
Crude Unit Design 

In&oduchn 

a Crude Unit is a 'Keystone7 process i3lx refinery 
u Other common refini;ng units have similar 

fractionator designs 
* Hydrocracking 

Fluid Cataiytic Cracking 
* CokingNisbreakiag 





r Design Basis 

Feed System 

Crude Tower 

t Sat Gas Plant 

E Heat Exchange Metwork 

Design Basis 

wil l  be reviewed as they 
become relevant 









More on Design Philosophy 

8 Specify, at Illinimum, two alternate feed eases and 
one mrndown case. 

8 Use simulation tool to model &e fd3 process for 

8 Specify qnipntent using process data generated 
&om simul23fion result§.. 

r Do not use shndatioa tool to design equipment. 
Uaize company standards or other best practices 
to diesign margins for eqaipmeat, 

8 E;s-tinrate prodact properties relevant to product 
spd~eations using skuh$ion results. 

Desalting 
Presentation Slides 



C d e  Tower Design Options 

r Preflash 
I Overhead Configuration 
m Fractionation Sections 

, f m Sidecut Stripper Design 
r Flash Zone Conditions 
r Purnpafounds 
s Satarated Gas Pfant Confxguration 

Cmde Unit Premsh CuEzd;m~ 

I Preflrrsb colmms might be considered when: 
* design slate 1:ontaim a high progown of naphtha 
* energy costs savings ouWeigh capital costs 

* as revamp to add additional capacity 

r heflash cokzm can provide higher energy efficiency 
m Preflash column m y  not allow a clean split with main 

tower overhead product 





CDU Configuration with a PreJash Vessel 

CDU C o n f ~ r a ~ u n  with a Refluxed Preflmh Vessel 

tPD.ww1-hl 





Overhead Configuration 

Two D m  Co.6fxguration 

Skgk b a r n ,  TPA ConGgaration 



Typical Cmde Overhead Configuration 







, 

Crude Fractionation 
Trays Selection 

ValveTrays 
* Most commenly used trays 

,Mow heaer turndown than 
, r Less prone to channeling Better distribution 
m SieveDecks 

* Best for cwt and maintenance 
Not Suikable for tarndm below 70% 

m Bubble Caps 
Rarely used because of high maintenance 

. requirements 
Best for turndotvn and low flow zone 

1 ~ ~ ~ ~ 1 - 3 1  

Cmde Fractt.oyta~uyc 
Trays Selection 

r High Capacity Trays 
Consider only for revamps 

* Confim verador's past experience with specific 

Several equations available for eff~eiency 
* For refinery services, past experimce is generally 

Modewe services: 60 to 70% efficiency 
Heavier services (wash zones): 50 - 60% 
Bottom stripping section: 25 - 35% 



Cmde IFract i~n~on 
Tray Specifia~on 

3 actud trays per pmparowid; 
33% efficiency 

I 

, 
m1OOWCLD1*i 



Side Stripper Designs 

r Types of side strippers 
* Staam-stripped 

Side-reboiled 
Vrfcuwm-educted 

r ~ ~ ~ i c a l t ~  5 to 10 actual trays - 3 to 6 theoretical trays 
r Design steam stripping rates 

* Residue - 8 to 10 Ib/bbl (28.5 l@m3) 
* Diesel a d  fighter streanas - 5 1bhbX (15 kg lm3) 

r Target 10% removal of incoming stream for non-steam 
stripped services 

Side Stripper CuytJig~lration - intema2 R e f w  



Side Stripper Configuraion - External Refltlx 

m u t t  to h t  
ExchaRp&wp 

Pumparound Process llesign 

r remove excess heat from disSielIafion 

i keep the cohm &arneter frorn 
becoming too large 

Design Philosophy 
one pumparound per side draw 

r use excess heat concept to de&rmbe 
heat removal rate at each punrpraund 

r optimize d ~ t y ,  delta T with network 
design and column sizing 



Example 3 

Qo~ffipration of Crude Calm in Simula.tian 

Initial Convergence of Cmde Cohm in 
Sirnulatien 

~ q - -  
" l ip  q/o a C - I 
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Heat Balance 
Internal Loading 

r Bottom Product 
m ,  Side draws 
m Overhead Draws 
m Condenser Duty 
rn Prunparound Duty 

Heat Balance From Flash Zone 
internal Loading 

m Heat Innuts 
mash Zone Vapor 

r Heat Outputs 
Overflash 
Side draws 
Overhead Draws - Condenser Duty 
Pumparound Duty 







Generate Crude Column Sizing Information 

Where is the maximum c o ~ ~  loading? 

I sat  as PM Cu~fiigurations 



Sat Gas Plant Absorber/Strt'pper 

Feeds are saturated streams 

* hydroprocessing off-gases 
cafalytic reforming stabilizer off-gas 
unshbiiized naphthas from hydroprocessing units 
istkerization stabizer off-gas 

target >90% C3 recoveq 
* meet LPG specifications 

8 Conditions 
Pressure dependent upon CDU compressor E i t s  
top temperature set by lean oil (preferably naphtha) temperature 

Some LPG Specifications 





Naphtha Splitter 

light straight-run naphtha (LSRW) fur gasoline 
blending or isomerimtion 
peavy straight-run naphtha (HSRti? for naphtha 

' hydrotreating / catalytic reforming feed 
m Design stragegy 

* Meet LSR RVP for gasoline blending directiy to pool - Remove C5-i- mabrial and benzene precursors from 
catalytic reforming feed 

Splitter feemttoms 
exchanges is comon;  not 
ideal from HTEX network 
design perspective 

Use fios process stream for 
rebiting, if possible 

Target 221°F AS232 IIBP; 
30°F gap &tween LSRN 

,Many refiners split the whole 
range naphtha after 





1 

Crude Unit and Satumted Gas Plant Mass 
Balance 

21 5 8.9 



Crude DistiZZ&*on Unit 
Process Monitoring 

Critical Process -Monitoring Activities 
u Desalter 

* Monitor sait removal 
Monitor water oiI content 

B Exchanger Network 
* Monitor exchanger fouling 
* Moaitor pressure drop 
* Monitor flow splits 

Furnace 
* Monitor flux 
* Illonitor draft 

Crude DistiIZatZon Unit 
Process Monitoring 

Critical Process Monitoring Activities 
Columns 

* Monitor fractionation 
Monitor loading 
Monitor pumparound duties 
Monitor overhead conditions 
CafcuLate all reboiler and condenser duties 
Pedonn routine Heat & Mass Balances 

* Identify bottlenecks 





Crude Digtillation Unit 
Strategy for Cohmn Rati*ng Sirnubtion 

r Model the feed as a mix of all products 
Match known product now rates (or cutpoints), 
duties, and refluxes by specification 

m Adjusg tray efficiencies to match XS86 gaps 
Recomend 5/95 gap - never IBP or EP 
For gas phnt, match light keyheavy key 
components 

* Check draw temperatures where uncertainty exists 
r Check tray loading 

C d e  D i s ~ M o n  Unit 
Trolcbleshooting 

Heat Excfrangw 
8 PossibXe reasom for poor performance 

Open b-pass or passiry: valve 
Low flow 
Changes in conditions 

Calculate U-value / Fouling factor 
Check LR.1[TD TEMA correction (Ft) 
Check pressure drop 
Check dhemoweIls (upstream of bypass return) 



Crude Distillation Unit 
Troubleshooting 

m Possible reasons for poor performance 
Flooding / Foaming 

' * Low refIux / Weeping 
Entrainment 
Internal Damage 

* Simulate eolmn and check tray loading 
* Check section pressure drops 

Compare historicat data to current performance 
Gamma scanning 



Desalting - What is it? 

The commonly referred to process of removing 
water solu bZe/dispersihle 

Why Desalt Raw Crude? 

Preheat TI-& 
* sakes and soI%sfuuling aggravate hpdralic a d  t h e d  ZiPnl*Cs 
affects capacityf run length, ~*n tenance  costs 

CLyerhead Cornusion 1 

* redtllces aine between ;trcmamtwzd 
* reduced overhead exchange p@onnance increases load on condenser 
*puss%& overhead bttndle replacement 

incremes maintenance cost 



Basics of Desalting 
Cmde+Neaz ; 

+Water + Demdsi&r 
+ Mzk Energy 

+ EEecfros&tic Precipitation 
= Desaaed Crude + Sepuraed Witter 

Typical 2 Stage Setup 
0"" P" $I'@ r~g4A bl ld 

- i q e  ;r \or, M T : ~  
~ $ 2  04 cwbu* .Sk4 4 c& f13f VR 



Basics of Desalting 

Dilgtion - Dehydration 

Mineral scaling problems 

Rag stabilization parii'CtcEarly with solids 
& neutralized organic 
&/-&henates 

H2S, organic acid etc. drop ingo e f l ~ e n t  

H&n slop oil loading 



General Surfactant Str~cture 
ater droplet suspended in oil 

Head Group Tail Group 
Hydrophif ic Lipophilic 

i Also, anionic, catjonic, polymers, floccuimurts, wetting agents I 

Typical Chemical Injection 

Cfze~nkal I&ection 

Wash 
WaCer 



Electrostatic Precipittzh'on Basics 
Quiescent Water in Oif 

Stokes Law 

SettZing Rate = k (phZo - poll) d2IpOit 

Emulsiua in Electric Field 
f I 

I Desalter Style Schematics - End View 

#ude & Wares Out Water Oar 
Water In Water h 

Cnuie&' Water Out 
Warn ln 

Low Velocity Cy lectric Bilectdc 

#ude & Water Oar 
Water h 

Cnuie&' 
v.9 A v 

Water Out 



~esal ter  Style Schematics - End View 

Desalted 
Cm& Out 

Cruds & Water Ollr 

Desalter Style Schematics - End View 

r' Desalted 
CNde Our. 

Raw Effluent 
Crude& Water Our 
Water h 

Pipe Distributor 

IXrm Grid 

Raw muent 
ch&?& water Out 
w m  &I 

Low Velocity 



Desalter Style Schematics - End View 

Crude & water Our 
waterfn w m  In 
Pipe DistnSbutor Pipe _Dismu&r 

Desalter Style Schematics - End View 

Raw EBum 
CNde & Warer Out 
w m  fn 

Pipe Distributor Water In 
Pipe Distributor Bi'tectric 



, 

Typical Desalter Operational Variables 

Desarlter 

C d e  charge rate 
Chemiealczdd2ionpoinks stratea 

Mk valve presswe Desa&er temperature &er residence time 

injechchon s&&gy 

Wash w a t a  rate Ep~iprnent h-rn 

"Typical*"" Single Stage Pegormaflee 

Basic Sediment: 0.1% B a k  Sediment: 0.05% 

%BS& W: 0.3 5% %Bs&. W: 0.15 % 

FiEterable SOW: 20 ptb F&r&Ee solids: 10 ptb 



Optimizing Desalter Level 

Desalted 
W e  Out 

izing Level: 
Raises water residence significant&: 
lnproves efluent. qualify 

Automaticdy thins rag layer 

U&es@Ed 6.ehveen lower grid and 

Heavier Crude Operation 

I / Possible Actions: 
i?y@~@k A&&ibutes: ~ r o p  water h m&age/use mken to sm - 
Diminished oiWwatt7 gra* 
dqfereencvc 

n Ifisher viscosity - 

i' Redace slop; don't men blocked out 
UsualZp less preheat av&k 

Raise desalter temp &fposdle 
higher contamimntIeveis ~mprave wash water qua&, drop p~ if 

1 More in3zment su?$acmt chemisd 1 possible- Optimize rate. 

Lower su@iie tension, htgher I I U p t i m i z e s b  
conductiv.ity Optimize level 

Optimize chemicaladdition 

Design changes 



High Solids Crades 
Typical Attributes: / ~ o s s i ~ e  ~ct ions:  

B 

Solids posses surjiace we&kg I I Skidar to heavy crude but with 
properties emphasis on: 

Oily efluent water to sewer 
i I / Reduce shear / Benzene, efliuenf issues Maximke water residence tihe 

/ Thick, stQble rag layers 
parfkalarly w%P1 high pH wadi Also: Optimize mdwasht check 
water for vortexi~g~ check Zevel colzh-ols 

1 Generally poorer desnlter 
jperformance 

Desalting for Other Refinery Applkah"ons 

* ''Black OiE" services srurh as v m u m  distillation u~tits? 
visbre-g, ddizyed c5kirzgt residu;e desulfttMon 

* s& and solids ex~hgerfoulirtg~ overhead comosiorz 
* &mace coking 
* foaming; silicon antEYuam usage - cdyst t fouhg 
* sodium poisoning 



Corrosion Coatrol Overhead System 

n Primary corrosion concern is chlorides in Overhead System 
8 Chloride sdts in feed hydrolize to form Hydrocfaoloric Acid 

m Acid mast be neutralized to prevent exchanger d m g e  
i. Remedies against acid attack are: 

* Desalter f Caustic Injection 

* Overhead Neutralizer / Fi1mer 

* Water wasla f Overhead Ternperatwe Control 

* Metallurgy C ~ m d  r d y b "  -4 

r At high temperatures the following reactiu~ns occur: 

