health and Safety Executive and the Engineering
Employers Materials Users Association, (EEMUA), (Refer-
ences 9.1 and 9.2). Figures 9.5 and 9.6 show a typical
mounded storage tank system under construction. In this in-
stance the vessels were 8 m in diameter and because of the re-
mote location of the site in the Philippines, were constructed in
modules from imported edge-prepared flat plate in a temporary
workshop on the job site. These were then laid on the prepared
sand bed and welded into the complete vessels.

In-ground horizontal cylindrical storage tanks are widely used
as garage forecourt tanks for the storage of the various motor
fuels. At one time these were simple steel tanks buried in the
ground. Problems of corrosion and subsequent leakage of the

products into the surrounding soil, and the escalating costs of

remedial works and litigation has caused this area of activity to
be reconsidered and modern facilities have secondary contain-
ment, leak detection and anti-corrosion measures built into
them. An excellent book covering the Codes, regulations and
design of these tanks from an American perspective is given in
Reference 9.3.
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9.4 Bolted cylindrical tanks

As for the rectangular tanks described in Section 9.1, these are
made from factory-manufactured panels which are assembled
by bolting at the job site. They are restricted to modest capaci-
ties and have the advantage of quick and cheap erection and
being re-useable. For water storage, their design and construc-
tion in the USA is the subject of the American Water Works As-
sociation Code, ANSI/AWWA D103-97, (Reference 9.4).

9.5 Factory-manufactured tanks made
from non-metallic materials

There are a number of manufacturers who specialise in the
manufacture of tanks made from plastic materials. These are
available in capacities up to 70 m?, diameters up to 3.5 m and
heights of 10 m. Many are available “off the shelf” and made
from plastic materials which are tailored to the corrosive nature
of the particular product to be stored.

Some tanks of this type come with built-in bunding arrange-
ments and one such example is shown in Figure 9.7.

9.6 References

9.1 Mounded and buried LPG tanks, K. W. Blything, J.
Gould, B. L. Prescott and R. G. J. Robinson, AEA Tech-
nology, Health & Safety Executive, March 1996.

9.2  Guide for the design, construction and use of mounded
horizontal cylindrical vessels for pressurised storage of
LPG at ambient temperatures, Publlication No. 190 :
2000, EEMUA , London.
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Figure 9.7 Non-metallic tank with built-in bunding
Courtesy of Allibert Buckhorn UK Ltd

93

9.4

Handbook of storage tank systems, W. B. Geyer, spon-
sored by Steel Tank Institute, Lake Zurich, lllinois, Mar-
cel Dekker, New York, ISBN 0 8247 8589 4.

Standard for factory coated bolted steel tanks for water
storage, ANSI/AWWA D103-97, AWWA Denver, Colo-
rado.



10 Material selection criteria for
ambient temperature tanks

The basic rules of material selection are covered in this Chapter and a glimpse of a little of the
work and experience which lies behind the selection criteria is provided.

This is a big subject and those who wish to practice or study in this area would be well advised to
look to the various publications on this topic.

Contents:

10.1 General

10.2 Brittle fracture considerations

10.3 Design metal temperature
10.3.1 Minimum design metal temperature
10.3.2 Maximum design metal temperature

10.4 Requirements of the tank design codes
10.4.1 API 650 requirements
10.4.2 BS 2654 requirements
10.4.3 prEN 14015 requirements

10.5 References
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10.1 General

The development of the current material selection criteria for
ambient temperature storage tanks is an interesting tale. The
move from riveted to welded shells brought brittle fracture onto
the scene in much the same way as the various failures of the
Liberty Ships focussed attention on the same phenomenon in
the ship building world. The paper by Cotton and Denham (Ref-
erence 10.1) follows the development of the rules for steel se-
lection from the early days of welded tanks up to around 1980.

The first Code to provide rules for welded storage tanks was
API 12 C (Reference 10.2), first published about 1935. It was
this Standard which was the industry Standard until the mid
1950s and formed the basis for the subsequent Standards API
650 (Reference 10.3) and BS 2654 (Reference 10.4) which are
the design Codes for most tanks for ambient temperature ser-
vice used today. The forthcoming European Code takes a route
which has been influenced by both of these Codes, butis prob-
ablymore BS than APl inits final draft form, prEN 14015 (Refer-
ence 10.5).

The vast majority of ambient tanks are constructed from carbon
and carbon manganese steels and the Codes concentrate their
attention on these materials. APl 650, which it should be re-
membered is written for tanks for the storage of petrochemical
products, does have rules for the design, material selection,
fabrication and erection of storage tanks constructed from
stainless steels. These are given in Appendix S which is
discussed in Section 10.4.1.

BS 2654, which is also restricted to the petrochemical industry
products but is frequently used for the storage of products such
as water, wine and food related materials where cleanliness
and product contamination are important, surprisingly has no
rules for stainless steel tanks. This has not stopped the provi-
sions of this Standard from having been used and adapted for
this area of activity.

prEN 14015 includes rules for both carbon and carbon manga-
nese steels and for stainless steels. It was the original intention
that this Standard would be published in two parts, the first cov-
ering steel (C, CMn and SS) tanks and the second covering alu-
minium alloy tanks. This second part of the Code failed to ap-
pear due to a general lack of interest. There is little activity in
this area of tank building and it was not possible to assemble a
committee with sufficient knowledge and interest to prepare the
document. As far as the author is aware, the only set of rules for

the design of aluminium alloy storage tanks for service at ambi-

Figure 10.1 The floating roof failure at Fawley in 1952
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ent temperatures is derived from the USAS B.96.1, now pub-
lished as ASME B.96.1 :1999, (Reference 10.6). Alternatively,
those interested could adapt and use the guidance given in API
620 Appendix Q (Reference 10.7) for service below tempera-
tures of -60 °F.

10.2 Brittle fracture considerations

At the time that API 12 C was originally written, little or nothing
was known about the phenomenon of brittle fracture and the
factors which influenced it.

As storage tanks, particularly for oil-based products, increased
in size, it was either a fortunate or an inspired decision of API
12 C to limit the maximum shell plate thickness to 1.5” (40 mm);
a figure which remains as the limit to this day in BS 2654, prEN
14015 and for many materials in APl 650 (in some cases a -
higher limit of 1.75"” (45 mm) is permitted). Plate thickness is an
important variable involved in the complex issue of brittle frac-
ture avoidance in welded steel structures. As the knowledge
surrounding this subject expanded, it was considered indeed
fortunate that this limit had been imposed.

Early storage tanks were built in comparatively modest sizes
using steels of low strengths. From the early 1960s onwards,
there was an increasing demand for tanks of larger capacities,
driven by the increasing volumes of oil-based products being
transported and stored around the world. Large tanks mean
that greater volumes can be stored on the same area of land,
and many existing refineries and terminals were restricted in
the amount of space available to them. This required the indus-
try to leave the safe and well understood territory of small tanks,
thin shells, weak steels and low joint factors. The appearance of
BS 2654 : Part 3 (Reference 10.8) was an indication of this
change.

The change to the use of stronger and thicker steels, higher
joint factors and the increased consequences of a sudden fail-
ure in the new, larger tanks meant that the incomplete under-
standing of the factors surrounding the subject of brittle fracture
needed to be addressed.

This was reinforced by the sudden failure whilst under hydro-
static test of a floating roof tank at the Esso Fawley Refinery in
1952 described in detail in Reference 10. 9. A photograph of
this tank after the event is shown in Figure 10.1. The floating

roof is intact, but dumped on the ground some one quarter of a
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tank diameter laterally from its starting position, and the tank
shell is literally cast around the site in pieces.

In the UK this work involving the Wells Wide Plate Tests, the
Pellini Drop Weight Test, the introduction of the CTOD test and
the study of the relationship between these and the more eco-
nomical and convenient Charpy V-notch impact testing for ma-
terial quality control, which is described in Reference 10.7.

Much of this work was sponsored by, and brought into a sem-
blance of order, by the Oil Companies Materials Association
Low Temperature committee, which was made up of technical
experts from companies such as Shell, ICl and BP together with
the Welding Institute. This group took upon itself the task of re-
structuring the requirements for brittle fracture avoidance and
presented its recommendations to BSI. This work gave rise to
the current requirements in BS 2654 where the Charpy V-noftch
impact test temperature is different from the design tempera-
ture. This is an essential difference between the BS and APl ap-
proaches to material selection.

10.3 The design metal temperature
10.3.1 Minimum temperatures

The three design Codes all exclude from their scope the stor-
age of products which are refrigerated below ambient tempera-
tures. Many tanks are insulated and store products which are
above ambient temperature, hence they are not fully stressed
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10 Material selection criteria for ambient temperature tanks

attemperatures which are determined by the minimum temper-
atures to be expected at the particular location where they are
to be constructed. Taking some credit for the thermal inertia of
the tank and its contents, the design metal temperatures are not
based on the absolute minimum temperatures to be statistically
expected at the site, but are chosen based on the average mini-
mum daily temperatures conditions to be expected plus an al-
lowance for the thermal inertia of the stored product. When the
tank is empty and will respond rapidly to the actual minimum
temperatures, the stresses are low and it is argued that they will
be insufficient to cause problems of possible brittle fracture.

The Codes describe the minimum design metal temperature as
follows:

o APIB50 The design metal temperature shall be assumed to
be 8 °C (15 °F) above the lowest one day mean ambient
temperature of the locality of the area where the tank is to be
installed. For mainland USA these are shown in Figure
10.2. For other areas of the world, suitable equivalent data
must be obtained.

e BS 2654 The design metal temperature shall be specified
by the purchaser on the basis of the official weather reports
over at least 30 years. The design metal temperature shall
be the lower of the lowest daily mean temperature (one half
of the daily maximum temperature plus the daily minimum
temperature) plus 10 °C or the minimum temperature of the
tank contents.

Sault 5. Marie. SO\K_\W ) -L;"F“‘"“ ‘ _5°
SeN) e

35°
o) Tampa
40°

'\_ Compiled from U.S. Weather Bureau and
™ Meteorological Div. Dept. of Transport of
Dominion of Canada Records up to 1952.

Miami
45°7s
g

T

Figure 10.2 Isothermal lines of lowest one-day mean temperatures (°F)
From API 650, figure 2-2
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For a storage tank constructed for service in the UK where
the shell temperature is controlled by ambient conditions,
the minimum design metal temperature shall not exceed 0
°C. For a storage tank constructed for use outside the UK
and where no long term data or weather reports are avail-
able, the design metal temperature shall be the lower of the
lowest daily mean temperature plus 5 °C and the minimum
temperature of the contents.

In the interests of operational flexibility, the minimum design
temperature shall not take into account the beneficial ef-
fects of heated or insulated tanks.

o prEN 14015 The minimum design metal temperature shall
be the minimum temperature of the contents or the temper-
atures given in Figure 10.3. The minimum design metal
temperature shall not be lower than -40 °C. Note that this
does allow some advantage to be taken of tank insulation or
heating.

Standard Designation Steel type as given In | Maximum thickness®
Figure 6.1.1 mm
EN 10028-2 P235 GH Type i 30
1993 P265 GH Type i 30
P295 GH Type VI 40
P355 GH Type VI 40
EN 10028-3 P2T5N Type IV 40
1893 P275 NH Type IV 40
P275 NL1 Type IV 40
P275 NL2 Type IV 40
Pass N Type Vil 40
P355 NH Type VIl 40
P3565 NL1 Type IX 40
Pass NL2 Type IX 40
Y The maximum thickness shall be the lower of that specified in this table and that derived from
Figure 6.1.1.
NOTE CEV from ladle analysis < 0.42 for plates thicker than 20 mm.

Lowest one day mean ambient | Minimum design metal temperature i
temperature (LODMAT)
10 years data 30 years data
Warmer than or equal to -10 °C LODMAT 45 °C LODMAT +10°C
Warmer than or equal to LODMAT LODMAT +5 °C
-25 *C and below «10 °C
Below -25 °C LODMAT -5 °C LODMAT

NOTE 1 LODMAT is the lowest recorded average temperature based over any 24 hour period,
The average temperature is half (maximum temperature plus minimum temperature).

NOTE 2 The minimum design metal temperature for the tank shall not take into account the
beneficial effect of heating or insulation for design metal temperatures warmer than or equal te
o0°c.

NOTE 3 For minimum design metal temperatures below 0 °C, then the beneficial effect of
insulation or heating shall be agreed but the design metal temperature should not be warmer than
0°C.

Figure 10.3 Minimum design metal temperature based on LODMAT
From prEN 14015, table 5.2.2

10.3.2 Maximum temperatures

The Codes allow maximum design temperatures as follows:

o APIB50 The basic Code and material selection allows for
operating temperatures up to 90 °C (200 °F) without modifi-
cation or qualification. For temperatures up to a maximum
of 260 °C (500 °F), Appendix M provides detailed rules for
material selection and tank design at elevated tempera-
tures.

« BS 2654 Where the operating temperature is over 150 °C,
consideration shall be given to the effect of that temperature
on the yield strength (of the chosen shell material).

« prEN 14015 The maximum design metal temperature shall
not exceed 300 °C. For design metal temperatures in ex-
cess of 100 °C, the elevated temperature yield stress val-
ues of steels shall be certified by the steel supplier.
Alternatively, steels complying with the table in Figure 10.4
shall be used.

Plate materials for bottom and roof plates and nominal
thickness shell plates (providing they are 20% thicker than
required by design calculation) do not require elevated tem-
perature yield stress values to be certified by the steel sup-
plier. When the maximum design metal temperature
exceeds 250 °C, steels which are proven to be unaffected
by ageing shall be used. The method of proof shall be
agreed between the tank contractor and the steel supplier.
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Figure 10.4 Hot rolled products for use at elevated temperatures (> 100 °C)
From prEN 14015, table 6.1.1-4

10.4 The requirements of the tank design
Codes

All of the tank design Codes provide quite specific rules for ma-
terial selection. Certain Codes, in particular APl 650, provide a
considerable amount of information on the subject and the vari-
ous subsidiary requirements which will need detailed study by
those who wish to apply these rules for specific circumstances.

What follows in this Section provides only some of the require-
ments and highlights the main points involved. It should be re-
membered that this is a bigger question than merely the choos-
ing of a suitable steel for the various parts of the tank. Site
welding is often carried out in far from ideal circumstances, at
elevated and exposed locations, in poor weather, subject to
salt-laden winds to name but a few of the practical problems.
Weldability, welding processes, the need for preheat and the in-
fluence of-hydrostatic testing need to be given due
consideration.

By way of a slight diversion from the main subject, API 650 still
allows the full height hydrostatic test to be side-stepped, albeit
with some nimble footwork to argue that “sufficient water to test
the tank is not available”. This led to the catastrophic failure of
the Pittsburgh tank and the dumping of its contents into the
river, an event which made the savings associated with hydro-
static test avoidance look rather poor value to the tank erector
(or rather re-erector - as it was a cut down and relocated tank
from another site), and equally to the tank owner.

If it is proposed to follow this route, originally perhaps devised
for tanks erected in desert locations where there really is no wa-
ter, but where temperatures are such that brittle fracture is nota
problem (remembering that not all deserts are hot), then it is
recommended that material grades are adjusted by persons
with sufficient expertise to compensate.

10.4.1 API 650 requirements

API| 650 understandably concentrates its efforts on the use of
steels manufactured to American Standards.

It does provide guidance for the use of steels made to Canadian
(CSA) Standards, some ISO Standards and general rules for
the use of steels made to other national Standards.

The steels are placed in eight categories in generally ascend-
ing order of toughness. These are:
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Group I Group IT Group I Group IITA
As Rolled, As Rolled, As Rolled, Killed Normalized, Killed
Semikilled Killed or Semikilled Fine-Grain Practice Fine-Grain Practice
Material Notes Material Notes Material Notes Material Notes
A28IMC 2 Al13IMB 7 A 5T3M-400 Al13IMCS
A2BMC 2 A36M 2,6 A 516M-380 A 573M-400 10
Al3IMA 2 G40.21M-260W A 516M-415 A 516M-380 10
A 36M 43 Grade 250 58 G40.21M-260W 9 A 516M-415 10
Grade 235 3,3 Grade 250 5.9 G40.21M-260W 9,10
Grade 250 6 Grade 250 5,9, 10
Group VI
Normalized or
Group IV Group IVA Group V Quenched and Tempered,
As Rolled, Killed As Rolled, Killed Normalized, Killed Killed Fine-Grain Practice
Fine-Grain Practice Fine-Grain Practice Fine-Grain Practice Reduced Carbon
Material Notes Material Notes Material Notes Material Notes
A 573M-450 A662ZM C A 573M-485 10 A 131M EH 36
A 573M-485 A 573M-485 11 A 516M-450 10 A633MC
A 516M-450 G40.21M-300W 9,11 A 516M-485 10 A633MD
A 516M-485 G40.21M-350W 9,11 G40.21M-300W 9,10 A3537TM Class 1
A662MB G40.21M-350W 9,10 A 537M Class 2 13
G40.21M-300W AG78BM A
G40.21M-350W A678M B 13
E275 4,9 AT3IMB
E 355 £ A 841 12,13
Grade 275 59
Notes:

1. Most of the listed material specification numbers refer to ASTM specifications (including Grade or Class); there are, how-
ever, some exceptions: G40.21M (including Grade) is a CSA specification; Grades E 275 and E 355 (including Quality) are
contained in ISO 630; and Grade 37, Grade 41, and Grade 44 are related to national standards (see 2.2.5):

Must be semikilled or killed.
Thickness < 20 mm.
Maximum manganese content of 1.5%.

