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e NOMENCLATURE 

e 

e 

a constant i n  SBWR equation 

constant i n  SBWR equation 
*O 

b I1 II II II 

BO 
I1 II II II 

C 

cO 

II II II II 

I1  II II I1 

constant i n  ideal gas enthalpy equation ‘hl 

‘h2 

‘h3 

‘h4 

‘h5 

‘h5 

II II II II II I1  

II II II I1  II I1 

II II II 11 II I 1  

II II I1  II II II 

II II II II II II 

II II I1 II I1  II 

h6 
constant i n  ideal gas entropy equation cs 1 

cs 2 

cs3 

cs4 

‘s5 

‘s6 

d 

II 11 II 11 II I1 

II II II II I 1  II 

II II I1 II II II 

II 11 II II II II 

I1 II II II II II 

constant i n  SBWR equation 

DO 11 II 
I1 I1 

EO 
II II II I1 

f f ugac i t y  

h enthalpy (BTU/l bmole) 

P pressure (psia)  

S entropy (BTU/1 bmole) 



temperature (OR) 

constant i n  SBWR equation 

constant i n  SBWR equation 

conversion factor  = 0.185057 

density (1 bmole/ft ) 3 
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This program was w r i t t e n  t o  be used as a subroutine. The program 

determines the thermodynamics o f  1 i g h t  hydrocarbons. The f o l 1  owing 

1 i g h t  hydrocarbons can be analyzed: Butane, Ethane, Ethylene, Heptane, 

Hexane, Isobutane, Isopentane , Methane, Octane, Pentane, Propane and 

Propylene. 

l i g h t  hydrocarbons given any of the fo l l ow ing  pa i r s  o f  s t a t e  quant i t ies :  

pressure and q u a l i t y ,  pressure and enthalpy, pressure and entropy, tempera- 

tu re  and pressure, temperature and q a l  i ty  and temperature and s p e c i f i c  

volume. 

dynamic cyc le  u t i l i z i n g  a l i g h t  hydrocarbon as the working f l u i d .  

Star1 ing-Benedict-Webb-Rubin equation o f  s t a t e  was used. 

contains a b r i e f  descr ipt ion,  f lowchart,  l i s t i n g  and required equations f o r  

each subroutine. 

The subroutine can evaluate a thermodynamic s t a t e  f o r  the 

These s i x  pa i r s  o f  knowns a l low the user t o  analyze any thermo- 

The 

This r e p o r t  
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INTRODUCTION 

This subroutine computes the thermodynamic propert ies o f  l i g h t  

hydrocarbons. 

appl icat ions such t h a t  i t  may be used t o  determine the proper t ies o f  l i g h t  

hydrocarbons i n  any thermodynamic cyc le  i n c l  uding, as the authors developed 

it, evaluat ing b inary f l u i d  cycles. 

box” by t he  user w i t h  a l i m i t e d  background i n  programing o r  the program 

may be modif ied t o  meet the users requirements. This manual was w r i t t e n  

t o  a s s i s t  t he  user i n  whichever manner he intends t o  use t h i s  program. 

DEVELOPMENT OF PROPERTIES 

The subroutine was developed t o  a l low f o r  a wide range o f  

This rou t i ne  can be t rea ted  as a “black 

The basic equation used i s  the Star1 ing-Benedict-Webb-Rubb equation 

o f  state,  which i s  a pressure e x p l i c i t  equation o f  the form: 
2 3 4 2  3 6 

P = pRT + (BoRT-A,-Co/T +Do/T -Eo/T )p + (bRT-a-d/T)p + a (a  +d/T)p 
2 + cp 3 2  /T ( 1 v p 2 )  e-’’ 

2 3 4 2 $ ( BoRT-2Ao-4Co/T + 5D0/T -6E0/T )p+ $/2( 2bRT-3a-4d/T)p h = 

2 
+cr4/5(6a+7d/T)p5 + @/ (yT2)( 3-( 3+vp2/2-y2p4)e -” ) 

s = bRRn (pRT) -$(BoR+2C,/T 3 -3D0/T 4 + 4Eo/TS)p- $/2(bR + d/T)p 2 
2 

a$dp5/( 5T2) + 2 $C/(yT3) (1 -( 1 +yp 2/2)e-yp + Csl + Cs2T 

2 3 4 5 + Cs3T + Cs4T + Cs5T + Cs6T 

Rnf = Rn (pRT) + 2/(RT) (BRT-A,-Co/T2 + D0/T3 - E0/T4)p + 3/(2RT) 