I NaCI + H,O - =+- No Reaction 



r Xn the overhead system (aqueous phase): 

FeCI, - + H,S - * FeS + 2HC1 

I Eaecf of Chloride5 on Corrosion Rate in Cmde Unit 

0 20 40 60 80 ZOO 320 
Tail Water Chlorides (as 

NaCl) 



Mechanism of Chloride Corrosion 

Preveyttibzz of Chloride Corrosion 

Remove the salt -+ Desdbg 

i Preveat HydroXysis+ Caustic Addition 

m Protect surfaces + Water WasM3Xmer 

r PreveIlt Condensation + Top Temp/Hot Reflux 



Effect of Chlorides on Corrosion Rate in Cmde Unit 
1 NH,CI Dew Point vs. Chloride in Crude 

Overhead Water 

Chforide in Crude Overhead Wawr, wt ppm t 

Hydrogen SulJide Release from Cmde 1 



Corrosion Control in the Feed System 

Desalter 
Desalter removes feed chlorides through mixing with 
water 

* Even a short desalter upset can cause major overhead 
damage 

* Mixing water upstream of preheat will prevent salt 
fouling in exchangers 

Reflash required to; prevent downsa3:ea.m fouling 

r Caustic Injection 
* Prevents chloride hydrolimtion in the made hrnace 

* Nor possible in refineries with resid processing 

Corrosion Control Throagh Overhead Chemical Injection 

r Neutralizer 
* Base injected into tfie ovmbead system will prevent 

hydfoehforic acid fornation 

Ammonia or other amine base typically used 

* Target 5 -5 to 6.5 overhead pH l 

M n e  chloride sdtt precipitation also a corrosion concm 

Filzning axnine 
* Fiher  coats metal to protect &om. chloride attadk 

* Can inject some fibers into coh.um or top pumparound 



Corrosion Control - Amine Salt Prevention 

H Water Wash 
Water wash absorbs amine salts, prevents precipitation 

Intent is to create a water phase upstream of exchangers 

* Watpr wash to be distributed to a11 exchangers and 
finned bundles 

m Temperature Control 
Keep overhead temperature above asnine salt 
sublima~on point % 

* Keep reffux temperatwe as high as possibIe 

Como~un Control Through Me&ZZurm 

Overhead ChIoxides 
* Calm top trays m y  requite specid s t i W  

If conusion problems persist: exchangers may be changed 
tcr more resistant merats 

r NaphtheGc Acids 
N;aphthenic crudes require special metals in h a c e  outlet, 
distillate cuts and bottoms system 

s Sulfur in High Temperature Services 
Above 5W°F, special (5% chrome) metalImgy required to 
prevent srrlliu amck 



Crzcde Unit Design Example 
Plot Pertinent W e  Assay Properties Y. Mid-Boiling Points 

Traiaing Services 



Light Arabian Crude Properties 





Eight Arabian Crude Properties 

Light Arabian Crsde Properties 



Crude Unit Design Example 
Estimate Flash Zone Tetnperahtre by AP1 EquBn'um Flash 

Vaplo-on Methud 

Cuns2iaccthn of EquZibpz'um mash V@&*on C w e s  
Plog M e  Assay TBP Came 



~onshzrcfion of Equilibrium Flash Vaporization Curves 
% PZut TBP ~ ~ t i o p 2  Reference Line (DRL) 



Construction of Eq~iliba'am Flash V@~att*oon Cur~es 
Determine FRL 50% Point 

T6P Distiltation Reference tine 50% 
'Temperature 

Constpuc$ion ofEpgE"bni6m Flash Vapori~ion Canes 
Con~emion of FXIZ to EpIibsiapn F k k  V a p o e h n  {EFv Carve 

FRL and DRL AT$ are the Temptwe 
rences &tween Me Actual DistiClafron 

and W r  Reference Lbes. The Same 
+ or -f is Apptied to Me FRL aod DRL 





Construction ofEqai2ibrum Flash Vaporization Curves 
Comparison of A H  and Themtodynamic EFV Curves 



LPG Specifications 

Country 

Product 

India 
Commercial Mixed 

Propane-Butane 
Specification 
Vapor Pressure at: 

India 
Commercial 

Butane 

65°C (kg/cm2g), Max. 
37.8"C (kglcm2g) 

Total Sulfur (ppm), Max. 
Cu Strip Corrosion, Max. 
95 LV% Off Evaporation 
Temperature ("C) at 760mmHg, 
Max. 

Residual Matter (Iv%), Max. 
Typical C4 and Heavier (Iv%), 
Max. 
Typical C5 and Heavier (Iv%), 
Max. 

India 
Commercial 

Propane 

17 

200 
No. 1 

2 

-......... 
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U.S. 
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Propane-Butane 
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140 

No. 1 

2 

5 

12.65 to 14.75 
185 

No. 1 
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CRUDE ASSAY 

Table A-I 
34.5API Arabian Crude Oil - Crude and Residual Properties 

Converted from observed, O F .  
2 
Specific inductive capacitance at 23°C (77"F), ASTM D 924 

Yield from Crude, Vol. % 
Yield Range from Crude, Vol. % 

Gravity, API 1 
Specific Gravity a; 60°F 

Sulfur, Wt. % 
H2S, ppm 
Nitrogen, Wt. % 
Wax, Holde, Wt. % 

Pour Point, OF 
Pour Point, "c' 

Fluidity, OF 
Fluidity, "c' 
Viscosity, cs at lOOT 
Viscosity, cs at 130°F 
Viscosity, cs at 2 1OT 

UOP K 

Total Acid No., mg KOWg 
Saponification No., mg KOWg 
Dielectric constant2 

Ramsbottom Carbon, Wt. % 
Conradson Carbon, Wt. % 
Ash, ASTM, Wt. % 

Metals 
Vanadium 
Nickel 
Sodium 
Iron 
Copper 
Chromium 

Flash, Cleveland Open Cup, O F  

Flash, Cleveland Open Cup, "c' 

Vapor Pressure, psi Reid 

ASTM Dist. D 86, OF 
St 
10% 
20% 
30% 
40% 
50% 

IPDl2003 UOP VA- 1 

Crude 

100 
0.0-100.0 

34.5 
0.8524 

1.7 
2 

0.08 
2.8 

-15 
-26 

5.5 
4.0 

0.08 
0.34 
2.2 

2.6 
3.1 
0.01 

3.5 

115 
220 
302 
395 
477 
558 

400°F 
(204°C) 

68.6 
3 1.4-100.0 

24.7 
0.9059 

2.3 

0.11 
3.8 

+10 
-12 

-15 
-26 

28.5 
16.5 
5.5 

11.85 

3.7 
4.4 
0.01 

230 
110 

600°F 
(315°C) 

48.4 
5 1.6-100.0 

19.4 
0.9377 

2.9 

0.15 
5.2 

+40 
+4 

+20 
-7 

155 
70 

14.5 

1 1.72 

5.6 
6.7 
0.02 

395 
202 

800°F 
(427°C) 

29.2 
70.8-100.0 

13.6 
0.9752 

3.7 

0.23 

+50 
+10 

+35 
+2 

2200 
700 
65 

11.55 

8.7 
10.5 
0.03 

525 
274 

1000°F 
(538°C) 

16.0 
84.0-100.0 

8.5 
1.017 

4.3 

0.3 1 

+80 
+27 

+80 
+16 

14,000 
470 

1 1.42 

12.1 
14.5 
0.05 

66 
24 
24 
7 
1.1 
0.5 

610 
321 



1 Table A-I1 

34.5 API Arabian Crude Oil 
Light Hydrocarbon Analysis 

(Sulfur Free Basis) 



1 Table A-I11 

34.5 API Arabian Crude Oil 
Gasolines and Naphthas 

TBP Temperature Range, OF 
TBF Temperature Range, OC 

Yield from Crude Vol O/q 
Yield Range from Crude Vol % 

Mid Volume % 
Gravity API 
Specific Gravity at 60°F 

Sulfur Weight % 
Hydrogen Sulfide ppm 
Mercaptan Sulfur ppm 
Doctor Test 
Corrosion Copper Strip Test 

Octanes: F-1 Clear 
F- 1 + lml TELIGal 
F-1 + 3ml =Gal 
F-2 Clear 
F-2 + lml TELIGal 
F-2 + 3rnl TELIGal 

Paraffins Volume % 
Naphthenes Volume % 
Aromatics Volume % 

Vapor Pressure psi Reid 

ASTM Distillation, D 86 OF 
St 

10% 
20% 
30% 

50% 

70% 
80% 
90% 

End Point 

UOP K 
(From API & Distillation Data) 

St-60 
St-16 

1.50 
0.0-1.5 

60-200 
16-93 

8.10 
1.5-9.6 

5.60 
76.90 
0.6693 

0.02 
<5 
200 

Positive 
Negative 

58.00 
69.50 
79.70 
56.70 
69.20 
79.30 

87.00 
10.00 
3.00 

8.90 

90 

112 
122 
132 

148 

164 
174 
184 

198 

12.64 

60-300 
16-149 

18.50 
1.5-20.0 

10.80 
67.80 

0.7100 

0.03 
<5 
180 

Positive 
Negative 

45.30 
59.00 
70.00 
44.30 
58.30 
69.50 

75.00 
19.00 
6.00 

4.40 

120 

152 
168 
184 

21 1 

23 8 
253 
272 

293 

12.32 

60-400 
16-204 

29.90 
1.5-3 1.4 

16.50 
59.00 
0.7428 

0.04 
<5 
160 

Positive 
Negative 

36.10 
50.50 
62.80 
36.20 
50.10 
62.30 

67.00 
20.00 
13.00 

3.50 

140 

185 
207 
227 

263 

302 
324 
35 1 

385 

12.07 

200-300 
93-149 

10.00 
9.6-20.0 

14.80 
61.30 

0.7339 

0.03 
c5 
160 

Positive 
Negative 

38.30 
52.50 
64.60 
38.10 
52.00 
64.10 

70.00 
19.00 
11.00 

1.50 

212 

224 
23 1 
237 

250 

265 
273 
283 

295 

12.16 

200-400 
93-204 

21.80 
9.6-3 1.4 

20.50 
54.50 
0.7608 

0.04 
<5 
150 

Positive 
Negative 

29.50 
44.10 
57.50 
31.50 
45.00 
57.50 

65.00 
19.00 
16.00 

1 .OO 

227 

249 
263 
275 

299 

327 
343 
362 

387 

12.00 

300-400 
149-204 

11.40 
20.0-31.4 

25.70 
50.20 
0.7788 

0.06 
c5 
130 

Positive 
Negative 

19.50 
34.80 
49.00 
25.00 
38.80 
51.70 

61.00 
20.00 
19.00 

0.50 

308 

318 
325 
330 

343 

357 
365 
377 

389 

11.94 



1 Table A-IV 

34.5 API Arabian Crude Oil 
Kerosines and Gas Oils 

TBP Temperature Range OF 
TBF Temperature Range "C 

Yield from Crude Vol % 
Yield Range from Crude ' 

Vol % 

Mid Volume % 
Gravity API 
Specific Gravity at 60°F 

Sulfur Weight 9% 
Hydrogen Sulfide ppm 
Mercaptan Sulfur ppm 
Nitrogen ppm 

Viscosity: cs at 0°F 
cs at 100°F 
cs at 130°F 
cs at 210°F 

Pour Point "FI0C* 
IP Cold Test "FPC* 
Cloud Point "FPC* 
Smoke Point mm ASTMAP 
Smoke Tendency Lamp rnm 
Naphthalenes (PNA )Vol % 
Luminosity Number 
Small Burner Coke ppm 
Color Saybolt 

Color Stability 16 hrs at 
2 12°F 
Corrosion Cu Strip at 210°F 
Aniline Point "FI0C* 
Cetane Number Determined 
Diesel Index 
Characterization Factor 
UOP K: 

(From API & Viscosity 
Data) 
(From API & Distillation 
Data) 