2l o o

Thickness 20 mm maximum when controlled-rolled steel is used in place of normalized steel.
Manganese content shall be 0.80-1.2% by heat analysis for thicknesses greater than 20 mm, except that for each reduction

0f 0.01% below the specified carbon maximum, an increase of 0.06% manganese above the spetified maximum will be per-
mitted up to the maximum of 1.35%. Thicknesses < 20 mm shall have a manganese content of 0.8-1.2% by heat analysis.

7. Thickness <25 mm.

8. Must be killed.

9. Must be killed and made to fine-grain practice.
10. Must be normalized.

11. Must have chemistry (heat) modified to a maximum carbon content of 0.20% and a maximum manganese content of 1.60%

(see 2.2.6.4).
12. Produced by the thermo-mechanical control process (TMCP).

13.5ee 3.7.4.6 for tests on simulated test coupons for material used in stress-relieved assemblies.

Figure 10.5 Material groups, S| Units
From API 650, table 2-3a

s Group | As rolled, semi-killed

¢ Group Il As rolled, killed or semi-killed

» Group Il As rolled, killed, fine grain practice

e Group IlIA Normalised, killed, fine grain practice
+ Group IV As rolled, killed, fine grain practice

* Group IVA As rolled, killed, fine grain practice

= Group V Normalised, killed, fine grain practice

» Group VI Normalised or quenched and tempered, Killed,
fine grain practice, reduced carbon

This listing is shown in Figure 10.5.

Plates less than or equal to 40 mm thickness can be used at or
above the design metal temperatures indicated by Figure 10.6,
without being impact tested.

Plates more than 40 mm thick shall be of killed steel made to
fine grain practice, and heat treated by normalising, normalis-
ing and tempering, or quenching and tempering. Each plate as
heat treated shall be impact tested.

When the toughness of the steel must be demonstrated, each
plate as heat treated shall be Charpy V-notch impact tested in
the longitudinal (or the transverse) direction, at or below the de-
sign metal temperature, to provide the energy values given in
Figure 10.7. Each test shall consist of three specimens and the
average of these shall equal or exceed the values given in the
Table. If any one specimen falls below two thirds of the specified
minimum value, a further set of three specimens shall be taken
and each must equal or exceed the specified minimum value.

For thin plates where sub-size specimens must be taken, the

energy values shall be at least proportional to the values re-
quired for full size specimens.
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Notes:

1. The Group Il and Group V lines coincide at thicknesses less than 12.5 mm (' in.).

. The Group Ill and Group IlIA lines coincide at thicknesses less than 12.5 mm (/5 in.).

. The matenials in each group are listed in Table 2-3.

2
3.
4. This figure is not applicable to controlied-rolled plates (see 2.2.7.4).
5. Use the Group IIA and Group VIA curves for pipe and flanges (see 2.5.5.2 and 2.5.5.3).

Figure 10.6 Minimum permissible design metal temperature for materials used in tank shells without impact testing

From AP! 650, figure 2-1

Average Impact Value of Three Specimens®?

Thickness Longitudinal Transverse
Plate Material* and Thickness (/) in mm (in.) mm in J fi-Ibf B ft-lbf
Groups I, II, I11, and ITIA 20 15 18 13
1 < maximum thicknesses in 2.2.2 through 2.2.5
Groups IV, IVA, V, and VI (except quenched =40 LS 1S 41 30 27 20
and tempered and TMCP) 40 <1 <45 15<t<175 48 35 34 25
45<1<50 LIS<es? 54 40 41 30
50<r<100 2<r<4 68 50 54 40
Group VI (quenched and tempered and TMCP) 140 115 48 35 34 25
40 <1545 15<t<1.75 54 40 41 30
45<1<50 1.75<1<2 61 45 48 35
50<:r<100 2<t<4 68 50 54 40

a) See Table 2-3.
b) Interpolation is permitted to the nearest joule (fi-lbf).

Note: For plate ring flanges, the minimum impact test requirements for all thicknesses shall be those

for r< 40 mm (1.5in.).

Figure 10.7 Minimum impact test requirements for plates
From API 650, table 2-4

In addition to the requirements for plates, the Code provides
details of material selection rules for structural shapes, piping
and forgings, flanges and bolting.

In fear of becoming tediously repetitive, it must be remembered
that this section of the Code is a minefield of detailed require-
ments for material selection and the advice of those familiar
with its use would be well worth seeking.

The requirements for the mechanical and toughness properties
of weld-metal and heat affected zone (HAZ), are quite complex
and are probably best left to those familiar with this Code and its
various provisions.

In simple terms the following briefly summarises the require-
ments:

= The welding procedures shall produce weldments with the
mechanical properties required by the design
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* The materials shall be considered in three groups depend-

ent upon their minimum tensile strength:

Less than 485N/mm?2 — group 1 requiring 20 J average

of three full size specimens

Equal to or greater than 485N/mm? but less than
550N/mm?2 — group 2 requiring 27 J average of three

full size specimens

— Greater than 550 N/mm?2 — group 3 requiring 34 J aver-
age of three full size specimens

For plates thicker than 40 mm, enhanced values are required.

API 650 allows plates to be ordered on an edge thickness or a
weight basis. The edge thickness ordered shall not be less than
the computed design thickness or the minimum permitted thick-
ness. Similarly, the plate weight ordered shall be great enough
to provide an edge thickness not less than the computed design



thickness or the minimum permitted thickness. For plates or-
dered on either basis, an under-run of not more than 0.01” is
permitted for both computed and minimum permitted thickness
plates.

10.4.2 BS 2654 requirements

It should be remembered that BS 2654 has been the subject of
standstill for a number of years now due to the work being car-
ried out in the preparation of the new European Code prEN
14015. This means that it quotes materials to British Standards
which have been superceded by European Standards. For ex-
ample, BS 4360 (Reference 10.10) has been replaced by EN
10025 (Reference 10.11).

Steels shall be made by the open hearth, electric furnace or one
of the basic oxygen processes. Semi- and fully-killed steels are
permitted, but Bessemer and rimming steel are excluded.

The carbon equivalent based on the ladle analysis shall not ex-
ceed 0.43% for plates from 20 mm up to 25 mm thick and 0.42%
for plates thicker than 25 mm. The carbon equivalent is calcu-
lated using the following formula:

Scole B Scale A

10 Material selection criteria for ambient temperature tanks

Mn Cr+Mo+V Ni+Cu
— +

3 16
The carbon equivalent based on the check analysis shall not
exceed 0.43% calculated using the following formula:

GEEE I
6

CE=C+

equ10.1

equ 10.2

For steels with a minimum tensile strength greater than 420
N/mm?, the phosphorus plus the sulphur shall not exceed
0.08%.

Steels shall be either aluminium treated with a minimum alu-
minium/nitrogen ratio of 2:1 or have a nitrogen content of less
than 0.01%.

The following impact properties are required:

» For plate thicknesses not exceeding 13 mm in materials
with specified minimum tensile strengths up to and includ-
ing 490 N/mm2, impact tests are not required

e Materials with specified minimum tensile strengths less
than or equal to 430 N/mm?2, thicker than 13 mm shall be im-
pact tested to show not less than 27 J at +20 °C or at the test
temperature indicated in Figure 10.8, whichever is the

reference thickness - millimetres

Material

+ = 20
al i Scale A -Minimum design metal
| temperature °C (see2.2)
Scule B -Minimum water femperature
= during test °C (see note)
+ 15—
+10 1+
+5 ——
1 -15 L4 s Rt L
-50 -10 0

Charpy V test temperature °C

(Intermediate values may be determined by interpolation.)

NOTE. Scale A on the ordinate is to be used in determining minimum Charpy V requirements for the thickness and
minimum design temperature concerned. For the purposes of this note, conversion of the measured impact value to the
27 J (or 41 J for steels with specified minimum tensile strength greater than 430 N/mm?) value may be made on the basis
of 1.35 J per °C, such extrapolation being limited 1o a maximum range of 20 °C. For example, if the actual value by test
is33.75 J at -20 °C for a steel of specified minimum tensile strength greater than 400 N/mm?, the equivalent test

temperature for 27 J may be assumed to be -25 °C.

The requirements derived from scale A take into account an improvement in safety which may be anticipated as a result

of the hydrostatic test. During the first hydrostatic test the degree of security against brittle fracture may be rather less
than on subsequent loading. Attention is drawn to the more conservative requirements of scale B when consideration is

to be given to the use of this scale during hydrostatic testing of tank shells constructed of steels with specified minimum
tensile strength greater than 430 N/mm? . The application of scale B, or any alternative procedure regarding the precautions
1o be taken during water testing to safeguard the tank from brittle fracture, is the subject of agreement between the

purchaser and the manufacturer {see 3.3(b)}.

Figure 10.8 Minimum Charpy V-notch impact requirements
From BS 2654 : 1989, Figure 1
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lower. Three specimens shall be tested, the value taken be-
ing the average of the three results. The minimum individual
value shall not be less than 70% of the specified minimum
average value.

Note: Provided the design metal temperature is +10 °C or
above, it is not necessary to test materials with a speci-
fied minimum yield strength not exceeding 300 N/mm?,
and less than 20 mm thick.

s Materials with specified minimum tensile strengths greater
than 430 N/mm?2 ,and up to 490 N/mm? thicker than 13 mm
shall be impact tested to show not less than 41 J at -5 °C or
at the test temperature indicated in Figure 10.8, whichever
is the lower. Three specimens shall be tested, the value
taken being the average of the three results. The minimum
individual value shall not be less than 70% of the specified
minimum average value.

o Materials with specified minimum tensile strengths greater
than 490 N/mm? and of all thicknesses shall be impact
tested to show not less than 41 J at-15 °C or at the testtem-
perature indicated in Figure 10.8, whichever is the lower.
Three specimens shall be tested, the value taken being the
average of the three results. The minimum individual value
shall not be less than 70% of the specified minimum aver-
age value.

Note: The energy values apply to full size specimens. For
sub-standard specimens, see the provisions of BS
4360.

It is a requirement of this Standard that annular plates shall be
of the same material specification in terms of strength and im-
pact requirements as the first course shell plates.

The approval of welding procedures and the mechanical and
toughness values required are again an area best left to those
experienced with this work. In very simple terms, tensile
strengths at least equal to that of the plate material and Charpy
V-notch impact values of at least 27J at the same temperature
as required for the testing of the plate material will be required.

For thickness requirements, the rules are slightly different from
those given in APl 650.

For shell plates where the thickness is determined by minimum
thickness requirements, bottom, roof and annular plates, the
thickness (measured at any point more than 15 mm from the
plate edge) shall not be less than the specified thickness by
more than one half of the total plate thickness tolerance givenin
Figure 10.9.

For shell plates (but, interestingly not, roof plates) where the
thickness has been determined by calculation, the edge thick-
ness (again measured at any point more than 15 mm away from
the plate edge) shall not be less than the calculated thickness.

All dimensions are in millimetres.

10.4.3 prEN 14015 requirements

Ratherthan present basic requirements for the toughness/tem-
perature/steel strength combinations, prEN 14015 gives spe-
cific steel types taken from the various European steel Stan-
dards for particular circumstances. The steel Standards are EN
10025, EN 10028 (Reference 10.12), EN 10113 (Reference
10.13) and EN 10210 (Reference 10.14).

Steels shall be selected by the use of Figures 10.10 to 10.14.

Impact testing shall be carried out in accordance with EN
10045-1 (Reference 10.15). The 70% rule again applies to the
minimum individual specimen value.

When the material is less than 10 mm thick, 10 mm x 5 mm
specimens shall be taken which shall demonstrate 70% of the
energy values specified for full sized specimens.
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Figure 10.10 Minimum temperature at which each type of steel can be used
From prEN 14015-1:2000, figure 6.1.1

Specified Width of plate
thickness
Up to and Over 2000 Over 2500 Over 3000 Over 3500
including up to and up to and up to and up to and
2000 including 2500 | including 3000 | including 3500 | including 4000
Under 5 0.80 1.00 1.00
5 to under 8 0.90 1.20 1.60 1.60
8 to under 12.5 | 1.10 1.30 1.860 1.70 1.90
12.5 to under 25 1.10 1.30 1.60 1.70 1.80
25 to under 40 1.10 1.40 1.60 1.70 1.90
40 to under 80 1.20 1.60 1.70 1.90 2.10
80 to under 150 2.20 2.30 240 2.50 2.50

NOTE. See 19.3.2 which states that, unless otherwise specified, the thickness tolerance shall be half the total
thickness tolerance given in table 8 over and under the specified thickness.

Figure 10.9 Total thickness tolerances for plates
From BS 4360:1979, table 8
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Standard Designation Options Steel type as given in Maximum thickness”
Figure 6.1.1 mm
EN 10025 8235 JRGZ 1-12 Typel 12
1983
823540 1-5-12 Type Il 30
$235 J2G3 1-§-12 Type lll 40
S§235 J2G4 1-5-12 Type Il 40
S275JR 1-12 Typel 12
§275J0 1-5-12 Type ll 30
5275 J2G3 1-5-12 Type il 40
S275 2G4 1-5-12 Type ill 40
Option 1 Steelmaking process to be reported
Option 5 CEV from ladle analysis < 0,42 for plates thicker than 20 mm
Option 12 Inspection documentation shall be in accordance with EN 10204 Cert, 3.18 except

for nominal thickness plates (e.g. roof, bottom, nominal thickness shell plates)
where documentation shall be in accordance with EN 10204 Test report 2.2

Standard | Designation Options * Steel type as given in Maximum thickness”

Figure 6.1.1 mm

EN 10113-2 8275N 1-2-19a Typs IV 40

1993 S275NL 1-2-19a Type IV 40

EN 10113-3 5275 M 1-2-19a Type IV 40

1993 S275 ML 1-2-1%a Type IV 40

Option 1 Steelmaking process to be reported

Option 2 CEV from ladle analysis < 0.42 for plates thicker than'20 mm

Option 19a Charpy Impact test to be carried out on each plate thicker than 20 mm

;': The maximum thickness shall be the lower of that specified in this table and that derived from
igure 6,1.1,

* Inspection documentation shall be in accordance with EN 10204 Cert 3.1 B except for nominal thickness
plates (e.g. roof, bottom and nominal thickness shell piates) where documentation shall be in accordance
with EN 10204 Test report 2.2.

Figure 10.11 Hot rolled products < 275 N/mm? yield stress

From prEN 14015-1:2000, table 6.1.1-1

Standard Designation Optiens Steel type as given in | Maximum thickness®
Figure 6.1.1 mm
EN 10025 $355 JR 1-6-12 Type V 10
1993 5355 JO 1-6-12 Type Vi 15
8355J2G3 | 1-5-6-12-20 Type Vi 40
$355.2G4 | 1-5-6-12-20 Type Vit 40
5355K2G3 | 1-5-6-12-20 Type Vill 40
S5355K2G4 | 1-5-6-12-20 Type VIl 40

Option 1 Steelmaking process 1o be reported

Option & CEV from ladle analysis < 0.42 for plates thicker than 20 mm

Option 6 Cr, Cu, Mo, Nb, Ni, Ti and V to be recorded

Option 12 Inspection documentation shall be in accordance with EN 10204 Cert. 3.1B except
for naminal thickness plates (e.g. roof, bottom, nominal thickness shell plates)
where documentation shall be in accordance with EN 10204 Test report 2.2

Option20  Charpy Impact test to be carried out on each plate thicker than 20 mm

Standard Designation Options ® Steel type as given in | Maximum thickness"
Figure 6.1.1
EN 10113-2 S355 N 1-2-19a Type Vill 40
1993 S355 NL 1-2-19a Type IX 40
EN 10113-3 S355 M 1-2-18a Type VI 40
1993 $355 ML 1-2-19a Type X 40
Option 1 Steelmaking process to be reported

Option 2 CEV from ladle analysis < 0.42 for plates thicker than 20 mm
Option 192 Charpy Impact test to be carried out on each plate thicker than 20 mm

" The maximum thickness shall be the lower of that specified in this table and that derived from
Figure 6.1.1.

7 Inspection documentation shall be in accordance with EN 10204 Cert 3.1 B except for nominal |

thickness plates (e.g. roof, bottom and naminal thickness shell plates) where documentation shall be in
accordance with EN 10204 Test report 2.2.

Figure 10.12 Hot rolled products > 275 N/mm? and < 355 N/mm? yield stress

From prEN 14015-1:2000, table 6.1.1-2
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Standard | Designation Options ¥ Steeltype asgivenin | Maximum thickness”
Figure 6.1.1 mm
EN 10113-2 S420N 1-2-1%a Type X 40
1993 8420 NL 1-2-19a Type XI 40
EN 10113-3 S420 M 1-2-1%a Type X 40
1993 5420 ML 1-2-1%a Type Xi 40
Option 1 Steelmaking process to be reported
Option 2 CEV from ladle analysis < 0.42 for plates thicker than 20 mm
Cption 192 Charpy Impact test to be carried out on each plate thicker than 20 mm
" The maximum thickness shall be the lower of that specified in this table and that derived from
Figure 6.1.1.
? Inspection shall be in with EN 10204 Cert 3.1 B except for nominal
thickness plates (e.g. roof, bottom and nominal thickness shell plates) where documentation shall be in
accordance with EN 10204 Test report 2.2.

