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Sequential Filling of
Mold Cavities

C. R. Loper, Jr.
University of Wisconsin,
Madison, Wisconsin

ABSTRACT

A technique has been proposed whereby the sequential filling of
mold cavities can be accomplished making use of a runner dam,
or weir. Through this procedure, individual mold cavities can be
poured at a rate more suitable to that necessary to obtain

optimum casting results. This technique makes it possible to fill’

the mold cavities of multiple mold cavity molds one at a time, or
in a given predicted and calculated sequence, in full accordance
with the filling rates calculated using most of the well-known
calculation methods. The technique also permits the orderly
filling of pattern impressions where multiple inserts are used,
and where it is desired to isolate the filling of each impression. In
those cases where the riser ingate is positioned above the normal
parting line to effect sequential filling, riser efficiency is
substantially improved.

INTRODUCTION

Proper, effective and efficient design of gating systems has long
been the goal of the foundryman, and a number of systems have
been proposed to accomplish this task. These systems may vary
significantly, but they are usually based upon sound principles
derived from the applncauon of hydraulic flow to molten metals.
1t has been suggested' that the gating system be designed to
accomplish the following objectives:

1) fill the mold rapidly, without laps or requiring excessxvely
high pouring temperatures,

2) reduce or prevent agitation or turbulence and the forma-
tion of dross in the mold;

3) prevent slag, scum, dross and eroded sand from entering
the casting by way of the gating system;

4) prevent asplrauon of air or mold gases into the metal
stream,

5) avoid erosion of molds and cores;

6) aid in obtaining suitable thermal gradients to attain -

directional solidification and minimize distortion in the
casting;

7) obtain a maximum casting yield and minimum grinding
costs; and,

8) provide for ease of pouring, using available ladle and crane
equipment.

Gating systems purporting to meet these objectives may be
pressurized or unpressurized, the differences being related
primarily to the location of the flow control orifice (the choke)
within the system. Choke location at, or near, the base of the
sprue renders the gating system unpressurized and full control of
the metal flow is achieved when the sprue is filled.

This type of gating system permits a low velocity of metal flow
to be realized in the runners and gates, and separation of slag
and/or dross in the runners before the metal enters the mold
cavity. In this type of system a variety of runner and gate
locations have been advocated. With the runner located in the
drag and the gates in the cope, the runner is filled prior to the
entry of any metal into the mold cavity. Furthermore, this
geometry insures that the runner will always remain fuil
regardless of the details of pouring, e. g., interrupted pour,
inadequate pouring rate to keep the system full, etc. On the other
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hand, pressurized gating systems have the choke at, or near, the
casting gate. In these systems full control of metal flow is not
achieved until the entire gating system is filled. Entry of metal
into the mold cavity is controlled by the respective gates.

THE GATING SYSTEM

The selection of a suitable gating system, whether it be
pressurized or unpressurized, is the result of a number of
considerations which may be unique to a given casting, e. g.
casting geometry, yield requirements, space available in the
mold, need for risers, etc. The principles behind both pressur-
ized and unpressurized gating systems consider similar factors in
the calculation of component geometry:

1) casting weight;

2) critical casting section thickness;
3) pouring rate;

4) metal fluidity;

5) type of sprue;

6) type of runners;

7) type and location of ingates; and,
8) sprue height or cope height.

Examples presented for the application of most gating
systems first consider the production of a single casting with
single or multiple ingates. Where multiple ingates are involved,
procedures have been developed so that the flow rate of metal
through each ingate is the same. This entails the introduction of
procedures such as tapering or stepping down the runner,
adjustment of the gate area, etc. When multiple castings are to
be produced from a single gate system, the usual procedureisto
design the gating system so that the flow rate of metal through

. each ingate is the same or, in other words, all of the mold cavities

fill at the same time and rate. However, calculation of the gating
system where multiple mold cavities are involved usually results
in mold cavity filling times which are substantially longer than
those determined for a single mold cavity. In fact, the
foundryman often finds it impossible to deliver metal through
the gating system rapidly enough to fill a multiple mold cavity
system at a rate adequate to match that based on the mold-filling
rate of a single mold cavity. The result often experienced is that
the muiltiple mold cavity arrangement yields defects related to
slow pouring rates, e. g. cold shuts, misruns, entrapping slag and
dross, pinholes, chiiled edges in gray and ductile irons, etc.

To illustrate this, one procedure™ to calculate a gating system
bases the pouring time for gray cast iron on the following
formula (the results of which have frequently been presented
graphically):

_t=K(0.95 + T/0.853) - W"*
where

t = pouring time in sec
W = casting weight in 1b
K = fluidity factor, and
T = critical section thickness in inches.

Consider a 7.5 Ib gray iron casting having a critical section
thickness of 0.5 in. (and a fluidity factor of 1.0). This resultsina
pouring time of 4.2 sec (1.8 1b per sec). As a first approximation
this may be considered the time to fill the mold cavity.

Now, consider the production of four of these same castings
from a common gating system (the usual procedure to ac-
complish this is to multiply the casting weight by four). The
resulting pouring time would then be 8.4 sec (3.6 Ib per sec), a
mold cavity filling time which has doubled. If eight castings were
to be made from a common gating system, this procedure results
in a pouring time of 11.9 sec (5.0 1b per sec). To maintain the
same mold cavity filling time as that of a single mold cavity
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Table 1. Calculated Fouring 1ime jur /.0 w urdy 1o Casiing

Pouring Rate, Ib/sec, to

No. of Mold Pouring Time, Pouring Rate, Yield Mold Filling Rate
Cavities Sec Ib/sec Equal to Single Mold Cavity
1 4.2 1.8 1.8
2 .59 2.5 3.6
4 8.4 3.6 : 7.1
8 11.9 5.0 14.3
12 14.6 6.2 _ 214
16 16.8 7 28.6

gating system requires a significant increase in the pouring rate.
This is illustrated by the calculated data in Table 1.

ALTERNATIVE GATING DESIGNS

While these numbers relate to a hypothetical casting, the change
in pouring rates required to fill the mold cavity at the same rate
for each case is dramatic and characteristic of a problem often
experienced in the foundry. Since there are practical limitations
to manipulating the pouring rate to obtain a constant mold
cavity filling rate, the foundryman may have to consider
alternative procedures in gating design.

For example, the foundryman often finds that the limiting
factor controlling the maximum pouring rate is the rate at which
metal can be poured from the pouring ladles used in a particular
plant, and the ability to provide a pouring basin capable of
receiving metal at that maximum pouring rate. Many found-
rymen have found that it is desirable to pour at a rate which is
substantially faster than that determined from most calculation
methods. In these cases, the pouring rate may be determined by
first determining the maximum rate at which metal can be
delivered from a given pouring ladle, and then using a value
somewhat less than that to insure that the pourer can
reproducibly fill mold cavities at that pouring rate. Even these
rapid pouring rates may be inadequate to fill the individuai mold
cavities at a satisfactory rate. It is proposed that this can be
accomplished by sequentially filling the mold.cavities.

Asanexample of the change that the sequential filling.of mold
cavities will make, consider the same 7.5 Ib gray iron casting.
The gating system design for pouring two castings from a
common gating system calls for a pouring time of 5.9 sec
(pouring rate of 2.51b per sec). If eight cavities were to be poured
in a single mold, it would be desirable to fill them in pairs witha
filling time of 5.9 sec for each pair of mold cavities. The total
filling time would then be 23.6 sec at a pouring rate of 2.5 lb per
sec. To accomplish this requires that a runner dam, or weir
divert the flow of iron into two mold cavities at a time.

THE SEQUENTIAL FILLING SYSTEM

An example of a system that will result in this sequential filling
of mold cavities is-presented in Fig. 1. In this case a small (7.51b
gray iron) shaft is being poured with eight castings on the plate.
An unpressurized gating system is shown here using a drag
runner and cope gates. Flow control is established by the sprue.
It is evident that mold cavities 1 and 2 will fill completely before
the level of metal in the runner rises to pass over runner dam A.
When the metal runs over runner dam A, mold cavities 3 and 4
will be filled. Similarly, mold cavities 5 and 6 will fill only after
the metal runs over runner dam B, and mold cavities 7and 8 will
fill only after the metal runs, over runner dam C. By this
technique the mold cavities are filled sequentially in pairs so that
each set of mold cavities can be filled rapidly enough to
minimize the occurrence of slow mold filling problems.

The runner dams must be molded well to prevent the washing
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away of molding sand. It is, however, possible that a core could
be used to form the runner dam, In that case it may be possible to
reduce the spacing between mold cavities considerably.

Note that while the individual mold cavities fill in 5.9 sec
(based upon the first approximation calculations shown in the
previous table), the total mold filling time for this system is
about 23.6 sec. This is considerably longer than the 11.9 sec
pouring time calculated on the basis of a pouring time
equivalent to that required to fill a single mold cavity. But, the
pouring rate is reduced to one-half that by the use of this
sequential filling procedure applied to dual mold cavities. While
the total pouring time for a given mold may be extended as a
result of the sequential filling procedure, a pouring rate which is
reproducibly obtainable can be realized, and an individual mold
cavity filling rate can be obtained which results in optimum
casting results,

It must be stressed at this point that the numbers cited in the
aforementioned calculations are only referenced as an example.
There is no inference that this calculation method yields
optimum casting results, or that it is a preferred and
recommended procedure.

Another example of this technique is presented in Fig. 2. In
this case a ductile iron cam shaft is produced with a single riser
feeding two cam shafts at the stub end. An indefinite number of
these pairs of cam shafts are connected by a common gating
system. To obtain sequential filling of each riser and pair of cam
shafts, the runner (only a segment of the series of castings is
shown in Fig. 2) has been moved to a position higher than the
top of the cam. To accomplish this means that the parting line
must be offset in the region of the runner. This results in the flow
of iron across the top portion of each riser, keeping that portion
of the riser hot. The last portion of the entire assemblage of cam
shafts in the mold to be filled will be the top portion of the risers.
This greatly increases the efficiency of the riser, particularly
since the differential between the temperature of the iron in the
riser and that in the mold cavity will improve feed metal transfer
from the riser.

Displacement of the runner and gates to the upper portion of
the riser also enables more efficient use of space on the pattern
plate, since there is no need to provide for a runner dam, or weir,
in the system (it is built into the riser system).

USE OF MULTIPLE INSERT PATTERNS

The procedure of sequential filling of mold cavities is particular-
ly attractive when multiple insert patterns are used in the
production of large molds. In this case the technique described
can be applied to control the filling of the individual im-
pressions, thus eliminating the problems often experienced with
this pattern arrangement where a given impression fills in a
manner dependent upon the other insert patterns mounted with
it.

Far example, consider the hypothetical arrangement
presented in Fig. 3. In this case the pattern plate is equipped with
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Fig.1. Example of sequential filling of a
small gray cast iron shaft using runner
dams (A, B and C) to control the metal

1 L

Sflow into pairs of mold cavities (1 and 2, 3

and 4, 5 and 6, 7 and 8).
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Fig. 2. Sequential filling of mold cavities using an elevated
runner to distribute metal into the riser of adjacent pairs of mold
cavities.

a fixed sprue location and a fixed “master runner.” Various
inserts can be mounted in this pattern plate and a variety of
runner systems may result depending upon the number of
inserts, and the number of individual mold cavities.

Figure 3 presents a simplified combination of insert patterns,
one of which is located primarily in the drag and the other split
between the cope and the drag. It is preferable to pour these
individual castings in a manner such that the filling of one mold
does not adversely affect the filling of the other mold cavity. The
common master runner involved in this case would normally
result in filling the two mold cavities somewhat individually
until one mold cavity was filled to the level of the gates. The
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Fig. 3. Example illustrating the application of the sequential
filling procedure to a situation where pattern inserts are
employed.

filling of that mold cavity would then cease until the other mold
cavity reached that level. Further filling of the mold cavities (the
cope portion) will occur at a rate dependent upon the mass of
those casting sections and the ability of the gating system to
provide metal to the castings. However, inclusion of a runner
dam, or weir, in the master runner causes one mold cavity. to be

filled completely before filling of the other mold cavity is
initiated,

In a similar manner, a variety of other mold cavity com-
binations can be filled in an improved manner. Multiple insert
mold cavities often involve castings which would best be treated
individually, e. g. one casting which should be poured ata rapid )
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Fig. 4. Cope view of a production pattern showing the print for
the core that forms a runner dam to divide the gating system into
two sections. :

pouring rate and another which should be poured more slowly;
or, one casting which is chunky and the other which is heavily
cored. Modification of the gating system using the principle of
sequential filling of mold cavities enables solution of these
problems. :

CONCLUSIONS

Application of the sequential filling procedure requires that an
appropriate gating system be used in conjunction with this
technique. In the examples set forth, the system was un-
pressurized. A pressurized gating system (where flow control is
established at the gates) results in a back-up of metal in the
4 runner, thereby causing metal to flow over the runner dam, or
weir, prior to the complete filling of the mold cavity (or cavities)
designated.

In summary, a technique has been proposed whereby the
sequential filling of mold cavities can be accomplished making
use of a runner dam, or weir. Through this procedure, individual
mold cavities can be poured at a rate more suitable to that
necessary to obtain optimum casting results.
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APPENDIX
Terry L. Forshey

Sperry New Holland
Belleville, Pennsylvania

In the Belleville Foundry of Sperry New Holland, the sequential
method of filling mold cavities has been applied with con-
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Fig. 5. Drag view of a lift pivot pattern showing the coreprints
JSor two runner dam cores.

siderable success to a number of jobs. An oil sand core has been
designed for the application and is now produced in a three
impression dump box. The core is two inches in overall height,
with one inch in the drag coreprint leaving one inch of the core to
serve as a runner dam in the cope.

An example of the application of this technique to a ductile
iron casting is shown in Fig. 4. Originally the gating system was
similar to that shown but without the runner dam. Severe
problems were experienced with cold shuts and misruns to the
extent that scrap levels of 41, 55 and 54% were realized. When
first experimenting with the system, each section of the mold
was not treated as a complete gating system. As a result, the
casting ingates were acting as the choke and misruns were still
being experienced. Adjustments to the ingate size resulted in
successful casting production. Since applying the sequential
filling techniques, the scrap rates for misrun and cold shuts are
negligible.

A second example is shown in Fig. 5. In this case, this gray
iron lift pivot had experienced a substantial amount of cold
shuts in the 3/64 inch wall between cored holes. Use of the
sequential filling technique resulted in being able to fill these
castings in series: first eight castings, then sixteen castings, and
then the final sixteen castings. Scrap due to misrun or cold shut
has virtually been eliminated.

Presently the sequential filling method of gating is being used
on five different jobs, and there is sufficient confidence in its
success that a number of new jobs are being rigged using this
technique. More impressions can often be placed on a plate since
each section can be treated as a separate mold, thus increasing
the yield.

The system is not a cure-all, but may be applied to those jobs
where problems are being experienced due to the filling process
of the mold. However, when applied properly, the results have
been encouraging.
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Side Pour — A Unique
Approach for Producing
Thin Wall Premium Quality
Castings in Aluminum

E. Bossing
Teledyne Cast Products
Pomona, California

ABSTRACT

Teledyne Cast Products used their unique side pour method to
produce ten Air Launched Cruise Missile (A LCM) tank number
4 test castings for Boeing's “Manufacturing Methodology
Improvement for Casting Ductility” program. These parts were
cast of AA-357-T6 alloy. They exceeded grade B x-ray
requirements, showed no porosity or dross in penetrant
inspection, and met tensile property requirements of 40 KSI
yield, 48 KSI tensile and 5% elongation in critical stress areas
and 34 KSI yield, 45 KSI tensile and 4% elongation in
noncritical areas. The castings contained sections up to 2 inches
thick, large thin wall areas of 0.130 to 0.190 in., and isolated
reinforcement ribs.

A casting machine was used to pour sand molds from two
sides through two continuous ingate slots. Metal flowed dir-
ectly into the slots from a trough as the mold was lowered past
the trough.

The side pour method provided nonturbulent metal flow at a
uniform rate and at a uniform temperature at all levels in the
mold. Therefore, solidification could be closely controlled. Side
pouring gave a higher degree of quality with reliability,
reproducibility and higher mechanical properties than conven-
tional top pouring, which uses down sprues.

INTRODUCTION

A reproducible manufacturing method was needed for making
ten simulated Air Launch Cruise Missile (ALCM) tank number
4 test castings. A high degree of reliability was required with
respect to metallurgical quality and optimum mechanical
properties. These castings were ordered by the Advanced
Structural Concepts Group of the Boeing Military Airplane
Company to be used for evaluation in their “Manufacturing
Methodology Improvement for Casting Ductility” program.
Boeing is performing this work under the sponsorship of the
Materials Laboratory, Air Force Wright Aeronautical
Laboratories.

The ten ALCM number 4 tank test castings, AA-357-T6, were
required to meet grade B x-ray standards, 40 KSI yield, 48 KSI
tensile and 5% elongation in critical stress areas, and 34 KSI
yield, 45 KSI tensile and 4% elongation in noncritical areas.
Castings contained heavy critical sections up to 2 inches thick,
large thin wall sections of 0.160 in. £ 30 in. and internal
reinforcement ribs (see Fig. 1).

The castings were made to confirm previously completed
manufacturing control parameters and nondestructive testing
phases"? of the Boeing ductility program. Therefore, foundry
variables had to be closely controlled to produce castings witha
high degree of metallurgical reliability and reproducibility. On
the basis of past production experience, Teledyne Cast Products
selected their side pour method’ as the foundry practice that
would be most likely to satisfy these requirements.

Resuits from 3 years of production experience demonstrated
that side pouring offered distinct advantages over the conven-
tional method of top pouring down a sprue. Among the
advantages are the ability to pour slowly with nonturbulent
metal flow, precise mechanically controlled pouring rate and
uniform flow rate and metal temperature at all elevations in the
gating systems. Equipment and practices used to side pour
conventional dry sand molds with two-up type gating is
described.
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PROCEDURE
Equlﬁment

Molding and metal pouring equipment was designed and
constructed to derive maximum benefit from the known
“advantages of side pouring, Pattern equipment was designed so
that all runners, gates and risers could be insulated, Multiple
tiers of runners were provided with closely spaced gates so that
metal did not flow far after entering the mold. Feeding distances
were. minimized to obtain rapid directional solidification.

Since the castings were for testing and not intended to be
operational, pattern equipment was designed with several minor
modifications to simplify tooling construction and thus reduce
cost. The pattern equipment consisted of five core boxes for
making a drag, a cope, three cheeks and two internal cores. By
using loose pieces to vary the configuration, three cheek mold
sections could be made in the same core box. Thedragand each
of the three cheeks had conventional runners and slot type gates
that also served as side risers. For side pouring, the runners were
connected into two ingate slots that opened to the outside of the
mold. These slot ingates, which extended from the dragthrough
the cope, were used instead of conventional down sprues.

A casting machine was used for filling the mold from two
sides. The: machine consisted of an electrical motor driven
elevator platform and a molten metal distribution system. The
elevator platform was encompassed on three sides by a
stationary trough that had one centrally located pouring basin.
At the two'locations where metal entered the mold, the trough

Fig. 1. ALCM tank number 4 casting. Note the isolated
reinforcement rib and other internal details. The casting is
approximately 23 x 12 x 14 in. and weighs 49 pounds.

Fig. 2. The casting machine used for side pouring ALCM tank number 4 castings. The
elevator platform appears at the center and is encompassed on three sides by the
pouring trough. Slotted guide plate assemblies appear on the right and lefi sides of the
platform, extending up past the trough.

.
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Fig. 3a. Partial assembly of mold, showing the drag, two internal cores, and two half

cheek sections.

Fig. 3b. Moldassembly prior to setting the cope. The assembly as shown consisted of a
drag, three cheeks and two internal cores. Notice the completely insulated gate and
runner system that is typical of the gate and runner systems located in each of the three
cheeks and the drag.

was attached to two slotted guide plate assemblies. These guides
positioned the mold, retained the ingate slot insulators and
sealed the side of the mold to prevent run-outs. Figure 2showsa
bird'seye view of the casting machine.

During the side pouring operation, composite molds were
lowered past the stationary trough. Metal flowed from the
insulated trough through the slotted guide plate assembly and
then was distributed into two sides of the mold through
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insulated ingate slot recesses. Metal entered the pouring basin
with the mold all the way up so that the drag was positioned -
opposite the pouring trough and bottom of the slotted ingate.
Metal entry started at the drag level and progressed up the side
of the mold to the cope.

Core Making and Mold Assembly

Internal cores were made with self-set sodium silicate bonded
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round. grain sand. Chemically bonded sand was used to make
the drag, three cheeks and the cope. Gates and runners were
insulated with ceramic fiber board. Aluminum and iron form
chills were used throughout the mold. Molds were assembled on
a specially designed bottom platen that also served as an
intergral part of a clamping and lifting fixture. The mold
assembling operation consisted of setting comporients in the
following sequence: the drag, the first internal core, the first
cheek, the second and third cheeks, the second internal core and
finally the cope. -

Figure 3a shows the drag, two internal cores, and two half
cheek sections. Note the insulated runner system and slot gates.
Figure 3b shows the mold assembly just ptior to setting the cope.
After the cope was set, mold assemblies were clamped and then
hoisted onto the casting machine platform. Ingate slot in-
sulators were then inserted into the sides of the mold, bridging
from the trough to the mold. Figure 4 shows a completed and
poured mold assembly.

Melting and Pouring

Castings were poured of AA-357 sodium modified ingot. Metal.

chemistry was selected by Boeing on the basis of the results of
preceding work."”*® Meits were scheduled to be of the
following chemistry range: 6.5% to 7.0%silicon, 0.58% to 0.62%
magnesium, 0.15% to 0.20% titanium, 0.10% maximum iron
and 0.06% to 0.07% beryllium.

Metal was melted and the chemistry was adjusted while in a
gas-fired silicon carbide crucible furnace. Then the metal was
transferred to a coated steel crucible heated in a gas-fired
furnace setting. After transferring, temperature was adjusted
and the metal was degassed with a nitrogen -15% chlorine gas

Fig. 4. A mold shown after side pouring. Notice the insulator
that protrudes from the side of the mold. Before pouring,
insulators were inserted into the two ingate slots recessed in the
side of the mold. The slot ingates distribute metal from the
pouring trough to the gate and runner system within the mold.

mixture. During the last few minutes of degassing, Ti-B grain
refiner was added. Metal was heated rapidly to pouring
temperature and then poured directly from the steel crucible

‘into the trough system of the casting machine.

Metal entered into the side of the mold at about 1375F. The
mold was lowered to give a metal pouring rate of about 1l
pounds per second. Figures Sa and 5b show a mold being poured
in the casting machine.

Fig. Sa. The start of a mold being poured in the casting machine. Metal was poured
directly from a crucible. The outside of the crucible was insulated to minimize heat loss.
Metal flowed from the pouring basin into an insulated u-shaped trough. While keeping
the trough full, the mold was lowered so that metal flowed from the trough into two
insulated slotted ingates. Metal was distributed from the slot ingates into four tiers of
runners in the sand mold, then through slot gates attached to the casting cavity.

64
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Fig. 5b. The end of a pour in the casting machine. Note that the top of the mold is level

with the metal trough.

Fig. 6. ALCM tank number 4 test casting with gating system. Notice four tiers of
runners that distributed metal from the two external slotted ingates to the continuous
internal slot gates that extend the full height of the casting.

RESULTS AND DISCUSSION

The side pour method was used to cast eleven ALCM number 4
tanks (Fig. 6). Of these, one was destructively tested for foundry
control to qualify-the casting. Mechanical properties were
determined on tensile specimens excised from 36 locations
selected by Boeing. Requirements for mechanical properties
were met, and in most areas, exceeded by a considerable
amount. Table | shows results of mechanical property tests.

AFS Transactions

Mechanical properties tests performed by Boeing on the other
ten castings are reported in the subsequent Quarterly Report of
references. "

Penetrant evaluations indicated that the eleven castings were
free of dross and porosity. Meeting grade B radiographic
requirements all over the casting consistently was not a problem.

Side pouring has many advantages over the conventional
practice of pouring down a sprue. Pouring rate can be precisely
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Table 1. Results of Tensile Tests for Foundry Control

High Stress Areas

Low Stress Areas

40-48-57% 34-45-47,
SPEC Fty Ftu SPEC Fety Ftu SPEC Fty, Ftu SPEC Fty Ftu
\ NO. KSI SKI %e NO. KS1I KSI e NO. KSI KSI 7.e NO. KSI KST e

cc-1 1 46.3{'s3,3{11.0 | 24 43,0 51,7 }5.0

6 45.2 } 53.6| 8.0 17 (48.2 §53.6]6.0

ce-2 | 44,9 53.0]10.0 | 25 | 45.3]s3.2 |s.0

7 43,0 | 51.7 | 5.0} 18 J42.6 |51.3]6.0

cc-3 | 43.6(53.3]| 9.0 | 26 | 46.2 |s50.9 | 5.0

8 41.7 | s2.7 ) 8.0 19-143.3 |53.3]|9.08

cc-4 | 46.2|52.9| 9.0 | 28 42,5 153.3 18.0

9 43.8 1 53,6 7.0} 20 46,0 |53.2}9.0EE

1 46.8( 52.4 | 5.0 | 29 44,2 152.2 |6.0

10 43.2 1 53,24 7.0 21 |42.9 |52.0}8.0g

~

'45.8[52.7| 6.0

11 |42.6 | s3.6|10.0] 27 |41.5 | 52.018.0

.

3 45.7152.7 5.0 12 43.5 53.6 8.0 30 45.8 51.815.0
3 45.8 1 53.1 8.0 13 42.4 51.1 6.0 32 43.9 51.215.0
5 45.9 | 53.6 7.0 14 42.7 53.4 |12.0 33 43.0 50.9 1 4.0
22 46.4 | 53.3 p.OEGg 15 43.2 | 51.9) 6.0 | 34 43,0 |52.0(6.0
23 45.0153.3] 7.0 16 47.6 53..8 7.0. 36 143.0 [53.8|11.0

controlled mechanically. Metal enters the mold under negligible
hydrostatic head and very low velocity, resulting in nontur-
bulent flow. Since inertia effects are eliminated, metal does not
establish preferential flow patterns through the casting. The
entering metal remains at a constant temperature at all
elevations in the mold.

As a result of the low velocity and nonturbulent metal flow

characteristics, generation of dross and porosity is prevented by .

side pouring. Because of the more favorable thermal conditions,
thermal gradients and directional solidification can be closely
controlled to produce high strength castings. Side pouring
produces castings with a higher degree of metallurgical reliabili-
ty and reproducibility than does conventional top pouringdown
sprues.,

CONCLUSIONS

1. A unique side pour method that is an established foundry
production practice at Teledyne Cast Products was used to
produce ten Air Launched Cruise Missile (ALCM) tank number
4 test castings for Boeing's “Manufacturing Methodology
Improvement For Casting Ductility” program.

2. A casting machine was used for introducing metal from the
sides into sand molds through insulated slot ingates instead of
the conventional practice of top pouring down sprues.

3. Castings in AA-357-T6 alloys met grade B radiographic
requirements, showed no porosity or dross in penetrant
inspection, and met tensile property requirements of 40 KSI
yield, 48 KSI tensile and 5% elongation in critical stress areas,
and 34 KSI yield, 45 KSI tensile and 4% elongation in
noncritical areas. The castings had sections up to 2 inches thick
together with large thin wall areas of 0.130t0 0.190 in. thick and
also has isolated internal reinforcement ribs.
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4. Side pouring provided nonturbulent metal flow at a uniform
rate, with negligible hydrostatic head and a constant
- temperature at all levels in the mold, thereby minimizing
generations of dross and porosity. Preferential metal flow
patterns in the casting are prevented and solidification is closely
controlled.

S. Side pour gave a higher degree of metallurgical reliability and
reproducibility, and consistently higher mechanical properties
than the conventional practice of top pouring down sprues.
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ABSTRACT

Cost effective evaluation and optimization of sand casting
system designs often requires numerical simulation on digital
computers. Current simulation techniques that compute the
temperature field within the mold and casting enclosure must
operate on large amounts of memory cells that are available
only in large-scale computers. This in turn hampers a
widespread application of available simulation schemes in the
foundry industry.

A new approach, the q-method, has evolved from recent
studies of the heat transfer within sand mold enclosures. It
eliminates the need to compute the temperature field within
the sand mold, where the majority of the discretized volume
elements are located, and thus virtually extends the simulation
capacity of the more cost-justifiable mini- or macro-
computers. The advantage of the g-method over conventional
schemes is demonstrated through a simple example.

INTRODUCTION

Cost cffective evaluation and optimization of casting system
designs  often ‘requires numerical simulation on digital
computers. Recent advances in this ficld have been reviewed
by Erickson.! In order to simulate numerically the
solidification of sand casting systems, one is required to
discretize the space involved into small volume clements that
can be associated with finite difference or finite element
routines. The fact that sand molds are much larger in size than
castings often results in 70 to 80% of the volume elements
being located on the mold side of the interface.
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Since the temperature history of the mold is, in practice, of
little interest to the foundryman, a computationally efficient
simulation scheme can be achieved if the heat dissipation into
the mold can be represented by a convective heat transfer -
coefficient, instead of a continuity in temperature, acting at the
mold-metal interface, and thus only the volume elements in
the casting need to be manipulated.

This concept has been proposed independently by Niyama?
and Wei, Hansen and Berry.® The term g-method was used by
the latter group to describe the appoach. Niyama?® applied a
uniform, but time-dependent, heat flux function, obtainable
from Schwarz’s” closed form solution of one-dimensional mold
and casting systems, at the surface of two- and three-
dimensional castings, in the form of a convective heat transfer
coefficient, and recorded a significant saving in computation
time as compared with a conventional scheme that takes into
account the mold elements.

The error introduced by neglecting the corner effect on the
distribution of heat flux over the mold-metal interface was also
noted. Wei, Hansen and Berry® proposed a corner-adjusted
heat flux function at two-dimensional, rectangular corners and

_reported a good agreement between results of a conventional

scheme and the q-method.

Recent studies®® of the heat transfer within sand mold
enclosures have revealed an important similarity characteristic
in Jaeger's’ classic solution for the transient temperature field
in a wedge enclosure subjected to a constant surface
temperature. Namely, the conduction heat flux at the surface
of such a wedge enclosure can be decomposed into the product
of the corner-free, one-dimensional surface heat flux and an
edge function (E-function) that is dependent only upon a
Fourier number. This similarity characteristic allows one to
construct a convenient form for the surface heat flux function
in two-dimensional, non-rectangular corners.

This paper proposes a general form for the effective heat
transfer coefficient at mold-casting interfaces which, in effect,
eliminates the need to compute the temperature ficld within
sand molds. Conversion of the chilling effect of sand molds
into cffcctive heat transfer coefficients is illustrated through a
simple example. The advantage of the g-mcthod over
conventional schemes is viewed via comparisons of numerical
results.



CASTING

Fig. 1. Anidealized 2D sand casting system.

HEAT FLUXES OVER A WEDGE AND
A COMPOSITE OF WEDGES

In the sand casting of short freezing range alloys, the release of
latent heat from the molten metal results in an approximately
uniform temperature at the mold-casting interface near the
solidus. A practical idealization for analysis of the heat transfer
within the sand mold is to treat the mold as an isolated
enclosure subjected, at the cavity wall, to an isothermal heat
source. In addition, the outer edge of the mold enclosure can
be regarded as semi-infinite since, during the solidification
period. the temperature variation there is usually
insignificant.®

Figure 1 shows an idealized two-dimensional sand casting
system. With the mathematically convenient assumptions that
the mold enclosure is initially at zero temperature and the
isothermal heat source at the cavity wall (mold-casting

-interface) is at a unit temperature, it has been shown® that the

(= )

Fig. 2. Graphical representation of the E-function vs. r/2 |/ at.

110

12

heat flux, per unit arca and time, at the surface of the mold
enclosurc, q(r.t), is thc product of the onc-dimensional,
corner-free surface heat flux and an edge function (E-function)
that is dependent only upon a Fourier number. Symbolically,

alr,t) = q ,(t) « X, (Yo) (l)
-]

X

wvhare qm(t) - ﬁt:

hod - J (u)du
and I, (To) = Af7 Fo 3 Zotl) f.'“z" -~
° 1) o v

ne0 °

In the above equations, Fo is the Fourier number at/r?, J, is
the Bessel function of the first kind of order v, and v = (2n +
1)m/8, for n=0,1,2,... . A graphical representation of the E-
function plotted against r/2Jat, with 8, as a parameter, has also
been reported in reference 6, and is reproduced here as Fig. 2.

The similarity exhibited by the heat flux over a wedge
enclosure under conduction is especially useful in the design of
sand casting systems. Investigating the solidification process of
a two-dimensional cross-section of a practical shaped sand
casting system is very often-an effective approach to optimizing
the rigging designs.”'* In sand casting systems, the release of.
latent heat into the mold through the solidified layer helps
maintain the mold-metal interface at a stable temperature.?
An infinite, ideal system comprised of a wedge shaped molten
metal and a geometrically.- complementary wedge shaped,
dried sand mold would thus promote, in the mold enclosure, a
thermal field in close proximity to that in the same enclosure
subjected to a constant temperature boundary condition.
Therefore, the similarity characteristic introduced earlier can
serve as as convenient tool for a compact description of the
corner induced divergence or convergence of heat flow across
the mold-metal interface.

A laboratory-scale sand casting system was designed, in a
separate project,'” to reveal the divergence of heat flow due to
two-dimensional corners (8, = 3w/2). The experiment has
been successful in providing physical evidence for the
aforementioned similarity. The above arguments regarding

Fig. 3. Cross-section of an infinite solid having a cavity of the
shape of a polygonal cylinder.
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the infinite, ideal sand casting system can be generalized for
practical systems with finite gcometries.

An infinite solid having a cavity of the shape of a polygonal
cylinder can be viewed as a composite of wedges. Figure 3
shows a perpendicular cross-section of such a solid. A closcd
form analysis of the two-dimensional heat conduction within
the enclosure bounded internally by thc cavity wall and
subjected to an isothermal heat source imposed at the cavity
wall is far beyond current reach. A quantitative understanding
of such heat transfer systems has to rely on discretized
numerical schemes.

However, the existence of the similarity characteristic of the
heat flux over a single wedge prompts one to formulate an
approximate form for the heat flux over the cavity that is valid
for moderately small time intervals. The term moderately
small time intervals is essential here, since the sole purpose of
the approximate formulation is to describe the heat flow into a
shaped mold while the casting solidifies.

Two basic approximate forms for the heat flux over the
cavity wall can be deduced from the similarity characteristic.
The approximations can be regarded, according to the mode of
handling the interaction of neighboring corners, as additive
and multiplicative. The first proposed form for the heat flow
rate q, as illustrated in Fig. 3, is

Xl rz -
Sadd * Yy [z,l () + e (E - 1] )
for which the resultant corner effect on the total heat flow rate
entering the enclosure is the algebraic sum of the individual
corner effects. Expression (2) implies the assumption that
neighboring corners do not interact with one another. The

second approximate form presumes a certain corner
interaction that ’

'1 I'I
- g, (—)er, (—=)
L U ey (€)

The practicality of these proposed forms can be examined
through numerical simulation of the heat transport in such
enclosures, or through comparisons with existing closed form
solutions. The localized nature of the corner influence, as
pointed out in reference 6, warrants numerical proximity
between expressions (2) and (3) in moderately small time

y

l—‘-—l

TI77TO s X

Fig. 4. Semi-infinite rectangular enclosure.
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intervals. The following compares the proposed g-functions
(2) and (3) with the exact solution for semi-infinite slabs.

Very little information is available on the heat conduction
within a compositc wedge. Carslaw and Jacger'® obtained, via
a product approach, several thcoretical solutions for externally
bounded enclosurcs, e.g., infinite slabs, semi-infinitc slabs and
finite rectangles. Although in foundry practice such heat
convergent mold cnclosures would correspond to cores or
mold inserts, for which the g-technique is not applicable due to
thermal saturation and strong corner intcraction in the
enclosure, a comparison with the proposed general forms may
help clarify the superimposing nature of corner interaction.
The analytical solution for the temperature field in the semi-
infinite rectangular enclosure, as shownn in Fig. 4, is subjected
to zero initial temperature and unit surface temperature is'®

-
Ty,t) = 1 - axf (=) d1 = X (-D° [.m earnes (4)
2/at ) 2/at

# exte (znu)uz]
2/at

The heat flow ratc per unit area aty = Qis thus

K ™ 1y [erge CotDsr
- 1- (=1) rfc
Vrat { x‘g [e 2atli2

+ erfo (20t 1)+x/z]}
2vat /22

The dimensionless parameter at//? will be used to indicate the
accuracy of the proposed formulations, as follows, in
describing the heat flux overy = 0.