300-400 
143-204 

11.40 
20.0-31.4 

25.20 
50.20 

0.7733 

0.06 
c5 
130 
2 

2.30 
0.97 
0.75 
0.57 

B-6016-62 
B-6016-62 

26/28 
47 

0.70 
57 
1 

27 

2 1 

Negative 
133156 

44 
67 

11.97 

11.85 

11.94 

300-600 
149-3 16 

31.60 
20.0-5 1.6 

35.80 
43.60 
0.8061 

0.39 

100 
30 

5.27 
1.75 
1.23 
0.77 

-301-34 
-171-27 

24/26 

3.60 
20 

7 

Negative 
143164 

5 1 
64 

11.97 

11.90 

11.92 

300-500 
149-260 

21.20 
20.0-41.2 

30.60 
46.80 
0.7935 

0.12 

115 
9 

3.60 
1.28 
0.93 
0.64 

-651-54 
-501-46 

25/27 
40 

1.60 
5 1 
1 

24 

19 

Negative 
142161 

43 
66 

11.96 

11.88 

11.92 

400-500 
204-260 

9.80 
3 1.4-41.2 

36.30 
43.30 
0.8095 

0.20 

100 
16 

5.35 
1.77 
1.30 
0.78 

-401-40 
-261-32 

23/24 
38 

2.50 
46 
1 

21 

16 

Negative 
151165 

53 
65 

11.97 

11.90 

11.92 

400-600 
204-3 16 

20.20 
3 1.4-5 1.6 

41.50 
40.30 
0.8236 

0.56 

90 
44 

12.00 
2.60 
1.88 
1 .OO 

-101-23 
+51-15 
+51- 15 
20121 

5.00 
50 
70 

Negative 
156165 

55 
63 

11.93 

11.98 

11.92 

600-800 
3 16-427 

19.20 
5 1.6-70.8 

61.20 
23.80 
0.8327 

1.90 

350 

10.90 
7.30 
2.68 

+651+22 

+651+22 

171177 

49 
11.87 

11.80 

11.89 

500-600 
260-3 16 

10.40 
41.2-5 1.6 

46.40 
37.30 
0.8383 

0.90 

80 
72 

3.60 
2.57 
1.25 

+lo/- 12 

+lo/-12 
17118 

7.50 
36 

400 
Below 

-16 

Negative 
161172 

57 
60 

11.97 

11.92 

11.91 

800-1000 
427-553 

13.20 
70.8-84.0 

77.40 
22.70 

0.9175 

2.60 

1050 

112.00 
40.00 
9.80 

+1101-57 

+1051-4 1 

182183 

41 
12.03 

11.85 

12.05 

9.50 
24.0-33.5 

13.80 
0.9736 

2700 

95.00 



Table A-IV 
(continued) 

34.5 API Arabian Crude Oil 
Kerosines and Gas Oils 

TBP Temperature Range OF 
TBP Temperature Range OC 

I 

Paraffins Volume % 
Naphthenes Volume % 
Aromatics Volume % 

Flash Pensky Martens 
OFPC* 
Flash Closed Tag OFPC* 

ASTM Distillation OF 
Start 
10% 
20% 
30% 

70% 
80% 
90% 
End Point 

"Converted from Observed ' 



1 

Table A-V 

34.5 API Arabian Crude Oil 
Yields in Volume Per Cent Distilled 

Yields in Weight Per Cent Distilled 

True 
Temperature 

OF #. 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

0 

t 

2.8 

9.6 

20.0 

31.4 

41.2 

51.6 

61.9 

70.8 

78.2 

84.0 

Versus True 

10 

3.2 

10.5 

21.1 

32.4 

42.2 

52.7 

62.9 

71.7 

78.9 

Boiling 

20 

3.7 

11.5 

22.3 

33.5 

43.1 

53.8 

63.8 

72.5 

79.5 

30 

4.3 

12.5 

23.5 

34.5 

44.1 

54.9 

64.7 

73.2 

80.1 

Temperature 

40 

4.9 

13.5 

24.7 

35.5 

45.2 

56.0 

65.6 

74.0 

80.7 

50 

5.6 

14.5 

25.9 

36.5 

46.2 

57.0 

66.5 

74.8 

81.3 

(Fahrenheit) 

60 

1.5 

6.3 

15.6 

27.0 

37.5 

47.2 

58.0 

67.4 

75.5 

81.8 

70 

1.8 

7.1 

16.7 

28.1 

38.4 

48.3 

59.0 

68.2 

76.2 

82.4 

80 

2.1 

7.9 

17.8 

29.2 

39.3 

49.4 

60.0 

69.1 

76.9 

82.9 

90 

2.4 

8.7 

18.9 

30.3 

40.3 

50.5 

61.0 

70.0 

77.6 

83.4 
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Crude Fractionation Tray Specification 

- -- - 

Use the following number of trays which is representative of 
crude unit designs: 

Actual Theoretical 
Trays Trays 

Top to Kerosene Draw Tray 10 7 
Kerosene to Diesel Draw Tray 8 5 
Diesel to AGO Draw Tray 6 4 
AGO to Flash Zone 
Flash Zone to Bottoms 

Pumparounds 



Estimating separation efficiency 
Part 1 -Introduction 
Part 2-Plate columns 
Part 3- Packed columns 

Based upon published empirical validations, the O'Con- 
nell method of 1946 and the MacFarland, Sigmund and 
VanWinkle method of 1972 were selected as the preferred 
empirical relationships. The AIChE method of 1958 is the 
preferred theoretical procedure. 

The recommended procedure is as follows: 
T. J. Vital,* S. S. Grossel and P. I. Olsen, Hoffmann-La 
Roche, Inc., Nutley, N.J. 

EMPIRICAL AND theoretical methods are suggested for es- 
timating plate efficiencies. Also, an extensive array of effi- 
ciency data is included for comparative purposes. Both the 
suggested methods and the data are the results of an exten- 
sive review 6f the literature and a summary of the findings 
pertaining to plate columns is appended. 

Estimate plate efficiency by three methods-O'Connell 
Method; MacFarland, Sigmund, VanWinkle Method and 
the American Institute of Chemical Engineers' Method. 

Deduct an error band from the estimated values for a 
safety margin. 

Compare the resulting values with literature values for 
the same or similar systems (Table 1). 

Select the most conservative calculated efficiency or the 
efficiency closest to the experimental literature values. 

Careful comparison of various published methods indi- 
' T.J. Vital presently with Combustion Engineering Simcon. Inc., Bloomfield, N.J. cates this recommended procedure includes relationships 

TABLE 1 -Survey of tray efficiencies 
Col. Weir 
dia., Press., Temp., height, Tray efficiency, % 

System m kPa OK m 60 Emv Eo Remarks Ref. 
Bubble-cap 

EthanolMlater 0.46 98 35 -- 

- 70 95 36,37 
0.1 1 64.6 38 
0.46 101 80-90 90-130 with splash baffle 39 - 95 40 - 81 * 1 1 O/o 41 
0.48 0.81 85 * 5Yo 42 
0.15 99.8 Carey (1934) 43 
0.196 101 80 44 

Methylcyclohexane/ 0.1 1 64.6 38 
toluene 

Airlwater 1.52 290 83 45 
Carbon dioxidelwater 0.076 80 125 no mixing 46 - 100 50% mixing 
Acetic acidlwater 0.46 101 65 47 

0.59 58 54 * 5O/o 48 
Deuteriumlhydrogen 0.027 20 50 44 % 3O/o 49 
Oxygenlnitrogen - 76 19% 49 
Acetonelwater 5.49 91 47 - 83 * 2% 50 
Ethylene dichloridel - 0.032 95 40 

toluene 
Sugarlwater 1.52 80 51 
CHCIdCCL - 90 f 5% 52 
Arnrnonialwater 0.305 101 283 77 53 
Methanollwater 1 .O 90 54 - 70 55 

Continued 



1 

Bubble-cap, cont. 
Acetonelbenzene - 79 i: 1 010 
Methanolllsopropanoll 0.45 68 68 

water - 70 
- 68 

Acetonelrnethanollwater 0.45 60 

Gasoline stabilizers 1.44 1,820 75 100 Brown (1 936) 
Benzeneltoluene 0.2 60 Lewis (1 930) 

0.2 70 Carey (1 934) 
0.15 58 Carey (1 934) 

Anilinelwater 0.2 58 Carey (1 934) 
Naphthalwater 2.74 65 Lewis (1 928) 
lsopropanollwater 0.45 78 
Methanollisopropanol 0.45 64 
Acetonelmethanol 0.45 61 
Benzeneltoluenelxylene 0.2 75 Lewis (1 930) 
Naphthalpinenelaniline 0.2 90 Lewis (1 930) 

Sieve 
EthanolNVater 0.076 101 45.5 

0.127 85 
0.196 101 90 
- 71.4 CA-100455C (1 970) 

Lab 120 Brown (1 936) 
MethylethylketoneNVater 0.08 41 
Acetonelwater 

Benzenelwater 
Toluenelwater 
n-Heptanel 

rnethylcyclohexane 
n-Heptanelcyclohexane 1.2 165 0.05 

2.44 165 0.05 75 
1.2 164 0.05 90 60% flood 

Toluene1 0.15 101 54.6 * 15% 
rnethylcyclohexane - 27 55.5 *5% 

Methylcyclohexanel 0.05 101 91 
toluene - 88 

Propanelbutane - 100 f5O/o 
Carbon dioxidelwater 0.08 80 125 no mixing 

- 100 50% mixing 
0.15 111 298 89.7 

n-Octaneltoluene 0.15 101 0.025 38 
Airlwaterlarnrnonia 0.08 298 0.08 85.7 96.4 kO.1 

- 0 0 3  70 - 65 50 
Oxygenlwaterlarnrnonia 0.15 
Amrnonialwater 0.3 101 283 
Methylisobutylketonel 0.08 298 0.08 41.5 64 k1.7 

water 
Ethylene dichloridel 0.05 101 75 

toluene 
Methylethylketoneltoluene 0.15 0.05 
Airlethanol - 0.1 80 
Airlpropanol - 0.03 77 
MethanollCCI, 0.1 1 25.7 
Methanollwater 0.1 1 56 

- 79.2 
1 .o 93 
- 90 CA-100455C (1 970) 

AcetonelCCI, 0.1 1 50 
lsopropanollwater - 72.9 CA-100455C (1 970) 

Benzeneltoluene 0.127 75 - 76.5 * 7.1% 
10.7 101 353 0.08 80.5 1 pass 
- 
- 0.14 85.2 4 pass 

Benzenelrnethanol 0.18 690 0.05 86.4 94.2 85 
Cyclohexaneltoluene 2.4 103 70 
Ethylbenzenelstyrene - 13 

0.5 13 0.038 75 



TABLE 1 -Survey of t'ray efiiciencies, continued 
Col. Weir 
dia., Press., Temp., height, Tray efficiency, % 

System m kPa O K  E o ~  Ernv E D  Remarks Ref. 

Sieve, cont. 
Helium1 - 90 + 5% 52 

methylisobutylketone 0.038 
Nitrogenlisobutanol - 80 52 
N~trogen/cyclohexanoI - 0 051 70 + 20% 52 
Acetic acidlwater 0.46 101 75 74 
Benzenelpropanoi 0 46 58.6 96.6% flood 75 
Cyclohexaneln-heptanel 0.038 78 76 

toluene I- - 110 - 93 
n-Heptaneltoluene - 0.02 45 77 

- 62 74 
n-Heptanelbenzene - 0.02 55 77 

- 68 74 
CCl,/benzene 0.032 71 no vapor pulsing 78 

- 73 vapor pulsing 
Isobutaneln-butane - 2,068 110 63 
Ethanollwaterlfurfural - 80 CA-165714Y (1980) 91 
n-Hexanelethanoll 0.1 101 333 70 + 0.9 39, 79 

methylcyclopentane - 70.3 -2.5 - 71 - 4.4 
n-Hexane/ethanoll 0.1 101 333 55 + 14.3 39, 79 

rnethylcyclopentanel - 60 -1.5 
benzene - 6 -1.9 

Benzeneln-propanol 0.46 101 366 0.08 54 * 5010, 60% flood 16 
0.03 101 366 57 + 5010, 60% flood 16 

Tolueneln-propanol 0.46 101 366 0.08 61 65 +_ 5010, 60% flood 16 
0.03 101 366 57 & 8010, 60% flood 16 

Beerlwater Comm. 120 Brown (1936) 43 
Airlwater - 101 297 0.05 62 80 

triethyleneglycol 

APV-West 
Methanollwater 1 .O 81 54 

Kascade 
Ethanollwater 0.2 54.1 38 

0.2 70 67 
Methylcyclohexaneltoluene 0.2 44.6 38 

72 67 
Oxygenlwater 0.2 84 67 

Tunnel 
Furfurallisobutane & 4.0 593 318 25 f 4%, AP = 12.5 81 

butylene 
Furfuralln-butane & 4.0 593 318 25 f 7%, AP = 12.5 81 

butylene 

Turbogrid 
Amrnonia/water 0.3 101 283 75 53 
Ethanollwater - 0.24 85 82 - 101 85 + 11 010 23 
Methanollwater - 87 + 2Yo 70 

0.1 101 298 95 + 3.9% 83 
Small 86 84 

Methanollisopropano\I 0.15 66.4 85 
water 

Methanollisopropanol Small 65 84 
V-Grid 

Airlwaterlamrnonia - 70 60 32 

Combination valve-sieve 
Benzenelpropanol 0.46 32 86 
Ethylenebenzenelstyrene - 13 80 33 

Wyatt Perfavalve 
Propanolltoluene 0.46 76.7 74.7% flood 75 
Propanollbenzene 0.46 55.5 44.4% flood 75 

Valve 
Benzeneltoluenelxylene 2.43 69 f 3% 86 
Ethanollwater 0.032 70 87 

0.06 56 CA-107562W (1 975) 9 1 
n-Propanollbenzene 0.46 73 f 5%, 60% flood 16 
n-Propanolltoluene 0.46 51 j= 5010, 60% flood 16 
Ethylbenzenelstyrene 0.5 13 85 73 
BenzenelC, aromatics 2.43 44 88 top 88 