Figure 10.13 Hot rolled products > 355 N/mm? yield stress
From prEN 14015-1:2000, table 6.1.1-3

Standard Designation Steel type

EN 10210-1 5235 JRH Typel
1997 275 JOH Type li
8275 J2H Type lll

S275 NH Type IV

S275 NLH Type IV

§355 JOH Type VI

S355 J2H Type VI

S355NH Type VIl

S$355 NLH Type IX

Figure 10.14 Structural steel products
From prEN 14015-1:2000, table 6.1.2

Minimum design Thickness
metal temperature
°C mm
>+10 =20
= B =13
z-10 <10
<-10 <6

Figure 10.15 Conditions for waiving impact testing
From prEN 14015-1:2000, table 6.1.6

Impact testing is not required for bottom plates other than annu-
lar plates.

Impact testing of annular plates in not required when the shell
plate attached to them does not require impact testing.

Impact testing of shell plates and items attached to them may
be waived according to the conditions provided in Figure 10.15.

For stainless steels a number of general rules are provided and
a table of acceptable austenitic steels is given in Figure 10.16.
Ferritic steels may be used up to a maximum thickness of
10 mm.

Information is also provided for the material selection of mount-
ings, flanges, structural sections, pipes and welding con-
sumables.

For materials which have been produced to specifications other
than the nominated European Standards, Annex F provides de-
tailed requirements for their selection and use.

The requirements for weld-metal and HAZ properties are again
subjects requiring detailed study. The basic requirements can
be summarised by:
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Steel designation
Grade Number
Austenitic
X2CrNi18-9 1.4307
X2CrNi19-11 1.4306
X2CrNiN18-10 1.4311
X5CrNi18-10 1.4301
XBCrNiS18-9 1.4305
XBCrNiTi18-10 1.4541
X6CrNiNb18-10 1.4550
X1CrNi25-21 1.4335
X2CrNiMo17-12-2 1.4404
X2CrNiMoN17-11-2 1.4406
X5CrNiMo17-12-2 1.4401
X1CrNiMoN25-22-2 1.4466
XBCrNiMoTi17-12-2 1.4571
X6CrNiMoNb17-12-2 1.4580
X2CrNiMo17-12-3 1.4432
X2CrNiMoN17-13-3 1.4429
X2CrNiMo17-13-3 1.4436
X2CrNiMo18-14-3 1.4435
X2CrNiMoN18-12-4 1.4434
X2CrNiMoN18-15-4 1.4438
X2CrNiMoN17-13-5 1.4439
X1NiCrMoCu31-27-4 1.4563
X1INiCrMoCu25-20-5 1.4539
X1CrNiMoCuN25-25-5 1.4537
X1CrNiMoCuN20-18-7 1.4547
X1CrNiMoCuN25-20-7 1.4529
Austenitic-ferritic
X2CrNiN23-4 1.4362
X2CrNiMoN22-5-3 1.4462
X2CrNiMoCGuN25-6-3 1.4507
X2CrNiMoN25-7-4 1.4410
X2CrNiMoCuWN25-7-4 1.4501
Stainless steels selected from EN 10088-1

Figure 10.16 Stainless steels for tank fabrication
From prEN 14015-1:2000, table 6.2.1

e The approval procedure shall demonstrate that the yield
stress and tensile stress of the welded joint shall exceed the
minimum required values of the materials being joined.

» Vertical shell welds shall be impact tested at the test tem-
perature required for the plate material and shall show not
less than the value required for the thicker plate material be-
ing joined.

e Horizontal shell welds shall be impact tested at the test tem-
perature of the thicker plate being joined, or at -10 °C,
whichever is the least stringent, and show not less than
.

The thickness requirements are similar to those of BS 2654.
Specifically they are:

e The measured thickness at any point more than 25 mm
from the edge of any nominal thickness bottom, shell, roof
or annular plate shall not be less than the specified thick-
ness less one half of the total thickness specified in EN
10029: Table 1: class D (Reference 10.14 and Figure 10.17)

e The measured thickness at any point more than 25 mm
from the edge of shell and roof plates whose thickness has
been calculated shall not be less than the calculated mini-
mum thickness (i.e to EN 10029: Table 1: class C — only
positive tolerances).
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Dimensions in mm

Nominal Tolerances on the nominal thickness (see 7.1.1)* Maximum thickness difference within a plate
dickicay Class A Class B Class C Class D Nominal plate width
Lower Upper Lower Upper Lower Upper Lower Upper = 600 =2 000 22500 =3 000 >3 500 >4 000
<2000 <2500 <3000 <3500 <4 000

2. 3= & - 0,4 +0,8 -0,3 +0,9 -0 + 1,2 -0.6 +0,6 0,8 0.9 0,9 = - -
= s 8 -0,4 +1.1 -0,3 ]2 -0 +1,5 -0,76 |+0,75 |0,9 0,9 1,0 1,0 = -
z 8< 15 -0, + 1.2 -0,3 + 1,4 -0 + T, -085 [(+0,85 (0,9 1,0 1,0 11 13 1,2
> 15< 25 -0,6 +-303 -0,3 +1,6 -0 =19 -0,65 [+0,95 |1,0 1.3 1,2 1.2 1,3 1,4
> 25< 40 -08 +1,4 -0,3 10 -0 .09 -1,1 st 1. 1,2 152 1,3 1,3 1,4
> 40< B0 - 1,0 +1,8 -0,3 +26 -0 + 2.8 -14 + 1,4 1,2 1,3 1,4 1,4 1,5 1,6
2 80< 150 -1,0 +2,2 -0,3 +29 |-0 + 3,2 -1,6 +1,6 1,3 1,4 1,5 15 1,6 1T
> 150 < 250 -12 + 2.4 -0,3 +3,3 -0 + 3,6 -1,8 +1,8 1,4 1,5 1,6 1,6 1.7 -
% These thickness tolerances apply outside ground aveas (see 7.1.2)

Figure 10.17 Tolerances on thicknesses
From EN 10029:1991, table 6.2.1
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a)  Nominal plates by Calculated thickness plates
(see 6.1.8.1) (see 6.1.8.2)
e - nomingl thickness (bottom, annular, shell or roof plates)
(=3 - calculated minimum thickness of plate including any corrosion allowance
t - total thickness tolerance
t, - minus % total thickness tolerance
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- plus ¥ total thickness tolerance

Figure 10.18 Plate thickness tolerances
From prEN 14015-1:2000, table 6.1.8

This is illustrated in Figure 10.18, which it is hoped will clarify
this matter. It is curious just how often this apparently simple
matter is misunderstood or merely gets into a muddle between
the various parties involved, particularly where corrosion allow-
ances are applied.
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11 Fabrication considerations for
ambient temperature tanks

In this Chapter some of the more important aspects of tank fabrication are outlined, together with
advice on good practices which should be observed.

Contents:

11.1 Material reception

11.2 Stainless steel materials

11.3 Plate thickness tolerances

11.4 Plate fabrication

11.5 Roof structures

11.6 Tank appurtenances

11.7 Surface protection for plates and sections
11.8 Marking
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11.1 Material reception

All materials received into the fabrication area or workshop
must be checked for conformity with the requirements set out in
the purchase order to the supplier in terms of quantity, quality,
dimensions, surface finish, appearance, inspection documen-
tation, material certificates and where applicable, installation
and maintenance documentation etc.

The steel plates and sections which will form the liquid contain-
ing elements of the tank must be carefully checked against the
mill certificates provided with the steel to ensure that the physi-
cal and chemical properties are in accordance with the steel
specification that they were ordered against. It is common prac-
tice for the purchaser's inspector (and any third party inspector,
as appropriate) to inspect material prior to despatch from the
steel mill.

11.2 Stainless steel materials

When fabricating in stainless steel materials within an area
where carbon steel materials are also fabricated, it is very im-
portant to keep these materials separate from any carbon steel
materials in order to prevent any surface contamination of the
stainless steel by carbon steel scale, filings, weld or grinding
splatter and swarf.

The recommended course of action in such cases is to quaran-
tine an area of the workshop for use exclusively for stainless
steel fabrication. The proposed fabrication area should be
cleaned of all carbon steel detritus and the floor sealed with a
proprietary non-slip concrete sealant. A typical quarantined
area is shown in Figure 11.1. Care must be taken especially in
handling and placing plates, any plate grabs, handling equip-
ment and lay down cradles should be faced in stainless steel, or
in the case of cradle supports, these can be faced with timber.
The plates should be covered when not being worked on to pre-
vent contamination by airborne particles.

When rolling shell plates to curvature, the rolls of the machine
should be covered with strong template paper to prevent any
carbon steel particles from being impressed into the surface of
the plate. Failure to do this can result in rust streaking on the
plates when they have been erected on site and this is very diffi-
cult, if not impossible and very expensive to, completely re-
move.

Fabrication personnel must be discouraged from walking on
the plates as boot marks are also hard to remove and are un-
sightly on the external surface of the tank. Stainless steel plates
are often supplied from the mill on timber pallets and these may

Figure 11.1 Quarantined area for stainless steel fabrication
Courtesy of McTay
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be re-used for plate storage between marking, cutting and
rolling operations.

Some mills will supply the plate with a plastic film fixed to one or
both sides of the plate, this only being removed after erection,
welding and weld pickling is completed at site. Care on the se-
lection of the type of film and adhesive is important, as it has
been known for the adhesive to be very reluctant in releasing
the film, resulting in strips being left on the plate surface. Also, if
the adhesive is not completely removed from the steel, a tacky
coating is left on the tank surface, which attracts atmospheric
grime and dust. There are excepted test methods available,
which can detect carbon steel contamination of the stainless
steel materials, and use of these can obviate embarrassing
blemishes appearing on the tank during or after erection on site.

11.3 Plate thickness tolerances

In determining the allowable plate thickness tolerances the BS
2654 Code groups tank plates into two categories as follows:

1) Shell plates whose thickness has been determined by ref-
erence to the table of "“Minimum specified shell thickness”
given in the Code (i.e. shell plates for which the thickness
by calculation, is less than the minimum allowed for a
given tank diameter).

Annular floor plates, floor plates and roof plates. These
plates shall have a minimum thickness not less than the
specified thickness less half the total tolerance given in
the table of BS EN 10029, class D.

In simple terms these plates are allowed to be thinner than their
specified thickness.

2) For shell plates whose thickness have been determined
by calculation and that are thicker than the “Minimum
specified thickness”, for a given tank diameter, the thick-
ness of these plates shall not be less than the calculated
thickness, i.e. table 1 of BS EN 10029, class C.

This means that these plates can not be thinner than the calcu-
lated thickness.

The API 650 Code has a simpler approach stating that all shell,
annular floor, floor and roof plates may have an underrun on
calculated or minimum permitted thickness of not more than
0.25 mm.

11.4 Plate fabrication

Floor and roof plates (which are generally, but not always, of
lapped construction) which are produced in a reversing mill, do
not require any edge preparation, as the mill production pro-
cess gives a square edge to the plates which is suitable for fillet
welding. Plates produced by a strip mill will have rounded
edges making root penetration difficult during fillet welding and
in order to ensure a sound weld there are two alternatives;

a) Use two runs of weld, the first to ensure root penetration
and the second as a capping run.

b) Trim the plate edges square thus giving a suitable weld
preparation.

Rectangular lap-welded roof plates which are laid on to a sup-
porting structure are flat plates, usually in the range of 1.5 m x
4.8 mto 2.0 m x 6.0 m, this is to allow these relatively small
plates to form naturally to the curvature of the roof.

Rectangular lap welded floor plates are generally supplied in
two size ranges, depending on the tank diameter:

1.5mx4.8m
20mx7.85m

Tanks > 12.5 m in diameter have a ring of thicker annular floor
plates and the number of annular plates is usually the same as
the number of shell plates per course. This is in order to main-

Tanks up to 12.5 m in diameter
Tanks > 12.5 m in diameter
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tain a constant spacing between the butt welds in the annular
plates and the first shell course vertical butt welds all around the
tank. However, larger tanks having shell plates approaching
10 m long, may have two annular plates per shell plate. This is
to allow narrower annular plates to be used.

Floor plates larger than those quoted above may be difficult to
handle due to the flexibility of large, thin flat plates.

The shell plate length and width shall be cut to a tolerance of +2
mm and the diagonal measurements must not differ by more
than 3 mm.

The BS Code gives a standard range of tank diameters from 3
mto 114 m, with capacities against tank heights in one metre in-
tervals up to 25 m in height. This is useful for purchasers to
judge the size of a tank required for a certain capacity, but very
often it is the plot of land that is available for the tank which de-
cides the tank diameter, which can be any size and not neces-
sarily in line with the diameters stated in the table.

Recommended standard shell plate lengths are also given and
these are quoted as a function of = and when applied to the
standard diameters, give an equal number of plates per shell
course. These plate lengths have generally been adopted by
tank constructors although slight “tweaking” is sometimes nec-
essary for tanks having out of the ordinary diameters.

The standard BS code plate lengths are stated as follows:
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better to have the plates slightly under-rolled (> tank radius)
than over-rolled (< tank radius) because under-rolled plates will
generally pull in to the correct diameter whilst over-rolled plates
leave the completed course after erection taking a “gull wing” or
scalloped appearance which is difficult to get rid of. Care must
be exercised to ensure that the plates are entered square-on to
the rolls, as any slight offset from square will resultin a plate tak-
ing on a helical and not cylindrical form, which will make erec-
tion of the plate into the tank very difficult, if not impossible.

Plywood templates about 1 to 1% m long are used to check the
radius of the shell plates as they are being rolled to shape. Ma-
chines having vertically-mounted rather than horizon-
tally-mounted rolls tend to give a truer radius because the hori-
zontally rolled plate naturally flattens itself due to its own weight
and long plates have to have the ends supported by overhead
cranes when checking the radius.

Because of the way that most plate rolling machines are built,
the extreme ends of the shell plates do not getrolled and are left
with “flats” on them. To overcome this, the ends are pressedto a
pre-set radius prior to rolling.

The Codes do not insist on pre setting the ends of the shell
plates but this is generally known to give a better final shape to
the tank (see peaking and banding in Chapter 12).

The API Code does allow the thinner shell plates of the larger
diameter tanks to be left flat and for them to be pulled into radius

Tanic diasiator (m) { Shell pisteangthfin during erection. The allowable limits are shown in the table be-
i low (taken from API 650, clause 4.3.1.)
3 1.5n :
4 to10 20n Nominal plate thickness (mm) Nominal tank diameter (m)
‘ 12,510 30 257 >=16 . A
‘ﬁ i 3310 114 30~ From 13to< 16 | <=36 |
From 10to <13 : = <=18

There are no recommended standard widths for shell plates but From 5to < 10 <=12

the limiting factor is generally the width which is available from
the mill. Common widths are 1.0 m, 1.5 m, 2.0 m, 2.5 m and
3.0m.

The factors, which have to be borne in mind when selecting
shell plate sizes, are:

a) The weight of the plate for handling by crane; in the fabri-
cation shop, on site and during transportation.

b) The width capacity of the fabrication shop machinery.

c) Limitations on maximum width or weight for transport pur-
poses, especially by road or rail.

d) Shell courses made in wide plates may require each ring
of the erection staging on the tank to be raised from its ini-
tial position and re-attached higher up the course to en-
able completion of the vertical welds.

The API Code does not include guidance on the size of shell
plates.

Cutting plates by shearing, which are to be eventually butt-
welded is limited to a thickness of 10 mm by the BS and API
Codes, except that by agreement with the purchaser, the API
code extends this to 16 mm. The limitation is imposed in order
to ensure a good clean joint surface for the subsequent
butt-welding.

Plates may be also be trimmed to size using oxy-acetylene cut-
ting equipment or by the use of a planning machine.

The weld edge preparation may also be completed using the
above methods and there is also a machine available which has
serrated clamping rollers allowing it to crawl along the edge of
the plate while machining the weld bevels as it progresses
along the plate. This machine has the advantage of being able
to work on both flat or curved plates.

Rolling of the shell plates to the correct curvature is important in
order to obtain a good cylindrically shaped tank. Arguably it is

However, with the present day demands to produce goed qual-
ity, good-looking tanks, without flats and wrinkles, most fabrica-
tors roll all their shell plates.

Several plate mills have provided themselves with fabrication
facilities or they have teamed up with a local fabricator enabling
them to offer edge prepared, rolled and surface finished plates
plates ready for direct delivery fo site.

Having rolled the shell plates, it is advisable to ensure that they
do not loose their shape during storage or transportation and to
stack them in purpose-made curved cradles, or if only one-off
short journeys by lorry are involved, then they should be
chocked with baulks of timber on the bed of the lorry. When
transporting by sea, it is worth employing a stevedoring com-
pany which is experienced in handling the export of large bun-
dles of steel plates, as the consequences of their unfamiliarity
can be disastrous, as is witnessed by the photographs in Fig-
ures 11.2 and 11.3.

Figure 11.2 Shell plates stacked awaiting shot blasting and priming
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Figure 11.3 The same plates on the quay before loading on board prior to delivery
to the docks

These plates had to be returned to the fabrication shop for
re-rolling, an expensive and frustrating experience all due to a
lack of understanding of materials handling by the shipper.

11.5 Roof structures

After the various structural components comprising the roof
structure have been fabricated, the normal procedure is to
erectone complete bay of the structure on the shop floor. This is
in order to check the radius of the structure, the chord lengths of
the purlins and the main shell attachment brackets. Any dis-
crepancies found in the structure are far more easily rectified on
the shop floor rather than at site where the structure may be be-
ing erected at, say a height of 20 m.