K 1 - x/t 1 + x/2
q - erf ———= 4 erf ——— -1} (4
add ot [ 2/at /22 2/at /22 ] ©
'and

K 1 - x/¢2 1+ x/8 ]
- erf erf
%ol Yrat [ 2/:1:/.%2 2'v'at/!.2 ] ™

The accuracy of the proposed g-functions is presented in the
form of ratio of the proposed formulations to the exact
solution. The accuracy is found to deteriorate, gradually, with
increased at/’. Figure 5 shows the accuracy at at/? = 0.18,
plotted against dimensionless x/I. Consider a sand mold (a =
0.45 mm?sec) having the geometry shown in Fig. 4 and that /
= 300 mm, Fig. 5 would represent the accuracy att = 10 hr, a
condition which obviously refers to an exceedingly heavy
section casting. The existence of interaction between the two
corners at t = 10 hr is certain sincc in that time interval the
corner influence has diffused about 460 mm (18 in.) away from
the edge. [The limit of the region under cdge influence is .
defined as the point where the edge function (Fig. 2) has a
value of 0.99(6,, < 7) or 1.01(8,, > w).] The results prompt the
statement that, in relatively small time intervals, the resultant
corner ¢ffect on the heat flux over a composite wedge is, to a
good approximation, thc algebraic sum of the respective
corner cffects.
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Fig. 5. Comparison of approximate q-functions, (6) and (7),
with the analytical solution, (5); at/ 1 * = 0.18.

THE q-METHOD

One of the principal problems in numerical simulation of
physical systems, such as the cooling and solidification of sand
castings. is the great number of volume elements needed to
cnsure accuracy in the result of the computations. Since,
typically. the majority of these elements will be in the mold, it
is obvious that great savings would be obtained if the cooling
cffect of the mold is described in a compact analytical fashion.
In this study, only silica sand molds are examined where it is
reasonable to assume that, during solidification, the
temperature in both the sand and the metal at the interface is
identical.

The g-method is concerned only with the metal part of a
sand casting system and replaces the discretized volume
elements in the sand mold with hypothetical heat transfer
cocfficients. The analytic-numerical technique would
climinate a major portion of computing costs and, more
significantly, would extend the solution capacity of small-scale
computing machines that have rather limited memory space
but are more economically adoptable than large-scale
computers, to independent foundries.

LINE OF
SYMMETRY ELEMENT
NODE
— X
1 (u,v :
-metal ’.. (U+1‘v) Y
mold + 2

o -

Fig. 6. Quartered cross-section of a two-dimensional sand
casting system.
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The fact that dissipation of the latent heat of a pure molter
mctal or.cutectic tends to maintain the mold-metal interface
temperaturc near the solidification temperature while the
casting solidifics,* along with the above proposed hcat flus
function over a composite of wedges, cnables one to conceive
of a hypothetical heat transfer cocfficicnt acting between the
casting surface and an isothcrmal hcat sink at the initial molc
temperaturc. The g-method differs from applying a constant
temperature boundary condition to the casting surface in that
the boundary temperature in the discretized space occupicd by
the casting is allowed to vary with time and position. Such
relaxation is nccessary for regions near corner cdges,
particularly so for poorly heat-conductive cast metals.

It is convenient to consider an infinite compacted sand mold
having a cavity as shown in Fig. 3. In practice, a finite-size mold
can be considered as infinite as long as the temperature at the
outer edge of the mold does not show significant variations,
The complication of turbulent flows upon pouring the melt
into the mold is usually simplified by assuming instantaneous
filling of a quiescent liquid metal *!! o

It is also known that superheated liquid metals, after being
poured into cavities, dissipate their superheat by convection in
a short time before a significant amount of the frozen skin has
formed at the cold. boundary.!” The understanding and
treatment of convection flows, induced by superheat, in
solidification processes has formed a separate subject which
has just begun to receive specific attentions in the literature. '
24 A full description of convection flows due to superheat is
considered beyond the scope of the paper. The following
discussions, therefore, assume a zero superheat.

The g-method treats the sand casting system as a spatially
constrained molten metal subjected to a flux boundary
condition ‘

3T

K 5o =h(T - T) (8)
wherc K, is the thermal conductivity of the cast metal, dT/dn
represents the outward temperature gradient at the boundary,
h is the hypothctical heat transfer coefficicnt used to replace
the chilling effect of the mold, T; is temperature at the casting
boundary and T, is the initial mold temperature. 1t follows,
from (2), that h has the approximatc form

K r b (9)
h =2 [s (—2L y+E, ( 2 )-1]

with subscripts 1 and 2 representing the two ncighboring
corners, as shown in Fig. 3.

The utility of such hypothetical heat transfer cocfficients in
simulation of the solidification process of shaped sand castings
can be demonstrated by comparing computational results
obtained with and without the hypothetical heat transfer
cocfficient. A comparison will be performed on a two-
dimensional, high purity aluminum/silica sand system. The’
properties of high purity aluminum and compacted, dried, clay
bonded silica sand as functions of temperature are available in
the literature.®

Figure 6 shows the quartered cross-section of the system,
The space is discretized into square volume elements. The
cross-scctional dimensions of the system are: x; = 30 mm (1.2
in.),y; = 20 mm (0.8 in.), x, = 90 mm (3.5in.) and y» = 60
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mm (2.4 in.). Dimension of all volume elements is 2 x 2 mm
(0.8 in). A reliable finite diffcrence enthalpy scheme®!!
adopted in solving the heat conduction within the mold and
casting. ’

The advantage of the enthalpy model in handling
solidification heat transfer problems is well known.”?® The
heat conduction equation, expressed in terms of an enthalpy

function and a modified temperature function,’'"*” can be
transformed into
30 2
E ©(10)
where
T
B(T) -f (eE@m 4 2 2Ly 4y (1)
K K_ 3T
T : ° :
o.
and 1 T
8(T) = = f K(T)dT
L (12)

with K, representing the thermal conductivity at a reference
temperature T,. The above formulation incorporates the
temperature dependence of specific heat and thermal
conductivity, but assumes a constant density medium,

Introducing the enthalpy function H eliminates the difficulty

of handling the release of latent heat at the moving phase
change boundary in terms of a temperature variable, while the
modified temperature function @ facilitates consideration of
the temperature dependence of thermal conductivity, To
enable a one-to-one functional relationship between H and T,

~ the release of latent heat (L) of pure aluminum is assumed to
take place in a temperature range of 1C (33.8F).

- A conventional simulation scheme involves discretization of
the space occupied by the casting and mold, tabulation of H
and 8 from given property data, transformation of equation
(10) into an explicit finite difference form, and computation of
values of H and T at each element node at increasing time
steps.!! At the mold-metal interface, continuity of
temperaturc and heat flow has to be satisfied at every time
step.

The g-mcthod, by replacing the chilling effect of the mold
with a hypothetical heat transfer coefficient, eliminates the
laborious computation for the temperature field in the mold.

Fig. 7. Computed solidification front movement via a) con-
ventional approach incorporating the temperature depen-
dence of mold properties; b) conventional approach using con-
stant mold propertics; and ¢) the g-method.
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However, in order to apply the previously derived
hypothetical heat transfer coefficient, (9), to the casting

~ boundary, one is requircd to select a sct of rcpresentative

properties for the mold. In the present example, the following
properties are used to describe the heat transport in the mold.

K, = 0.06 W/cm-C: p,, = 1.52 g/lem®, and
Cp = 0.24 cal/g:C (=1.005 J/g-C).

To demonstrate the practicality of the g-method, the
solidification process of the two-dimensional aluminum
casting is simulated via three different schemes: a) the
conventional approach described above, that incorporates the
temperature dcpendence of mold propertics; b) the
conventional approach using constant mold properties; c) the
q-method.

An instantaneous filling of quiescent molten aluminum in
the mold initially at room temperature is assumed in the
computations. The pouring temperature is taken as the
melting point to avoid complications due to convection
flows.!”?* The time step At is chosen such that the stability

criterion of explicit finite different schemes'!? is satisfied.

Figure 7 illustrates the resultant solidification front

‘movements. The solidification front contours are determined

by connecting nodal points having an H value that is
correspondent with the end of solidification. In this particular
example, applying the g-technique reduces the number of
nodes needed to be treated from 1350 to 150. The saving in
computing cost is thus obvious. Comparison of Figs. 7a and 7b
leads to the conclusion that the heat transport in the mold can
be reasonably described by a set of constant properties. On the
other hand, good agreement between Figs. 7b and 7c shows
that the cost effectiveness of the q-method does not result in
any loss of accuracy. The above analysis has thus demonstrated
the practicality and advantage of the g-method in simulation of
the solidification process of sand casting systems.

CONCLUSION

This paper has presented a new approach to simulation of the
solidification process of sand casting systems. The similarity
characteristic cxhibited by the heat flow across mold-casting
interfaces forms the theoretical basis for the gq-method, which,
in simulation of the solidification process of two-dimensional

113



shaped sand castings, replaces a multitude of volume elements
in the mald with a hypothetical heat transfer cocfficient acting
- at the mold-metal interface. Comparison of the results of a
conventional scheme that solves for the transicnt temperature
ficld in the whole mold and casting system and of the g-method
has suggested that the g-method is capable of producing
accurate results with a considerable saving in computing cost.
Furthermore, the q-method will, in effect, broaden the
solution capacity of storage limitced computer systems by
focusing the numerical effort on the metal part of a sand
casting 'system.
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NOMENCLATURE

C  Specificheat

ef  Errorfunction

efc  Complementary error function
E  Edgefunction

Fo Fourier number

h Heat transfer coefficient

H  Emthalpy function

J Bessel function of the first kind
K  Themnalconductivity

L Latent heat

q Heat flow per unit time and area
t Time

T ‘Temperature

a Thermal diffusivity

6, Wedgeangle

®  Modified temperature function
p Density

Subscripts

c ‘casting

m  mold

Id  one-dimmensional
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ABSTRACT

Geomerric modeling in the sense implied here is the use of geomet-

ric parameters to describe the effects of the flow of heat resulting

from solidification and cooling of the molten metal poured into
molds. Obviousty, the volume of a casting limits the amount of
heat which can enter the svstem. This heat transfers out of the
casting through its surface area into the motd. Recognition of the
role of these two geometric parameters in casting solidification
was first described by. Chvorinov,' through the rule:

Log t = Log (VIA)®

where t is the solidification time in minutes, V is the volume of
the casting, and A is the surface area of the casting..-Chvorinov’'s
rule was initially shown to be a straight line log-log relationship
Jor steel castings solidified in silica molds (Fig. 1). The calculated
value of 'ViA for a casting or section of a casting is called its
section modulus, SM; or SM = VIA, The slope of the Chvorinov
rule lines in Fig. | can be described in the same units as thermal
diffusivity—mm’isec. When considered superficially, VIA does not
include the effects of casting process variables such as superheat,
change in mold or core aggregate, casting design or shape effect,
risering, and many others. However, Wlodawer® has made a most
extensive interpretation of SM as applied to a number of these
variables in steel castings. For example, Fig. | indicates how
different mold aggregates change the solidification time, t, versus
VIA relationship as compared with silica molds. Wlodawer's work
dealt 10 a major extent with use of SM in the analysis of steel
casting designs and their necessary risering for soundness.” How-
ever, he did not apply the section modulus idea to the interaction
of metal and mold thermal properties with the casting design,
solidification processes, and foundry process variables. This paper
presents the relationship of geometric parameters including section
modulus to thermal properties as concepts that can be used to
develop computer programs. The specific computer programs are
not presented but will be reported separately, Ruther, presentation
of concepts behind the programming are intended herein.

SOLIDIFICATION

When a skin of solidificd metal develops at the surface of a casting,
a volume. Vg, of solid metal has tormed and given up its heat
through the casting surface area, SA.-. The scction modulus of the
solidified skin is Vg + SA.. As solidification proceeds, the sol-
idified skin grows to complete solidification, then V increases to
the volume of the casting, V., and the section modulus increases
from Vg / SA¢ 10 V- | SAc — the latter being Chvorinov's rule
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" for the entire casting. The formation and growth ol the skin and

associated heat transter representing complete solidification oceurs.
as Vg inereases from 0 to V- while SA remains constant. The use
of SM 1o simulate solidification wave-fronts was suggested by
Kotschi.* Equations for the simulation in a cylinder cross-section
and the more general case are noted in references 4 and 5 respee-
tively. An example of such section modulus wave-fronts are shown
in Fig, 2, left, tor a cross-section of a ring casting. In the case
shown in Fig. 2, lelt, it is assumed that there is no-superheat, all
surfaces conduct heat equally. and no risers are attached. For these
conditions, Fig. 2 shows two late freezing regions separated by a
thinner carly freezing section as would be expected from the design.
In order to introduce the effects of potential process variables, the
thermal properties of the cast metal will be expressed as geometric
parameters that can be applied through the section modulus wave-
front concept. .

VOLUME AND HEAT CONTENT

The heat energy entering the system depends on the temperature
of the metal after the mold is filled as well as the volume of metal
poured.

COPPER OR STEEL CHILL
SILICON CARBIDE
MAGNESITE
ZIRCON
QUARTZ SAND, FIRECLAY
INSULATING MATERIAL
EXOTHERMIC MATERIAL

: ]

////

Vi

Ol 1.0 10.0
MODULUS M = V/A cm

1000.0

min

SOLIDIFICATION TIME,

100.0

Fig. 1. Graph showing Chvorinov's rule for steel cast in silica
and other mold aggregates.
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Fig. 2. Left: Solidification wave fronts in cross-section of ring casting for conditions of no superheat or attached riser. Note the
rwo late-freezing heavier regions separated by narrow section. Right: Superheat energy of 5% shown as dotted line added around

cross-section at left. Note that solidification within the actual cross-section does not begin until the wave fronts cross the solid

line section owtline, and occurs at the corners firsi.
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Fig. 3. Relationship of temperature and callgm heat content of
Al, Cu, steel, and cast iron. Superheat energy above the solidus
divided by the heat of fusion provides the ratio used to calculate
the superheat volume correction.

Heat content of Al, Cu, and Fe as refated to temperature is given
in Table 1. Table 2 provides the same data for a 3%C pig iron
which is used to represent cast irons. A graph of calories per gm
versus temperature for Al, Cu, and Fe is shown in Figs. 3 and 4.
Figure 3 also includes estimated values for a 0.25%C-Fe alloy
when solidification is completed as pamma iron. A more detailed
comparison of Fe and cast iron data is provided in Fig. 4. Figure
5 shows data for the comparison on an cquivalent volume basis,
calories per cubic centimeter.

116

SUPERHEAT ENERGY

The geometric model of superheat is based on Chvorinov’'s rule.
Solidification time obviously depends on the heat content of the
casting volume. Without superheat, only heat of solidification is
transferred (Table 1). With superheat, the heat to cool the molten
metal from the superheated temperature to the liquidus temperature
must also be transferred. This is illustrated in Fig. 3 for Al
superheated to 880C (1616F). The numbers can be obtained from
Table 1. While superheat puts more heat energy into the same
casting volume as melt temperature is increased. the same increasc
in heat energy could occur at the liquidus temperature by enlarging
the casting volume proportignally. For illustration, consider one
gram of molten Al at 933.5K (660.5C, 1221F)— the liquidus
temperature. For solidification, Al(1) ™ Al(s), heat given off is 6890
— 4310 = 2580 cal/gm atom. If the liquid metal temperature is
raised to 1000K (727C, 1341F), the heat content then is 7191
cal/gm atom, or, the total heat to be transferred 7191-4310 =
2881 cal/gm atom to the solidus or an additional 301 cal/gm atom.
Energy superheat then may be expressed as a ratio: (2580 + 301}
/2580 = 1.1167. But if the volume of the casting were increased
by this ratio without superheat, its heat content would be as muct
as the original volume with superheat at 727C (1340F). The
geometric cquivalent of superheat in this case then requires ¢
11.67% increase in casting volume so that the new volume wil
refease as much heat when soliditication occurs at the liquidus-sol:
idus temperature of 660.5C (1221F) as would be released by the
original volume from the higher temperature of 727C (1340F)
Lincarly, the dimensions are increased by the cube root of the
volume ratio. Thus, the geometric modeling of superheat can by
accomplished by increasing an original casting volume by the ratic
of heat evolved over the superheating-solidus temperature rang
divided by the heat evolved over the liquidus-solidus temperaturn
range. The effect of superheat energy increase is shown in Fig

AFS Transaction



Tuble 1. Heat Content of Al: C .ll and Fe*

: Cal/gm Btu/ib Btu/lb Btu/in® Btu/in®

K °C . °F atm. Caligm. Callem?® solid liquid solid liquid
Al .

800 527.0 980.6 3286 121.80 316.8 219.6 —_ 20.60 _

900 627.0 —_— 4047 150.10 383.7 270.1 —_— 25.00 —_—

933(s) 660.5 1221.0 4310 159.80 407.5 288.0 _ 26.50 -

933(/ ) 660.5 1221.0 6890 255.50 604.9 e 460.0 _— 39.30

973 700.0. 1292.0 7191 266.60 628.4 — 481.0 —_— 40.90
1000 727.0 1341.0 7396 274.20 644.7 e 494.0 —_— - 41.90
1100 827.0 1520.6 8155 302.40 707.0 — 545.0 -_— 46.00
1200 927.0 1701.0 8914 330.50 768.0 —_— —_— — 50.00
Cu
1200 927.0 1701.0 5886 92.60 785.0 167.0 —_— 51.10 —_—
1300 1027.0 1881.0 6634 104.40 876.0 188.0 —_— 57.00 —_—
1356.6(s) 1083.6 1982.5 7077 111.30 931.0 200.6 —_— 60.50 —_—
1356.6( /) 1083.6 1982.5 10197 160.40 1272.0 —_— 288.0 _ 82.70
1400 1127.0 2061.0 10536 165.70 1309.0 —_— 298.0 —_— 85.10
1500 1227.0 2241.0 11316 178.00 - 1394.0 —_ 321.0 —_— 90.60
1600 1327.0 2421.0 12096 190.00 1475.0 —_— -343.0 _— 95.90
Fe )

800 527.0 981.0 3717 66.60 525.8 120.0 —_— 34.20 —_—
1000 727.0 1341.0 5820 104.20 823.2 192.2 —_— 53.53 _
1100 827.0 1521.0 7154 128.10 1012.0 230.9 —_— 65.80 —_—
1184(a) . 911.0 1672.0 8030 143.80 1136.0 265.2 —_— 73.90 —_—
1184(vy) 911.0 1672.0 8245 147.60 1166.3 266.1 —_— 75.80 —_—
1200 927.0 1701.0 8375 150.00 1184.6 270.2 _ 77.00 —_—
1400 1127.0 2061.0 10041 179.80 1420.0 324.1 —_— 92.40 —_—
1500 1227.0 22410 10904 195.20 1542.0 3519 —_— 100.30 —
1600 1327.0 2421.0 11787 211.00 1667.3 380.4 —_— 108.40 —_—
1665(y) 1392.0 2506.0 12372 221.52 1750.0 399.3 _ 113.80 —_—
1665(8) 1392.0 2506.0 12572 225.10 1778.0 405.8 —_ 115.60 _
1700 1427.0 2601.0 12917 231.30 18271 416.9 —_— 118.80 _
1800 1527.0 2781.0 13920 249.00 1970.0 449.3 —_— 128.00 —_—
1809(y) 1636.0 2797.0 14012 251.00 1982.0 452.3 _— 128.90 _—
1809(/ ) 1536.0 2797.0 17312 310.00 2448.8 558.8 558.8 — 152.20
1900 1627.0 2961.0 18313 327.90 2590.0 626.6 591.1 —_— 168.45
2000 1727.0 3141.0 19413 347.60 2746.0 —_— 626.7 — 178.60
2200 1927.0 3501.0 21613 387.00 3057.0 B 697.6 —_— 198.80
0.25C-Fe**

400 127.0 261.0 637 11.40 90.1 20.6 _— 5.86  —

500 227.0 441.0- 1319 23.60 186.6 42.6 —_— 12.10 _

600 3270 . 621.0 2057 36.80 291.0 66.4 —_— 18.90 —_—

800 527.0 981.0 3717 66.60 - 525.8 120.0 —_— 34.20 —_—
1000 727.0 1341.0 5820 104.20 823.2 192.2 —_— 53.50 —_—
1100 827.0 1521.0 7154 128.10 1012.0 230.9 —_— 65.80 —_
1200 927.0 1701.0 8375 150.00 1184.6 270.2 —_— 77.00 —_—
1400 1127.0 2061.0 10041 179.80 1420.0 3241 _— 92.40 —_—
1500 1227.0 2241.0 10904 195.20 1420.0 351.9 _ 100.30 —_—
1600 1327.0 2421.0 11787 211.00 | 16673 380.4 _— 108.40 —_—
1665(y) 1392.0 2506.0 12372 _ 221.5 1750.0 399.3 113.80 —_
1665(+y) 1392.0 2506.0 No v = 8 ; y metastable
1700 . 1427.0 2601.0 12690 227.20 1795.0 409.6 _— 116.70 —_—
1773(s) 1480.0 2696.0 13150 235.50 1860.0 424.0 — 121.00 —_—

Metastable v~/
1787(/) 1514.0 2757.0 17060 305.50 2413.0 e 550.6 —_— 156.00
1800 1527.0 2781.0 17213 308.20 2435.0 _ 555.6 _— 158.00
1809 1536.0 2797.0 17312 310.00 2449.0 _— 558.8 -_— 159.00
1900 . 1627.0 2961.0 18313 327.90 2590.0 —_ 591.1 _— 168.00
2000 1727.0 3141.0 19413 347.60 3746.0 —_— 626.7 —_ 178.00
2200 1927.0 3501.0 21613 387.00 3057.0 R 697.6 —_— 198.00

‘ Hultgren et al “Select Values of the Thermodynamic Properties of the Elements.” American Society for Metals, 1973.
** Fe density of 7.9 assumed.
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1 2000~ . . . - . . .
increase is the increase in linear dimensions and is squared to

obtain the areal percentage. Both volume and areal-increase percen-
tages as related to superheating temperature for Al, Cu, Fe, and

" 0.25%C steel are listed in Table 3, and for cast-iron (3%C pig
iron) in Table 4. A graph of percentage volume increase vs.
aub superhcating temperature is given in Fig. 6. Equations approximat-
@/ ing the percentage volume increase corresponding 1o superheating
temperature can be easily written. Typical pouring superheat tem-
s eSS e 555 peratures in the foundry are about IOOC'(ZIZF) for Al, Cu, Fe,
TEMPERATURE, OC and steel and about 200C (392F) for cast irons. Hence the volume

Fig.5. Relationship of temperature and callem’ for Al, Cu, and increase for the first four metals is in the range of 25-33% or

F 8-10% areal. For cast iron at 200C (392F) superheat the volume
€ ' increase is about 50% or 13.6% areal.
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2, right. The enlarged casting volume is shown as the dotted line
enveloping the original solid casting section (Fig. 2, right),
Superheat delays solidification so that it oceurs first at the corners Programming Superheat
and later throughout the section. Two late freezing regions are still

present, as in Fig. 2, left, with no superheat Correction for encrgy superheat has been accomplished in 2D

section modulus wave-front program by increasing the casting
cross-sectional arca of interest by an amount corresponding to the

Superheat Volume increase ; . .
P areal increase for the selected superheat from Tables 3 and 4, but

The geometric model of superheat just desceribed is expressed as corrected for scale factors, In subsequent 3D programs, the volume
a volume ratio or percentage volume increase. This volume increase increase will be used. The arcal increase is outlined around the
can only be applicd if the casting is presented as a three-dimensional actual cross-section as shown in Fig, 2, right, and Fig. 7. Micro-
model. The 3D percentage volume increase must be corrected to computer programs can be arcal- or volume-corrected for superheat
an arcal-percentage increase when a two-dimensional cross-section in a similar way. Figure 7 will be discussed after the casting heat
of the casting is being studied. The cube root of percentage volume transfer surface arca is considered.
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Table 2. Heat Content of 3% C I’ig Iron*

°K ’ °C °F Cal/gm(s) Cal/gm(1) Btu/Ib(s) Btu/lb(1)
3%C Pig lron
589 316 600 49.8 89.6
900 65.5 117.8
755 482 1000 743 133.7
922 649 1200 93.0 167.4
977 704 1300 104.2 (a) 187.5 (a)
1033 760 1400 122.8 (vy) 221.0 (v)
1089 816 1500 131.1 236.0
1144 871 1600 139.5 251.0
1200 927 1700 148.0 266.1
1255 982 1800 156.5 281.7
1311 1038 1900 165.0 297.0
1366 1093 2000 174.0 236 313.0 425
1422 1149 2100 183.0 246 329.0(s) 443
1477 1204 2200 191.7 256 345.0 461
1533 1260 2300 266 479
1589 1316 2400 276 497
1644 1371 2500 286 515
1700 1427 2600 296 . 533
1755 1482 2700 — : —
1811 1538 2800 316 569
* The Cupola and Its Operation, American Foundrymen'’s Society
Table 3. Volume Increase for Energy Superheat
T Cal.gm ' H(1-s) %Volume %Area %Linear Superheat
°C °F atm. H +Superheat Ratio% Increase Increase Increase °C °F°
AL
660.5 1221 4310(s) —
660.5 1221 6890(!) —_
AH= /-8 = 2580 2580 1.0 0 - 0 0 0 0
700.0 1291 7191 301 2881 1.1167 11.67 7.64 3.75 39.5 7
727.0 1341 7396 506 3086 1.1961 19.61 12.68 6.15 66.5 120
827.0 1527 8155 1265 3845 1.4903 49.03 30.47 14,22 166.5 300
Cu
1083.6 1982.5 7077(s)
1083.6 1982.5  10197()) :
AH = /-8 = 3120 3120 1.0 0 0 0 (0] 0
1127.0 2061.0 10536 339 3459 1.1087 10.87 7.12 3.50 43.4 78.1
1227.0 2241.0 11316 1119 4239 1.3586 35.87 22.67 10.76 143.4 258.1
1327.0 2421.0 60.90 37.30 17.18 243.4 438.1
Fe
1536 2797 14012(s)
1536 2797 17312() ,
AH = /-8 = 3300 3300 1.0 . 0 0 0 0 0
1627 2961 18313 1001 4301 1.3033 30.33 19.31 9.23 91 164
1727 3141 19413 2101 5401 1.6367 63.67 38.90 17.84 191 344
Fe — 0.25%C, Ty = 1514°C — 1480°C
1480(s) 13161
1514()) 17060 3900 1.0 0 0 0 0 0
1600 2912 18000 940 4840 1.2410 2410 15.48 7.46 86 155
1700 3092 19100 1100 5940 15231 52.31 32.38 15.06 186 335
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Table 4. Volume Increase for Energy Superheat of 3% C Pig Iron (Cast Iron)

T H(1-s)-s %Volume %Area %Linear Superheat

°C °F Cal/igm H + Superheat Ratio Increase Increase Increase °C °F
1093 2000 174(s) — —_
1149 2100 246(1) —

L-S 72 72 1.0 -— — 0 0 0

1204 2200 256 10 - 82 1.1389 13.89 9.06 4.43 55.6 100
1316 2400 276 30 102 1.4167 41.67 26.14 12.31 166.7 300
1427 2600 296 50 122 1.6944 69.44 42.13 19.21 277.8 500
1538 1800 316 70 142 1.9722 97.22 52.27 25.41 388.9 700

Fig.7. Left: Solidification wave fronts in ring casting cross-section
with SA factor of 0.02 at top riser connection and 0.08 at core
recess. (Compare with Fig. 2, left.)

GEOMETRICALLY MODELING THE
CASTING HEAT-TRANSFER SURFACES

All surfaces of the casting can transfer some of the heat energy
out of the casting, except for those surfaces that are removed by
riser and gate connections. The geometric model for all casting or
=nold surfaces does not involve heat trunsfer calculations but rather
utilizes a ratio value which is similar to a change in thermal diffusiv-
ity of the affected surfuce. Since most foundry molds arc silica
aggrepates, silica is assigned a ratio value of 1.0 to describe its
heat transfer capabilities. Another aggregate of higher thermal

120

- e e —

- - - - - - —
- - -

Right: Same figure with 10% superheat energy input. (Compare
with Fig. 7, left.) Note feeding path is open from riser through
the narrow section 10 the bottom as a result of superheat.

diffusivity such as zircon sand will transfer heat more quickly and
cause the casting to solidify earlier. This is revealed in Fig. |
which shows Chvorinov's rule for silica, zircon, and many other
mold materials. Figure 1 shows that zircon sand reduces the freez-
ing time for steel an amount dependent on the section modulus
for silica. Hence, the section modulus can be corrected by increas-
ing the actual casting surface urea by an amount that will lower
the freezing time in silica to that in zircon. A value higher than
1.0 applied 1o SA in the SM calculation, then, implies that the
material will shorten soliditication time while one of lower ratio
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Table 5. Chilling Ability and Ratios 1o Silica of Various Mold Materiuls

Solidification time, t,

. castironbar,2.5in.D
Solidification ) Suggested
timestyfor6 Ratio Ratio Typical mold - surface area
instep1 t, silica V', silica density t, silica Vt, silica ratios for

Mold material sphere, min.  t,material Vt, material Ibs/ft? Ratio Min. t,material Vi, material programs
Copper chill 4.2 4.05 2.02 :
Steel chill 4.3 3.95 2.00 490 4.9 1.5-2.0
Graphite 5.1 3.33 1.84
Copper shot 6.3 2.70 1.68
Steel shot 9.0 1.89 1.38
Silicon carbide 104 1.63 1.28
Magnesite 11.2 1.52 1.24
Alumina 1241 1.40 1.18
Chrome ore 134 1.27 1.12 166 1.6 111 1.33 1.15 1.2-1.6
Zircon 13.8 1.12 1.12 180 18 76 1.95 1.40 1.2-1.8
Rutile 14.5 1.17 1.08
Chamotte 15.2 1.12 1.06 -
Forsterite (olivine) 15.8 1.08 1.04 120 1.2 137 1.08 1.04 1.1-1.3
Silica 17.0 1.00 1.00 100 1.0 148 1.00 1.00 0.9-1.10
Alumina bubbles 20.0 0.85 0.92
40% Diatomaceous earth

Mulied 23.2 0.73 0.86

Not muiled 27.0 0.63 0.80
Thermit-silica compound 31.0 0.55 0.74

Columns 1-3 abstracted from ref. 9.
Columns 4-5 experimental data.

Column 6 estimated values from a varieiy of conflicting thermal diffusivity data.

will lengthen low ratios. and hot surfaces such as riser connections
will have ratios near zero. These ratios are akin to the effect of
thermal diffusivity and are defined as the surface area multiplying
effect of changing a surface from silica to some other material.
Tuble 5 lists examples of mold aggregate ratios to enter into com-
puter programs. Because the literature values of mold thermal
diffusivity are uncertain. only recommended ratios are given.

For programming purposes. the geometric surface area of a
casting is entered into the data base from a drawing or other
program, The geometric area is arbitrarily assumed to have a value
of 1.0 per unit area. When part of the silica is replaced by another
aggregate, chill, or riser connection. the appropriate factor correct-
ing that location is entered. Figure 7, left, provides an example
of the solidification wave front changes caused when a riser con-
nection, top, assigned a value of 0.02 and a core assigned a value
of 0.80 are entered into the progrum for the casting shown in Fig.
2. where ull surfaces were given the normal value of 1.0. Surfaces
where the ratio is different from 1.0 are indicated by dotted lines
and the ratios are recorded, Fig. 7. left,

The-profound changes in solidification shown in Fig. 7, left,
illustrute the important effect of riser attachments. The riser con-
nection must provide an open channel or feeding path to the sections
to be fed. Both Fig. 2 and 7. left. show feeding path pinch-oft in
the narrow section with a later-freezing region below it where
shrinkage would occur.

COMBINATION OF VOLUME AND
SURFACE AREA EFFECTS

Since risering, riser connections, mold surface, and superheat are
always prevalent in the casting process their interaction must be
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considered. The corrections for surface effects and superheat were
described eurlier. The effect of superheat energy on a specific job
is shown in Fig. 7. right. To produce this wave front analysis,
10% superheat increase was entered into the program. The early
freezing fronts were not drawn so that a clear picture of the
superheat energy effect could be observed. Note that the bottom
section freezes first, then wave fronts progress through the narrow
section, then the upper heavier section, and finally through the
riser connection. It'is possible that 10% superheat is excessive in
this case since surface shrinkage might occur at inside comers.
However, the important point shown here is that the casting does
" not freeze favorably until the process variables of casting shape,
riser connection, and superheat are all accounted. The core material
in this case was not important while the other variables were
overriding in the particular casting. Without considering the
superheat and riser variables in Figs. 2 and 7. the use of a chill
might have been thought necessary. The wave front program deals
with these variables correctly because of the dependence of the
section modulus parameters on fundumental thermal properties.

SOLIDIFICATION AND TEMPERATURE GRADIENTS

Solidification gradients and reluted temperature gradients may be
modeled through section modulus gradients. This is most easily
illustrated by comparing the pradients at the ends of plates and
bars risered from one end. Tables 6 and 7 present data for steel
plates and bars, respectively, abstracted from the published work
of Pellini et al.*”*'* The section modulus gradient from the end
of aplateis VIA = T x L /(T + 2L) and end of a buris VIA =
ExL/(E + 4L)—where L is the distance from the end, T is the
infinite plate thickness, and E x £ is the bar cross section. A plot
of SM versus distance from the end of 2 and 4 in. (5.08 and 10.16
cm) T plates and bars withEx Eof 4 x 4 in. (10.16 x 10.16 cm)
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Table 6. Infinite Plate and Chill Width, TxL: VIA = TxL + T+2L

T, plate L,Soundend Chill L, Soundend Chill, V/IA
Thickness No With TxL ; v
plate ' chill V/IA TxL chill V/IA 2T+2L 2A
0.5 1.25 0.210 — — —
1.0 2.50 0.417 L=1T=1 3.5 0.438 B
L=1T=2 3.5 0.438
1.5 3.75 0.625 — — —
2.0 5.00 0.833 L=%T=0.5 6.0 0.857
L=1%T=1.0 6.5 0.867
L=1T=2.0 7.5 0.882
L=2T=4.0 7.5 0.882
3.0 7.50 1.250 L=%T=15 9.5 1.295
4.0 10.00 1.670 L=1%T=2.0 10.0 1.670 0.670 0.335
L=T=4.0 125 1.724 1.000 0.500
L=2T=8.0 13.0 1.733 1.333. 0.667
Table 7. Square Bars T x T xL: VIA = EL + E + 4L
Baredge I, Sound end with Chill L, Sound end with
ExE . No chill; V/IA ExEx} Chill; V/IA
inches inches inches inches
2x2 4.10 0.450 —_ — —
4x4 7.10 0.880 4x4
I=1T=1 8.5. 0.895
I=1T=2 10.5 0.910
f=1T=2 11.0 0.920
1=1T=4 10.5 0.910
1=15T=6 11.0 0.920
6x6 9.50 1.295  6x6
I=%T=15 11.0 1.320
I=1T=3.0 13.5 1.350
I=1T=3.0 13.0 1.345
1=1T=6.0 13.0 1.345
8x8 11.25 1.700 8x8
' I=vaT=2 13.5 1.740
|=1T=4 17.5 1.795
“ 4 PLATE AND B X & BAR . v o |
te P WITI CHILL T
w14
z 12 2" PLATE AND 4 X 4" BAR 1
g 10} g B WITH CHIL ]
& o8 o= B cil,
< os i '
172]
0.4
0.2 B
o2 4 s 8 6 ®  uw 6
© 1. DISTANCE FROM END
Fig. 8. Section modulus of 2.0 and 4.0 in. (5.08 and 10.16 cm)
plate and 4 x 4 in. (10.16 x 10.16 cm) and 8 x 8 in. (20.32 x
20.32 em) bar versus distance from the end. Length of the sound
end is indicated on the SM curve ®7
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and section modulus gradients (
inain. (10.16 ¢m) plate risered
—

at one end.

and 8 x 8 in (20.32 x 20.32 cm) is shown in Fig. 8. The length
of sound end in cach case is shown on the curve. The SM gradient
at the end parallels temperature gradients actually measured in the
bars. Figure 9,'"” shows the temperature gradients existing in 4 x
4in. (10.16 x 10.16 cm) bars of various lengths both at the bar
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end and at the riser end. A steep gradient is accompanied by casting
soundness at each end with shrinkage between them. The SM
gradient can be modeled into a cross-section using the wave front
model as shown in Fig. 10. The steep section modulus curves are
shown at both the bar and the riser end in Fig. 10. The slope of

123



26

Table 8. Ratio of VIA Sound End Length to VIA Infinite Plate or Bar

{;f‘\" With and Without Chills and Associated Taper o .
Plate Sound Ratio Chilled plates . S
end W/1T chill ratio
T, Plate
VIA VIA e(VIA)+=P(VIA)  ec(V/A)  ec[(V/A)+p(V/A)]
0.50 0.25 0.210 ) 0.840 ) — —
1.0 0.50 0.420 0.820 0.438 0.876
1.5 0.75 0.625 0.833 — —_
2.0 1.00 0.833 0.833 0.882 0.882
3.0 1.50 1.250 0.833 1.295 0.863
4.0 2.00 1.670 0.835 1.724 0.862°
Ave. 0.832 Ave.0.871
Bars Chilled Bars
2x2 0.5 0.445 " 0.890 — —
4x4 1.0 0.880 0.880 0.915 0.915
6x6 1.5 1.295 0.860 1.345 0.897
8x8 2.0 1.700 0.850. 1.795 0.898
Ave. 0.873 Ave. 0.903

the SM curves of Fig. 10 would more directly mirror the temperature
gradient curve of Fig. 9. The location of the cross-section having
the SM gradients is indicated by the dotted line in Fig. 10. The
casting cross-section and SM curves in Fig. 10 are not of the same
scale.