(bRT-a-d/T)p2 + 6a/(5RT)(a-d/T)p5 + C/(yRT3) ( l-( l-yp2/2-y2p4) 
2 

e-YP ’) 



Recall that  a thermodynamic s t a t e  requires t h a t  two properties be known and 
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for saturation s t a t e s  pressure and temperature are  dependent. 

an ideal power cycle the following processes are employed, constant entropy 

(turbine,  compressor and pump) , constant enthal py (expansion Val ve) , 
constant pressure (heat exchanger). 
processes, properties must be determined w i t h  one of the following pairs 

For evaluating 

In order to  determine properties for  these 

of knowns: temperature and pressure, temperature and quality,  pressure 

and qual i ty ,  pressure and enthalpy,and pressure and entropy. Since 

pressure is a function of density and temperature,when pressure and tempera- 

ture are  known a search technique must be used to  f i n d  the density. 

the density i s  known the remaining properties may be calculated. 

Once 

Saturation 

s t a t e s  are  defined by the equality o f  pressure and fugacity a t  the same 

temperature and both saturated l i q u i d  and vapor densit ies.  When the 

saturation pressure is known, a three variable search on temperature and 

saturated 1 iquid and vapor densit ies i s  required. When the saturation 

temperature i s  known a two variable search i s  required on the saturated 

l iquid and vapor densit ies.  Having completed e i ther  of these searches, 

the remaining properties may be computed by u s i n g  the saturated l i q u i d  

and vapor densit ies.  

knowns require a two variable search since both pressure and entropy or 

enthalpy are functions of temperature and density. This search i s  used 

The cases of pressure and entropy o r  enthalpy as 

only i n  the compressed l i q u i d  o r  superheated regions. The Newton-Raphson 

i te ra t ion  technique is used for  searches i n  CARBON because o f  i t s  generally 

rapid convergence. 

PROGRAM DEVELOPMENT 

Subroutine CARBON was written i n  FORTRAN V for the UNIVAC 1108 ser ies  

computer b u t  should be easi ly  adapted to any similar FORTRAN compiler. 
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The subroutine allows the user to  use the program a t  two levels, f i r s t  

as a "black box" (the main text describes the use and general development 

of the program), second the program may be modified t o  best suit  the users 

needs (the remaining text contains a more complete description of each 

subroutine). 

and as a means of t racing any possible problems. 

variable description tables, flowcharts, equations and a brief description 

of all  subroutines. 

USE OF CARBON 

Subroutines were used throughout t o  allow for  each modification 

T h i s  report contains 

In order t o  use CARBON the user must supply t o  the program the fo l lowing  

i n forma t i on : 

1. The process for which  properties are t o  be determined (CYCLE) 

The allowable values o f  CYCLE are the following pairs of  knowns: 

TP - temperature and pressure 

TX - temperature and quality 

TV - temperature and density 

PH - pressure and enthalpy 

PS - pressure and entropy 

PX - pressure and quality 

These are the only allowable values of CYCLE and the order i s  important, 

i.e., PT o r  SP,.etc., are illegal and will generate an error termination 

o f  CARBON. 

2. The value of the f i r s t  known specified by the value o f  

CYCLE (FGIVEN) . 
The value of the second known specified by the value of CYCLE 3. 

(SGIVEN) 
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4. L i g h t  hydrocarbon type. Acceptable values o f  LFTYPE a r e  ISOB, 

ISOP, BUT, PENT, METH, ETH, ETHYL, PROP, HEX, HEPT, OCT and 

PROPYL. 

P r i n t  se lector  - i f  NPRIN = 0, then do not  p r i n t  ou t  resu l t s ,  5. 

otherwise p r i n t  resul  ts .  

CARBON w i l l  r e t u r n  the fo l l ow ing  informat ion:  

1. Enthalpy (Btu/ l  bm) 

2. Entropy (BTU/l  bmoR) 

3. Q u a l i t y  - appl ies t o  saturat ion states,i f  greater than one 

then superheated vapor region and i f  less than one then 

compressed 1 i q u i d  region. 

4. Spec i f i c  volume ( f t  /lbm) 

5.  Temperature ( O F )  

6. Pressure (ps ia)  

7. 

8. 

9. 

10. 

11 . 
12. 