11.6 Tank appurtenances

Nozzles and manholes are normally pre-fabricated in the shop
such that the flanges are welded to the barrels and the reinforc-
ing plates rolled to suit the tank radius but supplied loose.

Staircases which have stringers rolled to a helical shape, usu-
ally have one section of staircase bolted up with the treads. This
is temporarily erected in the fabrication yard, to allow the cylin-
drical radius and overall lift to be checked and also to ensure
that the treads are truly horizontal.

Nozzles which require to be post weld heat-treated (PWHT) are
shop-welded into the relevant shell plate (or part shell plate)
and sent to the PWHT oven. It is advisable to fit temporary stiff-
eners to the shell plate so that it keeps its shape and doesn't
warp whilst being heat-treated.
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If there are a number of nozzles requiring heat treatment then it
is advisable, if possible, to keep these together in one shell
plate.

Clean-out doors are completely shop-fabricated and PWHT
prior to being sent to site.

All fabrications should be dimensionally checked before and af-
ter post weld heat treatment.

11.7 Surface protection for plates and sec-
tions

It is common practice to protect the surfaces of carbon steel
materials by shotblasting or pickling, to remove mill scale and
then to prime with a suitable primer to prevent surface deterio-
ration. Pickling is rarely performed nowadays due to Health &
Safety requirements and the difficulty of disposing of exhausted
pickling fluids. This makes the final painting easier on site as
only sweep, or pencil blasting is required prior to applying the fi-
nal paint system.

Care has to be taken to ensure that the shop-applied system is
kept clear of those areas, which will be welded on site, and
these must be masked during the priming operation. Alterna-
tively, instead of masking the edges, a weldable primer can be
used but this will depend upon whether this suits the final paint
system.

11.8 Marking

To enable the various fabricated components to be assembled
together correctly on site, each part has to be marked with a
unique numbering system which relates to a marking plan
made up in the drawing office or template loft. The marking plan
shall also identify the position that the markings must occupy on
the various components. Hard stamping may be used but the
symbols should not be less than 13 mm high and low stress
stamps with a minimum nose radius of 0.25 mm should be
used. Plates less than 6 mm thick should not be hard-stamped.
Where hard stamping is used, the position of the marks is usu-
ally ringed in paint to identify where these small markings are on
the components.

Markings in paint or ink should be at least 50 mm high and care
must be taken to ensure that the composition of the marking
materials will be compatible with the materials being marked
and the product, which will be eventually stored in the tank.

Shell plate markings should be on the inside surface of the
plates.
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12 Erection considerations for
ambient temperature tanks

Tank constructors are fortunate beings within the construction industry, in that they are not
usually responsible for the construction of the tank foundation and accordingly there is a clear
demarcation of responsibility between the civil contractor and the tank contractor. Everything
below the top finished surface of the foundation is the responsibility of the civil contractor and
everything above the responsibility of the tank contractor.

This Chapter discusses the various elements involved in the construction of the tank after
handover at the foundation.

Contents:

12.1 The foundation
12.1.1 Foundation tolerances
12.1.1:1. BS 2654
12.1.1.2 API 650
12.1.1.3 prEN 14015 - 1
12.2 Building a tank
12.2.1 Laying the floor
12.2.2 Erecting the shell by the traditional method
12.2.3 Tolerances
12.2.3.1 Radius tolerances
12.2.3.2 Peak and banding
12.2.3.3 Plate misalignment

12.3 Floating roofs

12.4 Wind damage
12.4.1 Safety measures against wind damage

12.5 Shell welding sequence
12.6 Joints in wind girders

12.7 The roof structure
12.7.1 Roof plating
12.7.2 Welding sequence

12.8 Erecting the shell by the jacking method

12.9 Other forms of construction
12.9.1 Column-supported roofs
12.9.2 Pre-fabricated roof section
12.9.3 Air lifting a roof into position
12.9.4 Floating roofs
12.10 Inspecting and testing the tank
12.10.1 Radiographic inspection
12.10.1.1 BS 2654
12.10.1.2 API 650
12.10.1.3 prEN 14015 - 1
12.10.2 Floor plate joint testing
12.10.3 Shell-to-bottom joint testing
12.10.4 Fixed roof plate joint testing
12.10.5 Floating roof testing
12.10.6 Testing of shell nozzles and apertures
12.10.7 Hydrostatic tank testing
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12.1 The foundation

The inspection of the foundation prior to its acceptance by the
tank contractor is the firstimportant decision to be made by him
before commencement of erection and the following areas
should be checked carefully:

e The diameter of the foundation is large enough for the tank.
It has been known for a foundation to be constructed exactly
as the tank diameter without allowance for the overlap of the
floor beyond the shell.

e The civil contractor has clearly marked the cardinal com-
pass points on the periphery and the centre point on the
foundation.

s The slope (if any) of the surface of the foundation matches
that of the tank floor design.

e The holes or cut-outs for the sump(s) are in the correct
place.

e The surface of the foundation meets the allowable level tol-
erances given in the relevant Code.

e The positions, dimensions and condition of any anchor
bolts, straps or pockets should be checked as acceptable.

12.1.1 Foundation tolerances

The part of the foundation which supports the shell receives
most attention in the Codes. This is because differentials in
level in this area can lead to the erection of a distorted shell.

The Code requirements vary slightly and a summary is given
below. Tolerances at the periphery of the foundation under the
shell plating are as follows:

12.1.1.1 BS 2654

The maximum differential in level between any two points 10 m
apart measured along the periphery shall not be more than + 6
mm with a maximum between any two points on the periphery
of £ 12 mm.

12.1.1.2 API 650
For foundations having a concrete ring wall:

The maximum differential in level between any two points 9
m apart measured along the periphery shall not be more
than + 3 mm with a maximum between any two points on the
periphery of £ 6 mm.

For foundations which do not have a concrete ring wall:

The maximum differential in level between any two points 3
m apart measured along the periphery shall not be more
than + 3 mm with a maximum between any two points on the
periphery of £ 13 mm.

For foundations formed by a concrete slab:

The area of the foundation measured 300 mm radially in-
wards from the outside of the tank towards the centre (or the
width of the annular ring of floor plates) shall comply with the
requirements above for ringwalls. The remainder of the
foundation shall be within + 13 mm of the design shape.

12.1.1.3 The European Code prEN 14015 -1

The difference in level between any two points 5 m apartaround
the periphery of the tank shall not be greater than 0.1% of their
peripheral distance.

This is not as stringent as the BS and AP| Codes. Take for ex-
ample a tank shell having a circumference of 80 m (25.5 m di-
ameter). This gives 16 points around the periphery at 5 m apart.
There could be a constant fall between each of eight points
(from 0° to 180°) of 5 mm giving a total fall across the base of 40
mm. This presupposes that there will be a identical rise in level
over the remaining section (180° to 360°). The maximum differ-
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ential across the base of 40 mm is three times that allowed by
the BS and API Codes, when considering foundations without
concrete ringwalls. Admittedly an extreme case has been sited
here but extreme cases do sometimes occur.

The European Code does however go on to say that “The toler-
ance the erector accepts on the inclination or slope of the foun-
dation shall be such as to enable the final vertical tolerances of
the tank to be achieved”. If this loose approach to allowable tol-
erances is not tightened up in the Code, then it will surely lead
to heated arguments between the civil and tank contractors on
the hand-over of the foundation, as to what is acceptable.

The surface of the foundation, other than the area under the
shell plating shall be to the following tolerances:

The sag in the as built surface measured with a 3 m long
straight edge shall not exceed 10 mm.

The difference between the design level and the as-built level
shall not exceed the following values :

Diameter of tank, ‘D" (i} Difference in ‘design’ to ‘as-built' levels

D<=10 10
D>10to<=50 D /1000
D> 50 50

12.2 Building a tank

As with most construction tasks there is always more than one
way of carrying out the various stages of the work to effect a
successful completion.

Also method statements, risk assessments, safety procedures
and numerous other forms of documentation have to be pro-
duced prior to opening up the site but these aspects will not be
dealt with here, otherwise Storage Tanks & Equipment will con-
sume another tree !

The following sequence for the construction of storage tanks
has been used for many years and is offered here to give the
reader a reasonable understanding of how a tank is built.

12.2.1 Laying the floor

Taking the case for a standard lap-welded floor, with or without
annular plates, the process is as follows:

Using the foundation centre point, the outer radius of the
tank floor is scribed onto the surface of the foundation and
the floor start mark given on the drawings is orientated from
the cardinal points given by the civil contractor.

If the underside of the plates is to be painted (usually with a
bitumen solution) this should be applied as they are laid.

Annular plates must have the correct weld gaps and after
laying and tack welding in position, each one must be
checked to ensure that the outer edges are the correct dis-
tance from the centre of the foundation. They should be
welded as soon as possible after laying. The annular butt
joints should be pre-set by lifting and chocking them about
150 mm above the foundation, this will minimise distortion
during welding. They can be left in this position until the
completion of the required radiographic inspection.

The centre strake of the rectangular plates is laid, com-
mencing with the centre plate being placed on the line of the
floor setting out line. The remaining plates in this strake are
then laid from the centre out to the periphery. The strakes ei-
ther side are laid in a similar way and finally the outer sketch
plates are put in place. During the whole of this process,
care has to be taken to ensure that the minimum laps are
maintained between the plates which is normally = > 5 x
plate thickness.
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Figure 12.1 Laps in floor plates where three thicknesses occur

To avoid plate distortion, it is important to weld the plates in the
following sequence:

First weld the annular plate butt joints.

Then, starting at the centre of the floor, weld the short trans-
verse lap joints working outwards each side of the centre to the
periphery of the floor.

Repeat this sequence for the strakes of plate each side of the
centre strake.

Similarly, repeat again on the strakes adjacent to those last
welded until all the transverse welds are completed.

The longitudinal joints are now welded, starting at the centre of
the floor and working outwards to the periphery from each side
ofthe floor centre line which is transverse to the setting out line.

Where three thicknesses occur in the floor lap joints the upper
plate is joggled, or cut and joggled as shown in Figure 12.1.

The outer edge of floors which do not have annular plates, are
joggled and welded (as illustrated diagrammatically in Figures
12.2 to 12.4) according to the following procedure:

1) Tack weld the plates in position and weld a light pass 230
mm long, welding towards the tank centre (Figure 12.2).

2) Puta 200 mm wide joggle plate under the joint and ham-
mer the joint to joggle the lower plate (heating the plate will
assist the process), (Figure 12.2).

3) Complete the welding in the area of the joggle, by welding
towards the centre of the tank, (see Figure 12.3).

J Light pass

e {

e )

Joggle plate

Figure12.2 Joggling and welding of outer floor edges

Figure12.3 Welding in area of joggle

Remove reinforcement
in way of the shell plate

Figure12.4 Flushing off joint
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Cleat cut from scrap

Carrot wedge

Blank nut

Flat wedge or scrap
laid flat or on edge

Carrot wedge

Crow bar

Scrap plate

o

Blank nut

Figure12.5 Different types of erection equipment

4)  Flush off the joint with weld metal and grind flush where the
shell passes over the joint, (see Figure 12.4),

Care has to be taken when laying rectangular plates on conical
shaped foundations because the plate laps will “scissor” giving
varying overlaps between adjacent plates and these laps have
to be checked to ensure that the minimum lap dimension is
complied with.

The plates forming the lap joints have to be kept in close contact
while being welded and one way is to use concrete-filled oil
drums which can be rolled along the joints while being
tack-welded. Other methods using different types of erection
equipment are shown in Figure 12.5.

On completion of the welding of the floor, the required number
of annular butt welds must be inspected by radiography and all
the weld seams vacuum box-tested for leaks by the method
given in Section 12.10.2. The erection of the shell plating can
now commence.

12.2.2 Erecting the shell by the traditional method

Stacks of shell plates are laid just outside the foundation area.
Each stack consists of one plate from each shell course with the
inside surface uppermost and the bottom edge of the plates
nearest to the foundation. The bottom course plate is on the top
of the stack, the second course next and so on, with the top
course plate being at the bottom of the stack. Timber chocks
are put under each end of the stack to preserve the plate curva-
ture.

Blank erection nuts are accurately positioned and welded to the
inside of the plates as they lie on the stacks. Each plate usually
has six nuts along each horizontal edge and two on each verti-
cal edge. The nuts are welded on three sides only , but the nuts
that are used as lifting points are welded all round. These nuts
are used to attach the plates of each course together and to
connect each course to the one above using key-plates and
carrot wedges.
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Figure12.6 Welding of blank erection nuts to the shell plates
Courtesy of McTay

Welding of blank erection nuts to the shell plates is shown in
Figure 12.6. (Plates were stacked in the tank in this case be-
cause of a shortage of storage space around the foundation.)

Clips which will be used to mount the tank erection staging on
are also positioned and welded to the inside face of the plates.

Figure 12.7 shows the positions of the various pieces of erec-
tion equipment.

The inside radius of the shell plates is scribed accurately on the
floor plating. Two rings of blank nuts are welded to the floor
plates at 600 to 900 mm pitch along the line of the scribed ra-
dius, the inside nuts set about 20 mm from the line to allow for
wedging and the outside nuts the thickness of the bottom
course away from the scribed line. These nuts are welded along
one long and one short side only.

The shell start mark, for the bottom course vertical joints, given
on the tank drawings, is accurately marked on the floor and the
first course of shell is lifted plate by plate into position. Care
must be taken to keep each plate of this first course vertical us-
ing angled stays welded to the plates and floor.

Each plate is keyed to the adjoining plate using key-plates and
carrot wedges as shown in Figure 12.7. The required weld gap
between plates, whichis usually 3 or 4 mm, is maintained by the

Cairat wedge la_ Shell plate
Biank nut welded
1o shall

182 x 78 RS.C.
ko

Shell faired up with
Strongback if required

* Blank nuts fully welded
and used as lifting points

Clip welded on top edge
and 20 mm to one side

One ring of clips:
on each course

S =e e e

ot

P o VO T W R M A < 4,

Figure 12.7 Positions of various pieces of erection equipment
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Figure 12.8 Key-plates and shims on a vertical joint
Courtesy of McTay

use of shim plates of that thickness and flat wedges. Key-plates
and shims on a vertical joint is shown in Figure 12.8.

12.2.2 Tolerances

After completing the erection of the first course it is checked for
compliance with the allowable Code tolerances.

There are slight differences between the Codes regarding the
magnitude of allowable erection tolerances and the erection
contractor must familiarise himself with those of the Code to
which the tank is being built. In particular, the European Code is
very detailed in this respect.

By way of example the BS Code requirements are quoted be-
low.

12.2.2.1 Radius tolerance

The internal radius measured horizontally from the centre of the
tank at floor level shall not vary from the nominal internal radius
by more than:

I Tank diameter (m) Allowable deviation on radius (mm)

<=125 $:13
>125<=45 +19
>45 +25

So for a 30 m diameter tank £19 mm on radius gives a £38 mm
tolerance on diameter.

The plates of the course must be vertical to within 1 in 200.

For, say a 2 m wide course this would allow out of verticality of
+10 mm.

This standard of verticality applies to each course erected and
also to the overall height of the shell.

12.2.2.2 Peaking and banding

There must be no significant change in the shape of the tank at
the joints between adjacent shell plates.
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For vertical joints any deviation is termed “peaking” and this is
measured using a 1 m long horizontal sweep board made to the
correct radius of the tank.

For horizontal joints, the deviation is called “banding” and is
measured witha 1 m long vertical straight edge sweep board. -

The maximum allowable deviation to the BS Code for horizontal
and vertical joints is:

Plates <=12.5 mm thick : 10 mm
Plates >12.5 mm < =25 mm thick : 8 mm
Plates > 25 mm thick : 6 mm

12.2.2.3 Plate misalignment

Plates which are joined by butt welding shall not be misaligned
by more than the following:

For completed vertical joints:

Plates <= 19 mm thick, 10% of the plate thickness,
or 1.5 mm whichever is the larger.

Plates > 19 mm thick, 10% of the plate thickness,
or 3 mm whichever is the larger.

For completed horizontal joints:

Plates <=8 mm thick, 20% of the upper plate thickness,
or 1.5 mm whichever is the smaller.

Plates > 8 mm thick, 20% of the upper plate thickness,
or 3 mm whichever is the smaller.

The above misalignment tolerances assume that the centre
lines of all course thicknesses are coincident with each other.
Thatis to say, the step in thickness between courses of different
thickness is the same on the inside of the tank as that on the
outside. However, for large diameter floating roof tanks it is of-
ten a requirement to have the inside face of all courses flush
with each other in order to give a smooth surface for the roof
seal to actagainst. In these cases the step due to the difference
in thickness is all on the outside of the shell.

12.3 Floating roofs

For ease of construction access, it is common practice for tank
erectors to build the floating roof on the floor of the tank after
one, or maybe two shell courses have been erected. Alterna-
tively the complete shell may be erected and an access “letter
box" is formed in the shell by leaving plates out of the bottom
and second courses.

On completion of the floating roof, the BS Code states that the
gap between the rim of the roof and the shell shall not exceed
+13 mm from the nominal gap.

The Code goes on to say that at any other elevation other than
that which it was erected, the difference in gap should not ex-
ceed 50 mm, or such other value as may be agreed between
the purchaser and the manufacturer for a particular seal
design.