The SA! and gradient where the bar and riser ends become
unsound suggests that there may be a parameter that limits feeding.
Table 8 reveals that in plates where T = 0.5 t0 4.0in. (12.7 to
101.6 mm). the ratio of SM of the sound end to the SM of the
infinite plate averages 0.832 with a range of only 0.82-0.84. (The
points for 2.0 and 4.0 in. (5.08 and 10.16 cm) T plates were
indicated on the SM .gradient curve, Fig. 8.) If a chill is added,

the ratio average increases to 0.871, indicating that where the SM.

of the plate end reaches 83.2% of the infinite plate SM, T/2,
feeding will no longer occur toward that point from the farther
reaches of the plate. When a chill is used at the end of the plate,
the ratio increases to 87.1% of the infinite plate SM. With respect
to bars, with and without chills at the end. the values are 90.3%
and 87.3%. respectively. of the infinite bar SM, E/4.

The limiting feeding ratio appears to provide a very useful
gencralization since the point on the SM versus L curve where the
end SM = 0.83T/2 is the location where taper should begin on
the plate in order for feeding to continue. Further, the amount of
taper may be estimated as (1.0-.83) 100 = 17%. This is an

incrcase in plate thickness from the sound end location, Ty of 7 -
17% per inch beyond the sound end. For bars without chills the™

taper will be 13% per inch beyond the sound end. This may appear

to be very large. However, as can be seen in Fig, 10, this effect ™~
of tper is produced thermally at the riser end of the plate or bar.

Hence, the taper necd only be used where the end effect and riser
elfect do not overlap. The numbers developed here were for a
0.20-0.35% C steel.”? Greater taper might be required for higher
percent carbon.

Experimentally, taper was found to increase the distance fed to
radiographic soundness from 5.} in. (12.7 cm) with no taper to
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8.0 in. (20.32 cm) with 10% taper in 0.25% C steel plates." Greater
lengths were not investigated. However, no provision was made
to eliminate taper near the riser. This could have been done with
a resultant decrease in the amount of taper metal added. Evidently,
feeding distance from risers to sound ends should be reinvestigated
to determine how end effect, riser thermal effect, and taper can
be most efficiently used to maximize {eeding distance. Composition
will also effect feeding distance.

'CHILLS

Chills provide another tool for increasing temperature and solidifi-
cation gradients. They may be used to increase solidification rate
or solidified skin thickness in order to avoid two main defects:
internal shrinkage and hot tears. Improvement of mechanical prop-
erties and microstructure through finer grain and phase size can

.also be obtained with chills. Also, the distance fed between risers

to create end effects may be increased by using chills.

“The effect of the chill is dependent on its thermal propertics.
The important thermal properties of the chill material appear to
be heat capacity, density, thermal conductivity, and diffusivity.
The most commonly used chill materials are steel and cast iron,
Heat transfer factors such as metal temperature, chill coating, air
gap formation, interface temperature, and temperature gradients
all influence the effect of the chill on solidification. However,

__these factors all function geometrically through the heat transfer

surface arca of the chill at the casting and the volume ol the chill
capable of receiving the heat.

Chill Surface Area

The chill is expected to have contact with the molten metal when
the mold cavity is filled. The contact arca is sclected by practical
considerations of the need for chilling and surliuce accessibility,
Usually, though not always, the entire chill is coated with a thin
refractory layer to prevent welding of the chill to the casting. In
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addition, shortly atter solidification begins an air (or mold atmos-
phere) gap may torm, especially if the chill is on an upper surface,
The heat transter temperature across the interface may differ con-
siderably depending on these conditions. Nevertheless, the heat
must be transterred through the chill surface area exposed to the
heat tfrom the casting.

One method suggested for estimating the heat transfer capability

ot the chill surface is to assign the chill a ratio comparing it with -

the surtace area of the sand aggregate adjacent to the chill. The
ritio implics that the chill contributes additional surface area for
heat transfer, and in effect, is like a multiplier of the same area
as sand. fnvestigations of chill ratios suggests a ratio of about 3.0
without an air gap and 2.0 with an air gap. With air gap, variation
of the tuctor may be from about 1.2-2.0, as the gup and refractory
layer increase.' Details establishing the actual ratio for several
aggregates are given in Table 5. Aggregates such as zircon,
olivine. and chromite are also used for their chilling effect com-
pared to silica.

Chill Volume

The chill volume must be sufficient to receive the heat from the
metal volume that must be solidified to provide the desired chilling
effects. The required casting volume can be estimated from a
drawing or determined from either solidification wave front or
microcomputer programs. Chilling molten steel will be used as an
example. Table 1 provides the heat content data for 0.25 C-Fe
steel. Since the temperature of the molten metal must be known,
let’s say that it is 1627C (2961F). The liquidus temperature is
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A1514C (2797F) and the solidus is 1480C (2696F) when austenite
is formed. The heat transferred out when the molten metal finally
solidifies. then, is 327.9-235.5 = 92.4 cal/gm (166.3 Btu/lb),
using Table 1. The volume of the chill needed to receive this heat
requires knowledge of the maximum temperature reached at the
interface and gradient in the chill. The latter depends in part on
the thickness of the chill. Since these values are not known in
advance, assumptions may be made for simplicity. Assuming no
temperatue gradient in the chill, the chill size can be calculated
as a function of the average temperature reached by the chill. For
example, if the chill reaches an average temperature of 627C
(1161F). then above 25C (77F), the chill can receive 83.8 cal/gm
(Table 1). The ratio of chill weight to the metal solidified then is
92.4/83.8 = 1.10: or chill volume is estimated as about 1.10 times
the volume solidified. The ratio of chill volume to. metal volume
can be calculated in this way for different average chill temperatures
and molten metal pouring temperatures from the liquidus upward
and plotted as shown for steel in Fig. 1. Correction for chill
density versus molten metal density is unnecessary in this case
since both are steel.

At an average chill temperature of 627C (1161F) and superheat
temperature of 1577C (2871F) the chill volume ratio is 318-235.5/
83.8 = 0.984. Table 9 lists the chill volume ratios related to
molten metal temperature and average chill temperature plotted in
Fig. 1. The chill volume ratio is defined as the volume (or weight)
of solidified metal, or the heat energy given up when the metal
volume solidifies divided by the heat energy absorbed when the
temperature of the chill rises to its average. When the two volumes
are equal, the ratio is 1.0 and the average chill temperature is
about 600-650C (1112-1202F), as shown in Fig. 11.%7 From Fig.
Il superheat is observed to have a minor effect unless the chill
ratio is below 0.50. Figure |1 applies to steel cast against a steel
or cast iron chill.

The relationship of chill ratio to average chill temperature shown
in Fig. 11 plots as a straight line on log-log coordinates in Fig.
12. Also shown in Fig. 12 are chill ratio versus average chill
temperature for Al cast against iron, Al cast against Cu chills, and
cast iron cast against cast iron chills. The latter pair shows a greater
effect of superheat because molten cast iron is more superheated
than the other metals when cast at 2600F (1427C).

Chill Effects and Dimensions

The volume of a chill needed to solidify a given steel casting
volume may be predicted from Fig. 11, and an estimate of the
average chill temperature expected. The eftect of the chill on
solidification and feeding depends upon where the chill is located
on the casting as well as its volume. On plate or bar castings, the
chill may be located at an end or edge distant from risers or at a

Table 9. Ratio of Chill Volume to Metal Solidified for 0.25 C-Fe

Molten metal

Temperature Superheat

Ratio chill volume to metal solidified at average chill temperature

°C °C °C °F 121C 227 327 527
SHT °F 261F 441 621 981

627 27 827 927 1127 1327 1480
1161 1341 - 1521 1701 2061 2421 2696

1514 2757 0 0 6.14 2.97 1.90 1.05
1521 2781 13 24 638 3.8 1.98 1.09
1636 2797 22 40 6.54 3.16 7.02 1.12
1677 2871 63 114 7.24 3.50 2.24 1.24
1627 2961 113 204 8.11 391 2.54 1.39

0.835 0.671 0.546 0.467 0.389 0.3320 0.297
0.868 0.698 0.568 0.485 0.404 0.3450 0.309
0.889 0.715 0.582 0.497 0.414 0.3530 0.316

0.984 0.792 0.644 0.550 0.459 0.3591 0.350
1.100 0.886 0.721 0.616 0514 -~ 04380 0.392
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central location where there is no end or edge effect (Fig. 12).
The effect of the chill is determined by the sound cnd length
praduced by the chifl compared with the sound end length produced
when no chill is used and the casting length exceeds the distance
which can be fed by the riser.®”'"" ' This comparison is sum-
marized in Tables 6-8. The section modulus for sound end lengths
with and without chills is compared graphically in Fig. 14 for
plates, and in Fig. 15 for bars. The experiments included chills
of thickness YT, VAT, 1T and 2T in this plate direction as indicated
in Table 6. Increasing chill thickness resulted in increasing sound
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end length until a 1T thickness is used, as shown in Figs. 14 and
15. The section modulus of the sound end length increases only
slightly with increasing chill thickness beyond IT (Fig. 14 and
Tables 6-8). In Figs. 14 and 15, the increase in sound end length
caused by the chill is shown by the distance of separation between
the SM versus L curves with and without end chills for plates and
bars. The separation amounts to T in the case of plates, and E in
the case of bars. Since this was caused by a chill of T or E
thickness, the volume ratio of. chill to metal solidified is 1.0. The
predicted average temperature from Fig. 11 would then be about
550-670C (1022-1238F). Measurement of chill temperature gra-
dients was reported by Myskowski, Bishop, and Pellini'" for a 2E
chill on a 4 x 4 in. bar. The ratio is 2.0 since only [E of additional
metal is solidified at the sound end. For a ratio of 2.0, Fig. 22
shows average chill temperature to be about 350C (660F), which
is within the gradient range of 500-650F (260-343C) shown at |E
in the 2E chill.*

The following is an example of chill temperature behavior.'' A
7 x 7 in. square bar, 20 in. high, with [2 in. high risers was cast
into a chill mold comprised of gray iron walls. The chill walls
were 1.5, 2.5, and 4.125 in. thick and extremely surrounded by
sand. Thermal analysis of the chills and casting showed temperature
gradients at the time of complete solidification with the 7 x 7 in.
square bar steel casting as follows:

Ratio chill Chill
Chill to casting temperature,
wall, volume, or °Cat Gradient,
inches SMratio soliditication °C

max. min.

1.5 0.43 801 704 97
25 0.71 638 482 156
4.125 0.85 566 316 250

The maximum and minimum temperatures are plotted against
chill ratio in Fig. 11. The gradient is below the calculated average
temperature. However, this may be due to the development of an
air gap which would delay heat transfer into the chill and increase
heat loss of the iron slab mold into the sand surrounding it.

Chill dimensions for chilling steel and iron castings can be
surmised from the observations cited. Firstly, the thickness of a
chill need not be greater than T for a plate, or E for a bar. Only
if some special effect is desired is a different thickness useful. For
example. less than maximum chilling effect can be obtained with
a thinner chill if desired. Secondly, the area covered by the chill
must be sufficient to solidify the casting volume of importunce.
The chill volume depends on the area covered which in turn depends
on the casting volume to be solidified. A chill ratio of 1.0 is most
common. Casting volume solidified can only be increased by in-
creasing the chill area in contact with the casting and not by
increasing its thickness.'! The chill dimensions. then, are T x L.
x W, where T is plate thickness or its SM equivalent, and L and
W are the casting surface arca dimensions that describe the volume
of metal to be solidificd.

FEEDING DISTANCE

Feeding distance information is available for cast steel,® white cas
iron.'! and ductile iron ferrous alloys.” whereas very little feeding
distance information is available for non-ferrous alloys. A compari
son of feeding distance information for the three ferrous alloys i
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shown in Fig. 16. The comparison in Fig. 16 of the distance fed
from a riser toward the end of plates of the same SM value reveals
remarkubly similar feeding behavior by three ferrous alloys of
vreatly differing solidification behavior. If this comparison is sus-
tained in future research it suggests that consideration of geometric
features and refated solidification gradients is at least as important
as the influence of the alloy involved. Obviously, there are differ-
ences related to the solidification mode. However, the starting
point is comparison under equal solidification gradients, a gcomet-
ric thermal property feature, rather than ferrous alloy. Furthermore,
risers must be properly sized and feeding paths must be open before
feeding distance is actually measured. Probably the taper necessary
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to extend feeding between the plate end and the riser end will be
found to be more related to the alloy solidification mode than is
the feeding distance, which only joins the two ends.

SOLIDIFICATION MACROSTRUCTURE

Columnar solidification macrostructure may be modeled geometri-
cally from the section modulus wave front program. Figure 17
illustrates the wave fronts in a 4.0 in. (10.16 cm) square bar
cross-section. Heat transfer from the bar will be normal to the
wave fronts. Figure 18 shows the columnar structure that is pre-
dicted. The number of columnar grains can be input so that a -
nucleation and growth effect can be simulated. Bending of colum-
nar grains toward convergence planes emanating from the comers
is evident (Fig. 18). An example of this structure for a stainless
steel bar cross-section is shown in Fig. 19, left. The macrostructure
in'Fig. 18 does not show regions of fine grain chill near the surface
nor equiaxed grains in the center as is frequently observed. How-
ever, this can be built into the computer program and will then be
revealed in the macrostructure if that feature becomes desirable.
Chvorinov's rule can be used to generate the model geometrically.
Figure 19, right, illustrates the macrostructure which may be ex-
pected in the casting cross-section shown in Fig. 2. The con-
vergence planes at the section thickness change and internally are
potential trouble spots with respect to hot tears, shrinkage, or stress
cracks.

SUMMARY

The relationship between geometric parameters and thermal
parameters of materials tor the purpose of geometric alloy modeling
casting process variables and casting design interaction has been
reviewed. Casting volume correlates directly with heat energy of
the molten metal entering the mold and may be expressed in units
of cal/gm (Bw/b) or cal/em® (Btw/in. ™). Solidification of the metal
results in heat transferred over time. Chvorinov's rule relates cast-
ing volume, heat energy and solidification time to heat transter
through thermal diffusivity with units of mm*min, [(V/A)*!t]. The

1297



NUMBER CRADIENTS?
1-160 =

5o
INDICATE LOCATION,
MPBER GRADIENTS?

1-10¢ =)
100

128

30

V/sA
e )
urssa
ussa
U/ssa
ussAa
Ussa
ussa
V/sA
vssa
V/sA
U/sSA
V/sA
U/SA

USANAX = 8.1004

o.s0e8(-01 IN.
0.1383€+00 IN.
0.10880+00 IN.
0.28436+00 IN.
0. TI046 400 3

0.3065E+00
0, 4825E +00
0.5288E
0.5947€
0.6608E
0.7269€
0.7929¢€
0. 8500
0.0251E+o0l
0.9012€+04

CAST SAND NORM S-HEAT DRAM GRAPH CLEAR EXIT
STATUSt CASTING NOT MOLD NORMALIZED NO SUPERHEAT
Fig. 17. Wave front solidification mode ind4 x4 in. (10.16 x 10.16 ¢m) square cross-section.
DRAY PICK S-HEAT FEED SHAPE WUHOLE COMBNE CLERR ENIT
STATUS: CASTING NOT MOLD RAW NO SUPERHEAT

Fig. 18, Columnar macrostructure from Fig. 17.
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mold affects the diffusivity value since it acts at the casting surface.
Mold aggregate or chill ratios are essentially diffusivity factors in
which silica is assigned a value of 1.0 and other materials increase
or decrease the heat transfer capability according to the casting
surface area. Mold aggregates and riser contacts can both be mod-
cled by the use of the surface arearatios. The units are unchanged.

Superheat is modeled as an increase in energy input for a given
casting volume. The volume is increased by an amount above the
actual volume which represents the additional energy of superheat
above the liquidus. The units are unchanged. ’

Section modulus gradients can be used to model temperature
gradients. Both represent the consequences of thermal diffusivity
acting over distance. Such gradients establish the sound ends on
plates and bars and at risers. Failure to overlap soundness at risers
and ends leads to unsoundness between them. Hence, there is a
limited feeding distance. This can be offset by introducing taper
hetween the two sound regions to extend the region of favorable
SM gradient. The taper may be as much as 17% for unchilled steel
plates und is applied between the sound end and the riser end.

Chills are modeled as heat sinks capable of receiving heat from
the metul volume solidified. A chill volume/metal solidified ratio

of 1.0 has been established as the maximum cffective ratio. Chill
dimensions will then be T (or 1E) in thickness with a length and

AFS Transactions

Right: Columnar macrostructure in casting cross-section shown
in Fig. 2.

width of the area necessary to chill the desired volume. This may
require chilling on both sides of a section.

» Feeding distance in three ferrous alloys has been shown to be
more dependent on plate geometry than on alloy type. This may
be a consequence of SM gradients being related to geometry rather
than to alloy type. Taper necessary to join end effects may be
more related to alloy type. Gradients, whether SM or temperature,
have the most influence on feeding—provided that risers are prop-
erly designed.

Material thermal properties, casting process variables, and de-
sign interactions can be successfully modeled through correlation
with geometric parameters. These geometric parameters can also
be used to model columnar solidification macrostructure by consid-
ering the path of heat transfer normal to solidification wave fronts.
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INTRODUCTION

Most castings are composed of a combination of simple shapes
such as plates, bars, ribs, bosses, and L-, T-, V- and X-sections.
It has, therefore, been common to evaluate the manufacturability
of castings by examining the solidification of the various sections
of the casting. A variety of techniques have been used in this
respect, including numerical solutions (finite difference. finite ele-
ment) to heat transter problems'™ and geometric analysis of the
casting modulus (volumessurface area ratio).”'® Many of these
techniques have been of great value to the operating foundryman,
but others are of lesser interest since they are overly complex or
economically unattractive,

The casting designer and the foundryman need to develop a

“feel” for the way a given casting solidifies and the potential a
casting exhibits for shrinkage formation. The purpose of this experi-
mental program was to contribute to this knowledge base through
the analysis of a series of castings produced by decanting the liquid
at various stages of solidification to determine the progress of the
solidification wave fronts.'®? The results obtained were sub-
sequently evaluated to enable the prediction of wave front develop-
ment in other castings.?'

EXPERIMENTAL PROCEDURE

A series of castings was produced in silica sand air set molds by
casting pure aluminum (99.9 + %) into the mold cavity, allowing
the casting to solidify for a given period of time, and then decanting
the remaining liquid from the mold cavity. These experiments
were conducted to study two aspects of casting geometry: corner
configurations (Fig. 1) and fin configurations (Fig. 2). The results
reported herein were confirmed using a number of other molten
metals exhibiting different thermal properties.®®

Twao types of comer configurations were studied: an L-corner
and a V-corner. One set of L-corner geometries was composed of
two intersecting (90-degree) plates 2.0-in. (5.08-cm) thick having
inside and outside radii of 0.5 in. (1.27 ¢cm) and 2.0 in. (5.08
cm). A smaller L-corner geometry | Yie-in. (2.70-¢m) thick with
sharp corners was also included. Three V-corner geometries having
various angles of intersection of their 1342-in. (5.00-cm) thick
plates. i.e., 60, 90, and 120 degrees, were also considered. The
arm lengths and heights were selected to avoid end effects at the
plate intersection.

The fin configurations studied were attached to a heavy plate
section 2'%e-in. (7.5-cm) thick and were of a constant thickness
(0.138 in. (0.35 cm)). The length of the fin was varied from 0.45
in. (1,15 emy) to 2.64 in. (6.7 cm). This geometry was selected
since it not only offered a semi-infinite plute, but permitted solidifi-
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N
T L H R R (] [)

Large 20 80 8.0 -° -' 9! g0?

L Section 2.0 8.0 8.0 0.5 0.5 90 90
: : 2.0 8.0 8.0 2.0 2.0 90 90
Smalt ‘
L Section 1.06 4,45 8.0 - - 90 90
V section 2.0 6.0 71.87 - - 60 60
20 8.0 1.87 - - 90 90
2.0 8.4 7.87 - - 10 120

{Linear dimensions presented in tnches, angle$ In degrees)

Fig. 1. Dimensions of the L- and V-sections used for the
decantation experiments.

N N \\A/a....
il

Q137 in.

Fig. 2. Dimensions of the castings used to study the fin effect.
The length (L) of the finvaried: 0.45in.(1.15cm), 0.67in. (1.7
cm),0.91in.(2.3¢m), 1.07in.(2.7¢cm), 1 46in.(3.7cm), 1.85

in. (4.7 cm). and 2.24 in. (5.7 ¢m). The thickness of the fin was
maintained at0.137 in. (0.35 em). Average thickness of cast fins
was 0,132 in. (0.336 ¢m).

.

cation of the fins without interference from the plate. Two sets of
experiments were conducted: the first used fin lengths of 0.45,
0.91, and 1.50 in. (1.15, 2.3, and 3.8 cm); and the second used
fin lengths of 0.67, 1.06, 1.46, 1.85, 2.24, and 2.64 in. (1.7,
2.7.3.7. 47,57, und 6.7 cm).

The decantation tests were conducted by melting the pure
aluminum in a medium frequency induction furnace, degassing ut
1400F (760C), and pouring from the melting crucible into the
molds at about 1300F (704C). A digital readout thermocouple was
used to monitor temperature of the molten aluminum.
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Fig. 3. Cross-section of the L-section castings produced by
decantation after 160, 230, and 340 sec. (from bottom 1o top,
respectively): a) corners at 90 de grees; b) radii (outside and inside)
of0.5in.(1.27 cm); ¢) radii (owtside and inside) of 2.0 in. (5.08
cm).
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Fig. 4. Cross-scctions of the V-section castings produced by
decantation after 160, 230, and 340 sec. (from botom to top,
respectively): aycorners at 60 degrees; b) corners at 90 degrees;
c)leorners at 120 degrees.



"Fig. 5. Cross-sections of the fin effect castings illustrating the
wave fronts established at various decantation times. The fin
lengths were 0.45 in. (1.15 cm), 0.91 in. (2.3 cm), and 1.47 in.
(3.7 em) with a fin thickness of 0.138 in. (0.35 cm): a) decantation
times of 90 sec. (top) and 160 sec. (bottom); b) decantation times
of 230 sec. (top) and 340 sec. (borrom).

The comer configurations were decanted after solidification
times of 160, 230, and 340 sec., and were sectioned for evaluation
at about 4 in. (10 cm) from the bottom. The fin configurations
were decanted after solidification times of 90, 160, 230, and 340
sec. and were sectioned for evaluation at about midlength.

A few of these castings were reproduced using other metals
having different thermal properties in order to make comparisons
of the wave front movements.

EXPERIMENTAL RESULTS

Scctions of decanted L-comer geometries [2.0-in. (5.08-cm) plates]
are presented in Figure 3. Three corner radii have been evaluated:
a sharp radius (Fig. 3a). a 0.5-in. (1.27 cm) radius (Fig. 3b). and
a 2.0-in. (5.08-cm) radius (Fig. 3c). For each of these geometries
decunted sections were included after 160, 230, and 340 sec.
solidification times. Similar results were obtained using other met-
als. e.g.. leads. copper. etc., although the solidification times
required to achiceve a given planar casting thickness differed.

In the sume manner, sections of decanted V-corner geometries
are presented in Figure 4. Intersection angles of 60 degrees (Fig.
4a), 90 degrees (Fig. 4b), and 120 degrees (Fig. 4¢) are shown
after having solidified for 160, 230, and 340 sec.

Sections from decanted fin castings are presented in Figures §
and 6. In the first series, Figure 5. three 0. 138-in. (0.35-cm) thick
fins were considered with fin lengths of 0.45 in. (1.15 cm), 0.91
in. (2.3 ¢cm), and 1.5 in. (3.8 cm) on onc casting. (The wave
fronts depicted confirm that the fins exhibited independent effects
over the time period considered.) Decantation ol these castings
accurred after solidification times of 230 and 340 see. The signit-
icant chilling cffect of the fins, and the elfect of fin length, is
readily apparent. The second series, Figure 6, illustrates the eftect
of fin lengths of 0.67 in. (1.7 ¢m) to 2.64 in. (6.7 cm) over
solidification times of 90-340 scc.
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One additional series of experiments was conducted to assess
the effect of a plate appendage on the solidification of a plate
section. Decantation from plate castings 2'%6-in. (7.5-cm) thick
to which *Va2-in. (2.46-cm) wide by 5'%2-in. (13.9-cm) long plate
appendages were attached resulted in wave fronts depicted in Figure
7. This series illustrates the change from *T-section” solidification
to the “fin effect™ occurring as solidification progresses. It should
be apparent that once the fin is solid, the heat and thermal diffusivity
of the solid serves to increase the rate of cooling at this intersection.

DISCUSSION AND ANALYSIS OF RESULTS

Decantation Experiments

“These decantation studies. conducted using a relatively pure

wluminum (99.9 + %), provide an opportunity to more clearly
evaluate the effect of geometry on the solidification process. The
use of pure aluminum enables a reasonably planar liquid-solid
interface to be realized. clearly demarking the solidification
isotherm [ 1220F (660C)] at the time of decantation. The relative
solidification rates at corners, fins, cte., can be dircetly related to
the wall thickness solidificd at a flat surface. It should be realized
that while these experiments were conducted using a rather unigue
metal, the results are applicable to alloys which solidify by other
modes (long or short range solid solution alloys, eutectic-containing
alloys, ete.) and will differ as the thermal properties of the materials
differ.

Solidification of the Y0-degree L-corner with sharp corners was
shown in Figure 3a. I is apparent that over the range of solidifi-
cation times studied the divergent heat flow rom the outside corners
resulted inathicker solid wall, and that solidification was retarded
by the converpent heat low at the inside corner. In fact, it may
be noted that the sharp inside corner never completely solidified,
and that a separation persists in that region, '
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Fig. 6. Cross-sections of castings used to study the fin effece. All

Jinswere0.138in.(0.35 cm) thick. Fin lengths were 0.67, 1,06, ~

146, 1.85, 2.24, and 2.64 in. (1.7, 2.7, 37,47, 5.7, and 6.7
em):a) casting decanied after Y0 see; b) casting decanted after
160 sece; ¢) casting decanted after 340 sec.



Fig. 7. Cross-sections of casting produced with thicker fin to
illustrate the transition from the hot spot effect to the fin effect as
the appendage solidifies. The fin appendage was 0.98-in. (2.48
emiwide by 3 47-in. (13.9-cm) long. Dimensionless solidification
times (SIT) of 0.61. 0.69, and 0.71 are illustrated in Figures a,
b. and ¢. respectively. :

This inside corner effect was lessened as the corner radius was
enlarged (Figs. 3b and 3c). Note that where the corner radius was
2.0 in. (5.08 cm) the wall thickness around the corner appears
essentially the same as along the tlat wall. It may also be apparent
that the corner effect extends to a further distance from the corner
as the wall thickness becomes greater.

Sharp comers were also used in evaluating V-corner configura-
tions (Fig. 4). with the same phenomenon occurring at the inside
comner for the 60. 90. and 120 degree geometries. As would be
expected. the thickness solidified at the outside comer increases
as the angle of intersection decreases (accompanied by a reduced
thickness solidified at the inside corner).

The decantation experiments with finned castings demonstrate
the “chilling effect™ of fins, noted to relate to the length of the fin
(Figs. 5 and 6). The thickness solidified at a fin may be increased
by over two times at the base of the fin. This effect, of course. is
attributed to the rate of heat extraction alforded by the solidified fin,

Solidification of L- and V-Sections

A schematic diagram of the solidification of an L-section is pre-

sented in Figure 8. This diagram represents a typical section of

an L-section with sharp corners, and may be used to further discuss
the solidification isotherms (wave fronts) cestablished in L and
V-sections and typificd by the cross-sections shown in Figures 3
and 4.
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Fig. 8. Schematic representation of the solidification of an
L-section casting used to describe the corner and end ¢ffects
observed: t, =thickness of planar wall section; t>= thickness
solidified at outside corner; t;=thickness solidificd at inside
corner; Ly=distance over which the outside corner effect was
observed; L;=distance over which the inside corner effect was
observed. b-c-b' = solidification front influenced by the outside
corener. e-f-e' =solidification front influenced by the inside
corner. g-k-g" and i-k-i's= solidification fronts at the end corners.

It may be noted that the planar wall thickness., t,. is uniform
along the flat wall section of the casting and develops a thickness
proportional to the square root of the decantation time. Solidifica-
tion at the external comner develops a greater thickness. t. of solid
at any given time than is developed at t,. Likewise, the thickness
of solid developed at the inside corner is designated t,. As solidifi-
cation progresses, and a greater thickness of solid occurs at the
outside comer, t,, that effect influences an ever increasing distance
of solidified metal away from the corer, L, being a mecasure of
that comer effect. In a similar manner, the influence of the inside
comer, t, is observed over the distance L,.

his identical effect of the outside comer was obscrved at the
two ends of the L-section, and a sketch of this effect is also included
in Figure 8. The same shape of the solid wave (ront developed at
each comer of the ends as developed at the outside comer of the
L. and this continued to develop until the respective L. distance
from one comer met the L, distance from the other comer. (For
purpose of discussion, the wave front included within the L, dis-
tance of the L-section has been denoted as b-c-b". and the equivalent
cffect has been labeled g-k-g" and i-k-i* at the end comers.) When
point g' meets point i’ the effect of the outside comers becomes
the well-known “end effect.” and the thickness solidified is sub-
scequently greater than that expected trom the effect of cach comer
by itself. (In a similar manner, the wave front at the inside comers., .
e-f-¢”, develops with the Ly distance.)

Relative thicknesses solidified at three solidification times for
L-sections produced with three different radii (owside and inside
corners) are presented in Table 1. The ratios presented here compare
the outside comer to the planar casting wall (G, the inside.
comer to the planar casting wall (4/1), and the comer effect
distances to the thickness solidified at the planar casting wall (L,/t,
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Fie. 9. Development of the solidification wave front in the
L-section casting noting the effect of the corner radii.
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Fig. 11. Effect of the inside corner radius on the distance over
which the corner effect was observed in L-section castings.

for the outside comer, and L./t; for the inside comer). The actual

measured thickness solidified is plotted as a function of solidifica-
tion time in Figure 9. Thickness solidified is approximately pro-
portional to the square root of the solidification time:

x = a + b¥'!@

where x is the thickness solidified, t is the solidification time, and
the constants a and b vary with the geometry as follows:

a b

Radius. outside corner: 0.01in. -0.740 0.200
0.5 -0.526 0.148

) 2.0 -0.397 0.112

Planar wall: -0.345 0.098
Rudius, inside corner: 0.0in. —0.253 0.078
0.5 -0.230 0.066

2.0 -0.114 0.033
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Fig. 10. Effect of the owtside corner radius on the distance over
which the corner effect was observed in L-section castings.
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Fig. 12, Effect of increasing radius on the relative thickness (15/t,
or tylt,) at the outside and inside corners in L-section castings.

The distance over which this effect was observed is plotted in
Figures 10 and {1. It is apparent that the corner effect increases
with solidification time for the smaller radii, and that distance over
which the corner effect is experienced becomes similar for all radii
at longer solidification times.

It might also be expected that the relative thickness of the casting
solidified at cither the outside (t./t}) or inside (t4/t,) corner would
decrease with increasing fillet radius, This effect is shown in Figure
12 where the curves sketched could be expected to be asymptotic
to a ratio of 1.0. Over the range of data studied these curves may
be approximated by the following equations:

Outside radius: /1, = —0.49%™% + 2.06
Outside radius:  ty/t; = 0.48*%*** + 0.20

I

where 1 is the outside or inside comer radius in cm.

The distance over which the corner effect is observed appears
to be almost the same for inside and outside comers of the L-section,
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Table 1. Effect of Fillet Radius on the Relating Thickness
Solidified and the distunce from the Corner Over Which the
Effect was Observed in L- Section Castings

Tolvdi-  Relative Inickness SoTidifted, or Oistance Over Wnicn
fication tne Corner Ettect was (hserved

Fillet' Times, Outside Lorner Inside Corner
Ragius sec. /Yy Lly /Yy Ly/y
0 160 1.92 2,85 0.29 2,92
230 2.10 2,91 0.31 2,18
340 2.16 2,74 0.33 2.87
~ Av/SD 2.06/0.12 2.83/0.09 0.31/0.02 2,86/0.07
0.5 \n, 160 1.47 3,09 a.71 3.10
(1, 230 1.60 2.9 0.67 3.04
cm,) ‘340 1.52 2,95 0.73 3.12
Av/SD 1.53/0.07 3.00/0.08 0.,70/0.0 3.09/0.04
2,0 I, 160 1.20 5,10 0.90 5.19
{5.08 230 1.9 4.50 0.83 4.19
cm.} kY L 3.56 0.87 4.3
Av/SO 1.19/0,02 4.59/1.07  0.87/0.04 4.33/0.80

Tne average (Av) and suandard deviation (SU)} are noted tor eacn fillet

ragwus, B

.

but increases with increasing fillet radius. These relationships may
be approximated by: ‘

0.043*r 4+ 0.439

0.036*r + 0.452

Outsideradius:  log (La/t))
Insideradius:  log (Ly/t))

I

Relative thicknesses solidified to sharp cornered V-sections of
three different inside corner angles are presented in Table 2, while
the actual measured thickness solidified is plotted as a function of
solidification time in Figure 13. It is readily observed that solidifi-
cation at the sharp inside comer is severely limited. The distance
over which this effect occurs is plotted in Figures 14a and 14b for
the inside and outside comers, respectively. The corner cffect is
realized over a greater distance when the corners (inside and out-
side) are sharper.