3 

Saturated 1 i q u i d  enthalpy (Btu/lbm) 

Saturated 1 i q u i d  entropy (Btu/ l  bmoR) 

Saturated l i q u i d  s p e c i f i c  volume ( f t  /lbm) 

Saturated vapor enthal py (Btu/ l  bm) 

Saturated vapor entropy (Btu/ l  bmoR) 

Saturated vapor s p e c i f i c  volume (ft /lbm) 

3 

3 

A t y p i c a l  c a l l  on CARBON would look l i k e  

CALL CARBON ( ' T P ' ,  TEMP, PRESS, ' ISOB' ,  H,S,V,T,P,NPRIN,SL,HL,VL,SV, 

HV,W, QUAL) 

This c a l l  on CARBON evaluates proper t ies f o r  Isobutane given temperature, 

(TEMP) and pressure (PRESS). Subroutine CARBON was w r i t t e n  so as t o  be 

independent of the c a l l i n g  program except f o r  the passage o f  the above 

parameters, therefore, no external  var iables need be placed i n  common. 
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Des c r  i p ti  on 

CARBON i s  the main routine for determining the thermodynamic properties 

of 1 ight hydrocarbons. The  routine selects  the appropriate coefficients for  
the par t icular  l i g h t  hydrocarbon t o  be evaluated. CARBON then determines 

i f  the two s t a t e  quantit ies specified according to  the value of CYCLE are  

legitimate quantit ies.  An example of an i l l ega l  quantity would be qua l i t i es  

greater than one or less  t h a n  zero for values of CYCLE equal to  TX or  PX. 

Once these t e s t s  are sa t i s f i ed  CARBON then determines the region to  which 

the point corresponds, i .e., compressed l i q u i d ,  saturated liquid-vapor 

equilibrium or  superheated vapor. Having determined the region, CARBON 

se lec ts  the proper subroutines to  determine the remaining thermodynamic 

s t a t e  properties. 

VARIABLE SYMBOL TABLE 

AB ST 

BTOL ER 

absolute temperature difference between O F  and OF? = 459.6 

lower tolerance on saturation and convergence t e s t s  

BUT 

C 

CH 

CONVR 

cs 

l-dimensional array containing the required coefficients for  

Butane 

l-dimensional array containing the coefficients t o  the 

Star1 ing-Benedict-Webb-Rubin equation of s t a t e  for  the 

l igh t  hydrocarbon t o  be evaluated 

l-dimensional array containing the coefficients t o  the ideal gas 

enthalpy 

conversion factor = 0.185057 Btu i n  / I b - f t  2 3 

l-dimensional array containing the coefficients t o  the ideal gas 

entropy 

e 
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CYCLE 

D 

DCRIT 

DHDD 

DHDT 

DL 

DPDD 

DPDT 

DSDD 

DSDT 

DV 

ETA 

EHTYL 

FGIVEN 

Q 

H 

HEPT 

Type of calculation to  be made, CYCLE has the following possible 

pairs o f  knowns: 

1. 

2. 

3. 

temperature and pressure = TP 

tmperature and quality = TX 

temperature and specif ic  volume = TV 

4. pressure and quality = PX 

5. pressure and entropy = PS 

6. 

density (1  binole/ft3) 

pressure and enthalpy = PH 

c r i t i ca l  density (lbmole/ft 3 ) 

saturated vapor density (lbmole/ft 3 ) 
I 

l-dimensional array containing the required coefficients f o r  

Ethane 

l-dimensional array containing the required coefficients for  Ethylem 

First known passed to  CARBON, i .e. , temperature for  values of 

CYCLE of TP, TX and TV and pressure fo r  values of CYCLE of PX, 

PS and PH 

enthal PY (BTU/1 bm) 

l-dimensional array containing the required coefficients for 

Heptane 

e 
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eo 

HEX 1-dimensional ar ray containing the required c o e f f i c i e n t s  f o r  Hexane 

HL 

HV 

LFTY PE 

accepted Val ues are : 

BUT - Butane 

ETHYL - Ethylene 

HEPT - Heptane 

HEX - Hexane 

ISOB - Isobutane 

ISOP - Isopentane 

METH - Methane 

OCT - Octane 

PENT - Pentane 

PROP - Propane 

PROPYL- Propylene 

saturated 1 i q u i d  enthal py (Btu/ l  bm) 

saturated vapor enthalpy (Btu/ l  bm) 

the l i g h t  hydrocarbon t o  be evaluated 

LIMIT 

M2 

NPPIN 

OCT 

P 

PCRIT 

PENT 

PROP 

PROPYL 

maximum number o f  i t e r a t i o n s  allowed i n  any one search 

u n i t  number f o r  p r i n t e r  

p r i n t  se lector  - no p r i n t o u t  i f  NPRIN = 0 e lse p r i n t  o u t  i s  generated 

1-dimensional ar ray containing the required c o e f f i c i e n t s  f o r  Octane 

pressure (ps ia)  

c r i t i c a l  pressure (ps ia)  