66 bottom 

Continued 



ole = (Key rel. volatility)(Feed visc., Pa. s) 

Round valve 
Ethanollwater 0.196 101 92 

96 float valve 
121 float valve 

63.8 29.6% flood 

93.8 50% Rood 
92 346 0.08 

Glitsch 
n-Butanelisobutane 1.3 1,138 0.05 122 V-1 Ballast 
Cyclohexaneln-heptane 1.3 165 0.05 99.5 V-1 Ballast 

1.2 97 21% flood, Valve 
Methanollwater 0.1 101 High A-1 Ballast CA-31366g (1967) 91 

- 0.05 88 * 2010, Valve (downcorners) 70 
Ripple 

Methanollwater 1 .O 73 
Ammonialwater 0.3 101 82 
Light gasoline 2.0 48 CA-68739C (1 968) 

Uniflex 
Methanollwater 1 .O 87 

Baffle 
T~luenelmethylcyclohexane 

Angle 
Methanollwater - 101 70 CA-18097g (1972) 

Crossflow plate 
Benzeneltoluene - 
Ethanollwater - 

Jet 

Fig. 1-Relative volatility of the key component and viscosity of the 
feed are taken at average column conditions. Multiply centipoise time 
10- to get Pascal- second^.'^ 

I 

I 

, 
1 

Modified Reynold's number, 

Airlwaterl 101 297 0.05 65 

I 
1 that have been widely used and tested. The results are rea- MacFarland, Sigmund and Vanwinkle Method (1972). 

sonable for a variety of tray types, e.g., sieve, valve and bub- Studies of binary systems using sieve and bubble-cap trays 
ble-cap trays.5v7A~8-2Z,34 were made by MacFarland, Sigmund and VanWinlcle.20 The 

data collected were in the range of normal operations, that is O'Connell Method (1946). The O'Connell correlations can above the weep point and below the flood point. be to and nonh~drOcarbon 'YS- The Murphree vapor plate efficiency was calculated using 
tems, fractionators and absorbers. The tray efficiencies can the following equation: be predicted from Fig. 1, f 10% for 90% of the data.18J9 
O'Connell's correlation for absorption has been further sub- Em, = 6.8 (NR,N&)O ] (N&Sc)0.115 
stantiated by Williams (1950) and found to be 90% accu- The absolute average deviation from experimental values 
rate.5 was found to be f 10.6%. The dimensionless groups used in 

this correlation are as follows: 

hwUurpu h w G  NRr = - = - 
Pe(FA) Pf(FA) 

Liquid Schmidt number, 

Surface tension number, 

American Institute of Chemical Engineer's Method (1958). 
The Distillation Subcommittee of the American Institute of 
Chemical Engineers recommended the following method for 



Fig. 2-Mixing curve used in Step 15.24 

tray efficiency. The method consists of fixing a plate design 
and calculating or fixing the operating variables and the sys- 
tem variables. The variables are total pressure, tray temper- 
ature, total vapor load, total liquid load, vapor and liquid 
densities, vapor and liquid viscosities, vapor and liquid mo- 
lecular weights, vapor and liquid molar diffusivity, and liq- 
uid surface t e n s i ~ n . ~ , ~ ~  The AIChE method was found to be 
90 % accurate. 

The AIChE method of calculation is as  follow^:'^ 
Step 1.  Calculate the vapor load Qu and the liquid load Qr in 
cubic meters per second. 

Step 2. Determine the vapor velocity based on bubbling area 
in meters per second: 

Step 3. Calculate FVA: 

Fig. 3-Entrainment relation.24 

Step 7 .  Calculate the clear liquid height: 

Step 8. Calculate the liquid contact time in seconds: 

Step 9. Determine the number of liquid-phase transfer units: 

Nf = 103 (38750.078 Dp)0.5 (0.26 FvA + 0.15)8~ 

Step 10. Calculate the number of gas-phase transfer units: 

NG = [puD,lCLu]05[0.776 + 4.57hW 

- 0.29 FvA + 104.84 QpIW, + 7.874Al 

Step 4. Calculate liquid rate per average flow width, QpI W,. Step 1 1 .  I2valuate the overall gas-phase efficiency, 

Step 5. Calculate the absorption factor X = mCmILm: - log (1 - Eoc) = 0.434 NPNG 
Np + ANG 

X = 
~QUPUMPC 

QPPPMU Step 12. Determine the percent liquid-phase resistance: 

Step 6. Calculate the foam height: % Rp = 
ANG 100 

hj = 2.53 FVA2 + 74.41 h, - 1.6 Np + ANc 



Step 13. Calculate the ecl>ly diffusion coefficient: 
D, = [1.0 + 0.044 ((4*/0.0254) - 3)j' 

10.0124 + 0.591 h, ,  +0.056 CrI.:l + 12.078QrlVKr] 

where: d: = 0.0762 metet,s approaches sieve and valve tray 
operation." 

Step 1.1. Evaluate the Peclet number: 

P, = 
(Zf/0.O929)' 

Dee, 
Step 15. Evaluate the term hEo(; so that Fig. 2 can be used to 
determine E,,,,JEoc. 
Step 16. Evaluate E,,,. 
Step 17. Calculate the effective plate spacing: 

S '  = 5' - 0.0254 h, 
Step 18. Using the value of Ur,.,IS1, determine e,co from Fig. 
3. 
Step 19. Calculate the net fraction of liquid entrained: 

r, = 449 ~,,Q,P, 
QPP~ 

Step 20. Determine the wet-plate efficiency 

Ew = 
Ern" 

1 + r,J%, 
and the overall efficiency: 

log 1 + Ew (A - 1) 
E, = 

log X 

LITERATURE REVIEW 
Empirical and theoretical methods for the determination 

of efficiency in tray columns for the past fifty years were ex- 
tensively reviewed. In general, correlations derived from bi- 
nary system studies apply equally well to multicomponent 
systems, and correlations derived for individual types of 
trays, i.e., bubble-cap, sieve and valve, can be used inter- 
changeably. 

In general, the tray efficiency decreases as the flowrate of 
vapor through the holes is reduced to the dump point, and 
for open tray areas greater than 30 percent. The tray effi- 
ciency increases as the tray spacing increases for a given 
thruput. The highest efficiencies are in the 20-25 percent 
open hole areas and are obtained for operating conditions 
within 85-95 percent of the tray flood point." 

Empirical methods. Walter and Sherwood (1941) developed 
a correlation for absorption ~ ~ s t e m s . ' ~ ~ ~  Drickamer and 
Bradford (1943) derived an  accurate method for narrow boil- 
ing hydrocarbons.1H~'9 O'Connell (1946) extended Drick- 
amer and Bradford's method to systems with high relative 
volatility and a wider range ot systems and operating condi- 
t i o n ~ . ' " ~ ~  Williams (1950) further substantiated O'Connell's 
method. Gerster, Colburn, Bonnett and Carmody (1949) 
developed a more theoretical model using estimated values 
of transfer ~ n i t s . ~ , ~  Robinson and Gilliland (1950) extended 
this work of Walter and Sherwood to span a wider range of 
applications. Zuiderweg (1 960) developed a generalized 
correlation for both tray and packed towers.'O Chariyarech 
and VanWinkle (1961) derived an expression for the separa- 
tion of binary mixtures in bubble-cap and sieve trays." Eng- 
lish and VanWinkle (1963) proposed a correlation for binary 
systems in bubble-cap and sieve trays, but later studies 
found some of this data to be in Fair (1965) sum- 
marized FRI  data and suggested a correlation for bubble-cap 
and sieve plate columns, and Billet and Raichle (1966)) 
Standart (1967) and Krischbaum (1969) developed addi- 
tional  correlation^.'^ Onda, Sada, Tahahaski and Mukhtar 

used least squares analysis to correlate plate efficien- !i:J:J Tarat and s1makov (1972) sugge~ted a correlation 
based on the Propane and butane.28 L,ater, 

MacFarland, Sigrnund ancl Vanwinkle (1972) re-examined 
and repeated the study of English and VanWinkle (1963) of 
binary systems using bubble-cap and sieve trays, and ob- 
tained successl'ul results."' 

Theoretical methods. Geclde~ (1949) developed a correla- 
tion for point efficiency in which he attempted to calculate 
the resistance of the two phases in distillation from basic 
nlass transfer information. Good agreement was found be- 
tween Geddes' equation ancl the data obtained by Walter in 
1941 .'%owever, some authors report that Geddes' assump- 
tions diverge from the actual conditions in the column, i.e., 
he assumes small size bubbles moving at low velocities, 
therefore his equation should be used with caution." 

Chu (1951) suggested an approach that produced resu!ts a 
little low due to the assumption of too large a size bubble In 
the bubble size correlation. This method has not been re- 
ported to be experimentally ~ e r i f i e d . ~  

Bakwoski (1952) developed an equation for point effi- 
ciency based on thc mechanism of bubble formation at sub- 
merged slots. The vapor was regarded as flowing through 
channels rather than in the form of streams of separate bub- 
b l e ~ . ' ~  Good agreement was found between this equation 
and the data collected by Carey (1933); however, the equa- 
tion clid not work well at extremes of concentration ranges 
and near azeotropic mixtures. 

Gautreaux and O'Connell(1953) developed a method for 
large or small columns using bubble-cap trays.2"j0 Anderson 
(1955) derived a correlation for point efficiency based on 
adding the resistance of two phases. The film theory mecha- 
nism was used for the gas phase and the unsteady-state pre- 
diction theory was used for the liquid phase. This equation 
gave values of the same order of magnitude as those ob- 
tained in commercial towers.25 

The American Institute of Chemical Engineers (1958) 
recommended a method based on a two-film model for mass 
transfer and relates all efficiencies to gas-phase concentra- 
tions-for convenience only, since it could have been done 
for liquid-phase concentration as well. A suitable correction 
for the Murphree plate efficiency is also included for en- 
trainment effects.'Vhis method was based on small col- 
umns with bubble-cap trays in the froth regime. It may not 
be good for large diameter columns, where efficiency de- 
creases due to incomplete liquid mixing can be large. This 
method is not good for cross-flow trays due to the complexity 
of the hydrodynamic design i n v ~ l v e d . ' ~ ~ "  The AIChE 
method is not good for liquid phase controlling systems such 
as absorption or stripping columns./ The correlation is un- 
satisfactory for unusual combinations of system properties, 
and vapor and liquid flows. It does not provide a means for 
assessing the effects of liquid and/or vapor bypassing, which 
is important for unusual K values, particularly in combina- 
tion with extreme V/L  condition^.^' The method should not 
be used for systems operating near the flooding point, or 
where there is a lot of empirical data available.'-he 
method gives reasonable results for sieve trays with down- 
pipes, and has been validated for valve and bubble-cap 
trays.H." However, Garrett (1975) observed that the AIChE 
method does not predict valve tray efficiencies well.lh 

Foldes and Evangelidi (1968) derived a correlation for 
Turbogrid-trays (non-crossflow trays without downcomers) 
used in distillation. This method assmues a high degree of 
turbulence will assure that mass transfer is not materially af- 
fected by the physico-chemical parameters of the system.23 

Kastanek (1969) developed a method analogous to the 
AIChE method (1958), but simpler to use and extended the 
application to Turbogrid and Glitch valve trays, and Nutter 
valve trays (trays with downcomers and oblong movable ele- 
ments." It is based on a relationship between NTU and the 
vapor phase residence time for a given binary mixture, re- 
gardless of the late characteristics. Using this method and k' data by Nutter3 ,Fair33 obtained good results for sieve trays. 