As with the L-sections. the thickness solidified is proportional
to the square root of the solidification time at the corners and along
the planar wall (Fig. 13). The constants a and b in this relationship
vary with casting geometry as follows:

d b

Outside cornerangle: 300 —0.404 0.121
270 -0.277 0.078

240 -0.185 0.058

Planar wall: 180 —0.122 0.036
Inside corner angle: 120 —0.048 0.012
90 -0.020 0.00S

60 -0.015 0.004

The corner effect distance for the inside and outside corners, Fig-
ures I4a and I4b, is also a function of the square root of the
solidification time and may be expressed using the following con-
stants: '

a ]
Outside corner angle300-0.471 0.128
270 -0.359 0.106
240 —0.325 0.097
Inside cornerangle: 120 —0.271 0.079
90 -0.329 0.099
60) -0.510 0.146

Qver the range of casting geometries studied, the relative thick-
ness solidified at the comners of the V-sections (1, or LA, for
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Table 2. Effect of Corner Angle on the Relative Thickness
Solidified and the Distance from the Corner Over Which the
Effect was Observed in V- Section Castings

Tolrdi=  Relauive Inickness Soligdtied, or Distance Uver

Instae Outside tication Hnicn the Corner Eftect Was (bserved
Coraner Corner Times, Qutside Corner Ins1de Corner
Angle Angle sec. /%y Ly CTA% Ly/y
60 300 160 3.9 3.99 - 3.39
230 3.18 4,08 0,08 3.42
340 3,25 4,19 0,08 3.74
Av/SD 3.24/0.06  4,09/0.10 0,00/0.00 3.52/0/19
90 210 160 1.92 2,93 0.16 3.0
230 2.10 2.78 0.15 .13
40 2.10 2.83 0.1% 3.03
Av/SD 2.04/0,10 2,85/0.08 0,15/C.01 3.06/0.06
120 240 160 1.64 2.64 V.40 2.36
230 - 1.56 © 2,5 0.34 2.67
340 1.65 2.25 0.37 2.81

Av/SD 1.62/0.05 2.38/0.23 0.37}0.03 2.72/90.10

Tne' average (Av) and standara deviation (SD) are notea tor eacn corner
angle.

T 1 Al
300
c 8 g
= 1.5 ,%
3 3
= . 210°
=
° 10k
240°
m L
-]
0
-] .
_5 . 180° J
© O5f
r
Lod w
20" 8
e 52
00— - 23
’ 10 15 20

Sollidiflcation Time"?,sec.

Fig. 13. Development of the solidification in V-section castings
as a function of the corner angles.

the inside or outside corners) can be related to the corner angle as
depicted in Figure 15. With the comer angle expressed as x and
the relative thickness solidified as y. the following exponential
relationship applies:

y = 0.0434 * exp (0.0143x)

Analysis of the Fin Effect

The fin effect was illustrated in Figures 5-7 for a aumber of
combinations of fin geometries and soliditication times. Figure 16
is presented as a schematic illustration of the fin effect as illustrated
in these photographs. The fin is considered to have a fenpth L and
a thickness T. The casting has developed a solid surface a-b-(-d-¢
when the planar wall of the casting has solidificd toathickness S.

If one were to ignore the fin effect. the solidification wave {ront
a-b-c-d-¢ would be predicted on the basis of the application of the
analysis derived from the solidification at the corners of castings
(L-scctions). Actually this effect would be the result of a wave
front a-b-¢-b’-¢” from one corner and e-d-¢-d*-¢* from the other

<corner. The actual wave {ront realized s a-b-{-d-¢ which exhibit

an increased cross- sectional area denoted by Af, an effect whicl
can be dseribed to the presence of the fin.
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This analysis also applies to the comer effect referred to in
Figure 8. Solid develops at the corners and generates the surfaces
o-k-g' and i-k-i’ which converge when points g and i’ meet.
Further solidification causes these points to cross over each other,
and the thickness of solid formed at the end is greater than predicted
from the corner solidification. This end effect is shown schemat-
ically in Figure 8 and has been evaluated quantitatively else-
where, ™

Because solidification time is proportional to the thickness sol-
idified. and since the lin increases the solidification rate at this
junction, a dimensionless solidification time has been defined as
the ratio of the planar solidification thickness § to the thickness
of the fin T (actually the average thichness of the fin which was
determined to be 0,132 in. (0.336 cm)). The increase in the fin
etieet area, Al as a function of this dimensionless solidilication
time (S/7F) is iltustrated in Figure 17 for a range of fin lengths. As
would be expected, the tin effect area is increased with increasing
fin length, and the cffect is more significant as the solidification
process proceeds (i.e.. as the planar wall becomes thicker),

it could be anticipated that a fin effect would not be realized
until the tin appendage solidified, or until the thickness solidified
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S equalled T/2. With a solid fin, the fin is much more effective
in extracting heat from this section of the casting. If the data used
to generate Figure 17 were used to obtain a “best fit™ curve for
each fin length, and the intercept determined for a zero fin effect
area, that intercept would be a dimensionless solidification time
of 0.62 not far removed from the expected value of 0.50 (half the
fin thickness). This seems to support the analysis presented.

The fin effect can be generated generally to yield the following
relationship which can predict the fin effect area based on the fin
geometry, L and T, and the solidification time or thickness sol-
idified.'S:

Af = 4,10 (LM% (S -0.62T)

While this relationship was generated on the basis of thin fins
{0.132 in. (0.336; cm)], it has been successfully employed for
predicting the fin effect with thicker fins.™

Simulation of these wave fronts has been accomplished using
the following steps:

1) The casting, or casting section, is sketched on a graphics
screen,

2) Points are generated on the graphics screen along the solidifi-
cation front both in the planar region of the shape (controlling
points) and the region to be evaluated. (The shape of the
solidification frontin the region to be evaluated is determined
by the geometry of that region and the extent of solidification
oceurring to that point, determined by the thickness sol-
idified along a planar wall.)

3) The points so determined are used to gencrate an cquation
characterizing that geometry (cubic spline functions and
computer graphics are used for this purpose).?’-

Using this procedure. the solidification wave fronts developed
during the solidification of a variety of T-section geometries can
be predicted. ™™ Typical results of this type of analysis are presented
in Figure 18. In this series of computer sketches, the length of
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Fig. 16, Schematic representation of the development of the fin
ettecr during solidification. S denotes the thickness solidified along
the planarwall, while the surface a-b-f-d-e depicts the solidification
front formed as influenced by the fin. The surfaces a-b-¢-b'-¢" and
e-d-c-d'-¢" denote the wave front'effect attributed 1o the corner.
geomeny on cach side of the fin. The difference benveen these two
wave frent surfaces. A, is anributed to the fin effect. and has
been termed the fin effect area.

fins of 0.38-in. (1.0-cm) thickness has been varied to depict the
change in the solidification wave front pattern. The relative shape
of the wave fronts may be compared to the casting sections illus-
trated in Figures 5-7.

This analysis of the fin effect is restricted somewhat by the fact
that that experimental data was obtained using pure aluminum,
and the thermal properties of aluminum may differ appreciably
from those of a given alloy in question. As a result, the magnitude
of a given fin effect geometry in steel or cast iron may be signific-
antly less than that obtained from aluminum. although the general
effect will be the same and the principles by which the fin effect
is realized will be similar.

Wave Front Analysis Applied to Casting Production

The most apparent application of solidification wave front analysis
is to the determination of the shrinkage potential in a given casting
design. Most castings are composed of planar surfaces, inside and
outside corners. and fins or appendages; the features which have
been considered in this work. The wave front analysis will predict
one aspect of the potential development of shrinkage in a given
casting. If the casting contains isolated regions gencrated by the
wave front, these regions will not be capable of being fed by a
source of feed metal and will generate shrinkage. (A design that
does not contain isolated unfed regions is not necessarily assured
of being sound. since the casting must also solidily with a temper-
ature gradient capable of insuring the supply of feed metal to the
solidifying front.)

A simple geometry is illustrated in Figure 19. In this case the
casting section is a square with a square cored hole at the center.
(It is assumed that the core does not become saturated with heat,
i.c., that the core is able to extract heat from the solidifying metal
in the same manner as the mold.) The model based on the solidifi-
cation of L- and V-sections, and the analysis of the end effeet,
was used to generate the computer sketches shown in this figure.
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As the wave front progresses it is observed that isolated liquid
regions are formed in the “thermal center” of the scction, and that
this geometry represents potential shrinkage problems.

A more characteristic casting geometry is illustrated in Figure
20. This gear blank casting is composed essentially of the H-shaped
cross-section rotated around a central axis. For purposes of this

“ analysis it may be assumed that the casting is to be produced with

risers attached to the outer rim, and that it is desired to feed the
casting hub through the rim and web sections. A madel of this
geometry (using blind riser, with no provision shown for insulating
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the top or inducing pipe formation, etc.) is presented in Figure
21. The series of sketches illustrates the development of the wave
fronts. and the isolation of a liquid region at the hub (Fig. 21c)
while the riser effectively supplies feed metal to the web and rim.
An additional, though smaller, isolated liquid region develops at

the web-rim junction just prior to solidification of the casting and -

attached riser (Fig. 21d). This model. then. predicts that signiticant
shrinkage will form at the hub-web junction and that limited shrink-
age may develop at the web-rim junction. (The effect of other
variables such as temperature gradients. flow through heating from
the gating system employed. etc. has not been included in this
model. but would have a direct impact on the production of this
casting.)

While casting geometries may be quite complex. an evaluation
ol the effect of corner geometry. end effects and the effect of
appendages may be used to evaluate the manufacturability of given
casting sections.

SUMMARY

Using the decantation” technique to document the solidification
protiles developed for a number of casting section geometries, the
solidification wave fronts generated at corners, as a result of the
end effect. and due to the presence of fins of castings have been
discussed. Using relatively pure metals to conduct these decantation
cxperiments has enabled the wave fronts to be clearly discerned,
since the soliditication temperature was essentially a fixed temper-
ature.

A review of this data illustrates the relative effect of the corner
angle, the fillet radius, and the inside and outside corners on the
development of solid at these locations compared to that developed
along a plunar casting wall. These cffects apply throughout the
casting until the developing corner wave fronts “overlap,” thereby
generating the well-known end or fin effect. A technique has been
considered to quantily this end or fin effect, and used to determine
the effect of fin geometry on the solidification which results.

Of greatest signilicance is for the foundryman to gain a “feel”
for the geometric fuctors affecting the solidification of castings.,
The geometry of corners influences the development of shrinkage
at these locations, as does the end effect. The fin effect is known
to induce more rapid solidification in these regions but is not
usually emploved with a detailed knowledge of its effectiveness.
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DISCUSSIONS

Question: How did turbulence in pouring affect dimensions of the test
specimen? (G. Gooden, Pres., Bentoven, Caracas, Venczucla)

Answer: The authors are somewhat uncertain as to the intent of this question
and therefore apologize for rephrasing it to state: “How did turbulence in
pouring affect the measured thickness solidified?” Insofar as turbulence
tends to eliminate any nonuniformity in temperaturc within the molten
metal in the mold cavity, it is advantageous in obtaining reproducible wave
fronts. However, where the pouring process-deposits molten metal of

* varying superheat in different segments of the mold cavity, the onsct of

solidification may be affected and the plots of thickness solidified vs.
square root of time will be moved to the left as the superheat is diminished.

Question: How does the metal flow wave front react in the lost foam
process? (W. Brighton, Tech. Adv., Cummins Engine Co., Inc., Colum-
bus, IN) -
Answer: Substantial mold cavity turbulence occurs during the filling of
the mold cavity where evaporated polystyrene patterns are used. However,
solidification after mold filling is complete should be similarto conventional -
processes. The higher density of the unbonded sand mold will affect heat
and thermal diffusivity, but the general nature of the wave fronts will be
similar.

Question: 1) The plots of solidification thickness vs. square root of time
would be linear (as shown) and also pass through the origin, if the metal
were cast at the solidification temperature. Was the displacement of the
intersection of these lines to the right of the origin caused by superheat of
the cast metal? If so, what was the superheat of the metals studied? (If
not, why?)

2) Would you comment on application of this experimental technique to
long range freezing of alloys? (R. D. Pehlke, Prof., University of Michigan,
Dept. of Met. & Mat. Eng.. Ann Arbor, MI)

Answer: 1) Professor Pehlke is correct in his observation that the plots of
solidification thickness vs. square root of solidification time are displaced
due to the need to dissipate superheat. Temperatures at which pouring was
conducted are noted in the written procedure. A )
2) The technique described should be applicable to all alloys, even though
data- was obtained using pure aluminum. Pure aluminum cnabled the accu-
rate determination of wave fronts (isotherms) as a function of time. Even
relatively small amounts of contamination resulted in an iron planar casting
wall (i.e., a dendritic interface) which could not be dependably decanted
nor evaluated to determine the thickness where fully solidified. However,
the saume information (isothermal wave fronts) is of value when assessing
the solidification of long freezing range alloys or alloys containing cutectics.
The evaluator is concerned with establishing the isotherm for 100% solid
and relating that to the geometry of the casting. Feed metal unit be supplicd
to that 100% solid interface to avoid the potential of shrinkage. 1t is casier
to provide this feed metal if the solid plus liquid zone is narrow (short
dendritic), so that the ability to provide feed metal may also be assessed
through the wave front analysis.

Question: How do you caleulate the thickness or movement of the wave
fronts? (R. C. Creese, Assoc. Prof., West Virginia University, Morgan-
town, WV) . )
Answer: Initially, the wave fronts were determined in test castings where,
after a given solidification time, the thickness of solid formed at various
points in the casting was measured. Similar data was obtained at other
solidification times so that the thickness solidificd vs. solidification time
could be determined for a number of geometrie conditions. This information
was then used to predict the thickness solidified in & nonplanar geometny
as o formation of the thickness solidificd at a planar wall (wave front).
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INTRODUCTION

Rigging and gating of castings has a direct bearing on casting
manufacturing costs. Both the overall quality of the casting
produced and the casting yield (i. e., the ratio of pounds of metal
poured to pounds of salable casting(s)) depends on the success
of these systems. Furthermore, much of the engincering of these
systems is still based largely on experience and trial and error.
Thus. the costs to the foundry industry resulting from low yield
castings and scrap related to rigging and gating are extremely
high. This is particularly true of job shop operations in which
once a successful casting is produced low production does not
allow for yield improvement experimentation. Because of the
trial and error nature of much of this work, the time required to
produce a successtul rigging and gating system can often lead to
customer shipment delays adding even further to the costs.

If the tremendous costs associated with rigging and gating are
ever to be reduced the answer must come from the application of
engineering principles to the sizing and placement of risers and
gating system components. Great strides have been made
toward this end in the last few decades but one key ingredient
has always been missing. Techniques are available to calculate
the diameter and height of risers to ensure their proper func-
tion'™ and methods which calculate the dimensions of runners,
gates and sprues are available.” Although these techniques can
be laborious, the application of them can be made quite simple
through the use of computers, as shown by Kotschi and Kleist.?
However. although the dimensions of risers and gating system
components can be calculated, the placement of risers, gates,
runners and sprue(s) on pattern equipment remains a process of
trial and error experimentation and/or hard-won experience.
The rcason for this unfortunate circumstance is the lack of
methods to determine the manner in which threc-dimensional
shapes solidify. Were this key ingredient available. rigging and
gating could be done to a great extent on a computer. A
successful system should evaluate the effects of chills, padding,
insulating and exothermic feeding aids as well as the rigging and
gating system, Since such a system would allow all this to be
done prior to the existence of pattern equipment, many
manutacturing methods could be evaluated without the need for
experimental castings, Provided the computer costs for the
solidification studies do not become excessive, the cost savings
potential of this approach to foundry engineering is enormous.

ZITERATURE REVIEW

The recognized importance of understanding the manner in
which three-dimensional shapes solidify has led to a great deal
of work dirccted toward this problem. The carly work of
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Chvorinov® showed a relationship between the casting modulus
(V/SA or the volume of the casting/surface arca) and the
solidification time. This was an important beginning -to
understanding this complex problem.

Pchlke, ina serics of articles,”™ applied classical heat transfer
to the problem. This approach provided for more sophistication
than the simple relation developed by Chvorinov. However, this
approach requires knowledge of the thermal dilfusivity, density,
and other physical and mechanical properties of all the
components comprising cach case, i. e. the metal, the mold,
chills, feeding aids, ctc. Since many of these parameters are
often unknown or difficult to determine, the apphcation of
classical heat transfer to the widely-varied combinations
encountered throughout the foundry industry will require a
great deal of further research. Furthermore, the mathematics
encountered in the use of classical heat transfer apphied to three-
dimensional solidification are rigorous. Thus, the 'use of this
technique, even when computers are used, has to date only been
applied to very simple shapes. Although at some point in the
distant future classical heat transfer may provide the best final
solution to the three-dimensional solidification problem, for the
present it is impractical in all but those cases involving fairly
simple geometries. Furthermore, without considerable
improvements in computers or a significant reduction in the
rigor of the mathematics, the gpplication of classical heat
transfer 10 the problem facing the foundryman may not be
cconomically justifiable. It must be remembered that to tap the
economic benetits of three-dimensional solidification analysis

" the computer costs must be kept low. Thus, simple models and

non-rigorous mathematical techniques must be sought.

Because of the complex problems of solving three-
dimensional heat transfer by the classical heat transfer
approach, the emphasis of work has shifted to the use of some
relatively new approaches known as the FEM (Finite Element
Methods) and FDM (Finite Difference Methods) by such
authors as Myers.” These techniques can be used to provide
approximated solutions to the three-dimensional solidification
problem through the use of a computer. The true importance of
these technigues stems from the fact that by using a finite
number of points and by making a number of simplifying
assumptions, the techniques can produce solutions of practical
engineering importance. Unfortunately, these techniques are
not a panacea. The problem once again is cost. The cast for a
single three-dimensional solution will usually be in the range of
a few hundred dollars for computer usage. Initially such
computer costs do not secm overly high. But the most useful way
for foutidrymen and design engineers to use three-dimensional
solidification analysis will involve the use of such computer
software a number of times before the {inal decisions on gating,
rigging, or part geometry are made. This is because various
designs or manufacturing methods will need to be evaluated
based on the knowledge gained from previous runs of the
computer software, i. ¢. il a problem is spotted on-one run by the
foundry or design engineer, he will want to evajmaic the
possibility of perhaps using a chill or improved placement of a
riser on the next run. Furthermore, yicld studies require a
number of manufacturing methods to be evaluated from which
the lowest cost technique can be selected. When viewed in this
way, itds to be expected that ten runs of the software for each
casting or casting design might be common. Thus, the few
hundreds of dollars for a single analysis by the FEM or FDM
techniques when viewed in this way represent thousands of
dollars for each casting studied. To those foundrics involved in
high production such costs will provide economic payback.
However, for shorter run jobbing-type foundries such costs will
in general outweigh the potential savings. Thus, there still exists
a need for a three-dimensional solidification analysis which is
less costly than either the FEM, FDM orclassical heat transfer
techniques. This is particularly true if such analysis is to be of
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real value to the shorter run and jobbing portions of the foundry
industry. Furthermore. if a less expensive technique were
available it could be used as a roughing procedure in
conjunction with the more sophisticated FEM, FDM or
classical systems to reduce the costs of using these systems.

Because of its inherent simplicity it scems reasonable to
reconsider the relationship developed by Chvorinov.* Based on
this general approach. Heine'' and Kotschi and Loper'™ina
later series of articles, developed a relationship between the
dimensions of casting sections and the solidification sequence.
This information is quite useful but it requires that complex
castings be mentally separated into a sct of simple casting
components such as “T™, “X", “L" sections, etc. Since this work
was based on casting modulus (V! SA). the resuits are dependent
only on the geometry of the sections involved. This approach
thus does not require that all the physical and heat transfer
propertics of the mold components and metal be known in
advance. Because the heat transfer and physical properties are
neglected in this work. a certain amount of lost precision must
be expected.

"Although the casting modulus approach is somcwhat
primitive, many of the benefits formerly only associated with
either classical heat transfer, or FEM or FDM techniques. could
be realized by using the approach discussed by Kotschi and
Loper.'* As discussed by these authors the casting modulus is
composed of two terms: the volume and the surface area. By
considering these two terms in the broadest sense, the volume
term can be equated to heat content and the surface area can be
related to the rate of heat extraction. When viewed in this way,

differences in thermal diffusivity between a chill and the

molding sand could be accommodated by a multiplying factor
to the surface area term of the casting modulus. Similarly, if the

CROSS SECTION OF A SIMPLE
ROUND BAR SHAPE

MOVEMENT OF SOLIDIFICATION
FRONTS IN THE SHAPE

ROTATED 2 DIMENTION SHAPE
SOLUTION TO OBTAIN 3 DIMENSIONAL
SOLUTION
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effects of an exothermic material were to be studied, an
appropriate multiplying factor could be applied to the volume
term of the casting modulus. In this way many of the complex
relationships such as the effects of exothermicand ror insulating
material, the effects of convergent and divergent heat flow, the
effects of chills, and other heat transfer effects can- be
accommodated within the framework of the casting modulus
approach. Although the casting modulus approach lacks much
of the rigor of the classical heat transfer methods it could well
provide a basis for an adequate engineering approach to the
solution of the three-dimensional heat transfer problem.

DISCUSSION

In order to obtain a low cost method of evaluating three-
dimensional solidification, a simpler mathematical approach
must be sought. If computer processing, which translates into
computer costs, is to be reduced, a method must be employed
which contains fewer and less complex mathematical
relationships. This can be accomplished by the application of
casting modulus principles in a special form. This analog can
also be made to account for variations in thermal diffusivity
between mold media; to consider the effects of cxothermic
and/or insulating materials; to take into account the effects of
convergent and divergent heat flow; and many other benefits
formally only attributed to the use of classical heat transfer,
FEM, or FDM techniques. . - .

With the loss of mathematical rigor, obviously there is some
information available with the other techniques which the
simplified analog cannot provide. Since heat transfer rates are
not used in the method, the actual solidification time for a
portion or the entire casting cannot be determined using this

Fig. 1. The application of a 2-
dimensional solution to a 3-dimensional
solution by rotation of the 2-dimensional
results, . . :

PQOSITION OF LASY
PLACE OF CASTING SOLIDIFICATION
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limplified method. This may at first seem a great loss
copardizing the usc of the technique. However, in most
ipplications required by cither foundry or design engineers the
.ime required for solidification is relatively unimportant
provided the solidification sequence of the various casting
scctions can be obtained. If the solidification sequence can be
Jetermined. the actual time required for ecach event to take place
is of little value, its only purpose then being its ability to predict
the time required between pouring and shakeout.

The problem of solidification sequencing of a three-
dimensional shape can be somewhat simplified by recognizing
that once a two-dimensional slice of a three-dimensional shape
can be properly sequenced, the three-dimensional sequence can
also be determined. Consider the bar-shaped casting shown in
Fig. 1. By-dctermining the solidification sequence of the two-
dimensional slice passing through the center line. the three-
dimensional solution can then be obtained simply by rotation.
Geometric symmetry, however, is not essential. Consider the
casting shown in Fig. 2. Although this casting is symmetric
about its vertical center, the solidification sequence of the three-

4
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dimensional shape can be determined through the use of two-
dimensional slices independent of the symmetry, provided
slicing of the shapc is done properly.

Consider the infinite plate section shown in Fig. 3. It can
easily be shown that the overall casting modulus for this section
is T/2. Casting modulus = casting volume; surface arca, or V/ A
= LWT/2LW =T/2, )

According to Chvorinov the value of the casting modulus is
proportional to the solidification time. Thus, if the
proportionality factors were equal within a given casting, the
casting modulus could be used to determine the solidification
sequence of various portions of the casting. This is basically the
manner in which the casting modulus has been used in the past.
By using it in a slightly different context it can pravide a far
more uselul method of determining the solidification sequence,
Again consider the infinite plate section shown in Fig. 3. From
this model a generalized equation can be derived which gives the
casting modulus at various depths from the casting surface to
the center of the plate as follows:

CASTING

2 DIMENSIONAL SLICES OF.
THE CASTING SHAPE

SLICE 1

1

SLICE 3

SLICE 2

SLICE 4

Fig. 2. The slicing technique used 10 simulate 3-dimensional shapes as 2-dimensional slices.
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Fig. 3. Infinite plate section.

V A= LWAT. LW-= AT
(AT = distance from the plate surface to the depth of interest)

Note that this expression predicts that there exist isocasting
modulus lines or contours of equivalent V/A which extend -
through the plate in three dimensions. Further, at both surfaces
of the plate the iso V: A contour lines or K-contour lines have a
value of O and at the plate center line the contour takes on a
value of T, 2. Since the K-contour lines are proportional to the
solidification time based on Chvorinov's work, they must also
predict the relative movement of the solidification fronts
through the shape. For the example shown in Fig. 3 this
approach predicts that solidification would begin at the plates’
surfaces where V/ A = O and proceed toward the center line of
the plate where V/A = T/2. Thus, the known solidification
behavior for infinite plates is predicted by the K-contour
technique. Note that although the time at which the
solidification front passes any given plate thickness is unknown,
the progression of the solid front is predicted by this method.

As a result of the section of three-dimensional shapes, a series
of dimension slices are produced. Since the method proposed
requires the graphical representation of resulting two-
dimensional slices, before proceeding with the development of
the algorithm for corners, the various types of two-dimensional
geometry potentially encountered must be considered. Based on
the current practices of drafting. it seems likely that regardless of
the shape of the two-dimensional slices they could be
represented by a series of straight lines and portions of circles.
This simple system should prove to be adequate with the major
loss of rigor being in those portions of shapes usually drawn
with French curves and like devices. Since these arcas could be
approximated with various chords of circies of varying radii this
should cause little difficulty. However, for the purpose of
application of the K-contour technique, the types of corners
encountered in two-dimensional sections are important. The
corners which develop can be categorized into either internal or
external corners, as shown in Fig, 4, External corners are those
in which the metal occupies the space whose angle of juncture is
less than 180° and internal corners are those in which the metal
occupices the space whose angle of juncture is greater than 180°,
Each type of corner. 1. ¢. internal and external, can then either be
acute, obtuse, or square depending on the form of the juncture
angle. Finally, the corner may also contain a radius of variable
sizes. Various types of corners with various radii are shown in
Fig. 4. By using the proposcd system, the geometry of the two-
dimensional slices can be developed merely by using a scrics of
straight lines and radii and the types of corners encountered will
either be internal or external.
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MOLO

METAL

SQUARE EXTERNAL
CORNER WITHOUT
RADIUS

OBTUSE EXTERNAL
CORNER WITH
RADIUS

ACUTE ANGLE EXTERNAL
CORNER WITH RADIUS

MOLD

METAL METAL

SQUARE INTERNAL
CORNER WITHOUT
RADIUS

OBTUSE ANGLE INTERNAL
CORNER WITH RADIUS

Fig. 4. . Types
sectioning.

of corners encountered in  2-dimensional

The application of the K-contour technique to flat plates was
discussed carlier.. To accommodate the potential two-
dimensional shapes, two other cases, i. ¢. internal and external
corners, must be considercd. It is important to distinguish
between internal and cxternal corners from a hcat transfer
standpoint, since they represent two different conditions,
External corners represent those cases in which the heat
absorptive volume is less than the heat content volume and thus
involves convergent heat transfer. If the K-contour technigue is
to be of cngineering value, it must show a similar behavior to the
actual solidilication behavior associated with cither of these two
cases.
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Fig. 5. A semi-infinite plate showing the model for K-contour
development for external corners.

EXTERNAL CORNERS

The semi-infinite plate shown in Fig. 5 is composed of two

square external corners without radii. Since the K-contours will
vary from 0 at the surface to T/ 2 at the center line of the plate, a
contour equal to T, 10 must lie somewhere between the surface
and center line of the plate. At some distance A from the end of
the plate there exists a point X which lies on the T/ 10 contour.
The distance from the surface of the plate to X, equals T/ X,.

Thus, the surface area for the two-dimensional slice at X,
equals: ‘

SA=A+T X,
And the volume equals:
V=AT Xi
Since the X, point must lie on the T/ 10 contour: .
T1O=V SA=AT X /(A+T/Xy)
Thus:
TA+ T Xi = 10A T X, and X, = (10 - T/A).

Thus, the coordinates of the point X, are A, T/ X,. Similarly, as
can be seen in Fig. 5 for the point Xa:

X1 =(10 - T;B)

By continuing this process and plotting the results for the square
external corner, Fig. 6 is obtained. Note that the general
expected shape of a solidification front is obtained in this
manner.

INTERNAL CORNERS

Consider the square internal corner without radius shown in
Fig. 7. To determine the K-contour for this type of corner, the
method described in Fig. 7 can be used as follows,

For the T, 10 K-contour:
X1 must lic on the T/10 K-contour and thus

VISA =T 0= [A T/ X +(T/X)}/2) A
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L —t
| /

K- Contour V/SA = T/IO

Fig. 6. The T/10 K-contour for a 5-in. thick semi-infinite plate.

Thus,
X1 = (+ 20; T + [(20/T) + 80/ TA]"*)/(4/T)
and for the point X; on the T/ 10 K-contour
X2 = (+20: T+ [(20/T) + 80/ TA])/(4/T) -

By continuing this process, the curves for K-contours of T/ 10,
T,8, T;6, T,4 and T/2 can be obtained, as shown in Fig. 8.

Note the K-contours shown in Fig. 8 become asymptotic to
zero at the corner of the section. This contour shape results
because the dimension A or B which represents the surface area
goes to zero as the end of the corner is approached for internal
sections without fillet radii. The K-contours which result for
internal corners without fillet radii point out the difficulties
often associated with corners of this type. Such corners are
prone to hot tearing because the convergent heat flow associated
with the sharp corner tends to keep the corner liquid, as
predicted by the K-contours, and the sharp corner tends to
concentrate casting stresses at this point. When castings having
such sharp internal corners are shaken out prematurely evidence
of the lack of solidification at the section are often found. A
casting exhibiting such behavior is shown in Fig. 9.

Since internal corners without fillet radii are usually avoided
by the foundry industry due to the potential for either hot tears
or lack of solidification associated with the corners. a method of
applying the K-contour technique to sections both internal and
external having radii must be developed. Currently there are
several methods being considered to incorporate radii into
internal and external corners, but further work will be required
before a method which predicts the solidification behavior can
be selected.

COMPARISONS OF K-CONTOURS WITH ACTUAL
CASTING BEHAVIOR

To simulate both internal and external corners in a single
casting the “L™shaped pattern shown in Fig. 10 was sclected.
From this pattern self-set molds were produced in a square core
mold box maintaining at least 2% in. of sand surrounding all
portions of the pattern. The completed molds are open faced
and contain no gating system or risers. Three molds of this
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T
X,_0n_The /10 contour Thus if ~ Then
T2
y.T. A(T/Xx) + 0-5(T/X,) o = losT X, b+ Vb%+ 4ac
SA 10 A | b = 10/0.5T ' 2a
‘ c = 10/

X,_On The T/10_contour

10/0.5T + [(10/0.5T)% + 40(1/0.5TB)]"?

(205T)

Fig. 7. Square internal corner without fillet radii and model 1o develop K-contours

%o K Contour

T/s K Contour

Mold

T/s K Contour

T/4 K Contour

T/g K Contour

Metal

Fig. 8. The K-contour obtained from the model shown in Fig. 7.
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5" Radius

Fig. 10. Pattern used for pour-out tests.

design were poured from the same heat of WCB grade steel.
Alter pouring each casting it was covered with a rather thick
layer of hot topping compound to prevent solidification at the
mold’s open face. At 55 seconds, 2 minutes and 3 minutes the
unsolidilied metal was removed from the casting by tipping the
mold on its side. After shakeout each casting was sectioned, as
shown in Fig. |1, to produce the Y%-in. thick sections shown in
Fig. I'l. The completed scctions from this test are shown in Fig,

Because the castings produced in this test contain an internal
corner with a 0.5 inch radius the K-contours shown in Fig. 8 are
inappropriate. To overcome this problem barring the existence
of a single appropriate model applicable to corners with radii, it

AFS Transactions
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Fig. 9. Photograph of a decanted L™
casting with a 90° method of connecting
the K-contours with internal corners
having fillet radii,

g
=G -]

| —Q——| e

Fig. 1. Pour-out casting showing position of section used to
check computer model.

was decided to join the appropriate K-contours by means of a
45° line, as shown in Fig. 13. This method of connecting the K-
contours provides a convenient method of joining them. This
method is not presented as the definitive method of representing
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Fig. 12. Photograph of decanted “L" sections showing the
progression of the solid front through the sections.
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T/(o~ K Contour

T/g K Contour

T/s K Contour

T4 K Contour

“Fig. 13. The 45° method of connecting

: the K-contours to allow comparison

Metal contours with internal corners having
Sillet radii.

1'/2 K Contour

PRprIay

Fig. 14. Photograph of the computer graphics output for a
square external corner.,
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Fig. I5. Photograph of the computer graphics output for a
square external corner and the “1" casting sections ohtained
experimenially,

ISEENPNER)

ALl

Fig. 16, The experimental "L section
castings when viewed ina manner similar
1o the computer graphics outputs.

Fig. 17. Photograph of the computer graphics output for the
45° connection technique of K-contour derived for internal
corner comparisons: )
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Fig. 18. Photograph of the 45° connection technique of K-
contour generation and the “L" casting sections obtained
experimentally.

K-contours associated with corners composed of radii, rather
this method is presented for comparison purposes only to the
“L™-section casting produced experimentally.

To facilitate the production of K-contours of the various
types a series of computer ‘programs which use computer
graphics were written for square external corners, square

internal corners and the 45° interconnected contours used to

represent internal corners with radii. Figure 14 is a photograph
of the computer graphics output for a square external corner,
Note that the shape of the K-contours begins as fairly
rectangular in shape with rounded corners, then progresses to a
“U'-shape. and finally to “V"-shaped contours. When this
progression of shapes is compared to the actual progression of
the solid front of the experimental “L"-shape castings a fairly-
close agreement is achieved, as seen in Fig. 15. Note the
progression of the solid fronts in the experimental castings when
viewed in a similar manner to computer graphics output as
shown in Fig. 16.

Figure 17 is a photograph of the computer graphics output of
the square internal corner using the 45° connector. Again note
the relatively good correlation between the shape of the K-
contours and the actual casting solid front positions, as seen in
Fig. 18. ) :

It should also be remembered that the K-contour positions
and shape can be altered by applying various factors to the
localized surface area and volume terms. This means that some
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adjustments could be made to produce even better correlation
between the K-contours and the actual positions of the solid
front. It also means that the effects of variations of thermal
properties within a mold can be accommodated by the
technique such as the effects of chills, cores, exothermic or
insulating materials, etc.

Although the K-contour technique has not been fully
perfected, it does show great promise as an inexpcnsive
technique to study the solidification of castings in three
dimensions. The loss of mathematical rigor in its use requires
that the relation of solid front position with time be lost.
However, its ability to predict the manner in which three-
dimensional objects solidify may provide both the small jobbing
and large production foundryman with a uscful tool for rigging

and gating castings. A tool of this type in the hands of the

foundryman's customers, the design engineers, could also
provide great benefits to both the foundry industry and its

" potential customers.
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ABSTRACT

Experimental measurements of the temperature distribution along
the central line perpendicular to the wide face of a 12 x 12 x 3-in.
plate casting were used to determine the thermal diffusivity of
Al-13% Si alloy as a function of temperature.

The experimental measurements were numerically analvzed
using two techniques. First, the experimental data were analyzed
in terms of ratio of the rate of change of temperature with time
compuared to the rate of change of thermal gradient. These values
of alpha were then fitted by regression analvsis as a polynomial
Sunction of temperature. Secondly, the thermal measurements were
fitted by palynomial regression analvsis to provide analytical ex-
pressions for the temperature as a function of distance at various
times. These functions were then used 10 compute values of alpha
which were then fitted 10 a polynomial expression as a function
of temperature. The two results were found to be in good agree-
ment. .

The thermal properties determined in this fashion have been
used to simulate solidification of cyvlindrical-shaped castings of
this alloy. Measured thermal profiles in several castings compare
closely with the simulated results. '

INTRODUCTION

In order to successfully simulate solidification of castings, thermal
properties of the materials involved must be known as functions
of temperature. Unfortunately, information about the thermal prop-
erties of many alloys at elevated temperatures is very limited.

The data presently available for Al-Si alloys basically are those
collected in the Metals Reference book and presented in a recent

research paper.’-? Some thermal parameters used to compute heat -

transfer in Al-Si castings at elevated temperature have been esti-
mated from properties reported for room temperature.

One of the most important thermal parameters is the thermal
conductivity, which is in part the subject of this study. However,
because the specific heat and density were not defined as a function
of temperature, it was more appropriate to utilize the thermal
diffusivity, defined as k/pC,,.

This present rescarch involves determination of the thermal dif-
fusivity of an aluminum-silicon alloy from experimental measure-
ments of the temperature distribution along the central line perpen-
dicular to the wide face of a plate casting, 12 x 12 x 3-in. thick,

wherein the heat flow can be assumed to be one dimensional. The-

experimental measurements were analyzed using two numerical
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techniques. The reliability of these thermal properties were then

tested by simulation of solidification of cylindrical-shaped castings

" of this alloy which were thermally monitored to provide-a critical

comparison with the calculations.