Having completed all the above checks and the first course is
set correctly, it should be lightly tack-welded to the floor plates
to prevent any high winds from causing the shell to lift and
spring over the retaining nuts.

The positions of the manholes in the first course should be ori-
entated on the shell and the openings cut to facilitate the move-
ment of men and materials into and out of the tank.

Each successive course is erected in turn on the preceding
course, using the same key-plate and shim method for the verti-
cal and horizontal seams. The gap between the vertical joints in
adjacent courses is normally ! of a plate length, staggered
clockwise or anti-clockwise but the minimum gap should not be
less than 300 mm. The shell is completed by fitting the curb an-
gle or compression plate to the top course.

12 Erection considerations for ambient temperature tanks

Access staging for the erection personnel is erected on the in-
side of the shell. The staging brackets are attached to the shell
plates using clips which must be securely welded to the shell by
welding along the top edge and 20 mm down one side, this, to
prevent the clips from being levered off the shell when moving
the staging brackets.

Normally a three plank width of staging with handrails, stan-
chions and toe boards is erected and this staging is moved up
the tank as each course is erected. Typical access staging is
shown in Figure 12.9.

Figure 12.9 Access staging on the tank shell
Courtesy of McTay

12.4 Wind damage

The one thing a tank contractor fears most is high winds, be-
cause an uncompleted or partially erected and welded tank is
very vulnerable to severe damage from high winds as the se-
quence of photographs in Figure 12.10 demonstrates.

The tank in question was 22.5 m diameter x 16 m high.

Figure 12.10 Example of severe wind damage to a tank
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Figure 12.10 Example of severe wind damage to a tank (continued)

12.4.1 Safety measures against wind damage

s Never leave a uncompleted shell course at the end of the
working day even if it means working late to complete it.

s Guy-offthe tank during windy weather and when leaving the
tank overnight, as illustrated in Figure 12.11. An effective
method of guying a tank is by using ‘Tirfor’ wire tensioners
on guy wires which are connected to the shell by welded
cleats or clamps and into the ground with multi staked an-
chor bars, or alternatively large concrete blocks may be
used as anchor points.

s The tank erection staging can be adapted to form a tempo-
rary wind girder by clamping the ends of overlapping stag-
ing boards as shown in Figure 12.12.

« Temporary steel angle wind girders stitch-welded to the
shell will greatly assist in resisting buckling of the shell due
to high winds. These girders can be repositioned on the
shell as erection progresses.

e Erect the first three shell courses in the usual way and take
the safety precautions given above during this erection pe-
riod. At this juncture, cease erection and weld the vertical
joints in the first two courses but only 75% of the third
course, leaving the upper 25% free for fairing up to the
fourth course when it is erected. The first two horizontal
joints are then welded. This method makes the shell much
stiffer and more able to withstand high winds.

On completion of this partial welding, the shell erection recom-
mences and the procedure is repeated until the whole shell is
erected.
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Eye of guy rope shackled
2 anchor bars ta centre of anchor bar
staked to ground

Cleat welded to shell

Pullay block
41 mm dia. wire rope

tatonne Tirfor wire tensioner Tank shell
shackled to anchor bars

Plan view
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Clamp used for
Not greater than 35° intermediate courses

g

7l T
Elevation

Tank guying method

rary

Figure 12.11 An effective method of guying a tank

Staging boards clamped togsther by driving
acarrot wedge into the slotted hole in the
‘clamping hook

pleeal L

el
b

Section ‘A - A'
{handrail stanchion omitted for clarity)
Staging bracket

Board lap points at staging brackets

Key plan showing arrangement of staging boards

Figure 12.12 Clamping the ends of overlapping staging boards

12.5 Shell welding sequence

The following sequence is based on manual welding although
the principles are just the same when using automatic welding
machines, except that when welding with the latter, the weld

seam is completely welded in one pass.

To ensure the minimum amount of distortion in the welded shell,

thereis a very simple rule which should be followed and this is:

e Fair up, tack, removing the shims and key plates as this
work proceeds and then fully weld the vertical seams on two
adjacent courses before fairing, tacking, removing the erec-
tion gear and welding the horizontal seam between them.

If this procedure is followed, and assuming the correct welding
procedure, electrodes and heat input is adhered to, then a

good-shaped shell will be the result.

This sequence can be adhered to when following the “three
course” erection procedure described in the preceding para-
graph and also when erecting by the “jacking method” de-

scribed later.
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However, where a shell has been completely erected using the
conventional erection aids, then for expediency, a variation of
the above ideal sequence is often used as follows:

e On completion of the erection of the whole shell, the shell
erectors will leave a complete ring of access staging on the
top course on the inside of the shell.

e The welders commence welding the shell from the outside
using access staging which they erect as they proceed up
the tank. The sequence of welding is as described above,
i.e. weld two courses of vertical seams and then the hori-
zontal seam between them. However these welds are not
welded on the inside at this stage.

e The welders arrive at the top of the shell having completed
all the external welding.

e These welds have now to be back-gouged from the inside
by pneumatic chipping, grinding or air arcing the root of the
welds to sound metal. This commences at the top of the
tank, using the access staging already left in place by the
erectors. The welds are then cleaned down from the top to
the bottom of the tank.

e The welders then complete the welds working from the bot-
tom to the top of the tank.

Using this sequence means that at the completion of the shell
welding, there are two rings of access staging at the top of the
tank, one on the inside and one on the outside. These may now
be used by the erectors whilst erecting the roof structure and
plating.

For manual metal arc welding, the British and American Codes
require that hydrogen-controlled electrodes be used for
courses constructed in the range of higher tensile steels and
the Code specific requirements should be referred to especially
for courses over 12.5 mm thick.

The specific requirements regarding welding are extensively
covered in the Codes with regard to: weather conditions, pre-
heating, storage of electrodes, cleaning of welds, allowable un-
dercut, back gouging, weld repairs etc., and the reader is ad-
vised to refer to the relevant sections of the Code for these
details.

12.6 Joints in wind girders

The butt-welded joints between the sections of wind girder
should not run into the surface of the shell plating as this can
cause undesirable defects in the surface of the shell. To pre-
vent this, “mouseholes” are cut at the joints as shown in Figure
12.48:

12.7 The roof structure

Having completed the erection of the shell the roof structure is
now installed. Assume that the structure in this case is a
trussed type as described earlier in Chapter 5 .

Figure 12.13 Mousehole at joint between wind girders

12 Erection considerations for ambient temperature tanks
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Figure 12.14 Completed structure with king post removed
Courtesy of McTay

Atemporary king postis erected on a load spreading grillage at
the centre of the tank floor and guyed-off to the periphery of the
floor using wires and 'Tirfor’ tensioners. Vertical adjustment is
provided by two hydraulic jacks placed either side of the post on
the grillage which act againstlugs welded to the post. Ascaffold
tower is constructed around the king post to give personnel ac-
cess to the top of the post.

The centre bobbin of the structure is secured to the top of the
post and the roof trusses are lifted and bolted into position, the
shell brackets being landed on previously marked positions on
the inside of the shell and toggled in place with erection equip-
ment prior to finally welding the brackets to the shell. The com-
pleted structure, with the king post removed is shown in Figure
12.14,

Variations of this procedure are as follows:

e On the tank floor, erect two adjacent trusses to the centre
bobbin and fit the purlins, secondary and tertiary rafters.
This assembly is lifted using a mobile crane and placed on
to the king post and the shell brackets connected to the
shell. This gives a fairly rigid framework to work off when fit-
ting the subsequent individual trusses etc.

e Dispense with the king post and erect the complete struc-
ture on the floor of the tank leaving the shell brackets loose.
Using two or more mobile cranes, the complete structure is
lifted to the correct level and secured to the top of the shell.
This is shown in Figure 12.15. The lift has to be carefully
monitored to ensure that all cranes take the same load and
that the structure is lifted evenly. The erection supervisor

Figure 12.15 Four cranes lifting a 33 m diameter roof structure
Courtesy of McTay
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has to be in radio contact with all the crane driversin order to
pass instructions to them as they cannot see how the lift is
progressing from their position outside the tank. Also prob-
lems may be encountered in ensuring the lift for this method
of erection.

12.7.1 Roof plating

The centre crown plate is laid first followed by the centre strake
across the tank diameter. This strake is laid from each side the
crown to the curb, all laps being a minimum of 5 x the plate thick-
ness and towards the centre of the tank (opposite to the way
tiles lie on the roof of a building). All plates are tack-welded to-
gether, but not attached to the roof structure. The two strakes
adjacent to the centre strake are then laid in the same se-
quence and these strakes are also lapped towards the centre of
the tank and tack-welded in position. This sequence is repeated
until the whole roof is sheeted. The outer roof sketch plates are
flame cut to suit the curvature of the curb angle.

Some of these sketch plates may be temporarily removed to al-
low light into the tank while other operations are being per-
formed inside the tank.

12.7.2 Welding sequence

The short transverse laps of the centre strake are welded first,
starting at the crown and working out towards the curb except
that the lap to the sketch plates is not welded yet.

This sequence is repeated on the two adjacent strakes to the
centre strake and so on until all the short transverse laps are
welded, with the exception of the outer sketch plates.

The longitudinal laps between the centre strake and the two ad-
jacent strakes are then welded, starting at the crown and work-
ing towards the curb. The welding stops short of the outer
sketch plates. This sequence is continued until all longitudinal
welds are complete except for the sketch plates and the weld
between the roof plating and the curb angle.

The laps of the sketch plates are welded next, starting with
those furthest away from the centre strake, and working around
clockwise and anti-clockwise to the outer ends of the centre
strake. Finally the periphery of the roof plating is welded to the
curb angle.

The positions for the roof nozzles and fittings can now be
marked off and the roof sheeting flame-cut to allow them to be
welded into position. Two tanks nearing completion are shown
in Figure 12.16.

12.8 Erecting the shell by the jacking
method

This method is gaining in popularity because it keeps the con-
struction activities at a lower elevation and is therefore safer for
the construction personnel.

The foundation checks and the erection and welding of the floor
is as previously described but the shell is erected in a com-
pletely different way. Depending upon the overall height of the
jacks being used, the top two, or maybe three shell courses are
erected and welded in the conventional way and the roof struc-
ture, sheeting and nozzles are completed.

The tank designer will have calculated the number of jacks that
are required giving due regard to the overall weight of the tank
shell (excluding the bottom course) the roof structure, sheeting
and fittings and also taking consideration of the effect of high
wind loads on the tank.

The jacks consist of a vertical post which has a specially de-
signed hydraulic jack which climbs up the post carrying the
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Figure 12.16 Two 25 m tanks nearing completion
Courtesy of McTay

L e e
Figure 12.17 Arrangement of hydraulic climbing jacks
Courtesy of McTay

weight of the tank with it. The tank s lifted in stages until itis high
enough for another course of shell to be erected beneath the
previous one, this can be between 1.5 to 2.5 metres.

The jacking posts are fixed to the tank floor on a load spreading
pad and secured in position by two raking struts set at 45° each
side of the post, these also being fixed to the floor plating, as
shown in Figure 12.17.

As each course is erected, the vertical joints are welded fol-
lowed by the horizontal joint between the adjacent courses. It
can be seen from Figures 12.18 and 12.19, that all the work is

Figure 12.18 Tank being erected by the jacking method
Courtesy of Whessoe
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Figure 12.19 Tank being erected by the jacking method
Courtesy of Whessoe

carried out virtually at ground level and is therefore much safer
for the construction personnel.

12.9 Other forms of construction
12.9.1 Column-supported roofs

Column-supported roofs have to have the columns guyed-off
correctly during erection as the partially erected roof is vulnera-
ble to a spiral type of collapse. Figure 12.20 shows a partially
erected column-supported roof.

12.9.2 Pre-fabricated roof section

On smaller tanks it is possible to completely erect the roof on to
the top course of the shell and then to lift this section on to the
remaining shell. The vertical shell butts in the adjacent courses
are only welded for 75% of their length to allow for fairing up
when the two sections are joined. An example of a pre-fabri-
cated top section being lited into place is shown in Figure
12.21.

12.9.3 Air lifting a roof into position

This method is used for large diameter dome roof tanks.

The roof-to-shell compression area has to be of the type which
has a conical roof section as shownin Chapter 5, Section5.4.1.

The roof structure and sheeting is completely constructed on
the floor of the tank and a temporary air tight seal is fixed to the

Figure 12.20 A partially erected column-supported roof
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Figure 12.21 A pre-fabricated top section being lifted into place
Courtesy of McTay

periphery of the roof, to seal the small gap between the roof and
shell. This seal is formed by a thin flexible membrane material.

A number of steel guide cables are fixed to the centre of the
floor, led vertically through sealed apertures in the crown of the
roofand across the external surface of the roof plating to the pe-
riphery of the roof where they are led through pulleys and verti-
cally to anchor frames above the top of the shell.

High efficiency electric fans are connected to the shell man-
holes and these pressurise the area under the roof and cause it
to lift within the shell. Only about 6 to 10 mbar air pressure is re-
quired to move the roof, and as it rises, the friction between the
guide cables and the roof plating stabilise the roof and keep it
level during the lift. At the top of the tank, the roof comes up
against the underside of the compression area and is tempo-
rarily toggled into position ready for the final welding of this lap
joint.

Figures 12.22 to 12.25 show the sequence of events.

12.9.4 Floating roofs

The floating roof is built at some level above the tank floor and
access to build it is gained either over the shell, by restricting
the erection of the shell to the bottom and maybe the second

Figure 12.22 31 m diameter dome roof under construction
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Figure 12.23 31 m diameter dome roof ready for the air lift (quide cables can
be seen at the roof centre)

Figure 12.25 The dome roof being secured prior to final welding
course, or by leaving plates out of the bottom two courses of the
completed shell thus forming an access “letter box". The former

method is to be preferred as this affords easier crane operation
and direction by the banksman.

Two erection methods are outlined as follows:
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1)  Asetofvertical square or round support pins are weldedto
the tank floor in a grid formation on which the roof plates
are placed. The height of each pin is calculated to allow for
any floor slope and the contour of the roof, the minimum
height being that amount by which the support leg hous-
ings protrude below the underside of the roof plating.

The roof is built on this matrix of pins and when complete,
water is pumped into the tank and the roofis floated up to a
level whereby the support legs can be dropped into place
and pinned (usually in the high, maintenance position).

The water is then drained out and the support pins re-
moved and any drain lines, heating coils etc. can be fitted
to the floor area.

A series of illustrations showing parts of the erection sequence
are shown in Figures 12.26 to 12.32.

Construction note: There is a variance between the Codes in
the requirements for the single side fillet welding of the bulk-
heads between pontoons to the inner and outer rim plates and
to the top and bottom pontoon plating, (see Figure 12.30).

The BS 2654 Code requires single side fillet welding to the in-
ner and outer rim plates and to the bottom pontoon plate but al-
lows the joint between the bulkhead and the top plate to be left
unwelded.

Rl e e

Figure 12.26 Laying the bottom deck of a 36 m diameter
roof

Courtesy of McTay

Figure 12.27 Bulkheads and top deck stiffeners of a 36 m double deck floating
roof

Courtesy of McTay
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Figure 12.31 20 m diameter single deck floating roof, completed, with support

Figure 12.28 Top deck of 36 m diameter double deck floating roof being fitted legs in position, ready ta be floated up to its correct elevation
ol Courtesy of McTay

Courtesy of McTay

: curely in place with scaffold poles and clips. The roof is
completely erected and welded on these supports and all
the roof support legs, nozzles, manholes etc., are fitted to
the roof. Once the legs are in place and pinned in position
the supports and scaffolding is removed from the tank
through the shell manholes, (see Figures 12.33 and
12.34).

When a single deck roof is constructed using this method, the
outer rim of the pontoons is usually supported off temporary
brackets welded to the shell.

Figure 12.29 20 m diameter single deck roof pontoons being erected on “pins”
Courtesy of McTay

Figure 12.32 20 m diameter single deck floating roof, at its correct elevation
(the original support pins can now be removed)

Courtesy of McTay

Figure 12.30 20 m diameter single deck roof pontoons being erected on “pins”
Courtesy of McTay

The European prEN Code in addition to the BS requirements
requires this top joint to be welded only on alternate bulkheads.

The API 650 Code requires all four edges to be single side fil-
let-welded.

2) A grid formation of vertically adjustable scaffold supports

(Acrows) are set to suit the final level of the underside of Figure 12.33 A 45 m diameter single deck roof supported off scaffolding
the roof pontoons and deck. These supports are held se- Courtesy of McTay
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12 Erection considerations for ambient temperature tanks

Figure 12.34 Scaffold support system for a single deck type roof of a 45 m di-
ameter tank

Courtesy of McTay

12.10 Inspection and testing the tank
12.10.1 Radiographic inspection

In the interest of brevity and the prevention of boredom, the ex-
act requirements of each of the BS, API and European Codes
are not reproduced here. The reader is advised to consult the
relevant Code for the complete information as required.

Of the three Codes, the BS Code has the simplest approach
and a less demanding quantity of radiography than the other
Codes.

12.10.1.1 BS 2654
Shell joints

The requirements are set out as a percentage of the overall
length of vertical and horizontal shell joints in three thickness
bands.

Annular floor plate joints

The requirement for the annular floor plate butt joints is based
on three thickness bands.

For the thickest plates, all the joints require to be radiographed.

For the mid range, half the number of joints require to be
radiographed.

For the thinner plates, a quarter of the number of joints require
to be radiographed with a minimum of four being required.