SYMBOLS USED 
A = Cross-sectional area of column, sq m 

A* = Bubbling area, sq m = A - 2A,,. 
A,, = Area of downcomer, sq m , 
D, = Tower diameter, m 
D, = Longitudinal effy diffusivity, sq ftlsec 
Dr = Volumetric liquid diffusion coefficient, sq m/sec 
D,, = Volumetric vapor diffusion coefficient, sq mlsec 
Dpk = Molecular diffusion coefficient of light key, sq rnlsec 
d, = Cap diameter, m 

Em, = Murphree vapor efficiency 
EOc = Overall vapor phase efficie c 
E, = Overall plate efficiency P Y  
E,, = Actual efficiency corrected for entrainment 
etu = Entrainment ratio, kg,jkg,, 

FA = Fractional free area 
Fv., = F factor based on active area 

G = Mass velocity based on column cross section, kt,,,lsec 1n2 
Gm = Molar vapor velocity, moles/sec rn' 
h, = Clear liquid height, in. 
hf = Height of foam, in. 

h, = Weir height, m 
t,,, = Length of weir, m 
L = Liquid flow rate, kg/(sec)(sp m of area) 

L, = Molar liquid velocity, moles/sec m2 
M = Molecular weight, kglkg-mole 
m = Slope of equilibrium curve, ylx 

Nc = Number of vapor-phase transfer units 
Np = Number of liquid-phase transfer units 
Qf = Liquid flow rate, rn3/sec 
Qu = Vapor load, m3/sec 

T, = Net fraction of liquid entrained 
S = Tray spacing, m 

S' = Corrected tray spacing, m, S - 0.0254 h, 
U, = Velocity of vapor based on superficial area, m/sec 

UvA = Vapor velocity based on active area, rnlsec 
V = Vapor flow rate, kgl(sec) (sq rn of area) 

W, = (Dl + $)/2, average width of liquid flow across plate, m 
Zp = Distance between weirs, rn 

e = -liquid 
Pk = Liquid light key 

v = Vapor 

Greek Letters: 
A = Liquid gradient, m 
X = m G,,/LZn, absorption factor 

pu = Viscosity of vapor, kglm sec 
pp = Viscosity of liquid, kglm sec 
pe = Density of liquid, kglm3 
p ,  = Density of vapor, kg/m3 
a = Surface tension, kgm/sec2 
Or = Liquid contact time, sec 
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n-Hexane CsH14 
2 4 t h ~  lpantane C6H14 
Welhy lpen tane  C6H14 
Neohexane C6Hi4 
2,34imethy i butane C6H14 

n-Heptane c7H16 100.204 
2-MethyIhexane C7Hi6 100.204 
3Srlethylhexone C7His 100.204 
3-Ethylpentone C7His 100.204 
2,2-Dimethylpentane C7H16 100.204 
2,CDirnethylpentane C7Hla 100.204 
3,3-Dimethylpentane C7H16 100.204 
Tr ip tone C ~ H I ~  100.204 

22 n-Qctane 
23 Di isobubyl 
24 Isooctane I I CsHls 

Cs His 
CsHis 
C9 Hm 
C 10 Hz2 
CsHlo 
CsHiz 

C7Hi4 

26 n-Decone 
27 Cyclopentone I 28 I Methvlcvclo~entane 
29 Cyc l bhekane' 
30 Methylcyciohexane I I 
31 Ethene(Ethy l ene) 
32 Propene(Propy l ene 
33 l-Butene(8uty lene] 
34 c is-2-8utene 
35 t rans-2-Eutene 
36 Isobutene 
37 1-l)sntene 
38 1.2-Butadiene 
39 1 ,243utodiene 
40 Isoprene 

Acatylane I:::: I 26.038 
Benzene 78.114 
To l uene C;Hi 92.141 
Ethylbenzene I::",: 1 106.167 
o-Xv I en8 106.167 
m-xi I ens C~H;; 106.167 

CsHio 106.167 
CsHs 104.152 

Isopropy I benrane C g  H lz  120.194 I I 
Methyl alcohol CH4O 32.042 1 M . M  
Eth I alcohol CzHsO 46.069 172.90 
Carion monoxide ICO 1 28.010 1-312.68 
Carbon dioxide COz 44.010 -109.2574 
Hydrogen s u l f i d e  34.08 -76.497 
Su l fu r  dioxide 1%; 164.06 I 14.11 

56 Amnonia I 57 I A i r  

chlor ide 1 
12/12/86 

NOTE: Numbers in this table do not have accuracies greater than 1 part in 1000; in some cases extra digits have been 
added to calculated values to achieve consistency or to permit recalculation of experimental values. 



FIG. 23-2 (Comt'd) 
Physical Consfants *See the Table of Notes and References. 
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NOTE: Numbers in this table do not have accuracies greater than 7 part in 1000; in some cases extra digits have been 
added to calculated values to achieve consistency or to permit recalculation of experimental values. 
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PROPERTY DATA 

Equation for liquid density 
t 

Saturated liquid densities for organic 
chemicals are given as functions of 
temperature using a modified Rackett 
-equation 

C. L. Yaws, H.-C. Yang, J. R. Hopper and 
Gawley, Lamar University, Beaumont, Texas 

SATURATED LIQUID DENSITIES are presented 
mately 7 0 0  major organic chemicals includin 
bons, oxygen, nitrogen, halogen and sulfur 
The densities are reported as functions of tem 
ing a modified form of the Rackett equation: 

DEN = A * B  - ( I  2 T R ) ~ ' ~  

where -120 -80 -40 0 40 80 120 160 

DEN = saturated liquid density, glml Temperature, OC 

A,B = correlation constants for each compou 
TR = reduced temperature, T/TC Fig. 1-Data pants for chloromethane compared w~th predicted I~ne. 

The correlation constants, A and B, are given in Table 1 
along with densities (experimental data) reported in the liter- A computer program of the reported constants, A and B, 
ature.l-21 some values in ~ ~ b l ~  1 are estimated and are is available in ASCII on a floppy disk. For details, contact: 
noted with an asterisk, *. 

An earlier p p e r 2 2  by the authors provides c 
stants for the organic chemicals. The critical compre 

LITERATURE CITED 
facto? ZCj is to determine the consta 
lee., 

B = ZC 
For experimental density values, the correlation con- 

stants, A, are determined by rearranging Eq. 1 as folio 

A = DEff+B(l - ~ 8 ) ~ ' ~  

l?or estimated density values, the corl-elation constants, 
the critical density as defined in the original Rackett e 
tion. 

Table 1 also gives the temperature range for which 
equation may be used to predict liquid density. TMIN is 
minimum (freezing point) temperature and TC is the maxi- 
mum (critical point) temperature. 

A n  example. The value of A in Table 1 for 
( C H S C L ,  compound No. 23) was obtaine 

ported density (DEN = 0.915) at the given tempera 
(T = 2 0 ° C ,  or 2 9 3 . 1 6 O K ) .  Then, TR = TITC = 2 9 3  
4 1 6 . 2  = 0 . 7 0 4 4 ,  and = ZC = 0 . 2 6 8 .  BY Eq. 
A = 0.3610 as shown in Table 1. 

Then the liquid density for chlorome*ane at T = 100 

or 3 7 3 . 1 6 O K ,  is predicted by Eq. 1 as follows: Germany (1986) 
l 7  Weast, R C , ed , C R C  Handbook ofchemrslry and Phys~cs, CRC Press, Inc , Boca 

B E N  = 0.3610 * 0 . 2 6 8  - ((1 - 3 7 3 . 1 W 4 1 6 . 2 )  "(217)) Raton, Fla (1985, 1987) 

= 0 . 7 1 9  glml Klrk, R E and Othmer, D F,  eds , Encyclopedta oJ Chcmlcal 'lichnology, 3rd ed , 
Vols 5,  10, John W~ley and Sons, Inc New York, N Y (1980) 

~h~ literature value is 0 . 7 2 5  so that the predicted value has a l9 Gallant. R. W ,  Phystco~Propert~csoJHydrocarbons, Vol 1 and 2, 2nd ed , Gulf Pub- 
llshlng Co , Houston, Texas (1968, 1970, 1984) 

deviation of ( 0 . 7 1 9  - 0 . 7 2 5 ) / 0 . 7 2 5 ,  or 0.83% Fig. 1 shows 20 McKetta, J J and Hsu, C C ,  Ch6m En8 Data Val 9 ,  No 1, P 45 (1964) 
21 Yaws, C L , Phyrtcal Properbes, McGraw-H111 ~ o d k  Co , New York, N Y (1977) the correlation line for chloromethane is in good agreement 22 Yaws, C L , ch,,, D , Yang, H -C ,Tan, L and Nlco, D , Hydrocarbon proces~tng, 

with  literature values (data ~oints)  Vol 6R Nn 7 n L l / t O Q O \  



TABLE l-Saturated liquid density, DEN = A * B^ - ((1 - TITC)'(2.7)) 

NO. FORMULA NAME A B TM1N.K TC,Y OEN@T T,C --. .-..... ---...---...---.--?----.-- --.--- -.-.- ------  ---.- .-.-. ----  
I CCL4 CARBON-TE~?ACHLORIOE 0.5566 0.272 250.0 556.5 1.584 25 
2 C C U F  T)IICHLDROFLUDROME~MAME 0.5670 0.280 162.0 471.2 1.494 17 
3 CCL2F2 OICHLORWIFLUOROMETHANE 0.5731 0.273 115.4 384.8 1.750 -115 
4 CCLF3 CHLOROTRIFLUORWETHANE 0.5816 0.278 92.0 302.0 1.298 -30 
5 CF4 CARBON-TETRAFLUORIDE 0.6276 0.276 86.4 227.5 1.330 -80 
6 CO CARBON-WNOXIOE 0.3145 0,294 68.1 133.4 0.803 -192 
7 C02 CARBON-OlOXlOE 0.4664 0.275 216.6 304.2 0.713 25 
8 COS UIRBCUYL-SULFIDE 0.4369 0.279 134.3 378.0 1.274 -99 
9 CS2 CARBCU-OISULFIOE 0.4483 0.276 161.3 552.0 1.293 0 

10 CHCL3 CHLQIOFLRIM 0.5594 0.293 209.6 535.5 1.489 20 
11 CHCL2F DlCHLMIOFLUOROIETHANE 0.5143 0.271 138.0 451.6 1.380 9 
12 CHCLF2 CHLOROOlFLUORGllETYNE 0.5224 0.266 113.0 369.3 1.230 16 
13 CHF3 TRIFLWCMETHANE 0.5304 0.259 110.0 299.1 1.246 -36 
14 ~ ~ 1 3  TRII&WETUNE 1.1266 0.281 396.2 794.6 3.194. 123 
15 CHNS ISOTHICCYANIC-ACID - . - . - -  
16 CH2CL2 DlWLOIWETHANE 0.4274 0.235 178.1 508.3 1.317 25 
17 CH2CLF CHLOROFLUOROIIETHANE 0.4438 0.230 140.2 424.9 1.271 20 
18 CH2F2 DIFLWRCMETHANE 0.4296 0.241 101.7 351.5 0.986. 25 
19 CH212 OllmQlETHANE 0.9487 0.235 279.3 740.9 3.325 20 
20 CH20 NRMALOEHYOE 0.2395 0.197 156.0 402.7 0.815 -20 
21 ~ ~ 2 0 2  FORMIC-ACIO 0.2606 0.152 281.5 580.0 1.226 15 
22 CH3BR BRCUCUETflANE 0.6096 0.262 179.5 464.0 1.737 -5 
23 CH3CL CHLORCUETHlNE 0.3610 0.268 175.4 416.2 0.915 20 
24 CH3F FLUOROMETHANE 0.3080 0.251 131.4 317.9 0.843 -60 
25 CH31 IOOOMETHANE 0 7125 0 231 206 7 528 0 2 279 20 
26 CN3NO2 NITROnETHANE - 0:3331, o:~A 244:6 58810 1:138 20 
27 CH3N02 UETHYL-NITRITE - - - - - -  
28 CH3N03 METHYL-NI TRATE - . -  - 1.208 20 
29 CH4 METHANE " 0.1616 0.288 90.7 190.7 0.425 -161 
30 CH40 UETHANOL : 0 . 2 W  0 224 175.5 513.0 0.791 20 
31 CH4S METHANETHIOL 0.3199 o h 8  150.0 469.7 0.866 20 
32 CH5N METHYLANINE ,, : 0.2148 0.213 179.7 429.6 0.703 -13 
33 C2CL4 TETRACHLORMTHENE ' 0.5105 0.250 251.0 620.2 1.620 20 
34 C2CL6 HEXACULMMETUANE 0.5643 0.282 458.2 704.4 1.441 185 
35 C2CL3F3 ll2TRlCHLOROTRlFLUOROETUANEO.5805 0.274 238.2 487.3 1.580 16 
36 C2CL2F4 1ZOICHLOROTETRAFLMRqETHA)rEOO57J8 0.275 179.0 418.9 1.480 4 
37  C2CLF5 CHLOROPENTAFLUOROETHANE 0.6041 0.277 167.0 353.2 1.260 30 
38 C2F4 TETRAFLUDROETHENE 0.5679 0.267 130.7 306.4 1.519 -76 
39 C2F6 HEXAFLUOROETHANE 0.6399 0.288 172.4 292.9 1.590 -78 
40 C2N2 CYANOCEN O.Sq3 0.431 245.3 399.9 0.954 -21 
41 UHCL3 TRICHLOUOETHENE 1 '  9.4956 0 .85  186.8 572.0 1.462 20 
42 C2HCLS PENTACHLOROETHANE 0.5681 9.276 244.0 646.0 1.671 25 
23 C2HF3 TRIFLWRMTHENE 0.4495 0.286 94.5 347.2 0.920* 25 
44 ~ 2 ~ 2  ACETYLENE(ETHINE) 0.2306 0.274 192.4 309.2 0.615 -81 
45 C ~ H ~ C L ~  1, 1-OICHLORMTHENE 0 4427 -0 252 155 9 489 0 1.270* 25 
46 C2H2CL2 CIS-1.2-OICHLORCETHE~E 0:4254 '0:249 19217 53710 1.282 25 
47 C2H2CL2 TRANS-1 2-01CHLOROETHENE 0 4332 0 258 223 0 513 0 1 255 20 
48 C2H2CL4 ~.~.~,L~TETRACHLM~OET~ANE 0'3891 0'188 23710 661:2 11600 20 
49 C2H2F2 1 ,I-DIFLUOROETHENE 0:4040 '8:273 129.0 303.0 0.617 24 
SO C2H2F2 CIS-~.~-oIFLMROETHEI 0.3917 0.238 107.9 394.7 1.023' 25 