EXPERIMENTAL PROCEDURE
Casting Geometry and Materials

For this study. two casting geometries were selected, cach for a
different purpose. A plate-shaped casting, 12 x 12 x 3 in., with a
bottom gate and top riser, was used to determine the thermal
diftusivity of an aluminum-silicon alloy. A vertical, cylindrical-
shaped casting, previously described, was used to test the deter-
mined thermal properties used in a computer simulation by com-
parison with thermal monitoring measurements.”

A near eutectic composition aluminum 13 wt. % silicon alloy
was used in both casting experiments. Each casting was poured
three times at 1292F (702C). The eutectic solidification temperature
of this alloy has been reported to be 1070F (577C).* The alloy
was superheated to 1328F (720C) in a 3000 cycle induction heated
lift coil unit. A clay-graphite crucible was used for both melting
and pouring.

A dried silica sand for which the thermal properties are well-de-
fined was chosen as a molding material for both castings. The
molds were hand rammed from the composition: 4 wt. % Western
bentonite. I wt. % dextrin, 2.5 wt. % water, and the balance AFS
85 mesh Wedron silica sand.

The hardness of the molds as rammed was controlled within the
AFS hardness range 85-90. The molds were dried in a gas oven
at 350F (177C) for 24 hr. and cooled to room temperature. The
densities of the dried molds ranged from 100-105 b/ft (1.60-1.65
g/cm?®), The thermal properties of this molding material have been
fully documented.® ’

Thermocouple Locations and Temperature Measurement

Solidification of the two castings was carefully monitored by plac-
ing the junctions of chromel-alume! thermocouples at specific lo-
cations in the castings and in the sand. The thermocouples were
enclosed in I-mm (0.04-in.) bare thin-walled qu:inz glass tubes.
Figure 1 shows the five thermocouple locations in the plate castings
used for determination of thermal diffusivity of the aluminum-sili-
con alloy. Thermocouple positions were varied among the given
locations  to assure unidirectional heat flow in these experiments.
The positions of the thermocouples in the cylindrical castings,
identical to those reported earlier. are shown in Figure 2.?

The temperature measurcment system consisted of a scanning
device, a digital thermometer and a microcomputer for transmitting
the outputs of the digital thermometer to a recording device. The
monitored temperatures were recorded continuously until the tem-
peratures fell below 800F (427C) in the two types of castings. The
interval between readings was 2.5 sec. The total cycle time for all
thermocouples in the array was 12.5 sec. for the plate castings
and 20 sec. for the cylinder castings.

Computer Implementation

- Two programs were written to compute the thermal diffusivity and

a finite difference approximation procedure was developed to simu-
late heat transfer during solidification of the cylindrical test casting.
These programs were implemented on a large mainframe computer
(Amdahl 5860) using the Michigan Terminal system (MTS), and
an Apollo Supermicro computer (DN 300).
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Fig. 1. Thermocouple locations in the plate casting.

Calculation of Thermal Diffusivity

In the present study. two numerical techniques were utilized to
calculate the thermal diffusivity of aluminum-13% silicon alloy
based on thermal monitoring of plate castings. Both techniques
were based on the following premises:

1) The heat flux from the central plane of the plate was sym-
metrical about that plane.

2) The casting was considered to be an infinite plate with
respect to heat flow. The heat flux in the central area of the
plate was assumed to be perpendicular to the wide face of
the plate.

3) The temperature near the central area of the wide face of
the plate was uniform on planes parallel to the wide face,
and thesc temperatures were accurately monitored by ther-
maocouples placed near the central area of the wide face at
various distances below the surfuce.

The latter two assumptions are supported by experimental
documentation as presented in Table 1, where data from the initial
plate casting, A, show ncgligibly small temperature differences
between thermocouples on the same vertical plane, 2.85 cm from
the surface; point 4 in Figure | on the centerline perpendicular to
the wide face, and point 5, about 5 cm away. In contrast, the
differences between temperatures measured at point 4 in Figure |
and p\oim 2, which is displaced 0.95 ¢ closer to the surface, are
substantially larger.

Table | also presents a summary of the temperature gradients
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Fig. 2. Thermocouple locations in the cylindrical casting and
mold.

the eutectic temperature. As the casting cooled, the measured tem-
perature gradient between points 4 and 5 in Figure | decreased
from 0.174 to 0.045F/cm, whereas the gradient perpendicular to
the surface between points 4 and 2 decreased from 2.196 to 0.18F;
cm.

In two other identical castings, plate castings B and C, the
location of the comparison temperatures corresponding to locations
4 and S of Figure 1 were moved to positions 0.95 ¢m and 2.85
cm from the surface, respectively. Similar results were found with
respect to the measured thermal gradients. Thus, it was concluded
that unidirectional heat tlow could be assumed perpendicular ¢
the wide face of the plate castings.

Method | for Calculation of Thermal Diffusivity
The Fourier equation for unsteady state heat transfer can be expres:
sed as:

(@*T/ax) = (Lo (@T/at) (1
and can be rearranged to:

a = (IT/at) 1 (*T/ax?) (2

where « is a function of temperature. and hence of location anc
time. Equation 2 can be expressed in finite difference form as:

a = [(T"M=TH7 (T, - 2T + T, O (Bd7a0 @3

where a represents the values of thermal diffusivity at location

AFS Transactions



Table 1. Temperature Gradient in Different Directions from.

Poing 4 Below the Ewectic Temperature in Plate Casting A

Temperature Difference Temperature Gradient
Time (°rF) (°r/am)
(s} | No % and 2 [No 4 and S No 4 and 2| No & and §
0 2.0860 0.65630 2,196 0.174
200 1,9091 1.6701 2.009 0.258
400 2.3438 1.1732 2.4€7 0.308
600 3.0793 0.8533 3.251 0.224
800 3.4431 0.8504 3. 624 0.223
1000 1.7319 0.7102 X.823 0.186
1200 1.7581 0.5232 1.851 0.137
1400 0.7957 0.3531 0.838 0.091
1600 0.6431 0.1824 0.677 0.047
1800 0.7627 0.1832 0.893 0.048
2000 0.1714 0.1738 0.180 0.045

Table 2.

Sclected Values of Thermal Diffusivity

alt)=a 72

fbAT +c Unit: cmz/s
Coefficent Standard Error

1070°F ja=0.8558E-5 a=0,8732E-5
to =-0.1743E-1 b=0.1982E-1

First 1200°F |c=9.3717 c=11.241
Method 800°F |a=-0.4113E-5 a=0.6937E-6
to b=0.6163E-2 b=0.1298E-2

1070°F |c=~1,6405 . ©=0.6039
1070°F | a=0.1477E-5 a=0.6949E-5
to b=-0.1061E-2 b=0,1578E-1

Second 1200°F | c=-0.1256 c=8.9457
Method 800°F | a=-0.5301E-5 a=0.6201E-6
to b=0.8508E-2 b=0.1160E-2

1070°F | c=-2.8116 c=0,5399

which can be either of the two interior planes where temperature
T, is measured at time, t. and a next time interval, t + At.

In the present experiments, the distance interval between each
puir of thermocouple locations, Ax, was 0.95 cm. The digital
thermometer monitoring system devoted 2.5 sec. to each reading
50 that the cycle to complete the measurement of temperature
output of all five thermocouples (including the thermocouple for
comparison) required {2.5 sec. Each plate casting cooled continu-
ausly for about 150 min., until the temperature of the castings
reached 8OOF. Thus. the experiments provided sufficient data to
determine the thermal diffusivity in the liquid and in the solid
below the eutectic temperature.

First, the experimental temperature data were interpolated, using
a spline interpolation technique, to determine the value of temper-

ature at cach location as a function of time. The calculated temper--

ature at Jocation i for t+ At could be determined from the extrapo-
lation, as could the temperatures at the adjoining nodal points i-|
and 1+ 1, The values of o(T;) were then calculated using Equation
3 for the three interior nodal locations. including the central plane
where (2T' | — 2T',) was substituted for (2T",, = 2T + T' . ) in
Equation 3 by reflection.

Nine sets of o T,) values resulted from this procedure based on
the three nodal point calculations from cach of three castings based
on the cooling curves in the liguid and cooling curves below the
cutectic in the solid. These sets of a(T,) data were fitted by a
seeond order polynomial with good agreement. The functions for
« developed by combining one data set from each plate casting
are presented in Table 2.
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Fig. 3. Thermal diffusivity of Al-13% Si alloy.
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Fig. 4. The experimental and the computed temperature-time
profiles at location 1 in casting A.

Method Il for Caiculation of Thermal Diffusivity

Essentially, this method is similar to the first method, also using
one-dimensional heat transfer (Equation 1), and considering each
given x position at each specified time, i.e., at each specified
temperature. Since a =: a(T;) is essentially constant in the region
of T;, Equation | can be written as:

(@T/at) | t,x; ;
«T) = (4)
@ TIX) | t,x

In order to calculate the thermal diffusivity at a particular tem-
perature, it is nccessary to know how the temperature at x; varied
with time in the region of t; and how the temperature at t; varied
with distance in the region of x; at the given time. Using a least
squares regression technique, functional relationships between tem-
perature, T, and distance, x, T(x,), T(X5) . . . T(X,), at each time
G, were fitted successfully by a second order polynomial. The
technique utilized is detailed in Appendix A. From these relations,
values of 3*T/0X? t;.x; were calculated. Then, assuming the tem-
perature variation with time to be linear during the short period
of time for the determination of temperiature by the spline fitting
technique described above, where At=2.5 sec., (aT/at) | t;,x, can
be expressed as:

@T/t) | tx, = (T(x)" 3 = Tex)') 7 At (5)
Thus, the right hand side of Equation 4 was known and a(T;)

was thus defined. Then, using a least squares regression technique

165



1300 :
TEM.F ——— EXPERIMENTAL
1200
——— COMPUTED
1100
1070
1000
900
800 [
700 A A R Y A W S Y s ‘.
0 400 800 1200 1600 2000

TIME (SEC.)

Fig. 5. The experimental and the computed temperature-time
profiles at location 2 in casting A.
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Fig. 6. The experimental and the computed temperature-time
profiles at location 3 in casting A.
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Fig. 7. The experimental and the computed temperature-time
= profiles ar location 4 in casting A.
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Fig. 8. The experimental and the computed temperature-time
profiles at location 7 in casting A.

Table 3. The Experimental and the Computed Eutectic

Solidification Time at Six Locations in Casting A
gl’\ 1t:Second

Nol No2 No3 Nod No? No8

Experi- start 160 180 200 180 120 200
mental Finish| 380 780 1160 1460 280 1100

Computed |Start
Finish

161 161 17 176 121 191
385 781 11851 1461 281 1066

Eutectic-|Exp, 220 600 960 1274 160 900
zone Time|Comp. 225 620 980 1285 161 875

Errors +5 -20 +20 +11 +1 -25
Relative Errors |[+2.27% +3,33% +2.08% +0.86% +0.63% -2,78%

again to fit all a(T;) values, functional relationships between ther-
mal diffusivity and temperature were established.

The functions developed using this method based on the combi-
nation of one data set from each plate casting arc presented in
Table 2. The relationships from the two methods are in close
agreement.

Figure 3 shows the thermal diffusivity of the aluminum-13%
silicon alloy as a function of temperature as determined {rom the
thermal monitoring of plate castings based on method I and I1.

The resuits of both calculation methods are nearly identical. The
values of thermal diffusivity determined by the second method are
slightly smaller. The estimated standard deviation of the o(T)
function fitting the combined thermal diffusivity data by method
[ are slightly larger than those of method I, The reason can be
attributed to the function T(x) used to fit experimental temperature
data in method 11. The precision of thermal diffusivity mainly
depends on the precision of the thermocouple positions.

Simulation of Solidification of
Cylindrical Castings

As a part of the present investigation, solidification ot a cylindrical
casting of Al-13% Si was simulated. The thermal explicit diffusiv-
ity results from method 1 were utilized in the simulation, A finite-
different method similar o that described previously was used.”

For axisymmetric heat flow, the heat transfer expression for a
cylindrical-shaped casting can be expressed as:

(@*T/acYy + (M) @Tian) + (@ TazYy = () (@T/a) (6

AFS Transactions



59

1300 Table 5. The Experimental and the Computed Eutectic
EM.F —— EXPERIMENTAL Solidification Time at Six Locations in Casting C
1200 ——— COMPUTED ' Dnit:gecc;nd
1100 - \ - Nol No2 No3 Nod No7 NoB ]
1070 P Experi- Start | 136 150 170 189 None . 180
1000 - 5 ) mental _§£2i§p_12§_ €70 1070 1389 None 1060

Computed Start 1161 17 181 181 121 181
Finish| 386 686 1081 1301 271 1021

900 [
¢ Eutectic- Exp. 240 520 300 1200 None 880
zone Time | Comp. | 225 515 900 1120 150 840
800 Errors -15 -5 0 -80 None ~40
Relative Errors F6.25% -0.96% -0.00% -6.67% None -4,55%
‘700 N N N N . " N " .
0 400 800 1200 1600 2000

TIME (SEC.)
Table 6. The Experimental and the Computed
Fig. 9. The experimental and the compued temperature-time Solidification Temperature ar 1500 Seconds in Casting A
profiles at location 8 in casting A,

Temperature (°PZ
Nol = No2 No3 No4 No5 No6 No7 No8

Tuble 4. The Experimental and the Computed Eutectic
Solidification Time at Six Locations in Casting B

Exp. 941 966 1003 1061 884 596 940 1051
Unit:Second Comp. 973 985 101 1051 841 566 969 1048
Errors +32 +19 +8 =10 -43 -30 +29 =3
Ngl Ng?2 No3 No4d No7 NoB8 Relativel
Experi- stare | 187 185 185 185 ™, 140 Errors [+3.40% +1.97% +0.80% -0.94% -4.861 -5.03% +3.09%~0.30%
mental Finish| 387 705 1105 1345 300 1000

Computed Start 161 171 181 181 121 182
Finish| 386 686 1081 1301 271 1021

Eutectic~ |Exp. 220 520 920 1160 160 860
zone Time Comp. 225 515 3800 1120 i50 B840

Errors +5 -5 -20 -40 -10 -20
Relative Errors L+2.27% -0.96% -2.17% -3.45% -6,25% -2.33%

Tuble 7. The Experimental and the Computed
Solidification Temperature at 1500 Seconds in Casting B

In order to solve this equation. some initial and boundary con-

tions were assumed as follows: o

Temperature (“F)

1)y After liquid metal filled Fhe mold. the initial temperature Nol  Na2  No3  Ned  NeS  No6  Na?  Nap |
distribution of the liquid metal in the mold is homogeneous Exp. 958 987 1027 1064 882 489 958  10%8
at a specified temperature. Comp. |966 1001 1013 1046 817 516 944 1036
2) The heat losses from the surface of the mold are smail [Errors | +8 14 14 -18 <65 27 a4 =22
enough to assume that the surface is at room temperature. Errors [0.84% +1.42% -1.36% -1.69% -7.40% -5.57% -1,46%-2.08
3) The bottom of the casting and corresponding part of the :
sand mold are assumed to be in contact with a specific
thermal resistance during solidification. The vertical surface
of the casting and corresponding mold wall are assumed to -
be in contact with a thermal resistance only until a gap forms. Table 8. The Experimental and the Computed
4) When a gap forms, the heat flux across the metal-sand Solidification Temperature at 1500 Seconds in Casting C

interface will be considered in one dimension, and will be
cqual to the prodgcf of a heat transrl]er‘coclflcxenz Hg, and remperature(®F)
the temperature difference across the interta T ™

5) The central line of the vertical cylinder is considered to be | - — o :
Exp. |94l 963 1003 1056 862 76 813 0S|

insulating in the heat transfer analysis since the shape of Comp. |965 1001 1013 1046 817 516 944 1036 !
the cylinder provides radial symmetry. Errors [+15 _ +32 _ +4 . -10  -45 __ +40___ +31  -15 |
Relative B - 1

6) The top surface of the casting is assumed to be insulated
after the furnace located above the mold is turned olf,

Errors +0.85% +3.30% +0.39% -0.59% -5.22% +8.40% *3.39%-1.13\:

In this calculation, the latent heat of fusion was transformed
wo an cquivalent number of degrees by dividing the latent heat
I fusion by the specific heat. When the temperature of a node
A below the melting point of the metal (1070F), the temperature
ifference was calculated and the node temperature was compen-
ated relative to the melting point at cach time step until the sum
{'added degrees over some time period was equal to the equivalent
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Fig. 10. The experimental temperature-time profiles for Al-13%
Si casting A.

number of degrees. this signified that all the latent heat of fusion
had been released, and the temperature of the nodes was allowed
to fall again.

The heat transfer coefficient involved in the calculation was
estimated from previous results.®” The various explicit nodal equ-
ations are detailed in Appendix B.

For purposes of comparison. three cylindrical castings—A, B,
and C—were poured in the aluminum-13% silicon alloy with ther-
mocouples placed at several locations in the castings. The experi-
mental and computed results are in very good agreement. In order
to compare the experimental results with the computed results
directly, six pairs of curves from casting A are shown in Figures
4+9. The solid lines in Figures 49 represent the experimental
results. and the dashed lines represent the computed results. The
experimental and the computed eutectic solidification times for
castings A, B. and C are shown in Tables 3, 4, and 5. Tables 6.
7. and 8 display a comparison of results of measured temperatures
after 1500 sec. in castings A, B. and C with the computed results.
As described betore, the agreement between experimental and
computed results is considered to be excellent.

The correlation between experimental and computed results for
locations in the mold were not as satisfactory. The reason might
be the estimate of the heat transter coefficient. but more likely is
the accuracy with which the thermocouples can be placed in close
‘proximity to a curved surfuce. ’

SUMMARY

The thermal diffusivity of aluminum-13% silicon alloy has been
determined above and below the eutectic solidification temperature
from temperature measurements during cooling and solidification
of plate-shaped castings. Two numerical methods were utilized to
develop temperature dependent, expressions for the thermal dif-
fusivity as a function of temperature.

The experimentally derived thermal property was used in the
simulation ol solidilication of a cylindrical casting ol the same
atloy. Excellent agreement was obtained between computed tem-
perature-time curves at various locations in the casting and the
results of thermal monitoring of three castings.
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Fig. 11. The computed temperature-time profiles for Al-13% Si
casting A.
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APPENDIX A

Thermal Diffusivity from a Power Series
Fit of Temperature Profiles

For approximating a one-dimensional temperature distribution in

a casting, a power series (second order) can be suggested as:
1

T(x)=A + A% + A’ C(A-D

Equation | can be used to fit the experimental data. The
coefficients (A A, .A,) of this best fit are:

m m Y ( m b
m I X, T X A LT,
i=} i=1 ° ; i=1 *
|
Ix zx2 I x2 A | b 2
U T R S O (A-2
m m m m
2 2 .
X2 Ix2 zx? L% | T T?x_“i’
Li=1 i=1 i=1 J Li=1

Here, m is the number of X locations where thermocouples are
placed. Using the measured experimental data in Equation A-2
yields the coctficients (A1 A "1 A1), Thus, at time t;:

T(x)*i= Ali « ATix + ASix? (A-3Y
At time ti+At:
T titets A tiEt A RO A,tithtx2 (A-4)
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These are combined with Equations. 4 and 5 from the test to
provide:

1

()\f)i"At AL fecali j*at -abxeadi jrat Agi)xf
al(T,)=
i t. .
2 Azl ot . (A-5)
APPENDIX B

Finite Difference Appronmatlons
for Various Nodes

For the nodes at the central lines of the cylindrical casting, the
finite difference approximations (FDA) were expressed as:

tedz _ .t _ -t ot
Ty Ti,j . eM(T”l ; 1 ) + m'r1 -1 7 i1 Tilj)
- M('I‘ ]*1 J) (B-1)

For the nodes that are at the top .of the casting or the mold, if
the top surface is assumed to be insulating, the FDA's will be:

tedt _ -t . ot
T i,j - Ti;* M(1 )(Tl -1,3 Tl.)’
(B-2)
t
+ M(1+ ”Tu»l,) 1_j) + 2M(T _I-Ti'))

For the top surfaces in contact with a heat generator, the FDA's

will be:
teAt _ ot __C t
'1'1 5 - Ti,j M(1 )('r1 1.5 )
+ M1+ )('r -t oL amert . -t ) (B-3)

i+1,3 "i,3 i,i-1 i,3
ar
+ 2U4(—)(q")
K
For the nodes which are at the metal side of the interface after
a gap forms. the FDA's are:

8nArH
rt e —— S qpt

] 1:] K(Qn—l) i!j

t+At
'ri’]. = M[21‘1

. (B-4)
n Ar H
+{1 - Ml G, o4y ot

K(4n-1) )

For the normal nodes in the bulk, the FDA’s are:

L
el ’

SUeAL ot o t
SO E R )('I“lj 5,5

(B-5)

Tt )

) + ZM('I‘1 5417 Ti,5

1
+ M(1+ 2——)(THl 5”
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NOMENCLATURE

Temperature

Time

Distance in Cartesian coordinates
Distance in cylindrical coordinate system
Numbers of data points

Angle in cylindrical coordinate system
Thermal conductivity

Specitic heat

Density

Heat transfer coefficient

Fourier number

Numbers of nodes in r direction

Time step

Ar,Az Space increments in r,z direction, respectively

AR &3 X— =
N

<

Z2xT™T

| >~
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DISCUSSIONS

Question: Do you attach any significance to the apparent step-wise effect
recorded in your cooling curves (experimental)? (C. R. Loper, Jr., Univer-
sity of Wisconsin, Madison, WI)

Answer: The experimental cooling curves (Fig. 10) arc quite smooth. The
calculated cooling curves (Fig. 11) show some “steps” that are related to
the numerical method and the grid spacings in time and space which were
selected for the calculation.

Question: This work was done on the eutectic silicon. What cffects on
the procedure uscd would be necessary if an off-eutectic alloy were used?
(A. Keamey, Trialco Inc., Chicago Heights, IL)

Answer: This simulation used an accounting of the latent heat of fusion
releascd at the cutectic temperature based on an equivalent number of
degrees determined by dividing the latent heat by the specific heat. For
an “off-eutectic™ composition the release of latent heat could be distributed
over the freezing range, and incorporated in the calculation as a peak in
the specific heat curve.

Question: In the calculation of thermal diffusivity did you assume the

thermal conductivity to be independent of temperature? (Prof. G. P. Reddy,
[IT Bombay, Bombay, India)
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Answer: The thermal conductivity was not used independently. The ther-
maul ditfusivity was determined- numerically {rom experimental measure-
ments. Two polynomials were fitted to the results giving the thermal dif-

fusivity as a second order function of temperature above and below the

cutectic temperature. :

Question: What type of reference junction was used on the thermocouples?
(George Gooden. Bentover, Caracas, Venezuela, S.A.) .
Answer: A Newport digital thermometer was used to monitor the output
of the chromel-alumel thermocouples. The instrument contains a chromel-
alumel junction which is utitized {or reference temperature compensation,
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Question: Were cffects of convection prior to solidification included in
the simulation work or was the maximum temperature of the incoming
metal adjusted in any way? (J. T. Berry, Prof., School of Mech. Eng.,
Georgia Inst. of Technology)

Answer: Convection in the melt, in both the plate casting and in the
cylindrical casting was not considered in this work. The pouring temperature
for each of the threc castings was 1292F. In the computations, the measured
local mold cavity temperatures (1200~1220F) on mold filling were used
as starting temperatures for simulation of the cylindrical castings.
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Calculation of Feeding :
Range Data for Hypoeutectic
A-357 Alloy Using FEM
Solidification Model Results

J.C. Moosbrugger
J.T. Berry
Georgia Institute of Technology, Atlanta, GA

ABSTRACT

The presence or absence of unsoundness due to solidification
shrinkage is dependent upon the range of action of risers in sand
castings. As established by Pellini and co-workers,’* the feeding
range of a riser for a given alloy is an empirical estimate of this
range of action. This measure depends upon many factors including
casting geometry, the thermal properties of the mold and casting
materials, and the mode of solidification of the cast alloy. In recent
years a great deal of work has focused upon modeling the solidifi-
cation of sand castings using numerical solutions to the non-linear
heat conduction problem.*® These models are capable of providing
information about temperature fields. Davies® has used information
derived from finite difference models (FDM) in determining feeding
ranges for various cast alloys using a simple fluid flow model
which includes an empirical calibration based upon the data of
Pellini, et al."?

In this study a finite element (FEM) formulation of the heat
conduction problem is incorporated to solve for the temperature
field in a simple plate casting of A-357 alloy in silica sand. Infor-
mation derived from the numerical solution is then used to estimate
feeding range for the alloy in the manner outlined by Davies.® The
results are compared with those reported by Davies® for Al 7% Si
alloy and are discussed in terms of their implication of a distribution
of dispersed shrinkage along the length of the plate casting.

INTRODUCTION

It is a well-established principle, perhaps due to the pioneering
work of Pellini and his co-workers,” that the presence or absence
of unsoundness due to solidification shrinkage is not only dependent
upon the freezing order of joined sections, but also upon the range
of action of the risers in sand castings. Although dealing primarily
with short freezing range alloys (SFRA), Pellini et al. established
the concept of a feeding range attributable to a given alloy as the
distance over which a riser could supply feed metal, producing a
sound cross-section, in plate and bar castings. This distance was
given as a multiple of the plate or bar thickness. Unsoundness in

the SFRA is, primarily, the presence of centerline shrinkage. In -

long freezing range alloys (LFRA), unsoundness is primarily dis-
persed interdendritic porosity. In LFRA feeding of solidification
shrinkagé occurs via “mass feeding” and interdendritic fluid flow,

with the former term distinguishing the bulk flow of liquid plus -

solid crystals. This is because solidification occurs in a “pasty”
manner, with the entire casting or major parts of it consisting of
a mixture of solid and liquid phases. In the SFRA, on the other
hand, solidification proceeds via growth of the solid from the mold
walls with a more or less distinguishable boundary betwen liquid
and solid phases. The end result is that the feeding of solidification
proceeds by virtue of capillary flow through the resulting channel.
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The differences between the modes of feeding and resulting forms
of unsoundness in SFRA and LFRA are illustrated schematically

‘in Figure 1. Only a limited amount of work has been done to

characterize feeding ranges for LFRA. No empirical data similar
to that of Pellini et al. are available for the many alloys of commer-
cial importance falling into this category.

Piwonka and Flemings'® have shown that flow through “mushy”
zones obeys relations similar to those employed in flow through
other types of porous beds. However, data applicable to feeding
ranges of risers was not reported. Davies® has calculated feeding
ranges for several alloys in plate castings by employing the velocity
of the 80% solidified front isotherm calculated from a finite differ-

- ence formulation, of the differential enthalpy equation in a simple

model of fluid flow. The aspects of Davies’ analysis important to
the problem studied here are as follows: for laminar flow through
a tube of radius, r, and length, ¢, the pressure drop is

AP = —uu "‘ (l)
ﬂr‘4

where w is the viscosity of the fluid, and Q is the volumetric flow
rate. By conservation of mass, the flow rate requried to feed sol-
idification shrinkage is

6= Vsnrzm -

where m is the solidification contraction and V, is the solidus
velocity. Equating 1 and 2 and solving for ¢ yields the capillary
feeding distance, since the flow rate Q is just the amount necessary
to feed shrinkage. Thus:

f g, el 3)
f BUmV

S

where /;is the feeding distance. The result is highly approximate
at best for metals solidifying with a plane front. Davies seeks to

_ correct Equation 3 to incorporate the effects of a not-so-clearly

defined solidification front by means of an empirical correction
factor, B. Since we can write AP = yP,where P, is the pressure
due to metallostatic head and v a constant, Equation 3 can be

N :
p D)
e 3 -
'95% 100% solid
(@ 90%

[60% ~80% — 100%

(b

Fig. 1. Solidification pattern at a given time, schematically, a) pure metals;
b) alloy with a wide solidification range.®
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rewritten as
0 2 gt 2
L. BPor‘ . B hplr‘ )
f um‘Js ,.mvs .

where h is the height of the metallostatic head and p ¢is the density
of the liquid metal. Davies then chooses B! such that a maximum
feeding distance of 4.5 S results, where S is the plate thickness.
In doing so, he employs data involving 0.6%C steel cast in silica
sand. Since this empirical value (4.5 S) is generally accepted for
this combination of alloy and mold material, this step is probably
permissable. The resulting model is then used to calculate feeding
ranges for some_ pure metals, eutectics and SFRA by employing
solidus velocities ‘obtained from FDM solutions to the differential
enthalpy equation.

To calculate feeding ranges for LFRA, Davies uses the same
basic model with a modified approach which attempts to incorpo-
rate observed differences in the nature of feeding in these types
of alloys. During the first part of solidification mass feeding (move-
ment of liquid and solidified crystals) takes place until a solid
dendrite network prevents this from occurring. This is generally
believed to occur at approximately 70% solidifed. When mass
feeding stops, feeding will continue via interdendritic fluid flow.
To obtain some estimate of the length of interdendritic feeding
distance, Davies uses a simple idealization of the dendrite network
geometry to calculate an effective channel radius to be used in
Equation 4. He then finds the mean velocity of the 80% solid front
from the FDM solution and substitutes this for V to obtain £ as
the interdendritic feeding distance. The 80% solid front velocity
is chosen as it is observed that feeding terminates near that point
in the solidification (80%), perhaps due to surface tension and
other effects which are difficult to analyze.
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Davies has calculated feeding range data for Al 7% Si alloy
which is close in composition to alloy A-357 (Al 7% Si 0.6%
Mg), having the same hypoeutectic character which gives a mixed
dendritic/eutectic solidification mode. He found the end contribu-
tion to be 5.5 S and the feeder contribution to be 4.5 S yielding
a maximum feeding distance of 10 S, for the 7% silicon alloy. It
must be noted here that Davies treated the Al 7% Si alloy as an
SFRA. Thus, the value of feeding range was that estimated to be
required to prevent centerline shrinkage. He notes in his discussion
that plates cast in Al 7% Si which were ten times the thickness in
length (equal to maximum feeding range) showed no centerline
shrinkage but did show some microporosity. Davies also calculated
interdendritic feeding distance for Al 2% Si alloy (an LFRA) and
estimated percent microporosity from his data. He found that in
simulations without an end chill, percent microshrinkage varied
somewhat along the plate but was relatively constant at 1.5%.
When a simulation was of a casting with- an end chill, however,
he found a lower average percent porosity which increased form
0.0% at the chilled end to about 1.5% at the feeder end. His
results, for the unchilled plate, however, agreed qualitatively with
experimental results.

Numerical Analysis

A numerical analysis of the heat transfer problem with the dimen-
sions of a plate casting as shown in Figure 2 using liquidus and
solidus temperatures for A-357 alloy has been performed.

A finite element model has been developed which can simulate
the solidification of sand castings assuming uniform initial temper-
atures in the casting and mold. The model can take into account
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temperature dependent thermal properties of the mold and cast
material and will allow latent heat generation at constant temper-
ature or over a temperature range. These characteristics make the
model suited for studying the solidification of the plate casting
considered in this analysis. Specifically, a model for the solidifi-
cation of the hypoeutectic A-357 alloy has been formulated for
this study. '

The model involves a finite element formulation of the differen-
tial enthalpy equation first solved using finite differences by Sarjant
and Slack'! and used extensively by Hansen'?!? in solidification
studies. The finite difference formulation has been shown by
Meyer,'* via a rigorous mathematical proof to converge to the
weak solution of the Stefan problem as the time step and node
spacing approach zero. A summary of the formulation as used in
this study follows. A more complete description has been given.'’

For a metal at rest with density p specific heat C, and thermal
conductivity k, conservation of energy can be written

3
]

m

= v.kvT &)

[ad

where T is temperature, t is time and

T-TS (6)
E = fo (pC + plﬁ)dT

In Equation 6 Ty is the liquidus temperature and A is the latent
heat of fusion with 8 producing a discontinuity of strength A\ in
the function E at T = T,. A modified temperature scale is then
defined as

c. T-T )
s sk
LAY ]o ks ar

where C, is the specific heat at T = T, and k, is the thermal
conductivity at a reference temperature. Equation 5 can then be
written as

M a2 3
afo - V¢

1 T-Tg
He=sfy °(CH+a8)dT, ©)

V*2 is the dimensionless Laplacian operator and Fo = k t/pC,L?.
For the mold material
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~ where the subscript m denotes mold material and

T-T, Gy

- )]
Hp = fo el
c. T-T_k
_ s s _m (12)
*n T % [o "7 4T
om

Equations 8 and 10 are the governing field equations for the mold
and solidifying metal subject to the initial conditions

H=H ina o (13)

and boundary conditions

H=H, onS

5 1 B . (14)
., _C
v*eth + B1 —)‘—S (6 -9,) =00ns, (15)
where
BY = Bi (T-T,)/(6 -9.) (16)
AL : a7
Bi = —
Ko

h is the heat transfer coefficient acting at S,. In Equations 13-17
the appropriate properties are chosen depending on whether the
boundary lies on the mold or metal.

In order to model the hypoeutectic character of A-357 alloy
(latent heat generation over a temperature range followed by gen-
eration at a constant temperature), Equation 9 can be modified as

7-T
C, o, of
W=/, e(xns + ) dT (18)

where T.is the eutectic temperature. The fraction solidified, f,
during crystallization of the primary phase is determined by assum-
ing equilibrium conditions and using the lever rule

.. s ' 19)
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where v is the equilibrium partition coefficient, T, is the liquidus
temperature and T, is the melting temperature of the pure metal.
It follows from Equation 18 that H = O at T = T,. Letting H =
1 atT =T, it follows that H = 1 — f during primary solidification.
Latent heat generation at the eutectic temperature is accounted for
by choosing &' such that 8’ = 1 — f, at T = T, where f_ is the
fraction solidified from Equation 19 at T =T,. Thus, a one-to-one
correspondence exists between H and ¢ for the alloy except at the
eutectic point where O < H < 1 -f,.

The finite element equations are derived using the standard
Galerkin method procedure'® with the interpolation functions being
the same for H as for ¢> This procedure ylelds the following matrix
equations:

L) + Ty 1] tag) = (G, (H) - R, ) | @0
LT+ T 1 (@) = L) (H) - Rg) "2
The element matrices are
tx, 3¢ - I o) win T oronaavt®) 22)
tx,1¢) - ;:'—“ [V(e)v*[N]T.v*[N]dV(é) 23)
K, 1(9’ - S e (TN, (e) 24)
g, 16 - 5, s (o) Tones,(®) (25)
) - (o) OHOIT 26)
et - J e 10TV @7
(RSZ}(e) ='§.:—S—i—>f (e)[N]T’bwdSZ(E) 28)
52
(RSZm}(E) ) %Hm Isz(e) [N]T%dsz(e) @9
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In Equations 20-29, {b}and {H} are the column vectors of nodal
modified temperatures and time derivative of nodal dimensionless
enthalpies respectively. The matrices {N] are the interpolation func-
tions and V denote the volume and S, surface of the element
repectively. The time derivative may be replaced by

n+l n

{;”B S {HY - {HY (30)

aFo

and the nodal modified temperatures evaluated at time level nAFo
+ BAFo by
{414 = ater™ + (1 - 8) (a)" e

The system of equations to be solved at each time step is then

(32)
™ e Ly s k™ - -8 KD (0" ¢ R

For B = O the algorithm is fully explicit and the {¢}" can be
determined from the {H}". For O < 8 < 1 iteration is required
within a time step since the {¢}"*! are not known until the {H}**!
are calculated. In this study 8 = %2 and a “lumped” capacitance
procedure were used. Mass lumping is a common practice and has
been discussed in the literature. !”~!® The properties and parameters
used in this study to model A-357 alloy solidification are listed in
Table 1. The model phase diagram derived from these parameters
(nominal 7% Si) is shown in Figure 3. The applicable dimensionless
enthalpy modified temperature relationship (Equations C-18 and
C-19) is shown in Figure 4. Symmetry about the centerline of the

Table 1. Properties and Parameters Used in the Numerical Analysis

o = 2.67 g/cm’ cef [9]

Pm = 1,50 g/cm3 ref [9]

c=c = 1.05 3/¢% ref [9]

¢, = 112 3/g°C (silica Sand) ref [9]

k = k, = 1.87 W/en’C ref [9]

Ky = Koy = 0.0084 Wem’C (Si1ica Sand) ref [9]

= 432.6 J/g ref (9]

y = 0,13 ref (20]
T = 613% ref [21]
Ty = 557°C ref [21]
T = 660°C ref [21]
L =76.2cm
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plate was assumed in order to reduce computational effort. This
is not expected to introduce significant error except perhaps in
regions near the riser. Insulated boundary conditions were applied
at the outer mold boundaries. This was. found to be acceptable

since semi-infinite conditions were maintained for the solidification-

time involved. The metal was assumed to be initially at the liquidus
temperature and the mold was initially at room temperature. Con-
stant properties as listed in Table | were assumed to be distributed
evenly over the entire solidification period so that the fraction of
latent heat liberated during primary solidification was equal to the
fraction solidified during that period and the remainder of the latent
heat was released at the eutectic temperature.