1-dimensional array containing the required c o e f f i c i e n t s  f o r  Pentane 

1-dimensional ar ray conta in ing the required c o e f f i c i e n t s  f o r  Propane 

1-dimensional array containing the required c o e f f i c i e n t s  f o r  Propylene 

PSAT saturat ion pressure (ps ia)  

0 
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QUAL quali ty 

R 

S' entropy (BTU/1 bmoR) 

SGIVEN 

3 universal gas constant 10.7335 psia-ft  /lbmole 

second known passed t o  CARBON, i .e . ,  quali ty for  values of CYCLE 

of TX and PX, pressure for  CYCLE = TP, specif ic  volume for 

CYCLE = TV, enthalpy fo r  CYCLE - PH and entropy for  CYCLE = PS 

saturated l i q u i d  entropy (BTU/lbm O R )  SL 

sv 
T 

TCRIT 

TR 

TTOLER 

V 

VL 

vv 
Mld 

X ISOB 

XISOP 

XMETH 

saturated vapor entropy (Btu/lbmoR) 

temperature ( O F )  

c r i t i c a l  temperature ( O F )  

temperature ( O R )  

upper tolerance on saturation and convergence t e s t s  

specif ic  volume ( f t  /lbm) 
3 saturated liquid specif ic  v o l u ~  ( f t  / lbm)  

saturated vapor specif ic  volume ( f t  /lbm) 

mol ecul a r  weight 

1-dimensional array containing the required coeff ic ient  for 

i sobutane 

1-dimensional array containing the required coefficients for  

isopentane 

1-dimensional array containing the required coefficients for methane 

3 

3 

a 
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PRI tITC 

c4 RETVRN 

P R L S 8  

V 
QUAL=2.0 

I YES 

I 

D=1 .OE-% - 
OUAL=-2.0 
D=0.55 



0 

YES 

1 ,  

TEHSAT 

f 

SATC , 

I 
COMPUTE 

S 
H 
vv 
VL 
V 

PR I NTC 

PRINTC Q cL> RETURN 

c3 RETURN 
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P R I N K  + c3 RETURN 



NO 
1 

I 

PRES 

t 
t 
t 
t 

I 
1 

1 

ENTH 

EtiTR 

P R I N K  

RETURN 

t 

pQ COMPUTE: 

PRINTC 
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ENTH - 
0 Descr i p ti on 

ENTH ca lcu lates the enthalpy and i t s  der iva t ives  w i t h  respect t o  

densi ty and temperature given temperature and density. 

ca lcu lated by computing the idea l  gas enthalpy and the enthalpy departure 

from the idea l  gas enthalpy by using the Star1 ing-Benedict-Webb-Rubi n 

The enthalpy i s  

m 

equation of  state.  

8 EQUAT I ONS 

e 

e 

h (p ,T) = (CONVR/WM) ( ( Bo*R*T-2*Ao-4*Co/T2 + 5*Do/T3-6*Eo/T4) p + 1 /2  
(2*b*R*T-3*a-4*d/T) p2+a/5 (6*a+7*d/T) p5+c (y*T2) ( 3- ( 3+y* p 2 /2-y 2 4  p ) 

2 2 3 4 5 
(exp(-y*p ) ) )  + Chl + Ch2*T + Ch3*T + Ch4*T +$.,5*T +Ch6*T 

= (CUNVR/WM) ( BoR+8*Co/T3-1 5*Do/T4 + z ~ * E , / T ~ ) ~ +  1 /2 (2*b*R+4*d/T 2 2  .)p 

-7*a*d*p5/5*T2-2*c/(y*T3)(3-(3+1/2*y*p 2 ) -y 2 4  *p ) exp(-y*p 2 ) ) )  

ahO = ( CONVR/WM) ( Bo*R*T-2*Ao-4*Co/T2 + 5*Do/T3-6*Eo/T4+( 2*b*R*T 
3 5  

aP 

-3*a-4*d/T)p+cl( 6*a+7*d/T)p4 + C/ (y*T2) (5*y*p+Py2 p3-Z*y p ) 

exp (-Y*P~N 

VARIABLE SYMBOL TABLE 

C 1-dimensional ar ray containing the c o e f f i c i e n t s  t o  the SBWR equation 

of s ta te  

CH 1-dimensional ar ray conta in ing the c o e f f i c i e n t s  f o r  the idea l  

gas enthalpy 
2 3 CONVR conversion f a c t o r  = 0.185057 Btu- in / l b - f t  

e 
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D 

DHDD 

DHDT 

H 

T 

TE RM1 

TERM2 

TE RM3 

TERM4 

WM 

enthalpy Btu/lbm) 

temperature ( O R )  

intermediate value 

intermediate value 

intermediate value 

intermediate value 

mol ecul ar weight 



e 

*TCl?fll = C(4!*R*T - ?.O-C(:) - 4.O*C(6!/T**2 t 5.0*C(8) /  

TER113 = C ( 1 0 ) * ( 6 . O * C ( l )  + 7.0*C(7):T) 