- - - - - - - - - - - - - - . - * - - - - - - - - - - - - - - - - d - - . - - - - - - - - . - - - - - - - - - - . - - - - - - - - - - - - - - - - - . - - - -  

51 C2H2F2 TRANS-1.2-OIFLUOROETHENE 
52 C2H2O KETENE 
53 C2H3BR BROMOETHYLENE 
54 C2H3CL CHLOROETHENE 
55 C2H3CL3 l,I,2-TRICHLOROETHANE 
56 C2H3CLO ACENL-CHLORIOE 
57 C2H3F FLWRMTHENE 
58 C2H3F3 l,I,l-TRIFLUOR4ETHANE 
59 C2H3N ACETOIIITRILE 
60 C2H4 ETHYLEIIE 
61 C2H4sR2 1,2-0IBRU!HTHANE 
62 C2H4CL2 1,l-OICHLOXOETHAHE 
63 C2WCL2 1.2-DICHLMIOETHANE 
64 C2H4F2 1.1-OIFLUOROETIHE 
65 C2H412 1.2-OIIOOETHANE 
66 C2WO ETHYLENE-OXIOE 
67 C2H40 ACETALQEHIOE 
68 C2H402 ACETIC-ACIO 
69 C2H402 METHYL-FMUUTE 
70 C2H40S THIOACETIC-ACID 
71 C2H4S THIACYCLOPROPANE 
72 C2H58R BRWOETHANE 
73 C2H5CL CHLOROETHANE 
74 C2H5F FLUOROTn(IHE 
75 C2H51 IWOETHANE 
76 C2H5N ETHYLENIMlNE 
77 C2H5N02 NITROETHANE 
78 C2H5N03 ETHYL-NITRATE 
79 C2H6 ETHANE 
80 C2HW HETHYL-ETHER 
81 C2HW ETHYL-ALCOHOL 
82 C2Hb0.2 ETHYLENE-GLYCOL 
83 C2H6S HETHYL-SULFIDE 
84 C2H6S ETHANETHIOL 
85 C2H6S2 METHYL-OISULFIOE 
86 C2H7N ETHYLANINE 
87 C2H7N OIRTHYLAHINE 
88 C3H3N ACRYLONITRILE 
89 C3H4 ALLENEtPROPAOIENE) 
90 C3H4 PROPmC(F(HETHYLACETYLENE) 
91 WH402 ACRYLIC-ACID 
92 C3H58R 3-BROIO-I-PROPENE 
93 C3H5CL 3-CHLORO-1-PROPENE 
94 C3H5CL3 1.2.3-TRICHLOROPROPANE 
95 C3H51 3-1 000-1-PROPENE 
96 C3H5N PROPIONITRILE 
97 C3H6 PROPENE 
98 C3H6 CYCLOPROPANE 
W C3H6BR2 1.2-OIBRMIOPROPANE 

100 C3HML2 1.2-OICHLOROPROPANE 

101 C3H6CL2 1.3-OICHLOROPROPANE 
102 C3H6CL2 2.2-OICHLOROPROPANE 
103 C3H612 1.2-01 IWOPROPANE 
I 0 4  C3HW PROPYLENE-OXIDE 
105 C3H60 ALLYL-ALCOHOL 
106 C3HW PROPIONALDEHYOE 
107 WHW ACETWE 
l(18 C3H6S THIACYCLOBUTANE 
109 WH78R 1-BROIIOPROPANE 
110 WH7BR 2-BROIIOPROPANE 
111 C3H7CL 1-CHLMIOPROPANE 
112 WH7CL 2-CHLMIOPROPANE 
113C3H7f 1-FLUWIOPROPANE 
114 WH7F 2-FLWIRDPROPANE 
115 C3H71 1-IWOPROPAWE 

HO. FORMULA NAME A B TM1N.K 1C.K DEN31 T.C - - -  --.--.- -------.*----*-----.-.-.-- .----- ---.- .-.--- ---.- .---. .-.- 
116 a n 7 1  2-IEDOPROPANE 0.5659 0.259 183.1 574.6 1.703 20 
117 C3H7N02 1-NITROPROPANE 0.3255 0.254 165.2 W . 0  1.008 24 
118 C 3 H W  2-NITROPROPME 0.3211 0.256 180.2 597.0 0.988 20 
119 WH7N03 PROPYL-NITPATE - - - 1.054 20 
120 WH7N03 ISOPROPYL-NITRATE - - -  - 1.036 19 
121 WH8 PROPANE 0.2218 0.279 85.5 369.7 0.582 -42 
122 WH80 ETHYL-METHYL-ETHER 0.2673 0.267 134.0 437.8 0.700 20 
123 C3H80 PROPYL-ALCOHOL 0.2684 0.253 146.9 536.9 0.804 20 
124 C3H8O IWROPYL-ALCOHOL 0.2623 0.248 184.7 516.6 0.786 20 
125 C3H8S ETHYL-HETHYL-SULFIDE 0.2882 0.262 167.2 532.8 0.837 20 
126 C3H8S 1 -PROPANETHIOL 0.3030 0.278 160.0 536.0 0.836 25 
127 C3H8S 2-PROPANETHIOL 0.3032 0.284 142.6 512.0 0.809 25 
128 C3H9N PROPYLAMINE 0.2607 0.271 190.0 496.1 0.717 20 
129 WH9N TRIWETHYLAMINE 0.2568 0.288 156.0 433.4 0.633 20 
130 C4F8 OCTAFLWROCYCLOBUTANE 0.6414 0.278 232.2 388.4 1.654 -20 
131 C4H2 BUTAOIYNE(BIACETYLENE1 0.2640 0.271 237.2 478.0 0.736 0 
I32 C4H4 lWTEN3YNE(VlHYLACETYLENE) 0.2518 0.260 227.6 455.0 0.710 0 
133 C4H40 FURAN 0.3583 0.286 187.5 487.0 0.938 20 
134 C4H4S TNIOPHENE 0.3532 0.259 234.9 580.0 1.071 16 
135 C4H6 1.2-BUTAOIENE 0.2472 0.267 137.0 443.7 0.652 20 
136 C4H6 1.3-BUTIDIENE 0.2432 0.270 161.2 425.1 0.621 20 
137 C4H6 1-BUTYNE(ETHYLACETYLENE1 0.2414 0.270 147.4 463.7 0.650 I 6  
138 C4fl6 2-BUTYNE(DIWETHYLACETYLENE)0.2572 0.277 240.9 488.7 0.691 20 
139 C4H6 CYCLOBUTENE 0.2767 0.278 153.8 446.3 O.704* 25 
140. C4H603 ACETIC-ANHYDRIDE 0.3657 0.262 199.0 569.1 1.087 20 
141 C4H7N EUTYRONITRILE 0.2318 0.223 161.0 582.2 0.792 20 
142 C4H7N ISOBUIYRON17RILE 0.2312 0.227 201.7 566.0 0.761 30 
143 C4H8 1-BUTENE 0.2391 0.277 87.8 419.6 0.595 20 
144 C4H8 2-BUTENE.CIS 0.2412 0.271 134.3 ,433.1 0.621 20 
145 C4H8 2-BUTENE,TRRNS 0.2379 0.274 167.6 428.6 0.604 20 
146 C4H8 2-HETHYLPROPENE 0.2381 0.275 132.8 417.9 0.594 20 
147 C4H8 CYCLMLUTANE 0.2652 0.278 182.4?.463.5 0.694 20 
148 C4H8BR2 1 2-OIBRWO8UTANE 0.6927 0.325 207.8 659.3 1.792 20 
149 C4H8BR2 ~:~-OIBRO~OBUTANE 0.6875 0.324 238.7 657.0 1.775 25 
150 C4H81Z f.2-01 ICiMBUTANE 0.7277 0.265 279.1 726.4 2.280 25 -~------.---..~~-~-----..--.--------------.---.--------.*-.-----.--.--------.- 
$51 wnao BUTYR+LOEHYOE 
152 C4H80 2-BuIANCUE 
153 C4H802 P-OIOXANE 
154 C4H802 ETHYL-ACETATE 
155 C4H8S TYIACYCLOPENTANE 
156 C4H98R 1-BR(WMWTAUE 
157 CCHPBR 2-BRWBUTANE 
158 C4H98R 2-BROI(LI-2-METHYLPROPANE 
159 C4H9CC 1 -CHLORWTANE 
160 C4HQCC 2-CHLWWL!TANE 
161 C4WCL I.CHLMIO-2-)(ETHYLPROPANE 
162 UI(PCL 2-CHLORO-2-RTHYLPROPANE 
163 eCH9l 2-lmO-2-METHILPROPANE 
164 C 4 M  PW(ROLZ0INE 
165 C4H9U02 1-NITROBUTANE 
166 C4H9WOt 2-NITROBUWE 
167 C4HlO BUTANE 
168 C4H10 2-I(ETHYLpRopANE(ISOQUTANEI 
169 C4W100 ETHYL-ETHER 
17U C4HlaO METHYL-WWYL-ETHER 
171 C4H100 METHYL-fSOPROPYL-ETHER 
in c4niao W ~ ~ L - A L ~ O L  
173 C4H100 SEC-BUTIL-ALCOHOL 
174 C4H100 TERT-BUTYL-ALCOHOL 
175 C4HlOS ETHYLSULFIDE 
176 C4HlOS ISOPNPYL-NETHYL-SULFIDE 
177 C4HlOS METHYL-PROPYL-SULFIOE 
178 C4HlOS 1-WTANETHIOL 
179 UHIOS 2-EUTANETHIOL 
180 C4H10S 2-METHYL-1-PRWANETNIOL 
181 C4HlOS 2-ETHYL-2-PRWANETHIOL 
182 C4H10S2 ETHYL-OISULFIDE 
183 C4HllN BUTYLAHINE 
184 C4H11N SEC-WTYLA#INE 
185 C4HIIN TERT-EUTYLAMINE 
186 C4H11N OIETHYLAMINE 
187 C5H5N PYRlOlNE 
188 C5H6S 2-METHYLTHIOPHENE 
189 C5H6S 3-METHYLTHIOPHENE 
190 C5H8 1.2-PENTALYIENE 
191 C5H8 1 .3-PENTAOIENE,EIS 
192 C5H8 1.3-PENTAOIENE,TRANS 
193 C5H8 1.4-PENTAOIENE 
194 C5H8 2.3-PMTAOIENE 
195 C5H8 3-METHYL-1.2-BUTAOIENE 
196 C5H8 2-HETHYL-1.3-HUTAOIENE 
197 C5H8 1-PENTYNE 
198 C5H8 2-PENTYNE 
199 C5H8 3-METHYL-1-BUTYNE 
200 C5H8 CYCLOPENTENE ---.---.-------------.-----.-.--*--... 

IANE 
210 O M I W  VALERILOEHYOE 
211 O H l W  2-PENTMOIIE 
212 OH102 THIACICLOHEXMIE 
213 OH102 CYaPEUTANETHlOL 
214 CSHllBR 1-BIXII(REtlTANE 
215 OHl lCL 1-CHLOROPEUTANE 
216 C5H11CL 1-UILaRO-3-NETHYL8VIANE 
217 OHl lCL 2-MLORO-2-IIETHYLBUTANE 
218 OH12 PEYTANE 
219 OH12 2-WETHYLBUTAIIE(Is0PENTANEl 
220 C5HlZ 2.2-OfUEWWRWWE 
221 c s n i m  METHYL-TERT-WTYL-ETHER 
222 OH120 PENNL-ALCOHOL 
223 C5Hl20 TERT-PENTYL-ALCOHOL 
224 C5Hl2S BUIYL-ETHYL-SULFIOE 
225 OH12S ETHYL-PROPYL-SULFIDE 
226 C5N12S 2-METHYL-2-BUTANETNIOL 
227 C5Hl2S 1-PENTANETHIOL 
228 CbCL6 HEXACHLLRIOBEHZENE 
229 C6F6 HEXAFLWROUENZENE 
230 CMI4CL2 O-OtCHLM((WENZENE 



NO. FORWLA NAME , A ---  -----.. -.---------.-------.--.--- ..-..- 

CHLOROBENZENE 
FLUOROBENZENE 
IMOBENZENE 
BENZENE 
PHENOL 
BENZENETHIOL 
2-PICOLINE 
3-PICOLINE 
ANILINE 
l-HEXYNE 
CYCLOHEXENE 
1-METHYLCYCLWENTENE 
3-METHYLCYCLWENTENE 
4-WETHYLCYCLOPENTEHE 