ANALYSIS AND RESULTS

The location along the center line of the plate of various fraction
solidified fronts versus time is shown in Figure 5. From this diagram
it can be seen that at approximately Fo = 0.027 (t = 4 min) after
the start of solidification, a large region along the centerline of
the plate is nearly solidified. The capillary length between a given
fraction solid curve chosen and the 100% solid curve is the vertical
distance between these curves. Capillary length is plotted in Figure
6 versus position along the centerline of the plate for various
fraction solid curves. The capillary feeding distance, £, can be
calculated using Equation 4 and the properties or parameters listed
in Table 2 along with the velocity of the 100% solid front, V..
The latter velocity is calculated from the numerical solution. The
feeding distance ¢}, versus distance along the centerline of the
plate is also shown in Figure 6. The limits of centerline shrinkage
are then the points of intersection of the curves for capillary length
and the capillary feeding distance, #;. The feeding ranges, assum-
ing feeding problems starting at various fractions solidified, are
given in Table 3 as multiples of the plate thickness, S/L. These
results are in close agreement with those obtained by Davies® for
Al 7% Si alloy.

Because of the hypoeutectic character of A-357 alloy, it is felt
that it is not meaningful to treat the alloy in a manner similar to
the way in which Davies ° treated Al 2% Si alloy (having the
character of an LFRA). This is because eutectic solidification be-

Table2. Propertiesand Parameters Used to Calculate ¢ from Equation

(C4)
B* = 0.22 ref [9]
b= 2.3 g/em ref (93
= 0.75 x 107 cm ref [9]
u = 0.030 poise ref [é]
m = 0.05 ref [9]
h = 14,1875 cm

Table 3. Feeding Ranges for Feeding Problems Starting at Various
Fractions Solid for A-357 Alloy

Fraction Feeding Range

Solid end feeder - max

90% ) 6,75 (S/L) 3.75 (S/L) 10.5 (S/L)

801 5.2 (s/L) 3.3 (S/L) 8.5 (S/L)

701 4.4 (S/L) 3.0 (S/L) 7.4 (S/L)
Eutectic 0 (S/L) 2.2 (/L) 2.2 {S/L)
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gins at 62.5% solid in the model of A-357 alloy, whereas dendritic
growth continues up to some much larger fraction solid in Al 2%
Si. However, some qualitative assessment of the variation in micro-
porosity along the plate length can be made if we simply assert
that feeding through the solid dendrite network becomes more
difficult as the solid fraction increases. Thus, the amount of micro-
porosity will depend upon the imbalance between the ability to
feed (volumetric flow rate of liquid metal through the network)
and the tendency to consume (velocities of the various fraction
solid fronts). Because of the gradual increase in the rate of move-
ment of the 70% through 100% solid fronts followed by very rapid
movement in the center of the plate followed by a gradual decrease,
the interdendritic feeding distance will gradually decrease, then
rapidly decrease, then gradually increase. This should lead to a
microporosity profile that gradually increases, rapidly reaches a
plateau at the middle of the plate, and then falls off rapidly near
the riser end. Thus, a uniform distribution of porosity should be
obtained in the center of the plate. '

620 640 660 680
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Fig. 3. Model phase diagram derived from the parameters listed in Table
C-1 and used in the numerical analysis.
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Fig.4. Dimensionless enthalpy vs. modified temperature for A-357 alloy.
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CONCLUSIONS AND OBSERVATIONS -

1. The results of the analysis carried out in this study are in good
agreement with the results of Davies.®

2. Approximate quantitative assessment of design parameters to
prevent gross (centerline) shrinkage porosity for the alloy modeled
in this study (A-357) alloy and other alloys of commercial impor-
tance can be derived from temperature field data obtained from a
numerical solution to the solidification problem.

3. Qualitative assessment of the distribution of microporosity (in-
terdendritic ‘shrinkage) can be obtained for a particular casting
geometry from the temperature field data.
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NOMENCLATURE

Bi  Biot number, hL/ky

Bi modified Biot number, Bi (T — T.)/(d— bw)

B! empirical correction factor

C  heat capacity of cast material

C, heat capacity of cast material at liquidus temperature

E  enthalpy

f fraction solidified

Fo Fourier number of cast material k,t/pCsL?

AFo dimensionless time step size ) .

h metallostatic heat height in Equation C-4, heat transfer
coefficient in Equation C-17

0.6

68

H  dimensionless enthalpy of cast material
Hy initial dimensionless enthalpy of cast material
k  thermal conductivity of cast material .
ko reference thermal conductivity of cast material
characteristic length (length of mold)
solidification contraction
unit normal vector to surface
length of capillary
pressure difference
metallostatic pressure
volumetric flow rate
capillary radius
plate thickness
specified temperature boundary surface
specified convection boundary surface
time
* temperature
eutectic temperature
melting point of pure metal
liquidus temperature
ambient temperature
velocity of 100% solid front
distance along centerline measured from end of plate
fraction of a time step at which FEM equations are solve:
equiulibrium partition coefficient for Si in Al
Dirac delta function evaluated at liquidus temperature
delta function of strength 1 — f, evaluated at the eutectic
temperature
latent heat of fusion of cast material
i liquid metal viscosity
p  density of cast material
p ¢ density of liquid metal
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Fig. 5. Location along the centerline of the plate of various fraction solid fronts vs. time.
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¢  modified dimensionless temperature. of cast material REFERENCES

Q1 solution domain

SUBSCRIPTS

m  denotes mold material
e denotes eutectic

SUPERSCRIPTS 5.

n time step 6
(e) denotes element
T  denotes tranmspose of matrix

MATRICES

[K,] volume integral of stiffness matrix : -8
[Ks,] surface integral of stiffness matrix

[C] capacitance matrix

{H} dimensionless nodal enthalpy vector

{H} time derivative of nodal dimensionless enthalpy vector
{¢} dimensionless nodal modified temperature vector

[N] interpolation functions 10.
{Rs,} vector due to surface integral
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Risering by Computer
Assisted Geometric Modeling

R. W, Heine

J. J. Uicker .
University of Wisconsin-Madison
Madison, Wi

ABSTRACT

An overall information flow plan for computer aided
engineering of casting processing and design is revealed.
Application of the plan 1o geometric modeling of risering
systems for castings is presented. The freezing order of casting
sections is determined by obtaining the section modulus of the
geometric subshapes comprising the design. The section modulii
are obtained using a minicomputer program and graphics tablet
input from the casting drawing. Volume and weight of the
casting are obtained in the same way. An alternative method
based on section modulus solidification wave fronts revealing
directional freezing from casting, through riser contacts, to the
riser obtained with a main frame computer program is also
presented. Risering by the geometric technique with cylindrical
or tapered risers for specific examples with casting results
illustrated. -

INTRODUCTION

Castings and their necessary risering and gating systems are
geometric objects of greater or lesser complexity of shape. The
complete system may be modeled by building an assembly of
primitive geometric sub-shapes such as plates, cubes, cylinders,
bars, cones, tubes, etc. to establish a three dimensional
geometric data base for cngineering calculations. Building a
complex configuration from its geometric sub-shapes is known
as solid geomctric modeling. Solid gecometric modeling holds

AFS Transactions
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promise as a major tool of computer aided engineering for the
analysis nf casting designs and related foundry process
engineering. This paper will present some aspects of the use of
solid geometric modeling for computer aided engineering of the
risering of castings. Actually, risering is presently done by a
mental process very parallel to solid geometric modeling
whether this is consciously recognized or not. Computer aided
engineering causes this situation to be recognized.

SOLID GEOMETRIC MODELING

For risering purposes, the design of the casting is analyzed for
directional solidification, location of the last regions to solidify,
hot spots, feeding paths and distances, casting volume, riser
locations and section modulus. Risers and the feeding system
may then be designed. The casting design may be modeled and
analyzed either by two dimensional or three dimensional
methods. Presently the principles of two dimensional analysis
for risering are fairly well developed. But, computer software to
model the casting geometry and permit rapid analysis for
risering is just beginning to become available. Also, 2D analysis
is limited to certain shapes. For complex shapes, 3D geometric
modeling may be necessary. Much greater difficulty with the
modeling system, considerably longer computing time and
engineering man-hours are involved when 3D modeling of the
geometry is required.

In either case, modeling the system provides the capability for
casting design analysis and foundry process engineering for
maximizing yield through the most efficient risering system.
New programs for the currently available computer equipment
are necessary to accomplish this. Developing these programs
and related processing principles is the objective of the CAST
METALS PROGRAM ofresearch established by a consortium
of foundries mainly from Wisconsin, in the Computer Aided
Engincering Center of the College of Engineering of the
University of Wisconsin-Madison.
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Fig. 1. Cast metals program information flow plan.

CAST COMPONENT

Solid geometric modeling by both 3D and 2D techniques is
important research area in the Cast Metals Program. Its key role
is shown on the Information Flow Plan for the project, Fig. 1.
The top area, Fig. I, represents the component design of a
foundry customer presented either as presently, on a
conventional 2D drawing or blueprint, or in the case of certain
companies on magnetic tape. The drawing or tape, of course,

Fig. 2. Schematic representation of geomerric modeling by
assembling sub-shapes. :
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represents the finished component design without processing
allowances.

When the blueprint or tape is received by the foundry, process
engincering may begin after the solid geometric data base is
developed, middle area Fig, |. Wire frame data from
computerized draflting systems may be converted to a solid
geometric data base via a Translator program developed at
UW.! Or, the blueprint may be converted to the solid geometric
data base either by digitizing or at a computer aided design
terminal, After digitizing the blueprint geometry, the translator
program produces the solid geometry data base. Or at the CAD
workstation, the solid geometric modeling software program
permits the operator to directly model the casting from the
blueprint. This is done by inputing primitive solid geometric
subshapes such as plates, cylinders, cubes, cones, etc. and
joining them as required by the print.

Figure 2 illustrates how an air-cooled cylinder casting can be
modeled. Anassembly of discs (1) is joined with a cylinder (3), to
produce the finned shape (2). Next the bore is removed, Bosses
(4) are added (5) and boss holes removed (6) and a sector of fins
is removed to produce the air-cooled cylinder model (7). The
model can be rotated and blend lines removed (7). Cross-
sectioning can also be done. This gecometric assembly process is
familar to foundry engineers because it mimics the current
technique for determining total casting volume (and weight), i.e.
to estimate the sum of all the primitive sub-shape volumes
making up the total casting based on component blueprint
dimensions. This tedious process is now built into computer
software. Having built the solid geometric model of the
component, the geometric data base is established and further
engineering may proceed.

From the casting viewpoint, many important questions can
be answered from the solid geometric data base. The CAST
program, middle area, Fig. I, provides videoscreen output
including casting isometric views, perspective views from any
angle, choice of section views, perspective views of sections,
casting volume-weight-surface area calculation, casting section
modulus calculation, cross section slicing and section modulus
of late freezing sections and riser calculations. The most,
favorable coring of internal cavities can be pictured from the
viewing and sectioning capabilities of CAST.. Increasing
dimensions (or allowances and resultant changes in volume and
solidification order can be evaluated through interactive
computing by the program.

Without geometric modeling the computer input for CAST
comprises digitized 3D points and lines from a drawing and
identification of surfaces, order by bounding cdges, material vs.
non-material sides of surfaces to form the geometric model. This
is similar to the modeling path via the Translator to the
geometric data base, Fig. |. The modeling path via the CAD
terminal and geometric modeler does not require the digitizing
step and is believed to be more amenable to casting process
needs and also less costly. In either case, 3D finite element -
analysis, preparation for heat transfer studies of solidification
for complete casting soundness, stress analysis and casting
redesign for improved efficiency in utilization of metal
propcrties may also be carried out from the data base.

All -aspects of foundry processing including gating and
material handling, tooling, lasting alloy properties, control of -
dimensions and inspection and other production question can’’
be optimally engineered from the solid geometric data base, Fig.
1. NC tapefor machining the paper and finally the casting can be
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Fig. 3. Drawing of gear.

prepared (rom the solid geometric data base, Fig. 1. These
capabilities are expected to eventually result from the UW
CAST METALS PROGRAM. The final consequence of this
approach to computer aided casting design and process
engineering is expected to be the most functional and cost
efficient cast component or product.

TWO DIMENSIONAL ANALYSIS

While casting process engineering and computer aided design
becomes feasible from a 3D geometric data base, the
expenditure of time and money for a 3D analysis may not be
necessary for all aspects of casting. processing. For castings of
appropriate shape, a 2D analysis can accomplish some of the
same objectives. Actually the conventional machine drawing
serves as the 2D geometric data base {rom which engincering
analyses are presently made. This is suggested in the middle of
the CMP Information Flow Plan, Fig. l. Casting shapes
exhibiting symmetry with respect to an axis can most casily
benefit from 2D analysis. Castings of revolution such as gears,
wheels, pulleys or their sectors and extrusions such as plates,

bars, rods, levers and arms can have the needed axialsymmetry. |

For 2D analysis, computer programs employing the Apple 11
or 11 Plus computer with disk drive, graphics digitizing tablet
and pen, printer and video TV monitor have been specifically
developed for calculating casting volume, weight and freezing
order; the former called WEIGHT and the latter called ORDER
(2).

The functioning of the program is best illustrated by means of
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Fig. 4. Gear blank drawing.

a videotape. However, for the present reader’s convenience a
brief description of the tape presentation will be offered using
the drawing of a gear shown in Fig. 3. The blueprint of the
casting is placed on the digitizing tablet. Two points on the axis
of rotation are’ entered first from the blueprint using the
digitizing tablet and pen. The dimensional scale is then
established by entering two points of known distance on the
blueprint so” that ail subsequent dimensions are scaled
accordingly. E ‘ ' ’

Then, the outline of the cross section of revolution is entered
point by point from the blueprint on the tablet. The cross section
is revolved around the symmetry axis to calculate the total
volume. The program permits lightening holes to be deducted
from the gross volume as extrusions (bosses can be added) to
obtain the correct volume. Casting weight is calculated from the
volume by entering metal density. For the casting shown in Fig,

3, volume is 678.4 cu. in.; giving 192 lbs. as the finished casting

weight at a steel density of 0.283 Ibs./cu. in. Casting allowances
and tolerance can be added to the component drawing and this
will increase the volume and weight by known amounts. For the
example, if a tolerance of +0.060-0.00 in. and a 0.25 in. machine
finish allowance are added, the maximum casting weight to be
expected then becomes 279 Ibs. Since the tolerance is a +0.060
maximum, the casting will most likely weigh somewhat less than
279 1bs.

The ORDER sequence in the videotape-is needed for risering
the casting for soundness. The freezing order calculation is
based on Chvorinov's rule which states that solidification time
of a'casting or portion of a casting is a function of its section
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PIPING IN CYLINDRICAL vs. TAPERED RISER

modulus. Section modulus is defined as the casting volume
divided by its surface area transferring heat out of the casting;
V:A. In a 2D cross section, section modulus is estimated by
cross-sectional area divided by perimeter.

This is the assumption on which the 2D solidification order
analysis presented on the videotape is based. The order of
solidification for the castingin Fig. 3 is web first, hub T-junction
second and flange T-junction last as shown on the videotape,

Figure 4 provides another gear blank casting example of
section modulus — freezing order determination by this
technique. The modulus of the entire casting was found to be
0.86 in. The hub T-junction modulus was determined to be 0.83
in., the web 0.74 in. and the flange T-junction 0.90 in. Freezing
order and moduius is shown as the video screen as in Fig. 4 and
may be recorded by a printer. Both T-junctions freeze later than
the web and therefore require risering. Web section may be thick
and so that only the flange T-junction needs to be fed. With
section modulii known the Riser system can then be designed.

TWO DIMENSIONAL MODELING FOR RISERING

Either the 2D or the 3D geometric data base is necessary to
proceed with foundry process engineering including risering and
gating. Because the 2D data base can be used for many castings,
both the 2D and 3D techniques are being developed as a part of

CMP, Fig. | center. Since 3D geometric modcling is not yet

convenient, only the 2D geometric risering approach will be
discussed here using steel castings for examples.

Conventional risering of stecl castings suggests that V/A of a
cylindrical riser should be 1.2 to 1.4 times V/A of the casting,
Fig. 5, without feeding aids. The feed metal transferred to the
casting leaves a cavity in the riser (and sprue) which most
frequently appears as in Fig. 5, upper (4). Directional
solidification to a point within the riser and just outside the
casting along with feed mctalto keep that point full is necessary.
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Fig. 5. Piping cavity in conventional cvlindrical risers versus
hollow tapered risers.

However, tapered risers can accomplish this just as well as
cylindrical risers. The tapered riser shown in Fig. 5, lower, has
V/A riser > 1.2 V/ A casting at its largest section near the base
but narrows in diameter toward its top. Several examples of
open and blind tapered side risers which fed a one inch steel
plate are shown in Fig. 6. The tapered riseris intended to leave a
hollow shell that results from the most efficient use of feed
metal.

The thickness frozen at different levels in a tapered riser may
be 2D modeled. The thermal wall or thickness frozen that keeps
the pipe open must become thicker as time increases during the
feeding period as can be seen in the risers of Fig. 6. Thickness
frozen follows the general equation TF = ¢v—t + b where TF =
thickness frozen, t = time and ¢ and b are constants.

Thickness frozen may be calculated in several ways or
empirically determined from sectioned tapered type risers such
as those shown in Fig. 6. Geometric analysis can be approached
via the section modulus, V/A and Chvorinovi rule, log t= K log
(V/A). The equation for steel adapted from Fig. 19 of C. W.
Briggs. AFS Transactions 1962, is log t = 1.8739 log V/A +
1.13487, where t = minutes and V/A = inches. However, this
equation is not necessary for modeling the risers.

The thickness frozen within a shape can be viewed as having
the exterior surface area for heat transfer and a volume which
depends on the solidified thickness. This concept of visualizing
solidification fronts was suggested by R. M. Kotschi. The V/A -
of thickness frozen can be calculated from V/ A = D(1-a°/4), Fig.
7. Thickness frozen, TF = (D-aD)/2, Fig. 7, where aisa fraction
of D as 0 to 1.0. From these equations, graphs of -thickness
frozen vs. section modulus of the thickness frozen for diameters
from 1.0 to 6.0 in. can be constructed as in Fig. 8. If the
relationship between solidification times and V/A is recalled,
Fig. 8 indicates that at V/A = 0.5, a 2.0 in. D riser might be
solidified to the center, a 3.0 in. D riser could have a thickness
frozen of about 0.32 in., and a 6.0 in. D riser would have a
thickness frozen of about 0.28 in.

AFS Transnct.ions
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Fig. 3. Drawing of gear.

prepared from the solid geometric data base, Fig. 1. These
capabilities are expected to eventually result from the UW
CAST METALS PROGRAM. The final consequence of this
approach to computer aided casting design and process
engineering is expected to be the most functional and cost
efficient cast component or product.

TWO DIMENSIONAL ANALYSIS

While casting process engineering and computer aided design
becomes feasible from a 3D geometric data base, the
expenditure of time and money for a 3D analysis may not be
necessary for all aspects of casting. processing. For castings of
appropriate shape, a 2D analysis can accomplish some of the
same objectives. Actually the conventional machine drawing
serves as the 2D geometric data base from which engincering
analyses are presently made. This is suggested in the middle of
the CMP Information Flow Plan, Fig. 1. Casting shapes
exhibiting symmetry with respect to an axis cah most casily
benefit from 2D analysis. Castings of revolution such as gears,
wheels, pulleys or their sectors and extrusions such as plates,
bars, rods, levers and arms can have the needed axial sym metry,

For 2D analysis, computer programs employing the Apple 11
or Il Plus computer with disk drive. graphics digitizing tablet
and pen, printer and video TV monitor have been specifically
developed for calculating casting volume, weight and freezing
order; the former called WEIGHT and the latter called ORDER
(2).

The functioning of the program is best illustrated by means of
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SECTION AA  _5

FREEZING V/A

ORDER
! 0.74
2 0.83
3 0.80

CASTING 0.86
Fig. 4. Gear blank drawing.

a videotape. However, for the present reader’s convenience a
brief description of the tape presentation will be offered using
the drawing of a gear shown in Fig. 3. The blueprint of the
casting is placed on the digitizing tablet. Two points on the axis
of rotation are entered first from the blueprint using the
digitizing tablet- and pen. The dimensional scale is then
established by entering two points of known distance on the
blueprint so that all subsequent dimensions are scaled
accordingly.

Then, the outline of the cross section of revolution is entered
point by point from the blueprint on the tablet. The cross section
is revolved around the symmetry axis to calculate the total
volume. The program permits lightening holes to be deducted
from the gross volume as extrusions (bosses can be added) to
obtain the correct volume. Casting weight is calculated from the
volume by entering metal density. For the casting shown in Fig.
3, volume is 678.4 cu. in.; giving 192 Ibs. as the finished casting
weight at a steel density of 0.283 Ibs./cu. in. Casting allowances
and tolerance can be added to the component drawing and this
will increase the volume and weight by known amounts. Forthe
example, if a tolerance of +0.060-0.00 in. and a 0.25 in. machine
finish allowance are added, the maximum casting weight to be
expected then becomes 279 Ibs. Since the tolerance is a +0.060
maximum, the casting witl most likely weigh somewhat less than
279 lbs.

The ORDER sequence in the videotape is needed for risering
the casting for soundness. The freezing order calculation is
based on Chvorinov’s rule which states that solidification time
of a casting or portion of a casting is a function of its scction
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PIPING IN CYLINDRICAL vs.TAPERED RISER

modulus. Section modulus is defined as the casting volume
divided by its surface area transferring heat out of the casting;
V:iA. In a 2D cross section, section modulus is estimated by
cross-sectional area divided by perimeter.

) This is the assumption on which the 2D solidification order
analysis presented on the videotape is based. The order of
solidification for the casting in Fig. 3is web first, hub T-junction
second and flange T-junction last as shown on the videotape.

Figure 4 provides another gear blank casting example of
section modulus — freezing order determination by this
technique. The modulus of the entire casting was found to be
0.86 in. The hub T-junction modulus was determined to be 0.83
in., the web 0.74 in. and the flange T-junction 0.90 in. Freezing
order and modulus is shown as the video screen as in Fig. 4 and
may be recorded by a printer. Both T-junctions freeze later than
the web and therefore require risering. Web section may be thick
and so that only the flange T-junction needs to be fed. With
section modulii known the Riser system can then be designed.

TWO DIMENSIONAL MODELING FOR RISERING

Either the 2D or the 3D geometric data base is necessary to
proceed with foundry process engineering including risering and
gating. Because thc 2D data base can be used for many castings,
both the 2D and 3D techniques are being developed as a part of
CMP, Fig. | center. Since 3D geometric modeling is not yet
convenient, only the 21 geometric risering approach will be
discussed here using stecl castings for examples,

Conventional risering of steel castings suggests that V/A of a
cylindrical riser should be 1.2 to 1.4 times V/A of the casting,
‘iig. S, withaut feeding aids. The feed metal transferred to the
asting leaves a cavity in the riser (and spruce) which most
frequently appears as in Fig. 5, upper (4). Dircctional
solidification to a point within the riser and just outside the

casting along with lced metal to keep that point full is necessary,
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Fig. 5. Piping cavity in conventional cvlindrical risers versus
hollow 1apered risers.

However, tapered risers can accomplish this just as well as
cylindrical risers. The tapered riser shown in Fig. 5, lower, has
V/A riser > .2 V/ A casting at its largest section near the base
but narrows in diameter toward its top. Several examples of
open and blind tapered side risers which fed a one inch steel
plate are shown in Fig: 6. The tapered riser is intended to leave a
hollow shell that results from the most efficient use of feed
metal. -

The thickness frozen at different levels in a tapered riser may
be 2D modeled. The thermal wall or thickness frozen that keeps
the pipe open must become thicker as time increases during the
feeding period as can be seen in the risers of Fig. 6. Thickness
frozen follows the general equation TF = cv~t + b where TF =

. thickness frozen, t = time and ¢ and b are constants.

Thickness frozen may be calculated in several ways or
empirically determined from sectioned tapered type risers such
as those shown in Fig. 6. Geometric analysis can be approached
via the section modulus, V:A and Chvorinov'srule, log t= K log
(V/A). The equation for steel adapted from Fig. 19 of C. W.
Briggs, AFS Transactions 1962, is log t = 1.8739 log V/A +
1.13487, where t = minutes and V/A = inches. However, this
equation is not necessary for modeling the risers.

The thickness frozen within a shape can be viewed as having
the exterior surface area for heat transfer and a volume which
depends on the solidified thickness. This concept of visualizing
solidification fronts was suggested by R. M. Kotschi. The V/A
of thickness frozen can be calculated from V/ A = D( l-a®/4). Fig.
7. Thickness frozen, TF = (D-aD)/2, Fig. 7, where ais a fraction
of D as 0 to 1.0. From these equations, graphs of thickness
frozen vs. section modulus of the thickness frozen for diameters
from 1.0 to 6.0 in. can be constructed as in Fig. 8. If the
relationship between solidification times and V/A is recalled,
Fig. 8 indicates that at ViA = 0.5, a 2.0 in. D riser might be
solidified to the center, a 3.0 in. D riser could have a thickness
frozen of about 0.32 in., and a 6.0 in. D riser would have o
thickness frozen of about 0.2% in.

AFS Transactiont



g 6. Tapcred blind and open side risers used 1o feed | in.
rbon sieel plates.

Fig. 7. Equations for calculating the section modulus, V[ A, of
the thickness frozen, TF, in a riser.

D-aD

EQN.1 THICKNESS FROZEN,TF= >

2 2n2
SECTION MODULUS OF TF-—X—-(TS — 0%z

v, D(1-a?)
EQN. 2 2 2
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Fig. 8. Graphical relationship of thickness frozen. TF, to
section modulus of the thickness frozen for riser diantéters of 1.0
10 6.0 in,

Tapered Riser Design

The extent to which tapered risers actually behave, as suggested
by Fig. 8. can be measured from the thickness frozen at a given
diameter of a number of sectioned risers such as the ones shown
in Fig. 6. The line on Fig. 8 labeled a= 0.391 isan example of this
behavior in many ductile iron risers. The taper design can be
varied as suggested in AFS preprint 82-20, Ref. S and as is
evident in Fig. 6 and Fig. 9. The top diameter, maximum bottom
diameter and height are obvious design features of importance
asdiscussed in Ref. 5, The bottom diameter, Dz is designed from
equation 3, Dg = 2W + D,, where W is the casting’s effective
section thickness at the riser’s location and D, is the diameter of
the pipe calculated by the geometric risering technique for
cylindrical risers, Ref. 5 and 6. The effective section thickness
W = 2 x V/A where V/A is the section modulus at the casting

PIPE FUNNEL STARTS
THE PIPING PROCESS
AS SOON AS RISER

CHOKE FREEZES .

TOP EQUALS Op 5
OR SPRUE DIAMETER l“ P-‘T
PLUS 10% :
e
DIAMETER INCREASES
ABOUT 20% TO 30%
PER INCH STARTING

AT Dp AT THE TOP

THICKNESS FROZEN

T~ |

2

e—Dg * Dp + 2W

Fig. 9. Example of design system for tall tapered risers.
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where the riser is to be attached. Equation 3 then becomes Dg=f
X V/IA + D,. '

The geometric technique of riscring has been amply
publicized in the literature, Ref. 5-7, and will therefore not be
discussed again. However, calculation of D, requires feed metal
constants for stccl. Feed metal volume required is expressed by
equation 4 as Fm, cu. in. = K (Vc + V) where V. = casting
volume, cu. in.; Vg = riser volume, cu. in. and K is a constant
dependent on section thickness. From experiments on 1.0 in.
carbon steel plate castings, K = 2.5 to 3.0%. If the conservative
assumption is made that yield is 50% or greater, true when
tapered risers are used, then equation 4 becomes FM = Kx 2 V..

The value of K is being studied for geometric and metal
factors. The value of D, is then calculated from FM =
n~(Dp3A‘Hp/4) where H, is the riser height chosen on the basis of
mold rigging or cope height. The feeding section of the riser can
then be completely dimensioned. A typical design is shown in
Fig. 9 and an example of a tapcred open top riser from a
commercial steel casting is shown in Fig. 10. Gating designisan
important feature of this risering system. The gating is designed
with a choketo cause it to freeze off quickly so that piping begins
early after pouring.* o

Optimizing riser shape and efficiency is an objective of CMP
research. The same feed metal volume might be supplied by
tapered risers of varying height and constant Dgat the base, Fig.
1. The shortest hollow riser will provide the highest yield. A
stepped riser cylinder may be more efficient than a tapered riser.
Fig. 12 shows stepped risers of cast carbon steel feeding 1.0 in.
plates tapered to increase feeding distance. Efficiency calls for
feed metal volume sufficient to feed both casting and riser
leaving a hollow shell of minimum weight. Hollow shell tapered
or stepped risers provide riser yield in the 55-709% range when
yield is defined as casting weight divided by casting weight plus
riser weight. The development of improved yield risering is
another of the objectives of the CMP.

Fig. 10. Tapered opentop riser from a commercial steel casting

AFS Transactions
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Hp/Dp = 2.5 Hp/Dp =6
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Fig. 11. Equal feed metal volumes are designed into each of the
three shapes shown.

Fig. 12. Photograph of castings and stepped cvlinders riser
JSeeding 1.0 in. thick plates tapered 10% in thickness and 5 x 9 in.
and 5 x 5 in. in width and length. '
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Geometric modeling and analysis can also be applied to riser
contacts, bases of side risers and taper to promote feeding in
various sections as has been described in articles in the
bibliography of Ref. 6. Obviously, the entire system requires
directional solidification from faster freezing casting regions
toward slower regions, through riser contacts and finally into
the riser. Meanwhile feed metal is transferred from the riser
leaving behind a time dependent solidified thickness that reflects
the solidification process in both the casting and the riser. The
thickness solidified in the casting can also be modeled
geometrically by 2D and 3D analysis of solidification fronts
similar to the analysis suggested for risers.

MODELING OF SOLIDIFICATION FRONTS

. Classical heat transfer calculations by finite element or
difference techniques have been used to simulate the progress of
solidification wave fronts with time from the casting surface to
the end of solidification. Even for simple 2D shapes such as
infinite cylinders, plates, bars, etc. large amounts of
programming time and expense are required. Even larger
amounts are necessary for 3D analysis and of course the solid
geometric data base must be available to prepare the finite
element grid. In addition the geometry must be described by the
3D data base in a way that permits the calculation methods to
proceed, Fig. |. To the extent that they are practical, 2D
analyses should be developed as an alternative,

Solidification wave fronts may be geometrically modeled
using the Chvorinov principle. The riser analyses of Fig. 6and 7
provide an example. Computer software for calculating
solidification fronts in casting cross scctions has been developed
through CMP research. The program results will be described in
the case of the simple gear blank shown in Fig. 4.

2" _
i The WEIGHT ORDER program gives the overall section
Fig. 14. Effect of risers and riser contacts on solidification wave modulus as 0.86; and freezing order as (1) the webas 0.74;(2) the
Jronts in gear blank casting of Fig. 12. hub junction as 0.83; and (3) the flange junction as 0.9. The
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results of solidification front analysis are shown in Fig. 13. The
program indicates a maximum section modulus of 0.872 in. in
the flange T-junction and a freezing order the same as in Fig. 4,
The small difference between section modulus in the two
different methods of analysis result from a slightly different
scale input. Actually the differencein calculating Dg=4 x V/A +
D, is only 4 x 0.872 vs. 4 x 0.9 or 3.48 vs. 3.60 in. with D,
remaining the samc,

The software, called SOLIDIFICATION ANALYSIS[8]in
Fig. 1, produces 2D solidification wave fronts in the gear blank
cross section as shown in Fig, [3, Seven wave fronts and the last
point to freeze areshown, Section modulus of each front and the
maximum for the last point to freeze is tabulated on Fig. 13,
Freczing order by the SOLIDIFICATION ANALYSIS
program is the same as with the ORDER program and the
section modulus values are nearly identical. The program
permits analysis of regions of interest with more closely spaced
wave fronts,

Adding risers and riser contacts to the casting results in
interesting changes in solidification wave fronts depending on -
the location of the riser attachments. Only the flange riser
location will be analyzed. Three points of attachment may be
considered as shown in Fig. 14, The top riser would obviously be
preferred from a yield viewpoint though it presents molding
problems. The riser contact which produces an x-junction, Fig.
14 middle, leads to solidification delayed longer than if there
were no riser attached and shrinkage would remain in the
casting,.

The riser contact which produces an L-junction, Fig. 14
lower, has favorable directional solidification although a
slightly thicker contact would provide a margin of safety.
Changing to the tapered riser shape alters the solidification
fronts in the top and L-junction riser locations as shown in Fig.
15. Note that the final point of solidification (or maximum
section modulus) moves closer to the riser contact in Fig. 15 vs.

\
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Fig. 16. Solidification wave fronts in cross section of tapered
1.0 in. plate and stepped riser as shown in Fig. 11,
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Fig. 14. The tapered riser results in directional solidification in
the riser from the top toward the riser contact. Liquid metal
leaving the riser reveals the solidified thickness at its time of
departure, Fig. 6, 10 and 12.

Geometric modeling of risers and riser contacts can lead to
the most efficient use of feced metal and maximum yield.
‘Obviously the casting exerts aninfluence on solidification of the
contact and the riser because it alters the geometric
configuration at the location where the casting must be fed. To
use the principle of directional solidification at maximum yield
efficiency apparently requires the kind of solidification front
analysis just described. For example, tapered or stepped risers
can cause directional solidification to be completed just outside
the riser;casting contact. A solidification front analysis of the
tapered plate —stepped riser combinations in Fig. [2isshownin
Fig. 16. Note the way the solidification {ronts in Fig. 16 follow
the step in the riser as revealed by the cross section of the riser in
Fig. 12. Full utilization of these principles will require 2 3D solid
geometric analysis in some geometries while many more can be
satisfied by the 2D method.

CMP SOFTWARE

As might be expected, the CMP software programs are being
steadily modified to improve their usefulness. The WEIGHT
ORDER program is presently being field tested by sponsors for
foundry use. Modification of the program toward significantly
increasing its capability for dealing with more complex shapes is
under way. When the programs are satisfactory in practice, it is
the intention of the sponsors and investigators to make them
available through the AFS. The ORDER portion of the
program will be followed by a RISER program that is currently
being written.’

The SOLIDIFICATION ANALYSIS program is still in the
early stages of development. Research with this program will
continue to explore both the 2D and 3D capabilities of this type
of solidification front analyses as applied to risering, effect of
chills, insulation, feeding aids, etc. as well as the many geometric
questions such as padding, cooling fins, core effects, riser
contacts, riser configuration and riser design. Gating and the
effects of gating on feeding from riser is another research area.

Presently, the SOLIDIFICATION ANALYSIS program
uses a main frame computer. However, it may soon be possible
to adapt the program to a minicomputer and this attempt is
under study. Correlation of solidification front analysis with
actual thermal analysis of solidifying castings is a desirable and
necessary step to determine the extent to which the methods are
basically sound.
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The equations and language of the programs can be modified
in many ways to ensure basic soundness in principle. The intent
of this paper is not to examine questions of that nature but
rather present uscful engineering tools appearing on the
computer horizon through the Cast Mctals Program in the
Computer Aided Engineering Center of the University of
Wisconsin College of Engineering at Madison.
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ABSTRACT

The Chvorinov-based modulus method has been used suc-
cessfully in riser design now for a number of years. The

questions of correction for casting shape and end effects,’

which represent areas of uncertainty, have generally been

handled by artificially adjusting the magnitude of the

“mold constant.”” As a result of a recent study of the edge
effect ‘on casting solidification a new approach to such
problems has emerged.