T**3 - 6.O*C(3!/T**4 
T E N 2  f 2.0fC(3!*R'T - 3.!l*C(l) - 4 . 0 4 C ( 7 ) / T  

TER114 C(5! * (3 .0  - ( 3 . 0  + 0 . 5 * C ( l l ) * D * * 2  - C(11)*+2+0**4)+ 
EXP( -C( 11 ) *U**?) ) /C(  1 1 ) 

H = TEHl l l *D + TERIlZ*D+*2/2.0 + TERM3+D*+5/5.0 + TERM4/ 
T**Z 

e 

f E R l 1 2  0:5*(2.0*C( 3)*S + 4.O*C(7)/T**2)*D+*2 
TERM3 = -C( 10)*0**5*7.3*C( 7)/(1**2*5.0) 
TEHft4 = -?.O*TERt14/T**3 

H = H*COliVR/tJIl + C l l ( 1 )  + CH(Z)*T + CH(3)*T**2 + CH(4)*  
T**3 + 0 1 ( 5 ) * T * * 4  + CH(A)*T**S 

DHDD = MIDO*COlIVR/!JI1 
M D T  = (TERI I l  + TEl?l12 + TERM3 + TERY4)+COtIYR/!.IM + CH(2)  

+ 2.O*Ct1(3)*T + 3.9*CH(4)*T**2 + CN(5)*T**3*4.0 
+ 5.0*U1(6)*T**4 

e 

6 

0 

START 7 

CIlOD TEWlfI + TER!.I?*\D + TERM3*D**4 + C ( 5 ) / ( C ( l l ) * T * * Z ) *  
(5.O*C( 11) *D + 5 . 0 W  11)*+?*D*+3 - 2.O*C( 1 1 ) * * 3 *  
3**5) *E XP( -c ( 1 1 ) *D**2) 

E R l l l  (C(4!*R + 3.O+C(b)/T**3 - 15.0'C(8)/Tz*4 + 24.0' 
C I  3)/T*+5) *D 
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ENTR 

DESCRIPTION 
e 

ENTR ca lcu lates the entropy and i t s  der ivat ives w i t h  respect t o  

temperature and densi ty given densi ty and temperature. The entropy i s  

calculated by computing the i dea l  gas entropy and the entropy departure 

from the ideal  gas entropy by using the Star1 ing-Benedict-Webb-Rubin 

equation o f  state.  

EQUAT I ONS 

0 

VARIABLE 

3 4 (CONVR/WM) (-RRn ( p*R*T) - (Bo*R + 2*C0T -3*D0/T +4*Eo/T5)p 
-1/2 (b*R+d/T 2 2  ) p  +a*D*p5/(5*T2)+2*c/(y*T3) (1-( l+1/2*y*p2) 

2 + Cs4*T 3 + CS5*T4+Cs6*T5 2 
exp(-y*p )))+Csl + Cs2*T + Cs3*T 

(CONYR/WM) (-R/T- ( -6*Co/T4+1 2*D0T 5 -20*Eo/T6)p+ d*p 2 /T3 

-2*a* dp5/(5*T3)-6*C/Cy*T4)( 1-( 1+1/2*y* p2)exp (-y*p2))) 

+2*Cs3*T + 3 Cs4*T2 + 4*cs5 *T 3 +5*Cs6*T4 
cs2 

= (CONVR/WM) (-R/p-( Bo*R+2*Co/T 3 -3*D0/T 4 + 4*D0/T5) - ( b*R+d/T2) p 

+a*d*p4/T4 + 2*C/T3( p+y*p3)exp ( -y*p2) ) 

SYMBOL TABLE 

C 1 -dimensional array 

o f  s ta te  

CONV conversion f a c t o r  = 

CS l-dimensional ar ray 

entropy 

D densi ty (1 brnol e / f t 3 )  

W p J )  DSDD ap 

containing the  c o e f f i c i e n t s  t o  the SBWR equation 

0.185037 Btu-in2/1 b m f t 3  

containing the  c o e f f i c i e n t  f o r  the i dea l  gas 



T temperature (OR) 

TERM1 intermediate value 

TERM2 intermediate value 

TERM3 intermediate value 

s entropy ( B t u / l  bm"R) 