12.10.1.2 AP1 650

The API Code has a different approach but the quantity of radi-
ography is generally more than that required by the BS Code.

Shell joints
The vertical joints are divided into three thickness bands.

For the thickest band, the joints have to be 100% radiographed,
plus all T’ junctions have to be radiographed.

For the mid thickness band, one radiograph is reguired in the
first 3 metres of joint, followed by one radiograph in each addi-
tional 30 metres, plus all ‘T’ joints have to be radiographed.

Also for the bottom course only in this band, two additional ra-
diographs are required, one of them being as close to the bot-
tom as possible.

For the thinnest band, one radiograph is required in the first 3
metres of joint, followed by one radiograph in each additional 30
metres.
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For each horizontal joint type and thickness (based on the thin-
ner plate), one radiograph is required in the first 3 metres of
joint, followed by one radiograph in each additional 60 metres.

Annular floor plate joints

For joints which have been welded from both sides, one radio-
graph is required on 10% of the total number of radial joints.

For single-sided butt joints made using a permanent backing
bar (the more usual method) then one radiograph is required on
50% of the total number of radial joints.

12.10.1.3 prEN 14015 -1
Shell joints

Radiography to the European Code is presented in a similar
way to that of the BS Code in that there are three shell thickness
bands, but the amount of radiography is generally greater than
the BS Code within each band.

This Code also differentiates between steel yield strengths.
Steels having yield strengths equal to or more than 355 N/mm?,
require more radiography than those below this value. Also ul-
trasonic examination of certain welds is called for in this Code.

The Code also gives radiographic and dye penetrant examina-
tion requirements for stainless steel shell plates. These are
generally not as extensive as for carbon and carbon manga-
nese steels.

Annular floor plate joints

The Code gives an option to radiograph or ultrasonically exam-
ine the joints to the following extent:

One full length radiograph (400 mm) from the outer edge of the
plate or US examination over the full length of the joint. This
shall apply to one joint in four.

However, for annular plates in steels having a yield stress = >
355 N/mm? and > 10 mm, the requirements are as above but
shall apply to one joint in two.

12.10.2 Floor plate joint testing

On completion of the tank, the floor joints can be tested for
soundness by one or more of a number of methods :

e By the vacuum box method, see Figure 12.35, whereby a
open-bottomed box with a seal around the edge is placed
over a section of the floor joint which has been painted with
a soap solution. A vacuum is drawn in the box which has a
toughened glass top and any leak paths in the joint will show
as bubbles due to air being sucked from under the floor
through the imperfection in the weld.

The recommended vacuum varies between 210 and 350
mbar.

¢ By pumping air underneath the floor at a pressure sufficient
to lift the plates off the foundation. The pressure, which
should not be more than 7 mbar maximum is held by the
construction of a temporary dam of clay or other suitable
material around the periphery of the floor. A soap solution is
then applied to the internal floor joints for the detection of
leaks.

e By the use of a tracer gas and a suitable compatible detec-
tor. The gas is pumped and trapped under the floor in a simi-
lar way to the previous method and the detector is passed
over the joints and senses the escape of gas through any
leaks.

e By the use of dye penetrant or magnetic particle examina-
tion methods.

The most common method favoured by most tank contractors
is the vacuum box method although this is often supplemented
with a dye penetrant or magnetic particle examination.



Steol backing strip
Rubbar former
Rubber seal
Rubber gasket

Figure 12.35 Vacuum box and pump

12.10.3 Shell-to-bottom joint testing

This applies to joints formed with a fillet weld both sides of the
shell plating and they may be checked by one of the following
methods:

e The BS Code is not specific in this area but internal weld is
normally tested for leaks using a vacuum box in a similar
way to that described above for the floor plating. The box in
this case has one side, as well as the bottom missing and it
is forced into the corner formed by the floor and shell and
seals around the open edges of the box give a air tight seal
to the tank. Soapy water applied fo the corner weld prior to
placing the box shows if there are any leaks in the weld.

The problem with this method is that the contractor has to
stock @ number of vacuum boxes to cover the range of tank
shell diameters.

» By the use of dye penetrant or magnetic particle examina-
tion methods.

Contractors usually perform a dye penetrant or magnetic
particle examination the first pass of the internal weld fol-
lowed by an examination by the vacuum box method.

* The API Code requires the first pass internal weld to be
thoroughly cleaned and examined both visually and by ei-
ther the Dye penetrant, Magnetic particle, Vacuum box
method, or by applying a penetrating oil to the gap between
the shell and the floor. This latter alternative is not recom-
mended because of the difficulty in removing the oil prior to
subsequent welding operations. When the weld is found to
be sound, the inside and outside welds are completed and
visually examined for defects.

* Alternatively, after completing the initial weld passes on the
inside and outside, they are thoroughly cleaned and visually
examined. After completing the welds, the space between
them is pressurised with air to 103 kPa and tested with a
soapy solution for leaks.

This method is also included in the European Code for bot-
tom shell plates more than 30 mm thick. The air pressure to
be applied to the void between the welds in this case being
30 kPa.
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However, the API Code further states that by agreement be-
tween the purchaser and the contractor, the above examination
methods may be waived if the following examinations are per-
formed on the entire circumference of the welds:

1)  Visual examination of the initial passes of the inner and
outer welds.

2) Visual examination of the completed inner and outer
welds.

3) Examine the completed inner and outer welds by either:
liquid penetrant, magnetic particle, or right angle vacuum
box and soapy solution.

12.10.4 Fixed roof plate joint testing

The most common and positive method is to pressurise the un-
derside of the roof space when the tank is full of water while un-
der hydrostatic test. For non-pressure tanks, the roof space is
pressurised with air to 4 mbar, when working to the APl Code
and to 7.5 mbar to the BS Code. For low pressure and high
pressure tanks to the BS Code, the air test pressure is 3 mbar
above the design pressure. A soapy solution is applied to all the
welded joints to check for any leakage.

The roof test pressure can be monitored using a simple water
manometer ‘U’ tube made from clear plastic tubing clipped to a
vertical wooden board which can be temporarily attached to the
roof handrailing near the top roof access platform. The tube is
connected to a fitting on the nearest convenient blanked roof
nozzle. Note that 1 mbar = 1 cm of water gauge.

The air supply stop valve must be accessible at roof level and if
there are no pressure & vacuum valves or emergency vents fit-
ted to the roof then an emergency quick release valve must be
fitted to one of the nozzles to enable any excessive build up of
air pressure to be released.

Alternatively, the roof joints may be checked by the vacuum box
method. This may be the preferred method where large vent
openings have been cut in the roof plating of tanks which are to
be fitted with internal floating covers. However, in these cases
the roof joints can be air pressure-tested prior to cutting the vent
apertures. In any event it may be argued that a minute leak path
in a roof weld does not matter where large vent openings are
present in the roof anyway.

The European Code will accept dye penetrant, vacuum box or
an air pressure test as alternative ways of testing roof joints.

12.10.5 Floating roof testing

The centre deck plate, pontoon bottom plate and the rim plate
welded joints should be tested as follows:

BS and API Codes — by spraying with penetrating oil on the un-
derside and checking for evidence of leaks on the top side and
inside of rim plates.

European Code — by the vacuum box method or by dye
penetrant examination.

The fillet welds connecting the bulkheads between pontoons to
the inner and outer rim plates and to the pontoon bottom shall
be examined for leaks using penetrating oil (orin the European
Code, the dye penetrant method) prior to the installation of the
pontoon top plates. When continuously welded, the welds con-
necting the pontoon top plates shall be visually inspected for
pinholes or defective welding. In the case of the European
Code these latter welds must be inspected by the dye penetrant
method.

Compartments which are completely welded can be individu-
ally tested with an air pressure of 7 mbar and a soapy solution
applied to the welded joints under pressure which have not
been previously tested with penetrating oil. The BS and API
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12 Erection considerations for ambient temperature tanks

Codes offer this test procedure as an alternative to the one out-
lined in the previous paragraph.

However the European Code requires that both procedures -

above shall be carried out unless the design of the roof pre-
cludes a air pressure test in which case all welds shall be dye
penetrant tested.

The primary drain system shall be hydraulically tested prior to
the tank hydrotest and the roof drain valves shall be kept open
during the hydrotest and observed for leakage.

During the tank hydrotest, the lower deck, the lower pontoon
deck and all the submerged roof joints shall be observed for
leakage.

Also during the first filling with product the roof decking and
pontoon compartments shall be observed for leaks caused by
the deeper immersion in the stored product which is likely to
have a lower specific gravity than water.

12.10.6 Testing of shell nozzles and apertures

The welds attaching nozzle reinforcing plates to the tank are
tested for leaks by pressurising the space between the shell
plate and the reinforcing plate with air and applying a soapy so-
lution to the welds to detect leaks. The reinforcing plate has a
hole drilled and tapped in it to take the pneumatic connection.

The BS Code states that pneumatic testing of reinforcing
plates is not required unless specified by the purchaser but
when it is specified it shall be done at a pressure of 1 bar.

Not withstanding this statement, it is normal practice for a con-
tractor to pneumatically test the reinforcing plates prior to the
hydrostatic tank test.

The AP| and the European Code require the reinforcing plates
to be pneumatically tested.

The BS and the European Code also require the nozzle welds
to be dye penetrant or magnetic particle tested.

12.10.7 Hydrostatic tank testing

To ensure that the tank is free from leaks, on completion of con-
struction it is filled with water to its design level. What must also
be appreciated is that in testing the tank in this way the founda-
tion is also being proved to take the load from the tank. There-
fore it is vital that the foundation designer is consulted with re-
gard to the allowable rate of loading for the foundation to
prevent excessive settlement or slip failure.

Most tanks in petrochemical service store products with a spe-
cific gravity, (s.g.), less than 1.0 and hence the loading that the
tank experiences during the hydrotest will not be achieved in
service. This effectively assures a factor of safety during the
operation of the tank.

Also the initial hydrotest causes plastic yielding in welds where
there are localised high stress concentrations.

The following matters have to be considered prior to commenc-
ing the hydrostatic test:

1)  Availability of water source on the tank site.

2) s fresh or salt water to be used (salt water has a s.g. of
1.03).

If salt water is used, then the tank must be thoroughly
hosed down with fresh water after being emptied.

A tank fitted with an aluminium or stainless steel internal
floating roof must be tested with fresh water.
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3) Water used for testing a stainless steel tank must be
chemically analysed to determine the pH value, chlorine
content and the presence of any other potentially corro-
sive elements.

4) When the test is conducted during cold weather then the
test water temperature should be checked for suitability
against figure 1 of BS 2654.

5) The rate of fill, the number and duration of dwell periods
during the test and the final period before emptying, is to
be agreed with the foundation designer. Also a datum
foundation survey must be established priorto the test and
settlement surveys taken during the test programme.
Clause A.5 of BS2654 gives very good guidance on this
topic.

6) Establish the maximum tank filling height.

7) The European Code contains advice on the hydrotesting
of tanks which are designed to hold products with a s.g.
greater than 1.0, and this is as follows:

a) Construct a temporary extension of the shell to allow
the test water level to be increased above the design liquid
level. This extension should be high enough to create a
overload of at least 10%.

Authors note: This may be possible for open top tanks
but would appear impractical for fixed roof tanks. Also it
would seem impractical for products having a high specific
gravity. For instance sulphuric acid has a s.g. of 1.84. With
the inclusion of a 10% overload this would require a tem-
porary extension equal to the original height of the tank,
clearly impractical.

b) The first filling with the high s.g. product should be un-
dertaken under careful supervision, observing the same
caution as would apply to the original hydrostatic test. In
the case of tanks constructed of carbon and carbon man-
ganese steels, consideration should be given to using ma-
terials with enhanced levels of notch ductility, i.e. use a
type of steel one or two types higher than would otherwise
be required.

8) Establish a water disposal point and the maximum allow-
able rate for the disposal of the water. Also check with the
local authority for permission to dispose of rust contami-
nated water.

9) When the tank is filled with water to the maximum height
and the roof air test is being performed, the operation of
any pressure & vacuum valves and emergency vents can
be tested.

10) Prior to emptying the tank, all roof nozzles and manholes
which were closed off for the test must be opened up to
prevent a vacuum forming in the tank which could cause
disastrous consequences.

Note: The European Code requires a test for tank stability un-
der negative pressure and the following procedure is
adopted:

After the liquid level in the tank has been lowered to one
metre above the top of the draw-off nozzle, the tank sta-
bility under negative pressure (depressurisation) shall
be tested.

All the openings shall be sealed off except for the nega-
tive pressure valve (pressure/vacuum) and the water
level shall be reduced until the design vacuum is ob-
tained.

Extreme care has to be exercised during this test to en-
sure that the design vacuum is not exceeded as this
could cause a tank collapse.
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13 Foundations for ambient
temperature storage tanks

This Chapter includes a brief review of various considerations relating to foundations for above
ground, vertical cylindrical storage tanks, taken in the main from the tank design Codes.

This is a specialist subject, and those who wish to pursue it in more depth are advised to seek
more detailed material for further study.

Contents:

13.1 Introduction

13.2 Design loadings
13.3 Foundation profiles

13.4 As-constructed foundation tolerances
13.4.1 API 650 requirements
13.4.2 BS 2654 requirements
13.4.3 prEN 14015 requirements

13.5 Site investigations

13.6 Soil improvement

13.7 Settlement in service

13.8 Foundation types

13.9 Leak detection and prevention of ground contamination
13.10 A cautionary tale

13.11 References
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13 Foundations for ambient temperature storage tanks

13.1 Introduction

This Chapter concentrates its efforts on the foundations for
conventional storage tanks, i.e. above ground, vertical cylindri-
cal tanks for the storage of liquids at or above ambient
temperatures.

It is clearly important that storage tanks are provided with suit-
able foundations and there are numerous considerations which
must be taken into account where tank foundations are
concerned:

e The initial shape of the foundation is important to the tank
erector. A level foundation, especially in the area immedi-
ately beneath the tank shell, will make the tank erector’'s
task easier and help to ensure that the finished shell is
made to good shape tolerances. The various design Codes
provide guidance as to acceptable foundation tolerances.

e The behaviour of the foundation in the short term during
tank erection and hydrostatic testing, and during service for
the life time of the tank is important. Excessive or uneven
settlement during erection or testing would clearly be an
embarrassment in terms of cost, time and reputation to all
concerned. Rectification of foundations which are inconve-
niently located beneath tanks is an expensive and time con-
suming business. The tank itself may suffer damage
resulting from the settlement which will exacerbate the
problems.

« Poor foundations may threaten the integrity of the tank.
There have been numerous examples of storage tanks
which have suffered sudden bottom failures as a result of
foundation shortcomings.

« The initial and ongoing costs of foundations must be given
careful scrutiny. A “cheap and cheerful” foundation may ap-
pear less attractive when the costs and service outages as-
sociated with excessive settlement are made a part of the
financial equation.

¢ The costs associated with ground contamination, particu-
larly by oil-based products are such that leak detection and
provisions to prevent ground contamination are now com-
mon, and in certain parts of the world mandatory.

13.2 Design loadings

The loading on the foundations of storage tanks divide into
three separate areas.

s The central area of the base during operation is subject to
uniform loadings from the tank product and non-uniform
loadings arising from the influence of the seismic events on
the contained liquid which are described in Chapter 15. Dur-
ing tank testing this area of the foundation is subjected to
loadings from the hydrostatic head of the test water. For col-
umn-supported roofs, there are point loads associated with
the column feet which are a combination of the self-weight
of the columns plus the relevant parts of the roof loadings.

e The areas of the foundation immediately beneath the tank
shell are the subject of line loadings arising from a combina-
tion of self-weight, insulation weight, wind, snow, vacuum
and seismic loadings.

o Where the tanks are fitted with holding down bolts or straps,
the foundation must be designed to resist the calculated up-
lifts arising from the various loadings. The derivation of
these loadings is described in Chapter 4.

13.3 Foundation profiles

It is usual for tanks to be fitted with drains for reasons associ-
ated with the removal of unwanted impurities such as water bot-
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toms in floating roof tanks, with the need to remove all of the
tank contents quickly for tank decommissioning and for tank in-
ternal cleaning operations.

For tanks fitted with central drain connections, a slope down to
the tank centre sump of a minimum of 1:120 is considered suit-
able. These tanks usually have a drain line running within the
tank, from the central drain to a suitable connection as low as is
possible on the tank shell, This is considered a better arrange-
ment than running the drain line beneath the tank bottom to the
tank periphery. This has been the cause of leakage and ground
contamination problems in the past.

For tanks with one or more peripheral drains and sumps, the
tank bottom must be coned up to the tank centre, and a slope of
1:120 is considered suitable. In setting out the as-built slope,
consideration must be given to the anticipated edge-to-centre
settlement which will occur during hydrostatic testing and
operation.

Tanks with a sloping bottom from one side to the other are quite
unusual, for reasons connected with the difficulties associated
with the cutting and erection of the first course of shell plates.
Again a 1:120 minimum slope taking account of anticipated set-
tlement would be normal.

13.4 As-constructed foundation tolerances

To assist in ensuring that a tank is constructed with a shell
shape as true as is possible, particularly important for floating
roof tanks to prevent roof jamming, it is important that a founda-
tion as close to the design profile as possible, especially around
the periphery, is provided. It is quite usual that the foundation
contractor and the tank contractor are different companies, ei-
ther both employed by the owner, or one as a subcontractor of
the other. The point in time when the foundation is handed over
from one to the other is often a source of a contractual and tech-
nical argument, so it is necessary that clear guidelines are pro-
vided as to what is required. The various design Codes make
efforts to define what is required.