It has been shown in the present work that for a wedge-
shaped mold intrusion or extrusion in contact with a mol-
ten metal, the difference between its absorption of heat per
unit time and depth, and that heat absorption rate occuring
over a corresponding planar mold, does not vary with time.
That is, although both heat transfer rates vary with time,
the extent of their difference is invariable with respect to
time. Based on this theoretical finding, an analysis of the
extent of the corner effect on the freezing time of bar
castings with polygonal cross-section has been undertaken,
and a Chvorinov-type formula derived. This shorthand for-
mula uncovers a previously inconspicuous size effect on
correlation of the modulus and the square-root-freezing-
time. Further quantitative study of the edge effect on the
freezing of a polygonal cross-section reveais an important
geometric parameter, termed the ‘“shape index,” which is
defined as volume/(surface area)? and used in correlating
the edge-induced freezing time to the edge-free freezing
time.

It is also found that several thermophysical properties of
the cast metal, in particular the thermal conductivity, affect
the solidification process significantly. Four cast metals
(Al, Sn, Pb and 0.25% carbon steel) have been selected to
represent different groups of properties, in a series of
numerical analyses designed to study the property influence.
The properties of silica sand molds are used to simulate the
chilling process. The results reveal how the “shape index”
affects the proportionality of the modulus and the square-
root-freezing-time and further how cast metal properties
can bias the influence. :

INTRODUCTION

One of the most significant applications of the knowledge
of the heat transport in sand casting systems to the rationali-
zation of the founding art has been the dimensioning of
risers. A great number of researchers have focused on the
subject of risering techniques. The original endeavor in
rationalizing the art of risering castings was due to Farquhar
and Chvorinov, Farquhar! empirically set forth criteria for
risering castings. Chvorinov? procured the risering principles
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via the mathematical deduction of Schwarz’s analysis3 and
set up a rule that relates the freezing time of a slab casting
to its volume to surface area ratio, which is commonly
known as the ‘“modulus.”

Modified forms of Chvorinov’s one-dimensional rule that
account for simple surface curvature effects have been
established.4+5 It is notable that the Chvorinov’s rule has
since been the rationale of all risering principles, even with
non-slab shaped castings. The first risering equation taking
into consideration the amount of contraction on solidifica-
tion was due to Caine.6 Caine’s empirical equation was
based on Chvorinov’s concept of relative freezing time of
riser and casting. Adams and Taylor? subsequently derived
an analytical equation for risering simply-shaped castings
and compared the results with that given by Caine’s equa-
tion. Good agreement between the two formulae for steel
castings poured in sand molds was obtained. The concept of
using'a correction factor in the basic risering equation to
account for the effect of thermal additives applied to the
riser and casting such as insulators, chills and riser toppings
was also discussed by Adams and Taylor.”

In their extensive studies of solidification rates and
risering criteria, Pellini and his co-workers®-1! have estab-
lished several practical rules for producing sound castings.
The role played by temperature gradient within the casting
in determining the feeding capacity was examined.® To
generalize the often empirical estimation of the shape
effect on feeding Bishop, Myskowski and Pellini!! intro-
duced a shape factor, (casting length + casting width)/
casting thickness, to represent the ranginess of shapes for
estimating the required size of cylindrical risers. Risering

“of sections with appendages was also studied,!! Mt:rchar_lt12

reorganized the data obtained by Pellini and company8-1!
and proposed a general equation for risers which is similar
to Caine’s equation.® Parallel with the advancement of
knowledge of risering, the technique of applying exother-
mic additives to risers in order to improve both yield and
soundness had been advanced.}3 The part played by mold
dilatation effects on risering requirements has also been
noticed. 14,15

The use of moduli in calculating the size, shape and lo-
cation of risers provides an economical approach to the
design of optimum risers. A systematic procedure for the
modulus method has been provided by Wlodawer.16 Heine
and his co-workers17:18 have independently promoted the
concept of feeding path for predicting the requirement of
risers, as a modification of the modulus method. The
modulus approach has thus long been adopted as a practical
approach to risering design by modern foundrymen,!9,20
who have also recognized the economical aspect of using
insulating materials for feeder heads in commercial foundry
production. As a whole, the empirical science of risering is
well established, particularly so for steel sand castings.
However, the only available literature on the quantification
of the role played by the corner effect in determining the
chilling power of sand molds seems to be the works by
Ruddle and Skinner,2! and by Brandt, Bishop and Pellini.22
This notable lack of information is due to the unavailability
of a general solution for the heat diffusion within non-
rectangular corners.

A generalized analysis of the transient edge effect on
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heat conduction in wedges has recently been undertaken,23
The analysis reveals the fact that, for a wedge subjected to
constant surface temperature, the difference between its

. loss or absorption of heat per unit time and depth, and that

heat loss or absorption rate occuring over a corresponding
planar surface does not vary with time. Based on the theo-
retical finding, this paper is intended to analyze the extent
of the corner effect on the freezing time of shaped bar
castings with polygonal cross-sections, for which the end
effect on the freezing of the mid cross-section is insignifi-
cant. The analysis leads to a Chvorinov-type formula. This
shorthand formula uncovers an otherwise inconspicuous
size effect on correlation of the modulus and the square-
root-freezing-time. Further quantitative study of the edge
effect on the freezing of a polygonal cross-section reveals an
important geometric parameter, which has been termed the
“shape index.” This is defined as volume/ (surface area)?
and is involved in correlating the edge induced freezing time
to the edge-free freezing time. It is also found that several
thermophysical properties of a cast metal, in particular the
heat conductivity, interact with the shape effect and con-
tribute significantly to its solidification time. Four casting
materials (Al, Sn, Pb and a carbon steel) are selected to
represent different groups of properties, in a series of
numerical analyses designed to study the property influ-
ence. The properties of silica sand molds are used in these
computations to simulate the chilling process. The results
elucidate how the “shape index” affects the proportion-
ality of the modulus and the square-root-freezing-time and
how cast metal properties can bias the influence. This new
approach should prove to be of considerable utility in basic
riser design problems.

b
/ SOLIDIFICATION TIMES OF SIMPLY SHAPED CAST-

INGS

In an ideal solidification process where a semi-infinite mold
and a semi-infinite molten metal are brought into perfect
contact, Schwarz3 has shown, having assumed constant
properties for mold, solidified metal and liquid metal, that
the mold-metal interface temperature is constant at all
times during solidification. Chvorinov? further demonstra-
ted the practicality of Schwarz’s analytical solution in steel
sand castings of finite thickness. An averaged temperature
of the liquidus and the solidus was used as the freezing
temperature required in Schwarz’s formula for the mold-
metal interface temperature. The balancing of loss and gain
of heat in the casting and the mold has led to the well-
known Chvorinov’s rule, which states that the modulus of a
casting, defined as volume/surface area, is linearly propor-
tional to the square root of its solidification time for a
specified set of mold and casting conditions. A straight-
forward application of the rule to the design of risers is to
determine the minimum riser size required so that it (the
riser) does not solidify before the casting which is to be fed
As a first approximation, the Chvorinov’s rule for a large
slab sand casting can be put into the following simple
form:5,24 '

\' 21Ti~-Tw
X=ﬁl:l L]VKumCm\/‘? )]

Pc

The symbols used are listed in the table of nomenclature,
The assumptions implied in the above formula are: (1) all
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thermophysical properties are independent of temperature;
(2) the thermal conductivity of the cast material is infinitely
large so that the mold-metal interface temperature is con-
stant, either at the melting temperature of pure metals or
an averaged temperature of the solidus and the liquidus for
alloys,? throughout the solidification period; (3) the con-
vection flow effects due to pouring and density differences
are neglected and the superheat may be incorporated in the
latent heat term; and (4) the sand mold is sufficiently large
'so that no temperature variation occurs at the outer surface
of the mold. Corresponding formulae for cylinder or
sphere castings poured in large sand molds have the general
form,5:24

V Ti-T. 2\/——————— n K tf
—==—"71—4/K Vift—— 2
s ch[,—ﬂ m Pm Cm Vif+ =7 ()
where r is the casting radius and n = 1 for cylinder, and 2
for sphere. It ought to be noted that, for cylinders, the
above formula is valid only for small time intervals.5:25

TWO-DIMENSIONAL CORNER EFFECT ON SOLIDIFI-
CATION TIMES

A recent theoretical study of the transient edge effect on
heat conduction in wedges?3 has uncovered a significant
edge effect on the amount of heat transfer across the sur-
face of a wedge which was instantaneously brought into
contact with an isothermal heat source. The nature of sand
casting systems in maintaining the mold-metal interface
temperature near the solidification temperature whilst the
casting solidifies allows one to separate the heat transfer
phenomenon occuring within a two-dimensional dry sand
mold and casting system into two isolated ideal heat
transfer sub-systems. With the same assumptions made
earlier for deriving the Chvorinov’s rule, the casting is to
dissipate its latent heat into an isothermal heat sink, at
the casting boundary, at the solidification temperature. The
heat absorbed by the sand mold can be studied, separately,

- by consideration of the mold at its initial temperature being

suddenly brought into contact with an isothermal heat
source at the solidification temperature. By equating the
heat loss and the heat gain in these two isolated sub-systems,
a two-dimensional Chvorinov-type rule can be formulated.

Figure 1 shows two fictitious, unbounded wedge-shaped
molds. The “unboundness” idealization is easily achieved in
practice. Ruddle and Skinner,2! in their study of the heat
extraction at rectangular corners in sand molds filled with

MOLD CASTING
MOLD
CASTING
6, 8,

(o) (b)

Fig. 1. {a) Semi-infinite mold intrusion; (b) semi-infinite
mold extrusion.

AFS Transactions



3m 2w
mr 2
2

6

o
Fig. 2. Plot of A*(0y) vs. 84, after Hurwitz and Roe.27

molten aluminum-30% copper alloy, observed that the edge
influence on the isotherms measured diffused only 3-5 cm
away from the edge in 15 minutes after pouring. A more
general, theoretical analysis of the localization of the edge
effect has also been realized.?® For a wedge-shaped mold
subjected to an isothermal heat source, it has been shown?3
that the difference between its absorption of heat per unit
time and depth, and that heat absorption rate occuring
over a corresponding planar mold, does not vary with time.
This difference in heat absorption rate is a function of the
wedge angle (0¢) only and equals to -Kp (T - TL)A*(8¢),
where23

o 1 1
* . -
A (60) 2_{°coth n[ﬂ Sohn - hﬂﬂ:Idn (3)
oS "070‘

The above has been termed the wedge invariant and can be
plotted?7 against 8, as shown in Figure 2. The numerical
values of A* (8) are dimensionless.

The fact that the edge influence on heat transport is
localized to the vicinity of the edge permits one to extend
the result for a single wedgé to the analysis of finite geo-
metries, such as a long bar casting with a polygonal cross-
section for which the end effect on the freezing time is
negligible. Figure 3 shows such a cross-section, surrounded
by a sufficiently large sand mold. Provided that no inter-
actions occur among the ncighboring edges during the
solidification period, the total difference in heat absorp-
tion rate within the mold, as compared with that in a
planar mold, is also invariable with respect to time and is
equal to the algebraic sum of the contributing wedge in-
variants, multiplied by the thermal conductivity of the
mold and the temperature difference. Symbolically,
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Fig. 3. Cross-section of a bar cast in a sufficiently large sand
mold.

k N
Q24(t) = Qya(t) = Kp (Tj - Tw) [-E IA* (9,,)] 4)
n=

where Q,4 represents the total heat flow per unit time and
depth, across the mold-metal interface, and Q4 the refer-
ence heat flow rate across a corresponding planar mold of
the same interface area, ’

Given the reference, one-dimensional heat flow rate,25
one can integrate equation (4) with respect to time and
obtain the total heat transported across the interface as a
function of time. At the final freezing time tr, this accumu-
lated heat would be equivalent to the latent heat of the
casting (p.VL), and therefore leads to a modified Chvori-
nov’s rule, namely:

N
S A0 |t
=1

n

V T{-T. 2 Kn
- = =K tr + —m
A 3\/.”,— mPmCm f A [

pc L
(5)

Depending on the net geometric effect on diverging or con-
verging the heat flow into the mold, the above equation
states that the freezing time of the casting may be less or
greater than that of a large slab having the same modulus.

CORNER AND SHAPE INDICES

The linear relationship existing between the modulus and
the square-root-freezing-time, as exhibited in equation (1),
does not hold for the two-dimensional formula (5) because
the coefficient of the freezing time (t¢) is size-dependent.
The implicit interplay of the corner and the size effects in
formula (5) can be disentangled by introducing a heat trans-
port parameter and a shape parameter, On the right hand
side of (5), the first term corresponds to the heat that
would have been transported had the corners been replaced
by planar mold walls. It then follows that, on the right
hand side of (5), the ratio of the second term to the first
term would represent the extent of the corner induced
diverging or converging heat flow, This ratio is called the
corner index, denoted by &, and
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Fig. 4. A graphical representation of V/A vs. \/f;for (1) a
square bar, and (2) a large plate cast in sufficiently large
molds.
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The above expression is useful in determining the error
incurred when one calculates the modulus without con-
sidering the corner effect, Another point of significance of
the corner index is that it manifests the system variables
comprising the corner effect.

Solving for the square-root-freezing-time in the quadratic
equation (5) and substituting the result into equation (6)
yields

11y mer [N ]j/_ %
‘ 2+2§1+pmcm(n—n)[n§1é‘(9“) (@

The above expression indicates that the corner index &
depends, geometrically, only on the product of the sum of
the wedge invariants and a shape parameter, V/A2, which
has been named the shape index.26 It then follows that the
corner index for linearly similar polygonal cross-sections is
an invariant.

The concept of the corner index is helpful in quantifying
the error incurred when one calculates the modulus without
consideration of geometric effects. By denoting the solidifi-
cation time resulting from the Chvorinov rule in equation
(1) as t¢ and that resulting from equation (5) as t¢’, one can
derive a relation among t¢’, t; and £ by equating (1) and (5)
which yields

— = 1+§=— (8)

where M/M’ is used to represent the corner effect on the
modulus of the casting. It is convenient to regard M as the
virtual modulus obtained taking no account of the corner
effect and M’ as the effective modulus which is no longer
just a volume to apparent surface area ratio. The effective
modulus is a useful indicator for estimating the freezing
time of a bar casting, on a V/A vs. \/t? graph, from the
straight line generated by equation (1).
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Table 1. Latent Heat of Selected Cast Materials

Metal or Latent Heat Density Volume Latent]
Alloy J/g) (g/em3)  Heat (J/cmd)
Al 401.8 2.4 956
Sn 60.7 6.8 414
Pb 24.7 10.5 259
0.25%-C Steel 272.1 7.1 1940
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- Fig. 5.  Thermal conductivity and volume specific heat, as

fucntions of temperature, for selected cast materials (Tr=
freezing temperature, T; = liquidus, Ty = solidus). After
Refs. 19 and 30.

The above analysis states that the linear relationship
between the modulus and the square-root-freezing-time still
holds among a set of linearly similar polygonal cross-sec-

- tions. Given a specified shape index, equation (5) traces a

straight line on a V/A vs. \/f; plane which is equivalent to a
rotation of the line generated by equation (1) around the
origin. Figure 4 illustrates a graphical representation of V/A
Vs, \/t—r—for a square-sectioned bar and a large plate cast in
sufficiently large molds,

ANALYTICAL STUDY OF THE PROPERTY INFLUENCE

The above theoretical analysis provides a solid basis for the
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Fig. 6. Thermal conductivity and volume specific heat, as
functions of temperature, for dried silica sand molds,3!
density = 1.52 g/em?3,

quantification of the two-dimensional corner effect on
freezing times. In practice, however, one particular assump-
tion made earlier when deriving the shorthand rule needs to
be refined. It was assumed that the thermal conductivity of
the cast material was so great that little temperature gradi-
ent occurs across the casting during the solidification proc-
ess. It follows intuitively that a poor heat conductivity
would have a two fold effect on the freezing time: a larger
temperature gradient which requires the mold to absorb a
certain amount of sensible heat in the solidified layer and a
lower mold-metal interface temperature which diminishes
the chilling power of the mold. Other influential properties
of the cast material on the solidification process may be
the amount of volume latent heat and the solidification
temperature.28 Unfortunately, a closed form solution for
the solidification process in the form of a shaped mold and
casting system is far from one’s reach. An analytical study
of the influence exerted by material properties upon the
corner effect has to rely on discretized, numerical approach-
es,

Four cast materials have been selected to represent
different groups of properties in a series of numerical
experiments. Table 1 and Figure 5 list the properties29,30
that have been used in the analysis. A set of recently ac-
quired property data of dried silica sand molds,3! as shown
in Figure 6, has been used to simulate the chilling process.
A reliable explicit finite difference enthalpy model,32 has
been used to simulate the heat transport within the mold
and casting systems, The advantages of the enthalpy ap-
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Fig. 7. Discretized mold and casting cross-section (aspect
ratio = X/Y). '

proach can be viewed in two major respects: the convenience
in incorporating in the computation the temperature de-
pendence of material properties, and the reliability in
handling the loss of latent heat. The computations have
been performed on rectangular cross-sections. Figure 7
illustrates the discretization of a rectangular cross-section
surrounded by a sufficiently large mold. Equally spaced
square elements and nodes are used to represent the con-
tinuous space. The temperature-time curves for all nodal
points can be obtained by solving the discretized heat
equations in the castings and the mold regions. The con-
tinuity of temperature and heat flux at the mold-metal
interface are enforced upon the interface nodes at every
discretized time step. The resulting freezing time is taken
as the time step at which the temperature of the node
nearest to the center first drops below the melting point or
the solidus. Typical nodal distance Ax ranges from 2 to 10
mm. The solidus temperature of the low carbon steel was
estimated, via Scheil’s equation,32 as the temperature
corresponding to a solid fraction of 90%. Zero superheat
was used in these computations to avoid the complication
casued by convection flows. The initial mold temperature
was taken as the room temperature.

Figure 8 shows the analytical results. For rectangular
cross-sections, the shape index varies only with the aspect
ratio. In Figure 8, the aspect ratio is plotted as a parameter,
and it will be noted that an infinite aspect ratio corresponds
to infinitely large plates. Reference lines are also drawn
through the points corresponding to these idealized systems.

DISCUSSION

The validity of the theoretical assertions made herein on
the geometric influence of corners upon casting solidifica-
tion can be examined via the numerical experiments, which
take into account the temiperature dependence of proper-
ties of cast and mold materials. The roles played by thermal
conductivity, solidification temperature and volume latent
heat of a cast metal in pacing the solidification process can
also be identified. Although differences in chilling power
exist among various molding sands,2:5:31 the interplay of
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Fig. 8, Computed freezing times for various aspect ratios for (a) aluminum, (b) tin, (¢} 0.25 7 carbon steel, and (d) lead. (Note
and aspect ratio of = represents an infinte plate, of one a square-sectioned bar.)

the property and geometric effects as revealed in Fig. 8 by
adopting only dried silica sand molds will not be substan-
tially affected.

The - analytical results presented in Fig. 8 prompt the
statement that the thermal conductivity of a cast metal is
the most influential property in biasing the idealized edge
effect with respect to the freezing time, as described by
formula (5). On comparison of Fig. 8 with Fig. 4, several
other factors.emerge. For example, it.-appears that highly
heat- conductxve materials such as aluminum and tin exhibit
the same corner effect as seen in an idealized cast material
having an infinitely large thermal conductivity. The simi-
larity in appearance of the numerically computed and
analytical sets of results demonstrates the practicality of
the theoretical approach.

Increasing the solidification temperature of a casting
would normally enhance the chilling power of the sand
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mold and, in effect, shorten the freezing time, while in-
creasing the latent heat would do the reverse. However, as
revealed in equation (6), a decrease in freezing time would
result in a smaller corner index and therefore a less signifi-
cant corner effect. Figures 8(a) and (b) reveal that the soli-
dification temperature has been the dominant factor in
determining these freezing times. It should be noted that all
observations are based on the assumption of a perfect con-
tact at the mold-metal interface. Generally speaking, the
relatively low thermal conductivity of sand molds tends to’
veil the role played by the interface air gap due to density
changes during the chilling process. In practice, however,
the contribution of air gap in diminishing the- heat flow
may become significant in systems with low solidification
temperature because of the fourth power relationship in
the thermal radiation heat transfer across the air gap.

The geometric.‘effcct as illustrated in Figs. 8(a) and (b)
is significantly biased in systems of poor heat conductive
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metals, such as low carbon steel and lead. These metals
exhibit large temperature gradients across the hot and cold
regions in the casting, particularly at the corners, which
would lower the mold-metal interface temperature and
require the mold to absorb a certain quantity of sensible
heat in the solidified layer during the solidification process.
These effects jointly reduce the chilling power of the mold
and prolong the freczing process. The counteraction of the
enhanced heat transport in the mold due to its gecometry
with the impaired chilling power ascribed to the poor heat
conductive metal determines the final corner effect on the
freezing time. Both low carbon steel and lead systems ex-
hibit a biased corner effect. The property effect overcomes
the geometric contribution and results in an apparently
reversed corner effect, In Fig, 8(c), the balance of these two
contributing factors has produced a narrow distribution
that appears to conceal the corner effect. This observation
provides an analytical reasoning for the success in applying
the modulus technique to feeding shaped steel castings
without consideration of corner effects.16

Despite the influence exerted by properties of cast
metals upon the corner effect on freezing times, the linear-
ity with respect to the shape index, a remark that followed
equation (8), holds for all cases. It is worth noting that this
linearity also applies to rangy cross-sections for which the
presumption of independent edge influences may be over-
simplifying. In Fig. 8, all points representing a specific as-
pect ratio and therefore a specific shape index lie approxi-
mately on a straight line, The counteraction of the casting
geometry with the contributing properties of the casting
in determining the freezing time of a square-sectioned bar,
in terms of the analytical equation (7) and the computed
results, is summarized in Fig. 9.

CONCLUSIONS

This paper has presented a new, theoretical approach to
understanding the corner effect on the freezing time of bar
castings having polygonal cross-sections and poured in suffi-
ciently large sand molds. It has also been demonstrated that
several thermophysical properties of cast materials, in
particular the thermal conductivity, play important parts in
composing the corner effect. A rule of thumb that can be
drawn from the analysis is that the linearity of the virtual
. modulus (V/A) with the square-root-freezing-time holds for
all cross-sections having the same shape index, i. e., for
linearly similar cross-sections, The interplay of the thermal
conductivity of a cast metal with the casting geometry in
producing reversed corner effects is examined. The quanti-
fication of how the shape index affects the solidification
system is found to be material dependent. The new ap-
proach should prove to be fundamental for further studies
of corner effects on casting solidification.
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Fig. 9. Counteraction of the casting geometry with the
contributing properties of the casting in determining the
freezing time of a square-sectioned bar.
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MENCLATURE

Surface area;

Specific heat of the mold;
Thermal conductivity of the mold;
Latent heat per unit mass;
Modulus (V/A),

Effective modulus;

90

Qi4(t)  Heat flow per unit time and depth, over a planar
mold;
Q,d(t)  Heat flow per unit time and depth, over a wedge-
shaped mold;
t Time;
te Freezing time;
T; Interface temperature;
T Initial mold temperature;
A" * Volume;
A*(8y) Wedge invariant;
0o Wedge angle;
£ Corner index;
Pe Density of the cast metal;
Pm Density of the mold
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Comparing the
Functioning of Risers to
Their Behavior Predicted by
Computer Programs

R. W. Heine

University of Wisconsin-Madison
Madison, Wi

C. P. Leedom

Central Foundry Division, GMC
Saginaw, Ml

The design and functioning of risers are compared with the results
tfrom two different types of computer programs. The intention of
this paper is to focus on how the similarities and differences in
the risers designed by the programs appear in the results obtained
with riscred castings made with Al-Si eutectic and A356 Al alloys,
ductile iron, and gray iron.

The computer programs are based on extended versions of the
cometric technique for risering which has been described ear-
er." and which is extensively used in foundries. Embodying the
technigue in computer programs was presented in references 3 and
4. The microcomputer program, called RISER I (available through
AFS/CMI) is based on gross casting section modulus and local
section modulus values that identify the freezing order and feeding
paths that must be risered in the casting. The mainframe computer
program, called the wavefront solidification program, is based on

o
li

—
. =
°, I o
L
l— h.0_|
1
5275 —
}1.26{
The riser height 1s 7.25" ‘
!
T 8 P— b
5
i Jl
ﬂ*
€.75 c.5

Fig 1. Drawing of 1 .5-in. and 0.375-in. plates attached to center
riser.
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the section modulus of solidifying fronts as they progress direction-
ally toward heat centers in the casting. The equations lor developing
the wave fronts and the programming principles are described in
references 3-7. The wave front seetion modulus values are used
to locate feeding paths and distances that require risering at various
locations in the castinga. In hoth programs, the maximum diameter
of a riser is defined by Dy = 4 SM v Dp, where Dp s the
diameter of the pipe feeding cavity and SM s the section modulus
of the casting at the location of the riser contact. The riser design
dimensions are shown in the Appendix.

The similarities, difterences. and practical results of these pro-
grams are best presented by examples using specific castings, Two
different plate castings will be used for this purpose as shown in
Figure 1. The drag pattern half is shown in Figure 2. The thick/thin
plate combination of Figure | is used to obtain a high percentage
of low section modulus-tast freezing casting portion: in this case
33% of the total volume. To proceed in the wave front program
the shape of the cross-section is input via a digitizing tablet and
its properties determined (Fig. 3). Casting and VSA values are
needed for the riser design. The two plates have been combined
as one for convenience (Fig. 3).

The solidified wave fronts in the combined plate are also shown-
in Figure 3. Any number of section modulus waves may be selected.
Riser design may now continue.

RISERING BY THE WAVE FRONT PROGRAM

The risering system based on the wave front program considers
the total section modulus range of the casting. VSA. and divides
it into equal fractions according to the number of VSA fractions
chosen by the program operator. The principle is illustrated in

Fig. 2. Photograph of drag half of pattern of Figure 1.
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STATUS: CASTING 'NOT MOLD RAW NO SUPERHEAT

Fig.3. Properties of volume, surface area, weight, gross section modulus, and centroids printed from graphics screen (upper ). Wavefronts
are shown in the lower figure reproduced from a separate graphics screen.
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SPECT

IDRAL

PRESSR

RESULT

SECTNS

SHRINK

TYPE

USAMAX

\ CLEAR

EXIT

HELP

INPUT

SCALE

? 1

RECALL

ROTATE

S-KEAT

STORE

TRANS

rds ol ]

Fig. 5. Risering menu level, information which must be provided and riser drawing for the castings of Figures 1-3.

Figure 4 with the example of a step-block casting. The smallest
section modulus part of the casting, 1C, is fed by the smallest
riser, IR, The intermediate casting section modulus, 2C, is fed
by the intermediate riser size, 2R; and so forth. Since this is a
side riser, a base, B, must be added. With this geometry the yield
will be less than 50% unless each casting step is lengthened to its
maximum feeding distance. If the riser had no steps, it would be
cylindrical rider of the maximum diameter shown. Each step is a
disk that matches the corresponding VSA values in the casting.

The computer program provides a choice of input of the number
of sections or disks that are stacked to form the riser. It also permits
choice of the ratio of disk diameter to height, which is called the
aspect ratio. The program also calls for a choice of top or side
riser, the addition of a pressure section to the riser to provide
pressure head. the percentage feed metal requirement, and a choice
of the section modulus at the riser location or the average VSA
computed by the program (Fig. 3). Typical feed metal requirements
determined from the rescarch are listed in Table |.

The riser menu level is called up and the data entered as listed
in Figure 5. The conditions chosen were as follows:

1) Top or Side Riser: S, T - S

2) Pressure Section Inches: 0.50

3) Aspect Ratio: 1.5

4) Feed Mctal %: 3.5

Sy Number of Sections: 8

6) Current VSA Maximum

7) Change Current VSA Max: Y, N-Y
8) New Value: 0.75

AFS Transactions

The conditions entered above and a drawing of the riser can then
be displayed as in Figure S, and the dimensional results as in
Figure 6. Note the funnel shape at the top of the riser (Fig. 5) and
its dimensions (Fig. 6). The top shape reflects the high early feed
metal demand of the low VSA thin plate added to that of the heavy
plate. Correlation of the riser design with casting behavior will be
discussed later.

If a cylindrical riser is desired, an entry of one disk section
instead of the eight disk sections entered for Figure 5 will then
produce the output shown in Figure 7. However, a 6% reduction
in yield results when the change from a tapered to a cylindrical
riser is made in this case. An increase of about 4-11% yield is
typical of the change from cylindrical to tapered risers.”

Using the dimensions of the riser from the program (Figs. 5 and
6) a drawing of the casting and tapered riser asscmbly as in Figure
I may be entered into the program to determine that solidification
is occurring directionally from the castings into the riser. When
the riser is attached to the casting in the drawing, the riser diameter
is halved. This is because in the 2-D representation of a riser T/2
= D/4 or T = 0.5D. The 2-D drawing sees all sections as plates
and none as cylinders. Figure 8 shows the solidification wave
fronts when no superheat is involved and Figure 9 shows them for
1.5% superheat. The latter is a program feature described in refer-
ence 4. In addition a surface coefficient of 0.02 was introduced
at the top surface of the riser to simulate the air gap formed when
the metal draws. away because of piping action from feeding the
casting. Figures 8 and 9 show good directional solidification with
the final location in the riser outside the casting (mark +).
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RISER TYPE = SIDE FEED
SUBRISER 8 SUBRISER ClIA

b} 1.68
e 2.05
3 1.83
4 2.19
S 2.53
6 2.88
? 3.c28
8 3.72
9 .72
CAST VEICHT RISER UEIGHT

4.83 5.87

RISERING

PRESSURE SECT =+ 0.50

SUBRISER WEIGKT
.30
0.38
0.35
0.41
0,47
2.54
e.61
8.70
a.02
YIELD FEED X
45.14 3.59

PAGE ¢
TOTAL HEIGHT
0.20
0.68
1.02
1.44
1.92
2.46
3.97
3.77
$.79
ASPECT RATIO
1.5

Fig. 6. Dimensional results and yield for riser drawing of Figure 5.
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2 .06
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4.97 7.58%

SCALE

RISERING

PRESSURK SICT = 0.50

SUBRISCR HEIGHT
a.96
a.e2
YIELD FEED %
39.63 3.58

PAQE i
TOTAL HEIGHT
2.96
4.98
ASPECT RATIO
e.7S

Fig. 7. Cvlindrical riser dexigned to replace the tapered riser of Figure 5.
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STORE

TRANS

Z00M
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Fig. 8. Riserwiththick and thin plate castings attached as in Figure I and showing directional solidification toward riser. No superheat.

Nate cooling fin effect of thin plate shown by wave fronts.

The wave fronts in Figures 8 and 9 indicate that the thin plate
is functioning as a cooling fin, thus shifting the final solidification
location in the riser toward the heavy plate. This actually occurred
in the casting experiments. If the thin plate is replaced with a plate
1.5-in. thick then the thermal condition on both sides of the riser
is balanced. The wavefronts are then nearly symmetrical around
the riser axis. as seen in Figure 10. Also, after designing the riser
for thick/thick assembly it is evident that its shape at the top
changes significantly (Fig. 11) from that of the thick/thin riser
assembly (Fig. 5). Cavities in risers made with the thick/thin and
thick/thick plate casting combinations bear out the wave front
predictions (Fig. 12). An Al-Si eutectic alloy was used to make
these castings. The thin plate is seen to cause the pipe cavity to
develop by feeding toward the heavy casting (Fig. 12). In contrast,
feeding in the thick/thick plate combination produces a vertical
pipe cavity in the riser (Fig. 12). The thick castings were found
‘to be metallographically sound.

Risers designed with the wave front program do not display the
riser contact graphically or dimensionally at this time. However,
the riser base is included in side risers (Figs. 5-7 and 11). The
contact used would follow the principles presented in references
land 2.

AFS Transactions

RISERING BY THE SECTION MODULUS
MICROCOMPUTER PROGRAM

The program principles involved are described in reference 3. The
program is called RISER [I and has been made available to AFS.
Again, a drawing of the shape is needed to place on the microcom-
puter digitizing table so the dimensions and configuration can be
input. The volume, surface area, and gross section modulus are
determined by vector geomctry (as in the wave front program).
Then the section modulus of all sections of the casting and their
freezing order must be determined. Figure 13 shows printouts of
the total casting volume, section modulus, and also the section
modulus of the two difterent sections of the casting. The overall
section modulus is much fower than the section modulus of the
thick section because of the very low section modulus thin section.
The larger section modulus must be used to design the riser. not
the average or overall modulus; Dy = 4SM + Dp. Much too
small a riser would result if the average SM were used. Using the
section modulus and freezing order SM data, the riser(s) can then
be designed.
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Fig. 10. Riserwith iwo thick plate castings attached. Note balanced directional solidification compared with Figures 8 and 9.
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SPECT
RISERING
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Fig. 11. Riserdesignforthe thick/thick plate casting assembly. Compare with Figures 5 and 6 and note change in funnel shape at the top.

SM = 0.301 VOL = 54.44

L

- (3) New Subsection

(4) New Shape ~ Choose
SM = 0.298 VOL = 4.45
. o . . . . SM = 0.598° 0.747* 0.173
Fig. 12, Sectioned Al-Si ewectic alloy risers. Left, riser used to
Jeed twa 1.5-in. plates for comparison with Figure 10, Right, riser .
wsed 1o feed one 1.5-in. thick plate and one 0.375-in. thick plate (3) New Subsection )
Jor comparison with Figure 9. (4) New Shape Choose

Fig. 13. Primtout of microcomputer screen showing the shape
input, its volume and overall section modulus and the modulus of
the two different sections of the casting and consequently their
freezing order,
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S\ = 0.8 S\ = 0.7%
RSM HP 'DP HP DR YIELD RSM HP DP HP DR  YIELD
0.26 033 081 484 51.39 ° 0.28 0.33 081 544 4208 °
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0.5 2.64 322 3.62 57.59 * 0.88 2.84 3.22 4.22 47.72
0.63 3.690 4.03 349 5733 ° 0.74 3.60 4.03 409 47.44°
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g.67 6.1t 564 332 58.21° 079 6.11 5864 3.82 4831 °
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0.66 10.43 B8.06 3.17 54.08 * 0.80 10.43 '8.08 3.77 44.19
0.66 12,04 8.87 3.14 5334 " 0.80 12.04 8.87 3.74 43.47
0.65 13.71 9.67 3.11 52.81 0.79 13.7t 9.87 3.71 42.75
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0.64 17.28 11.28 3.05 51.17 0.78 17.28 11.290 3.65 41.38
0.63 19.17 12.08 3.03 50.47 0,77 19.17 12.09 3.83 40.89
0.62 21.12 12.80 3.01 49.79 0.77 21.12 12,80 3.61 40.03
0.62 23.13 13.70 2.98 48.12 0.76 23.13 13.70 3.59 39.39
0.81 25.20 14.51 2.98 48.47 0.75 25.20 14.51 3.58 38.77
(* - marks where max (* = marks where max
RSM" 1.3*SM being fed) RSM:-1.3°SM being fcd)
Press return to continue Press return tq continue
Designing Riser ’s for Path | Designing Riser s for Path 1
Number of riser ‘s =1, 2(1) Number of riser’s = 1, 1 (0.666)

Height of {ceding section = 3.22 in. Height of feeding section = 3.22 in.
Height of pressure section =' 0.5 in.

Top diameter = 1.22, 0.86 in. Top diameter = 1.22 inm,

Base diameter = 3.62, 3.26 in. Base diameter = 4.22 in,,

Total riser height = 5.52 in. Tolal riser height = 5.970 in.
Height of contact = 1.2 in. Height of contact = 1.5 in.

Width of contact = 3 in. Width of contact = 3.75 in.
Length of contact = 0.5 in. Length of contact = 0.5 in.

Riser volume = 39.76, 31.24 cubic in. Riser volume = 58,15 cubic in.
Path volume = 54 cubic in. Path volume = 54 cubie in.