WM mol ecul ar weight 



TERIQ = - ( C ( 3 ) * R  + C(7 ) /1 * *2 ) ' 3  
MOD ( - R / O + T E R t 4 l  + TERM2 + C ( l O ) Y ( 7 ) * D * + 4 / T * * 2  + 2.0' 

C ( 5 ) * ( 0  + C( ll)*O"31 +EXP(-C( 11)'0'*2)/T*'3)'CO!IVR/ 
ut1 



4D 



FUGAC a 
FUGAC calcu lates the fugac i ty  and i t s  der iva t ives  w i t h  respect t o  

temperature and dens i ty  given temperature and density. The fugac i ty  i s  

computed using the Starling-Benedict-Webb-Rubin equation o f  state.  0 

8 

8 

EQUATION 
f,nf(p,T) = fin (p*R*T) + 2/(R*T)(Bo*R*T-Ao-Co/T 2 +Do/T 3 -Eo/T 4 )P 

+ 3/ (2*R*T) ( b*R*T-a-d/T)p2 

+6*a/ ( 5*R*T) (a+d/T) p5+C (y*R*T3) ( 1 - ( 1 +y*p2/2-y 2, P 4) 

exp (-y*P2) 1 

afo = f(p,T)*( l /p +2 (R*T) (Bo*R*T-Ao-Co/T 2 + Do/T 3 -Eo/T 4 ) 
aP 

+3/( R*T) (b*R*T-a-d/T)p + 6*a/ (R*T) (a+d/T)p4 
+C/(R*T3)*y(3*y*p+3*y2 **P3-Z Y 3 5  *P )- exP(-Y*P 2 1) 

afo aT = f(p,T)*(1/T+2/(R*T2)(Ao + 3*Co/T2-4*Do/T4)p + 3/(2*R*T2) (a+2*d/T)p2 

-6*a/ ( 5*R*T2) (a+2*d/T) p5 -3*c/ (y*R*T4) ( 1 - ( 1 -y*p2/2-y *p ) exp( -y*p ) ) 2 4  2 

VARIABLE SYMBOL TABLE 

C 1-dimensional array conta in ing the coe f f i c i en ts  t o  the Star1 ing- 

Benedict-Webb-Rubin equation o f  s ta te  

D densi ty  (1  bmole/ft3) 

DFDT 

F f ugac i ty 

R universal  gas constant = 10.7355 p s i a - f t  /Ibmole"R 3 

T temperature ( O R )  

TERM1 intermediate Val ue 

TERM2 intermediate value 



TERM3 intermediate value 

TERM4 intermediate value Q 



t) 

8 

START ci-> 
TERM 2 - C(3)*R*T-C( 1)-C( 7 ) / T  
TERfi  3 - C ( l ! + C ( ? ) / T  
TERH 4 = i.n-(i.o-o.s~c(ii)*o**z-c( i i i * * 2 * ~ * 4 !  

*E.IP(-3( 1l)*D*;2! 
F = LOC(UAR*T!*2.0*TER:4 1*O/ tR=T)+3.0*Df*2*  

F = EXI'(r) 

TERM 2/(2.O*R*T)+G.O'C( l o ) *  TERN 3*0'*5/ 
( 5.0'R'T) + C (  5)  TERN 4/ ( C (  11) *R*T**3) 

DFDD = F*(l.O/D+2.0* TERfl l / [ R * T ! + 7 . 0 *  TERM 2*D/ 
CR*T!+6.D*C(lO)*C**4* TFRE 3 / (  R*T)+C( 5)/ 
(R'C( 1 1 )  *T**3)*( 3 . W  11) '0+3.3*C( l l ! * *?*9 
**3-2.0'Dt*5*C( 11'**31+EXP( -C( l l ) * D * * 2 ) ,  

TERN 1 C(2!'3.O'C(6)/T"2-J.O'C(8)/T**3+5.0* 
C( 3) /T**4  

TERM 2 = C i  l ) -Z.d*C( 7!/T 
DFDT = F*( l .O/T*2.0* T F W  1 *O/(TC*2*R)+3.0* 

TERM 2*D**2/( 2 .0 fR*T*  '2) -h .O" t (  10) * TERM 2 
Z*b'*S/(S.O'R*T"2)-3.O'C( 5)* TERM 4 / C ( l l )  
*R*T**4) ) 

A RETURN 
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INVERT 

DESCRIPTION 

INVERT solves a system o f  three equations i n  three unknowns by 

Gaussian el iminat ion.  