13.4.1 API 650 requirements

API 650 has much to say on this issue in its attempts to provide
clear definitions and it is probably worth repeating these in full.
The Code divides tanks into those with foundations in a hori-
zontal plane (the vast majority) and those with sloping bases.

For the former:

s Where a concrete ring wall is provided under the shell, the
top of the ringwall shall be level within = 3 mm (}3") in any 9

m (30 ft) of the circumference and + 6 mm (%4") in the total
circumference measured from the average elevation

e Where a concrete ringwall is not provided, the foundation
under the shell shall be level within + 3 mm (}") in any 3 m

(10 ft) of the circumference and within + 12 mm (}%2") in the
total circumference measured from the average elevation

e Where aconcrete slabis provided, the first 0.3 m (1 ft) of the
foundation (or width of the annular plate), measured from
the outside of the tank shell radially towards the centre, shall
comply with the concrete ringwall requirements. The re-
mainder of the foundation shall be within £ 13 mm (’2") of
the design shape. It is not made clear if this latter require-
mentis to be applied to the complete perimeter only or to the
whole base slab area. If it is the latter, then this seems an
onerous requirement for the foundation contractor.

For the sloped foundations the elevations around the circum-
ference shall be calculated from the high point and the actual
(measured) elevations shall not deviate from the calculated fig-
ures by more than the following:



e Where a concrete ring wall is provided + 3 mm (}4") inany 9

m (30 feet) of the circumference and +6 mm (%4") in the total
circumference

¢ Where a concrete ringwall is not provided + 3 mm (%") in

any 3 m (10 feet) of the circumference and + 12 mm (12”) in
the total circumference

The Code states that the measurements shall be made prior to
the water test rather than prior to building the tank. If this in-
cludes the foundation tolerances, which it appears to do, then
this is unhelpful in sorting out the possible differences between
contractors and providing well-defined hand over criteria.

13.4.2 BS 2654 requirements

BS 2654 does specifically address the handover of the founda-
tion from one contractor to another and suggests that it is nor-
mal for the owner to provide the foundation to the tank contrac-
tor. It states:

The top of the foundation levels shall be checked at a handover
stage to the tank erector and the differences in level of the sur-
face of the tank foundation between any two points 10 m apart
around the periphery of the tank shall not be greater than + 6
mm and the envelope of the peripheral surface levels shall lie
within 12 mm above to 12 mm below the design levels.

These are locally, and in some cases globally less demanding
that the API requirements.

It does suggest that for floating roof tanks, for the reasons men-
tioned above, that tighter tolerances may be required.

13.4.3 prEN 14015 requirements

This draft Standard also addresses the handover of the founda-
tion to the tank contractor. It requires that, before the erection of
the tank, the erector shall ensure that the location, height,
shape, geometry, horizontal plane or slope, surface finish and
cleanliness of the supporting foundation shall conform to the
following:

e Peripheral tolerances

— The purchaser shall specify the datum height of the
foundation and its permissible variation

— The difference in level between any two points around
the foundation shall not be more than 24 mm

— The difference between any two points 5 m apart around
the periphery of the tank shall not be greater that 0.1%
of their peripheral distance

— The tolerance the erector accepts on the inclination or
slope of the foundation shall be such as to enable the fi-
nal vertical tolerances of the tank to be achieved

¢ Foundation surface tolerances

— The saginthe as built surface measured witha 3 m long
template shall not exceed 10 mm

— The difference between the design level and as built
level shall not exceed the values given in Figure 13.1

This document also has some sensible advice on the provision
of detailed information for any holding-down devices which will
require accommodating in the foundation and for the dimen-
sional checking of anchor pocket positions and the anchor
installation.

13.5 Site investigations

At any site where it is proposed to construct storage tanks, it is
necessary to have knowledge of the sub-surface conditions so
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Diameter of tank Difference
D
m mm
D<10 10
10<D<50 D/ 1000
50<D 50

Figure 13.1 Foundation surface tolerances
From prEN 14015, table 16.2.3

that the ability of the soil to bear the imposed loadings, the ne-
cessity for soil improvements and the anticipated settlements
can be evaluated. Many storage tanks are constructed at
coastal locations on poor estuarine soils with poor load bearing
properties. In these situations it is often found necessary to en-
hance the load bearing properties of the soil, or to modify the
tank proportions to decrease the imposed loadings.

Some storage tanks are built at sites where the nature of the
sub-soil is well known. In these cases much useful information
can be obtained by the study of the performance of similar
structures on these sites.

Where this information is not available, a geotechnical site in-
vestigation must be carried out. The tank design Codes provide
some guidance regarding this matter.

API 650 suggests that the necessary information should be ob-
tained from soil borings, load tests, sampling, laboratory testing
and analysis carried out by suitably experienced persons or
companies, preferably familiar with similar structures in the
same area.

BS 2654 suggests that a site investigation is carried out in ac-
cordance with BS 5930 (Reference 13.1).

prEN 14015 suggests that wherever possible, storage tanks
should be sited in areas where the subsoil conditions are homo-
geneous, and have good characteristics in respect of load
bearing and settlement. Prior to the start of the design and con-
struction of the foundation, a thorough geotechnical investiga-
tion should be conducted to determine the stratigraphy and
physical properties of the soils underlying the site. Measure-
ments should include soil resistivity, conductivity and local wa-
tertable depth and variability. In areas subject to seismic excita-
tions, either the local building regulations should be consulted,
or if these do not provide sufficient data, then a Seismic Hazard
Assessment (SHA) should be conducted by persons or
companies suitably experienced and skilled in this type of work.

The Codes are agreed that certain sites should be avoided, or if
they must be used, perhaps for economic reasons, then must
be subjected to special consideration. APl 650 provides the
most comprehensive list which is as follows:

o Sites on hillsides, where part of a tank may be on undis-
turbed ground or rock, and part may be on fill or another
construction where the depth of fill is variable

s Sites on swampy or filled ground, where the layers of muck
or compressible vegetation are at or below the surface, or
where corrosive materials may have been deposited as fill

+ Sites underlain by soils, such as layers of plastic clay or or-
ganic clays, that may support heavy loads temporarily, but
settle excessively over long periods of time

s Sites adjacent to water courses or deep excavations, where
lateral stability of the ground is questionable

o Sites immediately adjacent to heavy structures that distrib-
ute some of their load to the sub soil under the tank sites,
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thereby reducing the sub soils capacity to carry additional
loadings without excessive settlement

» Sires where tanks may be exposed to flood waters, possibly
resulting in uplift, displacement or scour

s Sited in regions of high seismicity that may be susceptible to
liguefaction

¢ Sited with thin layers of soft clay soils that are directly be-
neath the tank bottom and can cause lateral ground stability
problems

13.6 Soil improvement

If the subsoil is found to be inadeguate for the imposed loads
without excessive or uneven settlement, and the tank cannot be
relocated to another area where the soil conditions are better,
then the Codes are agreed that one of a number of means of
soil improvement may be used:

» Removal and replacement of unsatisfactory material by
suitable compacted fill

e Improvement of the soft or loose material by vibration, dy-
namic compaction or pre-loading with an overburden of
other material

e Sub-soil drainage with or without pre-loading
e Stabilization by chemical grout injection

e Provision of a reinforced concrete raft with or without sup-
porting piles

The design, specification and undertaking of these forms of
foundation improvement should be left to those experienced in
this type of work.

13.7 Settlement in service

The prime function of the tank foundation designer is to provide
a foundation at an economic cost, which will protect the tank
from excessive settlements during its construction, hydrostatic
test and service life. A conventional storage tank may be sub-
ject to a settlement which is made up of a combination of the
following:

e (Global settlement. This is the uniform downward settlement
of the completed structure

e Differential settlements:
— Tilting of the tank across its diameter

— Edge-to-centre settlement along a radial line to the tank
centre

— Differential settlement around the tank periphery

Storage tanks have differing tolerances to these various differ-
ent forms of settlement. The tolerance is also a function of the
tank type and geometry. For tanks built on poor but uniform
soils where the main settlement is global with little accompany-
ing differential settlement, and the connecting pipework has the
necessary flexibility, settlements measured in meters have
been recorded without undue detrimental effects. There are
sites where this order of settlement is a part of the life cycle of
the storage tanks. They are designed with permanent shell
jacking brackets, or suitably stiffened for lifting by other means
such as air bags. When these tanks have settled by an agreed
amount, they are lifted and the foundation is refurbished at the
original elevation.

The ability of a tank to accommodate edge-to-centre settlement
can be calculated with some degree of confidence. This form of
settlement is almost invariably a downward movement of the
centre of the bottom relative to the tank shell. Its limiting value is
a function of the tensile stresses in the bottom plates and the in-
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ward force exerted on the tank bottom corner by the bottom
plates. There are rules in the various design Codes to allow
these calculations to be made.

Clearly a tank with a coned up to the centre bottom is better
suited to cope with this form of settlement as it has to pass from
the cone up, through flat to the cone down before serious ten-
sile stresses are imposed on the bottom plates. Some owners
have their own rules for situations where this type of settlement
is anticipated. In addition to the cone up preset, some of these
involve an improved bottom plate joint (perhaps a two pass sin-
gle-sided fillet, a double-sided fillet or butt welding) and a
stiffening of the tank bottom corner.

Tilt, as long as it is pure tilt, is another form of settlement which
most tanks can accommodate without undue problems, with
the exception of floating roof tanks where some binding may
occur.

Differential settlement around the tank periphery is usually
problematic. Floating roof tanks change shape giving rise to
roof jamming at quite small settlements of this type, and fixed
roof tanks can be distressed by their attempts to bridge gaps. It
is often difficult to separate the components due to tilt and differ-
ential settlement from a set of bottom level readings. The
method given in APl 653 (Reference 13.2) is useful and Figure
13.2 is taken from that document showing how this is achieved.

Specific guidance as to what represents acceptable limits for
the different forms of settlement applied to the different types of
tanks is not easy to find. The design Codes are not helpful. The
tank maintenance and repair codes are more forthcoming (Ref-
erences 13.2 and 13.3).

The hydrostatic testing of the tank is the point at which the foun-
dation design is first called upon to perform its intended duties.
BS 2654 includes some sensible advice regarding tank testing.
The testing of the first tank in a new area is critical and should
be carried out with caution and comprehensive settlement
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Figure 13.2 Graphical representation of tank shell settlement
From API 653, figure B-3



measurement provisions. The testing of subsequent tanks in
the same area may be adjusted, dependent on the results of
this first test.

For tanks where the ground conditions are good and settle-
ments are anticipated to be modest, it is acceptable to half fill
the tank as quickly as is practicable before stopping and taking
settlement measurements. It should then be filled to three quar-
ters full and then to the full height with pauses for settlements at
each point. The full water load should be maintained for 48
hours, and if no significant settlement takes place, the tank can
be emptied.

For tanks built on weak ground, a much more cautious test
method is proposed with slow filling rates and frequent pauses,
some prolonged, for settlement rates to slow or stop. Clearly in
these situations, sufficient time must be allowed in the con-
struction programme for the extended test period.

i
im i

300
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Ground
level

Stable permeable compacted
granviar droinoge layer
approximately 150 thick

50 thick bitumen-
sand mix

100 min

@75 mm PVC pipes or
equal ab nef more than
Sm between centres
around periphery, plastic
mesh screen over inside
open end

Thoroughly compacted
chamically inert till of
granular or other stable,
heave free, low compressibility
maoteriol

Figure 13.3 Typical tank foundation without a ringwall
From BS 2654, figure 35
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13 Foundations for ambient temperature storage tanks

13.8 Foundation types

The Codes are in agreement that a number of different types of
tank foundation are acceptable. These are:

e Earth foundations without a ringwall. A typical example is
shown in Figure 13.3. The capping with sand bitumen is
something which both the British and the European Stan-
dards are keen, if not insistent on. AP1 650 makes no such
specific requirement. The plastic tubes are for early indica-
tion of bottom leakage and to help to prevent foundation
washout problems. (See Section 13.10).

e Earth foundations with a concrete ringwall. A typical exam-
ple is shown in Figure 13.4. The ringwall is of reinforced
concrete and details are given in the Standard for the design
of this ringwall. Cautionary words are included in all of the
Standards regarding the possible problems of differential
settlement between the ringwall and the material within the
ringwall (usually compacted fill) and its effects on the local
support of the tank bottom.

e Earth foundations with a crushed stone or gravel ringwall.
See Figure 13.5 for a typical example. It is important that
the exposed shoulder is protected from erosion. It should be
remembered that heavy rain falling on a storage tank can
result in a vigorous waterfall around the periphery of the
tank.

» Aconcrete slab foundation. Figure 13.6 shows a typical ex-
ample. This particular example indicates a thin slab with a
thickened peripheral region. On occasions, the slab diame-
ter is increased to provide additional support to the tank.

* A concrete slab foundation with supporting piles. Where
piles are not or cannot have their integrity proven by field
testing, it is suggested that the slab is designed to accom-
modate the failure of an individual pile.

Cutline of tank shel

_a— T=300 mm
{12") min

TI2

= 1

VIEW A-A

\d

<« Nominal tank diameter + T —

PLAN OF CONCRETE RINGWALL

- 75 mm (3") min of compacted, clean sand

1 Slope

Slope 0.3 mm (1'0%)
A

or crushed
stone

-

!
|
|
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Notes:

1. See B.4.2.3 for requirements for reinforcament.

2. The top.of the concrete ringwall shall be smooth and level, The
concrete strength shall be al least 20 MPa (3000 Ib#/in.2) atter
28 days. Reinforcement splices must be staggered and shall be
lapped to develop full strength in the bond. If staggering of laps

Figure 13.4 Example of tank foundation with concrete ringwall
From API 650, Appendix B, figure B-1

Coarse gravel

1.8 mm (6'0")

bermif — “l
surrounding
grade is low

A =
Remave any unsuitable material and
replace wilh suitable fili; then
thoroughly compact fill

L 300 mm (12°) min

is not possibie, refer 1o ACI 318 for additional development
requirements.

3. Ringwalls that exceed 300 mm (12 in.} in width shall have
rebars distributed on both faces.

4. See B:4.2.2 for the position of the tank shell on the ringwall.
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1 l— Thoroughly cumpaclad fill ul
1 fine gravel, coarse sand,
or other stable material

Crushed stone or gravel

Note: Any unsuitable material shall be removed and replaced with suitabie fill; the fill shall then ba
thoroughly compacted.

Figure 13.5 Example of foundation with crushed stone ringwall
From API 650, Appendix B, figure B-2
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Figure 13.6 Typical concrete slab foundation
From prEN 14015, figure 1.4.1-3

The 50 mm thick sand bitumen capping suggested by the Brit-
ish and European Codes is not universally popular. It is in-
tended to provide a measure of corrosion protection to the un-
derside of the tank bottom plates. Its effectiveness has been
challenged, in much the same way as the usefulness of painting
the underside of bottom plates has. The argument centres
around the possible effects of protecting only a part of the bot-
tom plating. That is to say, only a part of the bottom plating is in
contact with the sand bitumen in a similar fashion that only a
part of the bottom plating is protected by paint due to damage
by welding operations, making the corrosion situation worse
than protecting none of this surface. There are strongly held
and conflicting views on this issue. Where cathodic protection
of the tank bottom plating is to be installed, BS 2654 suggests
that the sand bitumen layer is omitted.

The 300 mm minimum elevation of the finished foundation
above the local grade requirement is to help with drainage of
water away from the tank, to prevent floating in the event of lo-
cal flooding and to keep the tank bottom above the local water
table in the event of settlement for underside corrosion
prevention reasons.

For tanks which require holding-down anchors, the foundation
will normally be of the concrete ringwall or the slab type. To re-
sist the uplift forces, the dead weight of the ringwall or appropri-
ate portion of the slab can be used. Tee-shaped ringwalls which
mobilise part of the local sub grade and ground anchors are
also a possibility.
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Figure 13.7 Crushed stone ringwall with under-tank leak detection at the tank
perimeter

From API 650, Appendix B, figure I-2
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Figure 13.8 Earthen foundation with under-tank leak detection at the tank per-
imeter

From API 650 Appendix I, figure 1-3

13.9 Leak detection and prevention of
ground contamination

API1 650 has much more to say on this subject than do the Brit-
ish or the European Codes, which only give a passing mention
to it.

Appendix | of API 650 is devoted to under-tank leak detection
and subgrade protection. It includes the note stating: “API sup-
ports a general position of installation of a Release Prevention
Barrier (RPB) under new tanks during initial construction. An
RPB includes steel bottoms, synthetic materials, clay liners and
other barriers or combinations of barriers placed in the bottom
of, or under an above ground storage tank, which have the fol-
lowing functions: (a) preventing the escape of contaminated
material and (b) containing or channelling released material for
leak detection.” Quite a clear statement of intent.

A number of double steel bottom designs are included in this
category, and these are described in Chapter 3, Section 3.4.

The Appendix gives detailed requirements for a number of dif-
ferent systems. Leak detection for tanks with crushed stone
ringwalls and earthen foundations are illustrated in Figures
13.7 and 13.8.

Two different systems for tanks supported by concrete slabs
are shown in Figures 13.9 and 13.10.

Provisions required around a draw-off sump are shown in Fig-
ure 13.11, and for a tank with a coned down to the centre bot-
tom see Figure 13.12.