251 C6H100 CYCLOHEXANCUE 
252 C6H12 1-HEXENE 
253 C6Hl2 2-HEXENE.CIS 
254 C6H12 2-HEXENE,TRANS 
255 C6H12 3-HEXENE,CIS 
256 C6H12 3-HEXENE,TRANS 
257 C6H12 2-METHYL-1-PENTENE 
258 C6H12 3.METHYL.1-PENTEWE 
259 C6H12 4-METHYL-l-PENTENE 
264 C6H12 2-METHYL-2-PENTEYE 
261 C6H12 3-METHYL-2-PENTENE CIS 
262 C6H12 3-METHYL-2-PENTENE'TRANS 
263 C6H12 4-~ETH<-2-PENTEYE'CIS 
264 C6H12 4-WETHYL-2-PENTENE:TRNS 
265 C6H12 2-ETHYL.1-BUTENE 
266 C6H12 2.3-OIWETHYL-1-BUTEYE 
267 U H l 2  5.3-OIIIETHYL-l- WTENE 
268 C6H12 2.3-DIMETHYL-2-WTENE 
269 C6H12 CYCLOHEXANE 
270 C6H12 1IETHYLCYCLWENTANE 
271 C6H120 CYCLOHEXANOC 
272 C6H120 HEXANAL 
273 C6H12S THIACYCLOHEPTAYE 
274 C6H14 HEXANE 
275 C6H14 2-UETYYLPENTANE 
276 C6H14 3-WETHYLPENTANE 
277 C6H14 2.2-DIMETHYLBUTANE 
278 C6H14 2.3-OIWETHYLBUTANE 
279 C6H140 PROPYL-ETHER 
280 CbH140 ISOPRDPYL-ETHER 
281 C6H140 HEXYL:ALCOHOL 
282 C6H14S BUTYL-ETHYL-SOLFI& 
283 C6Hl4S ISOPROPYL-SULFIDE 
284 C6Hl4S METHYL-PENTYL-SULFIDE 
285 C6H145 PROPYL-SULFIDE 
286 C6H14S 1-HEXANETHIOL 
287 C6H14S2 PROPYL-DISULFIOE 
288 CbH15H TRIETHYLAMINE 
289 C7H5F3 A,A,A-TRIFLUOROTOLUENE 
290 C7H5N BENZONlTRlLE 
291 C 7 W 2  SENZOIC-ACID 
292 C7H7F P-FLUOROTOLUENE . 
293 C7H8 TOLUENE 
294 C7H8 1.3.5-CYCLOHEPTAlRIEWE 
295 C7H80 W-CRESOL 
296 C7H80 0-CRESOL 
297 C7H80 P-CRESOL 
298 C7Hl2 1-HEPTYNE 
299 C7H14 1-HEPTENE 
300 C7H14 CYCLOHEPTANE 

301 C7H14 ETHYLCYCLOPENTANE 0.2638 0.269 134.7 
302 C7H14 1,l-OIMETHYLCYCLWENTANE 0.2634 0.270 203.4 
303 C7H14 C-1.2-OIMETNYLCYCLOPENTANE 0.2673 0.270 219.3 
304 C7H14 1-1.2-OIWETHYLCYCLWENTANE 0.2619 0.270 155.6 
305 C7H14 C.1.3-DIUETHYLCYCLWENTANE 0.2595 0.270 139.5 
306 CMIL I-1.3-DIMETHYLCYCLWENTAHE 0.2644 0.270 139.2 
307 C7H14 METHVLCYCLOHEXANE 0.25% 0.263 146.6 
308 CM140 HEPTANAL 0.2655 0.230 229.9 
309 CM16 HEPTANE 0.2343 0.262 182.6 
310 C M l 6  2-METHYLHEXAYE 0.23% 0.261 156.9 
311 C7H16 3-METHYLHEXAWE 0.2311 0.255 100.0 
312 C7H16 3-ETHYLPENTAYE 0.2434 0.26E 154.6 
313 C7H16 2.2-DIHETHYLPENTANE 0.2370 0.266 149.4 
314 C7H16 2.3-OIllETHYLPENTANE O.2Xl 0.256 149.4 
315 C7H16 2.4-DIEETHYLPENTINE 0.2351 0.264 154.0 
316 CM16 3.3-DIHETHYLPEYTAYE 0.2460 0.273 158.7 
317 CM16 2.2.3-TRIIIETHYLWTIYE 0.2409 0.266 208.3 
318 CM160 ISOPRWYL-TERT-BUTYL-ETWER 0.2548 0.261 1T7.8 
319 CM160 HEPTYL-ALCOHOL 0.2679 0.262 239.2 
320 CM16S WTYL-PROPVL-SULFIDE 0.2697 0.259 206.7 
321 C7H16S ETHYL-PENTYL-SULFIDE 0.2715 0.259 206.7 
322 CM16S HEXYL-METHYL-SULFIDE 0.2715 0.259 206.7 
323 C7H16S I-HEPTANETHIOL 0 . 2 m  0.267 229.9 
324 UlH6 ETHYNYLBENZENE 0.3025 0.273 242.5 
325 C8HB STYRENE 0 ZW? n ?*a Y L ~  c ---..- -.-- .--.. 
326 C8H8 i.3.5.7-CYCWTATETR*EWE 0.3015 0.268 266.2 
327 C8HlO ETHYLBENZENE 0.2898 0.268 178.2 
328 C8HlO M-XYLENE n 7806 n ,so 9 9 ~  1 

O-XYLENE 
P-XYLENE 
I-OCTYNE 
1-OCTENE 
CYCLOOCTANE 
PROPYLCYCLDPENTAUE 
ETHYLCYCLOHEXANE 
1.1-OIMETHYLCYCLOHEXANE 
C-1.2-DIWETHYLCYCLOHEXANE 
T-1.2-OlMETHYLCYCLOHEXlWE 
C-1.3-DIMETHYLCYCLOHEXANE 
1-1.3-OIMETHYLCYCLOHEXANE 
C-1.4.OIMETHYLCYCLOHEXANE 
T-1.4-OIMETHYLCYCLOHEXAWE 
OCTANAL 
OCTANE 
2-METHYLHEPTANE 
3-WETHYLHEPTANE 
4-METHYLHEPTANE 

NO. FORMULA NAME A B TW1N.K 1C.K DENQT 1.C 
* - -  -.--.-- ------------.-----..-....- .-.-.- _._.-. .-__. _ _ _ _ _  .___ . . 

351 C8H18 2.4-OIWETHYLHEXANE 0.2376 0.262 172.0 554.1 0.700 20 
352 C8H18 2.5-OlMETHYLHEXANE 0.2359 0.262 181,9 549.9 0.693 20 
353 C8H18 3.3-DIMETHYLHEXIHE 0.2323 0.252 147.0 562.8 0.710 20 
354 UJHl8 3.4-DIMETHYLHEXANE 0.2433 0.264 147.1 569.7 0.719 20 
355 C8Hl8 3-ETHYL-2-UETHYLPENTANE 0.2348 0.254 158.2 567.0 0.718 16 
356 C8Hl8 3-ETHYL-3-METHYLPENTANE 0.2466 0.266 182.3 576.5 0.727 20 
357 C8Hl8 2.2.3-TRIMETHYLPENTIWE 0.2357 0.254 160.9 563.5 0.716 20 
358 ~ 8 H l 8  2,2,4-TRIMETHYLPENTANE 0.2394 0.266 165.8 543.8 0.692 20 
359 CBH18 2.3.3-TRIMETHYLPENTANE 0.2489 0.269 172.5 573.5 0 .n6  20 
360 UU(l8 2,3,4-TRIMETHYLPENTIWE 0.2445 0.265 163.9 566.4 0.719 20 
361 C8Hl8 2.2.3.3-TETRMETHYLWTAYE 0.2474 0.280 172.5 567.8 0.692' 25 
362 C8H180 BUTYL-ETHER 0.2544 0.259 175.0 580.0 0.768 20 
363 C8H180 SEC-BUTYL-ETHER 0.2601 0.266 171.7 562.0 0.756 25 
364 C8HlBO TERT-WTYL-ETHER 0.2716 0.268 206.5 550.0 0 . m  25 
365 C8HtaO OCTYL-ALCOHOL 0.2635 0.258 257.7 652.5 0.826 20 
366 CBnl8S BUTYL-SULFIDE 0.2711 0.2bO 209.9 650.0 0.840 25 
367 C8HlBS ETHYL-HEXYL-SULFIDE 0.2629 0.252 209.9 W . 7  0.840 25 
MB C8H18S HEPTYL-METHYL-SULFIDE 0.2629 0.252 209.9 660.7 0.840 25 
369 C8Hl8S PENTYL-PROPYL-SULFIDE 0.2629 0.252 209.9 640.7 0.840 25 

376 C9H10 0-METHYLSTYRENE 
377 C9H10 P-METHYLSTYRENE 
378 C9H12 PRWYLBENZENE 
379 WHl2 CUMENE 
380 C9H12 M-ETHYLTOLUENE 
381 ~ 9 ~ 1 2  0-ETHYLTOLUENE 
382 C9H12 P-ETHYLTOLUENE 
383 C9Hl2 1.2.3-TRIMETHYLBEN 
384 C9H12 1.2.4-TRIMETHYLSEN 
385 C9Hl2 MESITYLEYE 
386 C9H16 I-NONYNE 
387 C9H18 1-NONENE 
388 C9H18 BUTYLCYCLOPENTANE 

395 C9H2O 3-METHYLOCTANE 
396 WHZd 4-METHYLOCTANE 
397 C9H2O 3-ETHYLHEPTANE 
398 C9H2O 4-ETHYLHEPTANE 
399 C9H20 2.2-DIWETHYLHEPTANE 
400 C9H2O 2.3-OlWETHYLHEPTANE 

408 C9H20 3-ETHYL-2-METHYLHEXIWE 0. 
409 C9H20 4-ETHYL-2-METHYLHEWANE 0. 
410 C9H2O 3-ETHYL-3-METHYLHEXANE 0. 
411 WH2O 3-ETHYL-4-METHYLHEXANE 0. 

420 CPH2O 3.3-OIETHYLPENTANE 

426 C9H2O 2,2,4. 
427 C9H2O 2.3.3, 

430 C9H2OS ETHYL 

OH22 2,4-OIMETHYLOCTAN 
OH22 2.5-OIMETHYLOCTAY 
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NO. FORMULA NAME A 0 TM1N.K TC,K OENJT T,C _ _ _  _ _ _ _ _ _ _  ___________________~.~.~.. _._.__ .__.. ____._ _---. __..- ---. 

588 C13H28 TRIOECANE 0.2237 0.239 267.8 678.4 0.756 20 
589 C13H2BO 1-TRIOECANOL 0.2561 0.241 304.2 693.7 0.856. 31 
590 C13H28S BUTYL-NMIYL-SULFlOE 0.2265 0.219 271.2 748.4 0.842 25 
591 C13H28S OECYL-PROPYL-SULFIDE 0.2265 0.219 271.2 748.4 0.842 25 
592 C13H28S OWECYL-METHYL-SULFIDE 0.2265 0.219 271.2 748.4 0.842 25 
593 C13H28S ETHYL-UNOECYL-SULFIDE 0.2265 0.219 271.2 748.4 0.842 25 
594 C13H28S 1-TRIDECANETHIOL 0.2367 0.230 282.0 742.1 0.842 25 
595 C14H16 1-BUTYLNAPHTHALENE 0.2845 0.244 253.4 781.5 0.973 25 
596 C14H16 2-BUTYLNAPHTHALENE 0.2812 0.244 268.2 781.0 0.962 25 
597 C14H22 1-PHENYLOCTANE 0.2587 0.250 237.2 728.0 0.853 25 
598 C14H22 1.2.3.4-TETRAETHYLBENZENE 0.2541 0.233 285.0 708.2 0.888 20 
599 C14H22 1 2 3 5-TETRAETHYLBENZENE 0.2535 0.234 284.2 707.5 0.882 20 
600 C14H22  TETRAETHYLBEN ETHYL BENZENE 0.2527 0.234 283.2 706.9 0.879 20 _________________________________~~~~.~~.~____.__.___________~~~~~~.. . . .~. . . -~. 