TEMSAT . 
VARIABLE SYMBOL TABLE 

INVERT i s  used i n  the three var iab le search i n  

C intermediate value 

DX(1) 

DX(2) 

DX(3) 

F(1) 

ApL t o  be solved f o r  

Ap, t o  be solved f o r  

AT t o  be solved f o r  

F, value o f  f i r s t  equation 

F value o f  second equation 

F value of t h i r d  equation 
2 F(2) 

F(3) 3 
I index 

J index 

K index 

a L index 

M index 

N index 

W working array containing the c o e f f i c i e n t  matr ix  and the funct ion 

vector 

XJACOB coe f f i c i en t  ma t r i  x 



YES - I = I * l  

YES 

1 



YES 



*
*

 * *
*

 * *
*

 

8
 

Q
 

* * * * * * * * * * * * * * * * * * * * it 
* .y 
it * * * * * * * * * i+

 
* * * it 
* * * * * * * * * -* * 

*
*

 
Y

 
Y

 
* Y

 
* Y

 
Y

 
* * * * * * * * 

I- 

cz 
w 
>

 
-7

 
%

- 

W
 

* +
* 

* Y
 

* * * * * * .* 
*

*
 

<u 
r
)
 n 



e 

Q 

6 

8 

PHKNOW 

DESCRI PT I O N  

PHKNOW uses a two var iab le  Newton-Raphson i t e r a t i o n  technique t o  f i n d  

the densi ty  and temperature given pressure and enthalpy i n  the superheated 

vapor o r  compressed l i q u i d  regions. 

EQUATIONS 

P(P¶T) - 'known 

h(P,T) - hknown 

= o  
= o  

VARIABLE SYMBOL TABLE 

BTOLER 

D 

DH DD 

DH DT 

DL AST 

DPDD 

8 

DPDT 

H 

HCAL 

1 ower to1 erance on sa tura t ion  and convergence tes ts  

densi ty  ( lbmole / f t  ) 3 

ahb,T) 
aP 

ah(p,T) 
aT 

l a s t  densi ty  calculated, t o  be used i n  next i t e r a t i o n  
2P( p,T) 

aP 

known enthal py (Bfl l / l  bm) 

ca lcu lated enthalpy (BTU/l bm) 



e 

I index 
9 

c 

B, 

L I M I T  

P known pressure (psia) 

PCAL 

T temperature ( O R )  

TLAST 

TTOLER 

XJACOB 

maximum number of iterations allowed i n  any one search 

calcul ated pressure (psi a )  

last temperature calculated, to be used i n  next iteration 

upper tolerance on saturation and convergence tests 

Jacobian o f  pressure and enthalpy 



1- 

D < 0.0 

D=DLAST/lO.O 

YES 

t 

-<  l 
No T=TLAST/lO.O 

I 

i 

10 
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CL, RFTURN 



a
 

d) 

*
*

*
 

Y
 

* * * * * * Y
 

Y
 

#
 

* Y
 

* * * * * * * it 
* * * * * * *

I
 

* *
o

 
* *

z
 

* *
I

 
* * *

s
,

 
Y

 
* * 4. 
* * 4t 
U
 * * it 

* Y
 

+ it 
Y

 
* I&

 
* %

 
w * * * * * * *

*
*

 

+
I

 

3
 i
)
 u
 *

*
*

*
*

*
 

3
 

*
Y

 
%

 
* 

'A 
<

 
*

A
 

>
 

*
o

 
a

b
-

 

*
J

 
a
=
 

* 
0
 

n
 

U
 

I- r
 - Y
 

U
 

X
Z

 
0
0
 

U
V

 

3
3

 
X

Y
 

\
\
 

c
a
 

3
3

 
*

*
 

<
a
 

n
n

 

a
a
 

a
r
 

3
 u
 u
 u
 L

, '3
 

U
 

J
 

J
 

0
 

+
 

k- 

c- A m 
X

 
\
 

J
 

u
 

0
 

z e
 

a
 

r 0
 

Q
 . 

C
I
 

0
 

!2 3
 
n
 

c
 

U
 

X
 

w
 

I- W
 

- -
 
3
 

z
 

z
 

8
 



9 PRES 

DESCR I PT I ON 

PRES calculates the pressure and i t s  de r i va t i ves  w i t h  respect t o  

e temperature and densi ty  given the temperature and density. The pressure 

8 

ri 

i s  computed using the Starling-Benedict-Webb-Rubin equation o f  state.  