This section of the Code also deals with tanks where the bottom
is supported by grillages. The use of a grillage allows the tank
bottom to be visually inspected for leakage, something which is
considered necessary for a small number of products. Typical
grillage arrangements using parallel and radial supports are
shown in Figure 13.13. Grillage support is restricted to tanks
with shell plate thicknesses up to 13 mm and maximum temper-
atures of 90 °C. By agreement, the shell thickness limit can be
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Figure 13.9 Reinforced concrete slab with leak detection at the perimeter
From API 650 Appendix |, figure |-6
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Figure 13.10 Reinforced concrete slab with radial grooves for leak detection
From API 650 Appendix |, figure I-7
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Figure 13.11 Typical draw-off sump arrangement
From API 650 Appendix |, figure I-8
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Figure 13.12 Centre sump for downward-sloped bottom
From API 650 Appendix I, figure 1-9
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Locate anchors near
grillage members

foundation SECTION A-A

Figure 13.13 Tanks supported by grillage members
From API 650 Appendix I, figure I-11

extended. This section of the Code provides guidance for bot-
tom plate thickness and grillage spacing.

Another useful document for those interested in this subject is
EEMUA Publication No. 183, (Reference 13.4). This provides a
wealth of sensible information on tank foundations, tank bottom
design, corrosion prevention, inspection techniques, leak de-
tection and sub-grade protection from pollution. Itincludes a list
of references and an interesting figure, which gives a simple
correlation between tank age and probability of bottom leak-
age, shown in Figure 13.14, based on a statistical analysis of
data from various oil companies.

13.10 A cautionary tale

The subject of this tale is a large floating roof tank on a major re-
finery site. The tank was constructed in the 1960s. The tank
was constructed on a base similar to that shown in Figure 13.3
except that the plastic drain pipes were not fitted, which was
common practice in those days. The tank survived its hydro-
static test and was put into service. After a brief period in ser-
vice and at a point when the tank was close to being full of prod-
uct (crude oil), a part of the periphery of the foundation pad
suddenly washed out and the tank discharged its contents into
the bunded area.
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Figure 13.14 Probabilities of leakage from tank bottoms plotted against age
From EEMUA Publication No. 183, figure 1
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13 Foundations for ambient temperature storage tanks

When the tank was examined, it was found that a substantial
failure had occurred in the welded seams of the lap-welded tank
bottom plating. The sequence of events was deduced to be as
follows:

e Asmall leakin the tank bottom plating occurred. This could
have been an original defect or had appeared during the hy-
drostatic test or in operation

e The lack of drain pipes meant that this leak went undiscov-
ered

e The pressure built up behind the tank pad shoulder until it
suddenly washed out locally

e The loss of support for the tank bottom in that area caused
the tank bottom plating to fail, and the tank contents were
discharged into the bund.

This was an expensive incident, especially when the costs of
prevention would have been so modest. |t did however serve to
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focus attention on the design of tank foundations and helped to
form the guidance that is found in the various Codes today.

13.11 References

13.1  BS 5930:1999— Code of practice for site investigations,
BSI London

13.2 API 653:Second edition December 1995 plus Addenda
1,2 and 3. Tank Inspection, Repair, Alteration and Re-
construction, APl Washington

13.3 EEMUA 159 (1994) User’s guide to the maintenance
and inspection of above ground, vertical, cylindrical,
steel storage tanks, EEMUA London

13.4 EEMUA 183 (1999) Guide for the prevention of boftom
leakage from vertical, cylindrical, steel storage tanks,
EEMUA London



14 Layout of ambient temperature tank
installations

The layout of a storage tank installation must meet with good practice and also the relevant legal
and local authority requirements.

The topics discussed in this Chapter are based on the information set out in the UK’s Health &
Safety Executive publication 176, (see Reference 14.1). Following the guidance in this
document will normally ensure compliance with the law.

Contents:

14.1 Introduction

14.2 Above ground tanks

14.3 Fire walls

14.4 Separation distances for small tanks

14.5 Separation distances for groups of small tanks

14.6 Separation distances for large tanks

14.7 Separation from other dangerous substances

14.8 Storage of flammabile liquids in buildings

14.9 Underground tanks

14.10 Further guidance

14.11 References
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14 Layout of ambient temperature tank installations

14.1 Introduction

The guidance given in the HSE publication, Reference 14.1,
generally applies to flammable liquids with a flashpoint of 55°C
or below. This includes all highly flammable liquids (as defined
by the Highly Flammable Liquids and Liquefied Petroleum
Gases Regulations 1972, see Reference 14.3) and all petro-
leum spirit and petroleum mixtures as defined in the Petroleum
(Consolidation Act) 1928 (Reference 14.4) and the Petroleum
(Mixtures) Order 1929, (Reference 14.5). It includes all liquids
that are classified as flammable, highly flammable or extremely
flammable for supply according to CHIP: Chemicals (Hazard
Information and Packaging for Supply) Regulations
199616-20, Reference 14.6

The guidance is also relevant to liquids with a flashpoint above
55 °C which are stored at temperatures above their flashpoint.

The location and layout of a storage installation should be se-
lected with care. The aims are to protect people and property
from the effects of a fire at the tank, and to protect the tank from
fires which may occur elsewhere on site. As a rule, if the tem-
perature of a steel tank is allowed to rise above 300 °C, then the
structure of the storage tank will be adversely affected and it
may rupture.

Storage tanks may be located above ground, underground orin
mounds. Each location has different advantages and disadvan-
tages.

e Storage at ground level, in the open air, has advantages be-
cause leaks are more readily detected and contained, and
any vapour produced will normally be dissipated by natural
ventilation. Examinations, modifications and repairs are
also easier, and corrosion can be more readily identified
and controlled.

e Underground or mounded tanks give better fire protection
and save space. Butleakage, resulting from damage or cor-
rosion, may be difficult to detect. This could lead to ground
contamination, environmental problems and possible fire
and explosion risks to nearby buildings and basements.

When selecting the location of a single or multi-tank installation,
consideration should be given to the distance of the proposed
storage from:

e the site boundary

e on-site buildings, particularly those that are occupied
» fixed ignition sources

e storage or processing of other dangerous substances
¢ road or rail tanker transfer facilities.

Other factors to consider are:

e the position of the tanks (above ground or below ground);
e the size and capacity of the tanks;

« the design of the tanks (fixed roof or floating roof).
Tanks should not be located:

e under buildings

* on the roofs of buildings

e in positions raised high above ground level

e on top of one another

e above tunnels, culverts or sewers.

Tank locations inside buildings should be avoided. (See how-
ever Section 14.8.)

14.2 Above ground tanks

Above tanks ground should be sited in a well-ventilated position
separated from the site boundary, occupied buildings, sources
of ignition, and process areas. Figure 14.1 shows a plan of a
typical layout for storage tanks with separation distances. The
layout of tanks should always take into account the accessibility
needed for the emergency services.

The separation distances will depend on various factors but pri-
marily on the capacity of the tank. Advice on separation dis-
tances is given for “small” tanks, generally associated with
small to medium chemical processes, and for “large” tanks as-
sociated with refinery and other large-scale storage facilities.

* 3t st 5 3 % * * *
Boundary fence
a
e
f
X
-
I [ L S . B_u:l ‘ﬂ Ei!ifign _______________ Tanker stand
O_E—O

X
KEY
a see Figure 14.2

] b see Figure 14.3
c see Figure 14.4
d, e and f see Section 14.3

Process
area

Figure 14.1 Typical storage tanks layout plan
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The separation distances given are unlikely to give complete
protection in the event of a fire or explosion involving the tank,
but should allow sufficient time for people to be evacuated, pro-
vided there are good means of escape. They should also allow
sufficient time for additional fire-fighting equipment and emer-
gency procedures to be mobilised.

Under certain circumstances, it may be necessary to increase
the separation distances or provide additional fire protection.
Such circumstances may for example, be where there are prob-
lems with:

¢ the local water supply.

s where the site is remote from external help (such as the fire
authority).

e where the tank is close to a heavily populated area.

14.3 Fire walls

A fire wall may be used to give additional protection to small
tanks. They are not usually practicable or economic for larger
tanks.

Where a fire wall is installed, it should be at least the height of
the tank, with a minimum height of 2 m, and should normally be
sited between 1 m and 3 m from the tank. It may form part of the
bund wall or a building wall. A fire wall should normally be pro-
vided on only one side of a tank, to ensure adequate ventilation.
The wall should be long enough to ensure that the distance be-
tween the tank and a building, boundary, process plant or
source of ignition is at least the appropriate distance set out in
Figure 14.2, measured around the ends of the wall.

To be effective a fire wall should:

e have no holes in it

e have at least half-hour fire resistance
s be weather-resistant

e be sufficiently robust to withstand foreseeable accidental
damage.

A reinforced concrete or masonry construction is recom-
mended.

Loading/unloading bays for road tankers should be located
in a safe, well-ventilated position. The minimum recom-
mended distance of a filling point from occupied buildings,
the site boundary and fixed sources of ignition is 10 m.

14.4 Separation distances for small tanks

For the purposes of this guidance “small” tanks are considered
to be tanks with a diameter of less than 10 m. Figure 14.2 shows
the minimum recommended separation distances for single
small tanks. The distances are based on what is considered to

14 Layout of ambient temperature
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be good practice and have been widely accepted by industry.
The minimum separation distance is the minimum distance be-
tween any point on the tank and any building, boundary, pro-
cess unit, or fixed source of ignition.

14.5 Minimum separation distances for
groups of small tanks

Small tanks may be placed together in groups. Atank is consid-
ered as part of a group if adjacent tanks are within the separa-
tion distances given in Figure 14.2. The aggregate capacity of
the group should be no more than 8000 m?® and the tanks should
be arranged so that they are all accessible for fire-fighting pur-
poses.

The recommended minimum separation distances between in-
dividual tanks in a group are given in Figure 14.3. If a serious
fire develops involving one tank in a group then it is unlikely that
these between-tank separation distances will prevent damage
or even destruction of the adjacent tanks. However, they should
allow sufficient time for emergency procedures to be imple-
mented and for people to be evacuated from areas threatened
by the incident.

For the purpose of determining separation distances from site
boundaries, buildings, process areas and fixed sources of igni-
tion, a group of small tanks may be regarded as one tank. The
minimum recommended separation distances for groups of
small tanks are given in Figure 14.4. The minimum recom-
mended separation distance between adjacent groups of small
tanks is 15 m.

14.6 Separation distances for large tanks

“Large” tanks are considered to be tanks with a diameter larger
than 10 m.

The minimum recommended separation distances for large
tanks are given in Figure 14.5.

The information is based on the Institute of Petroleum Model
Code Of Safe Practice, part 19, (Reference 14.2).

Recommended separation distance

Tank size
between tanks

Less than or equal to 100 m® The minimum required for safe

construction and operation

Greater than 10m? Equal to or greater than 2 m |
but less than 10 m in diameter \

Figure 14.3 Minimum between-tank separation distances for groups of small
tanks

Figure 14.2 Minimum separation distances for small tanks

Tank capacity (m®) Separation distance (m) Total capacity of the group (m?) Separation distance m
i
Less than or equal to 1 it Less than or equal to 3 1* '
Greater than | and less than or equal to 5 4 Greater than 3 and less than or equal to 5 4
Greater than 5 and less than or equal to 6 | Greater than 15 and less than or equal to 100 6
33
Greater than 100 and less than or equal to 300 8
Greater than 33 and less than or equal to 8
100 Greater than 300 and less than or equal to 750 | 10
Greater than 100 and less than or equal 10 Greater than 750 and less than or equal to 8000 15
to 250
0 * But at least 2 m from doors, plain-glazed windows, or other openings or means of
Greater than 250 15 escape. Also not below any opening (including building eaves and means of escape)
from an upper floor, regardless of vertical distance. |
* But at least 2 m from doors, plain-glazed windows, or other openings or means of
escape. Also not below any opening (including building eaves and means of escape)
from an upper floor, regardless of vertical distance.

Figure 14.4 Minimum recommended separation distances for groups of small
tanks, from site boundaries, etc
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Minimum separation from any part of the

Factor
tank

Between adjacent fixed roof tanks Equal to the smaller of the following:
(a) the diameter of the smaller tank
(b) half the diameter of the larger tank
(c)15m

but not less than 10 m

Between adjacent floating roof tanks 10 m for tanks up to and including 45 m
diameter

15 m for tanks over 45 m diameter

The spacing is determined by the size of
the larger tank

Between a floating roof tank and a
fixed-roof tank

Equal to the smaller of the following:
(a) the diameter of the smaller tank

[ (b) half the diameter of the larger tank
()15 m

but not less than 10 m

Between a group of small tanks and any

tank outside the group 2
L =
| Betwsen a tank and the site boundary,

any designated non-hazardous area, 155

process area or any fixed source of

ignition 1

Figure 14.5 Minimum separation distances for large tanks

LPguc:ln:d‘earls LPG vessels LPG vessel
>,

{ capaiit:) (upto135m’) | (over 135 m®)
Flammable 15 m to bund
(Rashpoint <32°C) 3 m to bund wall | 6 m to bund wall wall

Flammable liquid
(flashpoint <32°C - 85°C)
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3 m to bund wall | 3 m to bund wall | 6 m to bund wall

Flammable liquid
(flashpoint <32°C - 65°C) 15 m to bund

3 m to bund wall | 3 m to bund wall
wall

Tank size over 3 m?

Figure 14.6 Minimum recommended separation distance from LPG storage

14.6 Separation from other dangerous
substances

Separation may also be used to prevent or delay the spread of
fire to and from storage or process areas where other danger-
ous substances may be present in quantity. Figure 14.6 shows
the minimum recommended separation distances from LPG
storage.

Figure 14.2 may be used to estimate separation distances from
other hazardous substances. If published guidance exists, for
the particular hazardous substance concerned, the recom-
mended minimum separation distance is the greater of the dis-
tances given in Figure 14.2 and the relevant guidance.

14.8 Storage of flammable liquids in build-
ings

Flammable liquids should not normally be stored in bulk tanks
in buildings. If storage is required in buildings then only the min-

imum amount should be stored and for the minimum time, pref-
erably no more than that needed for one day or one shitt.

Additional safety measures may be needed for the building.
These include:

e a single-storey and generally non-combustible construc-
tion;
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e alightweight roof or other means of explosion relief. Where
this is not reasonably practicable an acceptable alternative
is to provide sufficient mechanical ventilation to remove
flammable vapour released in the event of an incident;

e a high standard of natural ventilation, using high and
low-level openings in the walls (typically 2.5% of the total
wall and roof area) leading directly to the open air. Alterna-
tively, permanent mechanical ventilation can be used,
equivalent to at least five air changes per hour;

e fire separation (by means of a partition of at least 30 min-
utes fire resistance) between the part of the building hous-
ing the tank and other parts of the building, or other
buildings within 4 m; and adequate means of escape.

s« adequate means of escape.

The tank should have the following features:

o effective means of preventing the spread of leakage. Where
appropriate the building walls may form part of the bund,
providing they are impervious, have sufficient strength and
doorways are fitted with kerbs, ramps or sills;

e vents which discharge to a safe place in the open air.

Adequate means of cooling the tank surface in the event of fire
in the building may be needed In some cases this may be done
by the fire brigade using portable equipment, but in others a
fixed water installation may be necessary. Adequate. drainage
is essential to avoid tank flotation and local flooding.

14.9 Underground tanks

The minimum recommended separation distance from any un-
derground tank to any building line is at least 2 m, to avoid un-
dermining the building foundations. It is advisable to increase
this distance to 6 m for a basement or pit, to minimise the risk of
vapour accumulation.

14.10 Further guidance

Guidance on the layout of storage tank installations is also con-
tained in the publications listed below, but HSE 176, (Reference
14.1) would seem to be the favoured document because of very
fact that the Health & Safety Inspectorate will refer to it for guid-
ance and as a basis of good practice.

Refining Safety Code, Model Code of Safe Practice Part 3, The
Institute of Petroleum

European Model Code of Safe Practice in the Storage and Han-
dling of Petroleum Products. Part 11: Design, Layout and Con-
struction, European Petroleum Organisations (European Tech-
nical Co-operation)

Safety datasheets for substances and preparations dangerous
for supply. Guidance on regulation 6 of the Chemicals (Hazard
Information and Packaging for Supply) Regulations 1994. Ap-
proved Code of Practice, L62 HSE Books 1994, ISBN 0 7176
0859 X.

Approved supply list. Information approved for the classifica-
tion and labelling of substances and preparations dangerous
for supply. CHIP 96 and 97, L76 HSE Books 1997, ISBN 071
761412 3.

Approved guide fo the classification and labelling of sub-
stances and preparations dangerous for supply. CHIP 971,
L100 HSE Books 1997, ISBN 071 760860 3.

CHIP 2 for everyone, HSG126 HS Books 1995, ISBN 0 7176
0857 3.

The storage of LPG at fixed installations, HSG34 ME Books
1987, ISBN 011 883908 X (currently under revision).



Fire precautions at petroleum refineries and bulk storage instal-
lations: model code of safe practice part 19, Institute of Petro-
leum, Wiley 1993, ISBN 047 194328 2.

The keeping of LPG in cylinders and similar containers CSA,
HSE Books 1986, ISBN 071 760631 7 (currently under revi-
sion).

Code of practice for ventilation principles and designing for nat-
ural ventilation, BS 5925: 1991.
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