C14H26 1-TETRAOECYNE 0.2249 
C14H28 1-TETRAOECENE 0.2119 
C14H28 1-CYCLWENTYLNONANE 0.2238 
C14H28 1-CYCLOHEXYLOCTANE 0.2249 
C14H30 TETRAOECANE 0.2193 
C14H300 1-TETRADECANOL 0.2557 
C14H30S BUTYL-OECIL-SULFIDE 0.2202 
Cl4H3OS OWECYL-ETHYL-SULFIDE 0.2202 
C14H3OS HEPTYL-SULFIDE 0.2202 
Cl4H3OS METHYL-TRIO&YL.SULFlOE 0.2202 
~141130s PROPYL.U~~~CYL-SULFIDE 0.2202 
C14H30S 1-TETRAOEC~NETHIOC 0.2297 
C ~ ~ H ~ O S ~ H E P T Y L " - ~ J ~ L F ~ P ~  *. 0.2492 
c r s ~ t s  I-PENTYLN~PH~HALEN~ 0.2744 
Cl5Hl8 ~-PBIITYLNA~HT~\LEHE 0.2694 
C15H24 I-PU<NY~NOIIANE 0.2575 
c i snzs  I -PE~'~AOEL+PE 0.2200 
C15H30 1 -PENTMECE)1E 0.2071 
C15H30 1-CYCLOPENTKLOECANE 0.2184 
C15H30 1-CYUOHEXYLNOIANE 0.2193 
C15H32 PENTAOECANE , 0.2160 
C15H320 1-PENTADECPNOL ' 0.2554 
C15H32S BUTYL-UNOECYL-SULFIDE 0.2140 
C15H32S OWECYL-PROPYL-SULFIQ~ 0.2140 
C15H32S ETHYL-J~IoECYL-SULFIOL 0.2140 
C15H32S METHYL-TETRAOECYL-SULFW 0.2140 
C15H32S 1-PENT'ADECANETHIOL 0.2236 
C16H26 1-PHENYLOECANE 0.2565 
~ 1 6 ~ 2 6  PENTAETHYL\EN~ENE 0.2652 
C16H30 1-HEXADECYNE 0.2150 
C16H32 1-HEXAOECENE 0.2022 
C16H32 1-CYCLOPENTYLUNDECANE 0.2130 
C16H32 1-CYCLOH@XYLOECANE 0.2138 
C16H34 HEXAOEUNE 0.2120 
Cl6H340 1-HEXAOEUNOL 0.2154 
C16H34S 8UTYL-OWECYL-SULFIDE 0.2079 
C16H34S ETHYL-TETRADECYL-SULFIDE 0.1904 
Cl6H34S METHYL-PENTAOECYL-SULFIDE 0.2079 
C16H34S OCTYL-SULFIDE 0.2079 
C16H34S PROP~L-TRIOECYL-SULFIDE 0.2079 
C16H34S 1-HEXAOECANETHIOL 0.2176 
C16H34SZOCTYL-OISULFIOE 0.2339 
C17H28 1-PHENYLUNOECANE 0.2467 
C17H32 1-HEPTAOECINE 0.2090 
C17H34 1-HEPTAOECENE 0.1996 
C17H34 1-CYCLWENTYLOWECANE 0.2075 
C17H34 1-CYCLOHEXYLUNOECANE 0.2092 
C17H36 HEPTAOECANE 0.2066 
C17H360 1-HEPTAOECANOL 0.2321 
C17H36S WTYL-TRIOECYL-SULFIDE 0.2018 .---------.---7----.-------.---.*--------.. 

519 ClOH22 33-OIETHYL-2-METHYLPENTANE 0.2344 
520 ClOH22 3ETHYL-223TUIMETHYLPEWTlWE 0.2361 
521 ClOH22 3ETHYL-224TRlMETHYLPENTANE 0.2312 
522 ClOH22 3ETHYL-234TRlMElHYLPENTANE 0.2351 
523 ClOH22 22334-PENTAHETHYLPENTANE 0.2392 
524 ClOH22 22344-PENTAMETHYLPENTANE 0.2330 
525 ClOH220 OECYL-ALCOHOL 0.2561 
526 C10H22S BUTYL-HEXYL-SULFIDE 0.2478 
527 C ~ O H Z Z S  ETHYL-MTYL-SULFIDE 
528 ClOH2iS HEPTYL-PRWYL-SULFIDE 
529 ClOH22S METHYL-NONYL-SULFIDE 
530 C10H22S PENTYL-SULFIDE 
531 ClOH22S 1-OECANETHIOL 
532 ClOH22SZPENTYL-OISULFIOE 
533 C l lH lO  1-METHYLNAPHTHALENE 
534 Cl lH10 2-METHYLNAPHTHALENE 
535 C l  lH16 PENTYLBENZENE 
536 Cl lH16 PENTAMETHYLBENZENE 
537 CllH2O 1-UNOECYNE 
538 Cl lH22 1-UNDECENE 
539 Cl lH22 1-CYCLWENTYLHEXANE 
540 Cl lH22 PENTYLCYCLOHEXANE 
541 Cl lH24 UNOECANE 
542 Cl lH240 UNOECYL-ALCOHOL 
543 C11H24S BUTYL-HEPTYL-SULFIDE 
544 CllH24S OECYL-METHYL-SULFIDE 
545 CllH24S ETHYL-NONYL-SULFIDE 
546 CllH24S OCTYL-PRWYL-SULFIDE 
547 CllH24S 1-UNOECANETHIOL 
548 Cl2HlO BIPHENYL 
549 C12H12 1-ETHYLNAPHTHALENE 
550 C12H12 2-ETHYLNAPHTHALENE ------.----*----..----..--.--.-------- 

C17H36S ETHYL-PENTAOECYL-SULFIDE 
C17H36S HEXAOECYL-METHYL-SULFIDE 
C17H36S PROPYL-TETRAOECYL-SULFIDE 
C17H36S 1-HEPTAOECANETHIOL 
C18H30 1-PHENYLDWECAYE 
C18H30 HEXAETHYLBENZENE 
C18H34 1-OCTAOECYNE 
C18H36 1-OCTMECENE 
Cl8H36 1-CYCWENTYLTR1DEUNE 
Cl8HM 1-CYCLOHEXYLOWECANE 
C18H39 DCTMEWNE 
c l 8 n m  I-OCTADECINOL 
C18H38S WTYL-TETRMECYL-SULFIDE 
Cl8H38S ETHYL-HEXMECYL-SULFIDE 
Cl8HUIS HEPTADECYL-METHYL-WIDE 
C18H39S NONYL-SULFIDE 
Cl8H385 PENTADECYL-PRWYL-SULFIDE 
Cl8H58S 1-OCIAOECANETHIOL 
Cl8H3852NONYL-OISULFIDE 
C19H32 1-PHENYLTRIDECANE 
C19H36 1-NMIADECYNE 
C19H38 1-NONADECENE 
C19H38 1-CYCLOPENTYLTETRMECANE 
(3191138 1-CYCLOHEXYLTRIOEUNE 
C19H40 NONAOECANE 
C19H400 1-NONADECANOL 
C19H40S BUTYL-PENTAOECYL-SULFIDE 
C19H40S ETHYL-HEPTAOECYL-SULFIOE 
C19H40S HEXAOECYL-PROPYL-SULFIDE 
ClPH40S METHYL-OCTADECYL-SULFIDE 
C19UOS 1-NMIAOECANETHIOL 
C2OH34 1-PHENYLTETRAOEWNE 
C2OH38 1-EICOSYNE 
C2OH40 1-EICOSENE 
C2OH40 1-CYCLOPENTYLPENTADECANE 
C20H40 1-CYCLOHEXYLTETRAOECANE 
C2OH42 EICOSANE 
C20H42O 1-EICOSANOL 
C2OH42S BUTYL-HEXADECYL-SULFIDE 
C2OH42S OECYL-SULFIDE 
C2OH42S ETHYL-MTAOECYL-SULFIDE 
C2OH42S HEPTAOECYL-PROPYL-SULFIDE 
C2OH42S METHYL-NONAOECYL-SULFIDE 
C2OH42S 1-EICOSANETHIOL 
CZOH42SZOECYL-DISULFIOE 
C21H36 1-PHENYLPENTAOECANE 
CZlH42 1-CYCLOPENTYLHEXAOECANE 
C21H42 1-CYCLOHEXYLPENTAOECANE 
C22H38 1-PHENYLHEXAOECANE 
C22H44 1-CYCLOHEXYLHEXADECANE 

C12Hl2 1.2-DIMETHYLNAPHTHALENE 
Cl2Hl2 1.3-DIMETHYLNAPHTHALENE 
C12H12 1.4-DIMETHYLNAPHTHALENE 
C12Hl2 1.5-DIMETHYLNAPHTHALENE 
C12Hl2 1.6-DIMETHYLNAPHTHALENE 
C12H12 1.7-DIMETHYLNAPHTHALENE 
Cl2Hl2 2.3-DIHETHYLNAPHTHALENE 
C12Hl2 2.6-DIMETHYLNAPHTHALENE 
C12H12 2.7-DIKIHYLNAPHTHALENE 
Cl2Hl8 HEXYLBENZENE 
C12Hl8 1.2.3-TRIETHYLBEWZENE 
C12H18 1.2.4-TRIETHYLBENZENE 
C12H18 1.3.5-TRIETHYLBENZENE 
Cl2H18 HEWETHYLBENZENE 
C12H22 1-OWECYNE 
C12H24 1-WOECENE 
C12H24 1-CYCLOPENTYLHEPTANE 
C12H24 1-CYCLOHEXYLHEXANE 
C12H26 OWECANE 
C12H260 OWECYL-ALCOHOL 
Cl2H26S BUTYL-OCTYL-SULFIOE 
C12H26S OECYL-ETHYL-SULFIDE 
C12H26S HEXYL-SULFIDE 
Cl2H26S METHYL-UNOECYL-SULFIDE 
C12H26S NONYL-PROPYL-SULFIDE 
Cl2H26S 1-OWECANETHIOL 
ClZH26SZHEXYL-DISULFIOE 
C13H14 I-PROPYLNAPHTHALENE 
C13H14 2-PROPYLNAPHTHALENE 
C13H14 2ETHYL-3-METHYLNAPHTHALENE 
C13H14 2ETHYL-6-METHYLNAPHTHALENE 
C13Hl4 2ETHYL-7-METHYLNAPHTHALENE 
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FIGURE 1 ' I. VCF = EXP [-(F)~'~t{1.0+o.8("~jeA$] 

A) CRUDEOIL - K g  = 341.0957(~g/rn3)2/0~ (Table 6A) 
K 1  = 0.0 
Range: 0 - 100°API 

B) FUEL Ol,L f Kg = '103.0720 
r ((6 = 836.j- 

~1 = 0.2701 LP6 1 at = ,,.9Gg 
Range: 0 - 37"API 

C) JET GROUP KO = 330.301 0 
K1 = 0.0 
Range: 37.1 - 47.g0kPI L3 - 

PC- 

-3 - 
D) GASOLINES ~g . = 1'92.4571 

K1 = 0.2438 
Range: 52.1 - 85OAPI 

For Segment Between Je t  and Gasoline Group, i .e. 48 - 5Z0API 

11. I"T VCF = EXP [-kt$) .tf l.0+o.8(r-g)~*AtI] 

: 
f9!9,w ~f*m A = -0.00186840 

W" B = 1489.0670 

A t = Any Temp., O F  

T = Base Temp., 60°F 
= Densi t y  a t  Base Temp. , Kg/m3 
= Co-eff icient o f  Thermal Expansion a t  Base Temp. 
= sg.gr.' 60160°F x 999.01 2 Kglm3 

where 999.012 = Density o f  "20 @ 60°F, &m3 



FIG. 23-20 
Effect of Pressure on Hydrocarbon Liquid Densitiesii 

Density at 60"F, 1 atrn, grnlcc 

Specific gravities of petroleum fractions are given in Fig. 23-18 
where temperature ranges from 0" to l,OOO°F and pressures from 
atmospheric to 1,500 psia. The petroleum fraction is identified 
within the center grid by two of three characteristics: API gravity 
at 60°F, the characterization factor, K,, or the mean-average 
boiling point. The mean average boiling point can be determined 
from Fig. 23-25 together with the API gravity and an ASTM 
distillation of the petroleum fraction. The characterization 
factor, K,, is defined in the example shown in Fig. 23-18. 

The specific gravity of paraffinic hydrocarbons at  their boiling 
point or bubble point pressure and temperature can be obtained 
from Fig. 23-19. The nomograph applies to mixtures as well as to 
single components. Alignment points for paraffinic mixtures and 
pure components are located according to molecular weight. 

Fig. 23-19 generally predicts specific gravities within 3% of 
measured values for paraffinic mixtures. However, the accuracy 
is somewhat less for mixtures having: 

.Reduced temperatures above 0.9. 

Molecular weights less than 30 (low temperature region) and 
where methane is a significant part of the liquid. 

Density of Saturated and Subcooled Liquid Mix- 
tures-A versatile, manual procedure for calculating the density 
of gas saturated and subcooled hydrocarbon liquid mixtures is 
that of Standing and Katz.' The basic method proposed used the 
additive volume approach for propane and heavier components 
at standard conditions, then corrected this ideal volume using 
apparent densities for the gaseous components ethane and 
methane. The resulting pseudodensity at 60°F and 14.7 psia was 
corrected for pressure using a hydrocarbon liquid compressibility 
chart, then for temperature using a thermal expansion chart for 
hydrocarbon liquids. Experience with crude oils and rich absorber 
oils shows this correlation will predict densities within 1 to 4% of 
experimental data. 

The original correlation did not have a procedure for handling 
significant amounts of nonhydrocarbons and had a fairly narrow 
temperature range of 60°F to 240°F. The following procedures 
and charts are recommended for general applicability to liquids 
containing components heavier than pentanes (gas saturated or 
subcooled) at  pressures up to 10,000 psia and temperatures 
from - 100°F to 600°F. Significant amounts of nonhydrocarbons 
can be handled by this procedure (up to 20% N2, 80% COa, and 
30% H2S). 



alnlosqe uau! arenas rod rpunod 'arnssard rode,\ 