Riser yield = 57.59, 46.36%

Riser yield
Enter-yes--for menu

Enter- yes—for menu

= 47.72%

Height of pressure section = 0.5 in.
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SM = 0.8 SM = 0.75

RSM HP’DP HP DR YIELD RSM HP DP HP DR  YIELD
0.87 0.33 0.81 4.8%4 4855 ¢ 0.88 0.33 0.8 5.44 39.19 *
0.82 0.93 1.61 4.13 50.77 * 0.93 0.83 1.81 4.73 41.35 *
0.79 1.7¢ 242 3.81 50.00 ¢ 0.81 1.7V 242 4.41 4061 °
0.78 2.64 3.22 3.62 418.69 ° 0.80 2.84 3.22 4{.22 3g9.21 *
077 3.89 4.03 3.49 47.10°* 0.88 3.60 4.03 4.09 37.71 *
0.76 4.85 4.84 3.40 4549 * 0.88 4.85 4.84 4.00 36.19 °
0.75 6.11 584 3.32 403.84 * 0.88 6.11 584 3.92 34.73 °
0.75 7.47 6.45 3.28 4245 * 0.87 7.47 6.45 3.86 33.36
0.74 B8.81 7.26 3.21 41.05°* 0.87 8.91 7.26 3.81 32.08
0.74 1043 8.08 3.17 39.73 ¢ 0.87 10.43 8.08 3.77 30.88
0.73 12.04 8.87 3.14 3B8.48 ° 0.88 12.04 8.87 3.74 29.77
0.73 13.71 9.67 3.11 37.32 0.86 13.71 9.67 3.71 28.73
0.73 1548 1048 3.08 38.22 0.86 15.46 10.48 3.68 27.76
0.72 17.28 11.290 3.05 35.19 0.86 17.28 11.20 3.65 26.85
0.72 18.17 12.09 3.03 34.2! 0.88 18.17 12,09 3.83 26.00
0.72 21.12 1290 3.01 33.29 0.85 21.12 12.00 3.61 25.2¢
0.71 23.13 13.70 2.99 32.42 0.85 23.13 13.70 3.58 24.46
Q.71 25.20 14.51 2.98 31.50 0.85 25.20 14.51 3.58 23.75
(* - marks where max (* - marks wherc max
RSM 1.3°SM being fed) RSM:-1.3°SM being fed)
Press return to continue Press return to continue

Designing Riser/s for Path 1 Designing Riser ‘s for Path |

Number of riser’s = 1, 1 (0.666)

Number of riser's = I, 1 (0.6G6)
Height of feeding section = 3.22 in. Height of feeding scclion = 3.22 in.
Height of pressure section = 0.5 in. Height of pressure section = 0.5 in.
Top and bottom dia. = 3.62, 3.623 in. Top and bottom dia. = 4.22, 4.223 in,
Total riser height = 5.52 in. Total riser height - 5.970 in.
Height of contact = 1.2 in. Height of contact = 1.5 in.

Width of contact = 3 in. Width of contact = 3.75 in.

Length of contact = 0.5 in. Length of contact =~ 0.5 in.

Riser volume = 56.89 cubic in. Riser volume = 83.60 cubic in.
Path volume = 54 cubic in. Path volume = &84 cubic in.
Riser yield = 48.70% Riser yield = 39.21%
Enter—yes—for menu Enter—yes—for menu

Fig. I4. Alternate choices of tapered riser diameter, HpiDp, Hp
and vield computed by riser program, (upper). Yield usually
maximizes near Hp/Dp = 2.5, Riser dimensions, (lower) are
shown after a choice of Hp is entered.

For the successful operation of this program, there must be a
priori knowledge of:

1) The number of feeding paths in the casting: The SM values

calculated are an indication of relative solidification times

involved in all parts of a particular casting that determine

the number of feeding paths.

The percentage feed metal required for the material chosen.

The feed metal requirement is used in determining the size

of the riser pipe.

3) The expected riser yicld, as a percentage. A safe initial
estimate is 50%.

4) The height of the pressure section. This height depends upon
the location of the highest point to be fed in the casting.

S) The maximum feeding distance. The feeding distance over
which a riser can feed a casting cffectively must be known,
or determined by experiment in order to ascertain the number
of risers required for a given feeding path. This distance is
a capability characteristic of the metal and the section thick-
ness.

[2°]
~

With the above information operation of the program can proceed.
The program asks for the information needed to produce the output
shown in Figure 14, top columns. A specific Hp, feeding section
height, must be chosen and input from the list in order for the
program to continue,
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Fig. 15. Same as Figure 14 but for cylindrical risers.

The output provides several alternative riser diameters and Hp
heights. Based on mold requirements, a specific diameter/height
combination is chosen. In general, best results are obtained when
the ratio of Hp/Dp is 2 to 4:1, where Hp is the height of the fecding
section, and Dp is the diameter of the pipe. A possible range is
marked * in the output column. However, yield is maximized
when Hp/Dp = 2.5. After selecting and entering Hp, the final
design is output and listed as in Figure 14 (lower). Figure 14 shows
results for tapered risers at two different SM values, 0.6 and 0.75.
A ~10% loss in yield occurs when the 0.75 SM is used to design
the riser. This points to the tremendous importance of choosing
the correct SM value for riser design. All dimensions including
the riser contact are given. The contact dimensions are for a full
geometric contact. They may be reduced by necks or notches
according to foundry experience.’

The microcomputer risering program also provides a design
choice for either tapered or cylindrical risers. If the risers are
designed to be cylindrical, the output then becomes as shownin
Figure 15. Again there is a ~10% yield loss if a 0.75-in. SM is
used instead of 0.60 in. The cylindrical risers also have about 6%
lower yield than the tapered risers.

Comparison of the riser dimensions in Figure 14 with those in -
Figure 6 indicate that the dimensions arc ncarly identical from
both the microcomputer and wave front programs. The assembly
of plates and risers can be checked for section modulus and freezing
order to determine that solidification proceeds directionally with
both programs. This is done on the assembly in exactly the same
way as the plates in Figure 13,
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TP D
Fiv. 16. Effect of 1op diameters of 1.26 and 1.75 in. on riser
piping behavior of the thickithin plate assembly. The 1.75-in. top
dia. was obtained by capping the 1.26-in. dia. wpered riser.

9y

Fig. 17. Failure to pipe in A356 alloy riser with top diameter of
1.26 in.

Fie. 18. Effective piping in A356 alloy riser with 1op diameter of
1.75 in. Compare with Figure 17. Poured at 1450F.

CASTING EXPERIMENTS

Castings were produced in green sand to check the validity of the
riser sizes and the piping behavior predicted by the computed
results. In addition, certain other variables involved in risering
were investigated. The alloys used were Al-Si eutectic alloy, A356
aluminum alloy, ductile iron and gray iron. The test pattern is
shown in Figure 1.

Top Diameter of Tapered Risers

The top diameter of tapered risers must not be so small that it
freezes off before piping begins. For cast steel, carlier work has
shown that the top diameter should not be less than 1.75 in. for
castings of 1.0-2.0 scction thickness.®

Top diameters of 1.26 in. and 1.75 in. were compared with
Al-Si cutectic castings (Fig, 16). A top diameter of 1.26 in. resulted
in freczing over and failure to pipe adequately. Even increasing
pouring temperature to 1550F did not produce consistent piping
at the top. When the 1.26-in. dia. tapered riser was fitted with a
1.75-in. dia. cap, it piped successfully at all superheat temperatures
of 1300-1500F (Fig. 16). Alloy 356 produced the same results
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Fig. 19. Eutectic aluminum alloy risers showing increased piping
and funnel top with increased pouring temperature.

(FrigsA 17 and 18). Note the smooth wall pipe of the non-eutectic
alloy. The top diameter limit seems to be the same for Al and cast
steel: between about 1.5 and 2.0 in.

Pouring Temperature

Providing the top diameter is sufficient; the major effect of pouring
temperature seems to be on piping behavior. This is especially
true of the tapered top where higher pouring temperature exagger-
ates the funnel effect at the top (Fig. 19). Also, more pipe volume
occurs higher in the riser and a greater percentage of feed metal
is required for the Al-Si alloy (Fig. 20). Note also the very smooth
surface of the top funnel cavity. These effects are noted with all
alloys cast thus far. '

Gating Choke

Feed metal for the solidifving casting actually comes (rom the
sprue and runners until they can no longer transport liquid because
they have frozen. A choke in the gating system can be used to
shut off flow {rom the sprue.” Early piping and maximum delivery
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Fig.20. Effectof pouring temperature on feed metal percentage
. required by ewectic Al-Si alloy.
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Fig. 21. Choke arrangements studied. Choke C was used as the
most effective for piping. :
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. K RRRESAC,

DweTILE IRON

Fig. 22. Riser cross-section from thickithin plate ductile-iron
casting assembly; 1.26-in. dia. top.

VR RON

(WOTE BB BAGK)

Fig. 23. Riser cross-section from thickithin plate gray iron
casting. Note bleed back, 1.26-in. dia. top.

gray iron
Cnove ©leea bmet)

Fig.24. Riser cross-section from thickithin plate grav iron casting
designed to produce a shorter riser, larger Dp, and shorter Hp.
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of feed metal from the risers will then oceur, The gating chokes
were brietly considered in this research (Fig, 21). The thinner

- choke resubted in about 1% more feed metal being delivered by
the riser,

Casting Alloy

Al-Si cutectic and A356 aluminum alloy casting results are depicted
in Figures 16-20. A section risered from a ductile iron casting of
the thickithin plate type is shown in Figure 22, Piping occurred
even with the 1.26-in. dia. top and a substantial part of the top of
the tapered riser is missing. Other reports have shown that tapered
risers with top diameters as little as 1.0 in, will function.®* Gray
iron showed the same behavior at the top but the pipe cavity
revealed bleeding back (Fig. 23). Feed metal percentage was 1.7,
The gray iron riser appears unnecessarily large because of the
bleeding back phenomenon. To check this, the riser was redesigned
using the microcomputer program so that the taper was much
greater; this leads to a shorter riser feeding section as shown in
Figure 24, Bleed back again occurred, Dp was larger, Hp smaller,
Hp/Dp smaller, the feed metal percentage was 1.9% and yield
increased 5%.

Feed Metal Percentage and Piping

The volume percentage metal necessary to feed both the casting
and the riser was determined by measuring the volume of the pipe
in the riser. Feed metal percentage equals (pipe volume + casting
plus riser volume) X 100. The results of these experiments are
listed in Table 1. The effect of pouring temperature on feed metal
percentage for the Al-Si eutectic alloy was shown in Figure 20.
The other alloys were poured at representative temperatures such
as 1450F for A356 and 2500F for the cast irons.

The computer program calculation and output include the pipe
dimensions Dp and Hp. In tapered risers the aluminum castings
reproduce the calculated Dp and Hp values very well (Figs. 13
and 20). In ductile and gray cast iron graphitization during solidifi-
cation can lead to bleed back, which displaces the pipe cavity.
Cast steel has been previously shown to pipe as predicted.** Ap-
purently. the assumptions of a Dp and Hp which can be calculated
and programmed based un section modulus are valid.

Yield

Depending on the choice of tapered or cylindrical shape and section
modulus. the riser dimensions calculated and chosen, yield for this
particular test pattern may vary from about 39.2-57.6%. The choice
of a tapered riser instead of a cylinder increases yield about 4-8%
for this pattern. The upper limit of yield with this pattern is limited
by its dimensions. The thick plate provides only 4 x 6-in. feeding
distance. The maximum feeding distance for a |.5-in. plate is at
least 7.5 in. in steel. Feeding two 7.5 x 7.5-in. plates from a
central riser would permit yiclds approaching 70%. Published re-
scarch has shown that yields of 75-80% are possiblc from a central
riser if the maximum feeding distance capability of the metal is
built into the casting feeding path distance.'™" Hence, 39-55%
yicld shown in this work is lower because it is inherent in the plate
design shown. Nevertheless, yield improvement available from
the use of tapered risers, about 4-11%, is available in most cases.

Energy Conservation

Yicld improvement leads to lower encrgy consumption and in-
creased productivity. In ferrous castings, energy savings amount
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to about 15 KWH/Ton of casting mold weight pourcd per 1% yicld
improvement.”

SUMMARY

The relationships between risers designed by two different types
of computer programs and the piping and feed volume percentage
requirements for Al-Si cutectic and A356 Al alloys has been estab-
lished. Piping behavior in cross-sectioned risers has validated the
predictions of the solidification wave front program as well as the
riscr dimensions calculated. The same riser dimensions are calcu-
lated by the microcomputer section modulus computer program
although its output does not display whether the directional solidifi-
cation will occur. The wave front program can prove directional
solidification will occur. Both programs provide valid means of
calculating riser dimensions for castings. '
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APPENDIX

Dy

r‘— —.1 Dt — Min. top

T diameter of

l l 1.75 in. for cast

| | steel and Al ;
1.25 for cast iron
o F—Dp— i ,
— Pipe ameter
| l Dp - P di t
calculated from

7% feed metal
| | needed

A G B

Pressure Section — 1SM
or as needed for cope

Hp — Pipe height

2 [ — head helght 3 __
£ i Rectangular Contact
B 25M X 5SM
£ a Square Contact
i 45M X 4SM ..T.q" ——
lm R Distance riser
o to casting —

l——Dg = 4SM + Dp—+|

0.5SM or more

Effective section thickness of
casting at riser contact = 2SM

Dimensions of riser and contact for

full size cylindrical or tapered size
risers geometrically modeled

255



REFERENCES

2

. R. W. Heine, “Riscring Principles Applicd to Ductile Tron Castings

Made in Green Sand.™ AFS Transactions. (1979).

R. W. Heine, "Design Method for Tapered Riser Feeding of Ductile

fron Castings on Green Sand.™ AFS Transactions, p 147 (1982).

. R W, Heine and J. ). Uicker. “Risering by Computer Assisted
Geometrie Modeling. ™ AFS Transuctions, p 127 (1983,

40 RO W Heine, 1)L Uieker, and DL Gantenbien, “Geometrie Modeling
of Mold Aggregate, Superheat, Edpe Etfects, Feeding Distance,
Chills, and Solidification Macrostructure . AFS Transactions, (1984).

5. 8. L Neises, “Use of Casting Section Modulus in the Geometrie
Computer Simulation of Dircctional Solidification Wave Fronts.” MS

.
256

10

102

Thesis. University of Wisconsin-Madison, 1982,

. D. V. Gantenbien, “Procedures and Methods for the Geometric Com-

puter Simulation and Analysis of Solidification in Metal Castings.™
MS Thesis, University of Wisconsin-Madison, May 1984,

. P. H. Thermansen. “Dircction Solidification in Solid Maodels of Cast

Metal Objects: A Geometrie Analysis Technigue. " MS Thesis, Umiver-
sity of Wisconsin-Madison, Aug 1984,

. DL C. Schmidt, “Development of a Computer Risering Program.™ MS

“Thesis, University of Wisconsin-Madison, Dec 1982,

. Co P Leedom, “Casting Design Study.” MS Thesis, University of

Wisconsin-Madison, May 1984.
P. H. Mikkola and R. W. Heine, "Yield.” AFS Transactions, p 493
(1976).

-

AFS Transactions



-

The M-C Nethod for Riser
Design for Non-Ferrous
and Ferrous MNetals

R. C. Creese
West Virginia University, Morgantown, WV

ABSTRACT

A new method for riser design for non-ferrous as well as ferrous
metals has been developed. This method was developed as an exten-
sion to the Q-Number Method, which was developed by McAdam
for steel riser design. The Q-Number Method gives results similar
to that of Caine, but is easier to use and covers a wider range of
casting conditions.

One of the steps in the development of the Q-Method was the
relationship between the freezing ratio and the Q-Number, which
is:

ViV, = 200/Q + 0.15
The relationship can then be modified into an expression for the
volume of the riser, which is:

Ve =200M2 + bV,

This expression indicates that the riser volume can be expressed as -

the sum of two terms, a modulus term (M2), which represents the
solidification time factor for the critical section of the casting sec-
tion being fed by the riser, and a second term which represents the
feed metal requirements (V,) of the casting section, which includes
the critical section plus any appendages being fed. The coefficient
“‘a,”’ which is the solidification adjustment factor, is a function of
the type of riser, such as side riser on top riser, the solidification
conditions, such as the use of insulating sleeves, and various other
factors. The coefficient *‘b,”’ which is the feed metal adjustment
factor, is a function of various factors, such as the solidification
shrinkage characteristics of the alloy and the feed metal capacity of
the riser.

The paper shows the development of these two coefficients for
various riser types and for several non-ferrous alloys. The model is
applied to a relatively simple problem to demonstrate how the
method can be applied.

INTRODUCTION

The Q-Number system was developed by J. McAdam? for steel riser
design. This method produces results similar to that of Caine’s
Method,2? but it is much easier to use and includes many additional
factors such as feeding distance, chilling, cores, and junctions. The
purpose of this study is to modify the Q-Method so it can be used
for other metals, especially non-ferrous metals. The modified ver-
sion of the Q-Mecthod will be referred to as the M-C Method, which
is a modulus (M) method that is corrected (C) for solidification
shrinkage. '

The Q-Number system'# was developed because the Modulus
System (based upon feed metal requirements) and the Shape Factor
System (based upon solidification requirements) were adequate for
the low yield and high yield ranges respectively, but neither method
was satisfactory for all steel castings. This problem was also ob-
served in the design results obtained by geomctric programmings®
and a short iterative approach was presented for obtaining a solu-
tion, but iterative solutions arc not accepted by most foundrymen.
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The Q-Number uses the modulus and volume of the section being
fed by the riser. The nomenclature for the variables in the equations
developed is in Table 1. The Q-Number procedure is easy to apply
and can be represented by the following three steps:

Step 1: Determine M_and V,

modulus of section to which the feeder is attached

where M,

V., = volume of section plus appendages fed by feeder
Step 2: Calculate M,
M, = 0.181 V200 M7 + 0.15 V, ()

where M, = modulus of the feeder

Step 3: Calculate D

D = 6.0 M;when H =D @

D = 535 M;when H = 1.5D 3)

D = 5.0 M, when H = 2D ‘ @)
where D = diameter of cylindrical side feeder

H = height of cylindrical side feeder

McAdam! then considers modifications to the formula for chilling,
cores, and etc. Most of the modifications are adjustments to M,
and the last step remains the same.

MODEL DEVELOPMENT

The Q-Number is not directly used in the solution procedure, but it
is necessary for the understanding of the M-C method and must be
developed. The Q-Number is defined as:

Q = VM N &)
VIV, = 200/Q + 0.15 (6)

Figure 1 shows a comparison of curves expressing the volume ratio,
V/V,, as a function of the Freezing Ratio (Caine’s Method) and as
a function of the Q-Number. The Freezing Ratio can also be ex-
pressed as the ratio of the feeder modulus to the casting modulus,
My/M.. If the updated coefficients for Caine's Formula are used,
the curves for the Q-Number and Freezing Ratio with Volume Ratio
are nearly identical, as indicated by Figure 2.

If one substitutes Equation 5 into Equation 6 and rearranges the
terms, one obains:

V, = 200 Mg + .15V, %)

This expression indicates that the volume of the riser is the sum of
two terms, a modulus term which represents the solidification time
factor and a volume term which represents the feed metal require-
ments of the casting. This expression can be expressed in a gener-
alized form of:

V.= aM_? + bVz ®)

Where a = solidification adjustment factor (saf’)
b = feed metal adjustment factor ( frnaf')

The saf is approximately 200 for most cylindrical side riser
shapes. The saf values for various cylindrical riser types and H/D
ratios are presented in Table 2. The saf values will be affected by
riser sleeves, hot topping, and other parameters, but these effects
have not been developed at this time.

The fmaf will be primarily dependent upon the solidification shrink-
age characteristics of the alloy and the feed metal capacity of the
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Fig. 1. Volume ratio as a function of the freezing ratio (F,) and as a Func-
tion of the Q-Number (Q).

riser. The fmaf can be approximated by the ratio of the mean soli-
dification shrinkage to the feed metal capacity of riser shape. For
example, the feed metal capacity for a cylindrical riser has been
shown by Umble’ to be approximately 1/6th of the riser volume for
sand risers. The values of solidification shrinkage for various alloys
was reported by Merchant® and are included in Table 2. The values
of the feed metal adjustment factors (frmaf) for various alloys are
presented in Table 3. These fmaf values would also change with
insulating aids such as riser sleeves, because the feed metal capacity
would change. The calculated finaf value for steel fortunately was
the same as the value in the original expression represented by
Equation 7.

MODEL APPLICATION

To illustrate the application of the model to a foundry situation,
consider the casting of a 3-in. X 5-in.” X 5-in. brass bar in a sand
mold with a cylindrical side riser. The values of V,, SA_, and M,
would be 75 in?, 110 in?, and 0.68 in. If a side riser is used, the
value for **a’’ is 200 and the fmaf value, or *‘b’’, would be 0.135
for brass. Inserting these values into Equation 8, a riser volume of
73.5 in® would be required. The value of the cylindrical riser, V,,
can be expressed in terms of the riser height and diameter by:

V, = wD* H/4 )
The H/D ratio must be selected before the values of H and D can be

determined. The non-ferrous risers have H/D ratios greater than
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Fig. 2. Volume ratio as a function of the freezing ratio (Fy) using the
updated version of Caine’'s formula and as a function of the Q-Number
Q).

unity. If a value of H/D = 2 is selected, then the values for D and
H would be 3.6-in. and 7.2-in. respectively. The modulus of the
riser should be checked to verify that it is greater than the modulus
of the casting. An expression for the modulus of a side riser is:

- M; = DH/2D + 4H) (10)

The value of M, is 0.72 in., which is still greater than the 0.68 in.

for M.. The feeding distance should also be calculated to ascertain
that the riser will properly feed the casting.

DISCUSSION

The proposed M-C Method involves the calculations of the calcu-
lation of the riser volume based upon the sum of two components,
one representing the effect of solidification time and the other rep-
resenting the effect of feed metal requirements. The solidification
time adjustment factor is determined by the type of riser, such as a
side on top riser, and is affected by insulating sleeves, chills, and
other items which alter the solidification time. The feed metal ad-
justment factors is determined primarily by the alloy and the feed
metal capacity, but other factors such as superheat and mold hard-
ness could also be considered. Although the H/D ratio is permitted
to vary, it must be restricted so the modulus of the riser exceeds that

of the casting and also so pipe shrinkage would not extend into the

casting.
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Table 1. Table of Nomenclature

Symbol Term

a solidification adjustment factor (saf)

b feed metal adjustment factor {fmaf)

Me modulus of section of casting under coneideration (Vo/SAc)
Ve volume of casting section for modulus calculation

SAc surface area of casting section for modulus calculation
Ve volume of casting section plus appendages fed by riser
N¢ modulue of riser

D diametler of cylindrical riser

H height of cylindrical riser

Q Q-number

vt volume of riser

Fr {reezing ratio (Mp/Mc)

The riser design results presented are restricted to alloys which
have a narrow freezing range and a low centerline feeding resis-
tance. Alloys which freeze in a mushy manner, have a wide freezing
range and high centerline feeding resistance will have dispersed
porosity regardless of the riser design.

SUMMARY

A simple, direct expression for determining the riser volume has
been obtained from the Q-Method and has become the basis of the
M-C Method. This expression, in its generalized form, from Equa-
tion 8 is:

V, = aM® + bV, an

Values for “‘a’’ and *‘b,”’ the solidification adjustment factor and
feed metal adjustment factor, respectively, are presented in Table 2
and 3. This system allows for a variation in the height-to-diameter
ratio and can be applied to alloys that have a narrow freezing range
and low centerline feeding resistance. Experimental testing needs
to be performed to verify the validity of the M-C Method and to
quantify the effect of solidification aids, chills, and superheat upon
the two adjustment factors.

APPENDIX A
The Q-Number System

The Q-Number is a dimensionless, modulus-based shape indicator,
which is calculated by

Q = V./M? (A-1)
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Table 2. Solidification Adjustment Factors (saf) for C. y'lindria.zl Risers

Riser Type H/D Ratio saf Value saf Value
(calculated) {recommended)

Side 1.0 169 200

Side 5 201 200

Side 2.0 196 . 200 -

Top 5 84.5 100

Top 1.0 98 100

Table 3. Feed Metal Adjustment Factors (fmaf) for Various Alloys

Alloy Solidification

Mean Solidification Feed Melal {fmaf
Shrinkaga Shrinkage Capacity value
1 {2) (31 = [2]/2 (41 [5}=(3)/14)
Steel ) .05 025 1/6 .15
Brass (60-40) 045 [8) .0225 1/6 - 35
Aluminum .057 (8) .0285 1/6 AT
Bronze (88-10-2) .065 (8] 0325 1/6 .195
Al - 4.5 Cu .065 (8) 0325 1/6 195
Al - 8.5 Mg 062 (8] .031 /6 .186
Copper 04 (8] .02 1/8 A2
where

V, = volume of casting section plus appendages

g
0

modulus of casting section under consideration

The modulus of the casting is based upon the total volume of the
casting section considered and the total cooling surface area. The
cooling surface area may be adjusted for chills and cores. The
volume ratio, V/V,, can be expressed by

V4V, = 200/Q + .15 (A-2)

where .

V, = volume of riser (feeder)
Thus, by knowing V, and M,, one can determine Q and then V,, the
volume of the feeder. The optimal ratio for the side riseris H = D
and for the top riser is H = D/2, so one can determine the appropri-
ate values of H and D by

D = (4 V, /(w (/D)) (A-3)

where .

H/D = height: diameter ratio for the riser shape selected
In the original presentation, the author used for Q-Number to cal-
culate the riser modulus, M, and then calculated the riser dimen-
sions from the riser modulus. The expression for M is

M, = .19 V200 M? + .15 v, (A-4)

The values of .19 and 200 both include safety factors, so the diam-
eter calculated is at least 5% greater than the optimal and may be
even 10 to 12% greater. These factors may result in riser volumes
of 15 to 40% above optimal. If one wants to apply a safety factor, it
should be on the volume rather than the modulus. Also, one can
calculate the riser volume easier and it will have one less adjust-
ment,

259



Adjustments for chills and cores can be made to the cooling
surface area in the casting modulus; that is

M. = V/SA (A-5)

where

SA = cooling surface area
For chills the surface area would be increased and for small cores
the area would be decreased. The modulus can also be decreased
by a modulus alteration factor for insulating materials.
Thus, the purpose of the modified method is to calculate the volume
of the riser more directly and use one less correction factor. The
modulus of the riser is not as critical as the volume of the riser, and
the Q-Method uses the volume to calculate the modulus and then
the modulus to calculate the diameter, On the other hand, the M-C
Method calculates the riser volume and then calculates the riser
diameter; it does not use the riser modulus directly except as a check
to prevent a poor H/D selection.
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Cylindrical Top Riser
Design Relationships for
Evaluating Insulating
Materials

R. C. Creese
West Virginia University
Morgantown, West Virginia

ABSTRACT

A cylindrical top riser model was analyzed with geometric
programming to determine the effect of insulating materials and
solidification shrinkage upon the riser dimensions. The riser and
casting were both assumed to follow Chvorinov's Rule for
solidification and the feed metal supplied by the riser to the
casting was assumed to be one-sixth of the riser volume. The
solidification constants (B) and solidification exponents (n) in
Chvorinov’s Rule, t = B(V/SA)", were assumed to be equal for
the riser and the casting. The volume of the casting and riser
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were adjusted for the volumetric contraction during solidifica--
tion such that the final values would be:

- Van = Vra - BVetiy = Vra) = 1/6Vriy = 5/6Vray
Van = Vepy + BVc(i) = Ve (1+8)

The volume of the cylindrical riser was
Vr = 7D*H/4

and the effective surface area of the riser was
SAr = arDH + brD’/4

where a and b were the apparent surface atteration factors for
thé side and top of the riser.

The geometric programming model was then formulated with

the objective function to minimize the riser volume and require
the riser to solidify after the casting and to supply the necessary
Jfeed metal. The geometric programming problem was first
Jormulated in the primal form and converted into the dual form
Jor the dual solution. The dual variables were then converted
into the primal variables H and D. Fortunately, an exact
solution for H and D could be found in terms of the apparent
surface alteration factors, a and b, of the riser, the volume and
surface area of the casting, and the volumetric contraction of the
metal.
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'INTRODUCTION

The geometric programming method of riser design is based
upon the mathematical technickues of geometric programming
developed by Zener,' Beightler, Phillips3 and others which are
based upon the arithmetic-geometric mean inequality. This
technique is not the geometric method of riser design used by
Heine,” which is base upo a specific geometric shape for the pipe
in the riser cavity. The technique of geometric programming had
previously been applied to riser design,”” but it has not included
the effect of the riser connection area upon the casting surface
area. Although the effect of the riser connection area is small
upon plate shaped castings, it can be considerable on chunky
castings. :

Geometric Programming Model Development

The model developed was based upon Chvorinov’s Rule, which

. has been the basis of models by Poirier and Gandhi,® Ruddle,’
and Shenoy and Panchanathan.'” These models, however,
resutt in the solution of cubic equations, which are presented in
the form of nomograms for specific H/D ratios and are
somewhat complex.

On the other hand, geometric programming can oftenlead to
simpler expressions for the riser parameters H and D, although
the process for obtaining these expressions is rather complex.
The model does not need to be resolved once the design
relationships are obtained.

The model developed was designed to determine the
minimum riser volume and meet the solidification constraint

tr = tc ' %))
where

t = solidification time
R = riser C = casting.

From Chvorinov’s Rule,

t = B(V/SA)" @
Equation 1 can be rewritten as

Br(Vr/SAR)™ = Bi(Vc/SA) ™ ?3)
where

Br = solidification constant for the riser
Vg = volume of riser

SAR = surface area of the riser
nr = solidification exponent for the riser
B. = solidification constant for the casting
V. = volume of the casting

SA. = surface area of the casting, and
n. = solidification exponent for the casting.

There is a transfer of metal from the riser to the casting as the
casting directionally solidifies to the riser. Under conditions of
complete feeding, the amount of metal transferred to the casting
would be BV., where B is the volumetric contraction durin§
freezing. The volumetric contraction, as defined by Ruddle,’
comprises the liquid shrinkage, the freezing shrinkage, a minor
amount of the solid shrinkage, and a component due to mold
wall movement. Atso, the connecting area of the riser must be
subtracted from the initial surface area of the casting. Thus,
equation 3 becomes:

Br((Vr - BV)/SAR) ™= Bo((Ve + BVe) / (SAc - A)™) (4)
where
‘B = volumetric contraction, and

A: = connecting area.
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Some simplifying assumptions, which are usually made in
most riser models, can greatly reduce the complexity of the
model. The simplifying assumptions made were:

1) nr = n.; the solidification exponents of the riser and
casting are equal.

2) Br = B;; the solidification constants of the riser and
casting are equal.

3) The feed metal from the riser leaves a parabolic pipe equal
to one sixth of the riser volume. This analysis has been
applied by Johns'? and Umble."

4) The area of the casting surface where the riser is connected
is at least equal to the connecting area.

If assumptions (1) and (2) are applied, equation 4 becomes

(Vr - BVo)/SARr 2 V(1 + B)/(SA: - Ao) ()
For a cylindrical top riser, one has: '
Ve = D’H/4 (6)
SAr = arDH + brD?/4 )
A. = 7D*/4 ®
where

H = height of the cylindrical top riser,

D = diameter of the cylindrical top riser,

a = apparent surface alteration factor for the riser side, and
b = apparent surface alteration factor for the riser top.

Using assumption (3) and equations 6 through 8, equation 5 can
be rewritten as:

(D*H/4 - 1/67D*H/4)/(awDH + baD?/4) = V.
(1 + B)/(SA~wD?/4) _ )

Reducing the expression and rewriting the equation in the
. standa d geometric programming form, equation 9 becomes:

(m/(4SA.)D* + (24aV. (1 + B?/ (5SA))D™
+ (6bV. (1 + B)/(5SA) H <1 (10)

The geometric programming primal representation for this
riser design model is:

Minimize: Vs = #D’H/4 _‘(1 1
Subject to: (r/(4SA.) D* + 04AVe (1 + B)/(5SA.)) D
+ (6bV. (1 + B)/(5SA.)) H '<1 (12)
The standard dual form of this geometric programming
model is:

Wo=1 14
2Wo; + 2Wy; - W2 =0 (15)
Woi - Wi3 =0, (16)

where Woi, W11, Wiz and Wi are the dual variables.

By combining the relationships between the primal and dual,
an additional equation was developed and the solution for the
dual was obtained via the procedure used previously.'* The
results obtained from the solution gave exact solutions for D
and H. The expression for H was complex, but could be
simplified if expressed in terms of D. The expressions obtained
were:

D = 6(6/5) (a) Vc (1 + B)/SA« a7
H = 3(6/5) (b) Ve (1 + B)/(SA. - 37D?/4) (18)

These expressions are much easier for the foundryman to use
than the previous methods and nomograms are not required.
The expressions clearly indicate the effect of insulating materials
upon the riser diameter and height.

Interpretation of the Results

These results are quite consistent with those developed by
Wiodawer'® and those previously developed by geometric
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programming.”” For example, the diameter is often expressed
as six times the casting modulus. Thus, if

d = 6(Vc/SAc) (6/5)a (1 + ) 19

the first part of the equation is the standard modulus expression.
The (1 + B) term represents the adjustment for the volumetric
contraction, the a term represents the adjustment for the
apparent surface alteration factor of the side wall material when
sleeves are used, and the 6/5 represents the 1.2 factor which is
commonly used as a “factor of safety.”''™ It is important to
note that this “factor of safety” is not really a factor of safety, but
represents the adjustment in the solidification time of the riser
for the feed metal supplied to the casting by the riser. The 1.2
results from the assumption that the parabolic pipe shrinkage
was one-sixth of the riser volume.

Figure 1 shows the effects of the volumetric contraction and
the apparent surface alteration factor of the side wall material a
upon the riser diameter. Thus, Fig. 1 is a plot of equation 19 for
two values of B and a can easily be made for any alloy.

The interpretation for the riser height is somewhat more
complex, but is still consistant with the previous works.” " If
equation 18 is rewritten as:

H = 3(Vc/SA:. - 3 D*/4) (6/5) (b) (1 + B) (20)

the first part of the equation is similar to the standard top riser
relation that H = D/2 or three times the casting modulus. The
surface area of the casting is adjusted by three times the area of
the riser connection. The reason for the factor of 3 in adjusting
the surface area is that all of the adjustment for the riser
connection area is made on the riser height and none on the riser
diameter. Since the riser volume is dimensionally related to the
riser height by a power of 3, the surface area adjustment must
also be made in the same ratio. The (1 + B8) term represents the
adjustment for the volumetric contraction, the b term represents
the adjustment for the apparent surface alteration factor of the
top material (such as hot topping or insulation), and the 6/5 or
1.2 represents the adjustment in the solidification time of the
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riser for the feed ‘metal supplied to the casting by the riser.
The H/D ratio was also evaluated to be:
H/D = (1/2) (b/2) (SA:/(SA. - 37D*/4)) @21

This expression shows the effect of the insulating materials
upon the H/D ratio. This expression indicates why chunky
castings where the 3wD?/4 correction term is a large faction of
SA., require larger H/D ratios and wh¥ insulating aids are not
used on plate castings where the 37D"/4 approaches a H/D
lower limit of 0.5.

SUMMARY AND CONCLUSIONS

A geometric programming model of the cylindrical top riser was
formulated and solved. The simplified general relationships
developed for the diameter and height of the top riser were:

"D = 6(V:/SA:) (1.2) (@) (1 + B)
H = 3(V¢/(SAc - 3 D*/4)) (1.2) (b) (1 + B)

The effect of insulating materials (such as insulating sleeves,
exothermic compounds, and topping materials) upon the
dimensions of a top riser can be easily obtained from these
design relationships. The various terms in the design
relationships were analyzed in terms of adjustment factors to the
casting modulus relationship.

Some of the conclusions are:

B the riser diameter is directly proportional to the apparent
surface alteration factor for the riser side;

B the riser diameter is unaffected by the connecting area
between the riser and the casting, whereas the height of the
riser is affected by the connecting area;

B the riser height is in direct proportion to the apparent
surface alteration factor for the riser top, whereas the riser
diameter is unaffected by this factor;

B the H/D ratio for the riser is independent of the casting
volume as it approaches (b/a)/2 as a lower limit.
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With this information obtained from this study, foundrymen
will be able to evaluate the effectiveness of various insulating
materials and foundry suppliers can better serve their
customers. : :
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