EQUATIONS 

P(p ¶T)  = p*R*T+( Bo*R*T-Ao-Co/T 2 +Do/T 3 -Eo/T 4 2  )P  +(6*R*T-a-d/T)p3+a(a+d/T) p 6 

+c*p 3 2  /T (1+yp2:exp(-y*& 

3 4 5 2  2 3  6 2  *R+( Bo*R+2+Co/T-3*Do/T +4*E0/T )p + (b*R+d/T ) p  -a*d*p /T  aP(p,T) 
T= p 

3 3  -2*c*p /T (1+y*p2) exp (-y*p2) 

2 4 2 = R*T+2( Bo*R*T-A,-Co/T +Do/T3-Eo/T )p + 3( b*R*T*-a-d/T)p 
aP(p,T) 

a p  
+6*c4( a+d/T)p5 + 3*C*p 2 2  /T ( l+y*p2) exp ( -y*p2) -2*y2*p6*C/T2exp( -y*p2) 

8 
VARIABLE SYMBOL TABLE 

C l-dimensional ar ray containing the c o e f f i c i e n t s  t o  the SBWR 

equation o f  s t a t e  

u densi ty (1 bmole/ft3) 

P pressure (ps ia)  

R 

T temperature ( O R )  

TERM 1 intermediate value 

TERM 2 intermediate value 

universal  gas constant = 10.7335 psia-ft'/lbmoleoR 



e 

6 

TERM3 intermediate value 

T E  RM4 intermediate value 

3 

Q 

a 



6 

START 1 TERM 1 C(4)*R*T-C(Z)-C(6) /T '*2+C(8) /T**3-C(9)  

/T**4 
TEHfl  2 = C( 3!*R'T-C( l ) - C (  7 ) / T  
TERM 3 = C ( l ) + C ( 7 1 / T  

Q 

TERM 4 = l . O + L ( l I ) * D * * Z  
P = D*R*T+TER:t 1*0**2 iTE?M 2*D+*3+C( 10)' TERM 3 

*D**6+C(S)*O+'3* TEK3 4'EXP(-C( l l ) *O ' *2)  
I T " 2  

DPDD = R*T+2.0* TERM 1*D+3.0* TERM 2*0*'2+6.0+ 
C(IO)* TERI: ~ * o * * s + ~ . o ~ * c ( ~ ) * o * ' z *  TCRM 4 
*EXP(-C( l l ) *D"2) /T**2-2 .O*C(  11)**2'D**6* 
C( S)*LXP(-C( 1 1 )  '0'*2!/T**2 

DPDT = PR+D"2'( C(4)*R+-'.O'C( 6 ) /T f *3-3 .0*C(  8 ) /  

"2)-D*'6'C( 10)'C( 7)/T**2-2.O1C( 5 )  'D"3' 
TERM 4*EXP(-C( 11 I *D*'?)/T**3 

T**4+4. oCC( 9)/T**5) +3*+3*( C( 3 )  +R+C( 7 ) / T  

9 
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PRESAT a 

6 

DESCR I PT I ON 

PRESAT uses a two var iab le Newton-Raphson i t e r a t i o n  technique t o  f i n d  

the saturat ion pressure and the saturated l i q u i d  and vapor dens i t i es  given 

temperature. 

vapor phases must be equal. 

EQUAT IONS 

A t  equ i l i b r i um the pressure and fugac i t y  o f  the l i q u i d  and 

P(PL,T) - P(PvsT)  = 0 

f(PL,T) - f(Pv,T) = 0 

- 8 -  

Jacobian 

Ji Jacobian 

8 VARIABLE SYMBOL TABLE 

BTOLER lower to lerance on sa tu ra t i on  and convergence tes ts  

DFFDDL af(  PL ’T 1 

DFFDDV - af(p,,T) 
aP 

B) 

aP 



DFLDT 

DFPDDL 

DFPDDV 

DFVDDV 
! e  
i 

9 

DL 

DL LAST 

DPLDDL 

DPL DT 

e 

DPVDDV 

DPVDT 

DV 

DVLAST 

FF 

FL 

FP 

I 

3 saturated l i q u i d  densi ty  ( lbmole / f t  ) 

l a s t  l i q u i d  densi ty  calculated, t o  be used i n  next i t e r a t i o n  

3 saturated vapor densi ty  ( lbmole / f t  ) 

l a s t  vapor densi ty  calculated, t o  be used i n  next i t e r a t i o n  

d i f fe rence i n  fugac i t i es  - f(pL,T) - f(pv,T) 

l i q u i d  fugac i ty  f(pL,T) 

d i f fe rence i n  pressures P( pLyT) - P( pv,T) 

index 

LIMIT 

M2 u n i t  number f o r  p r i n t e d  

P pressure (ps ia )  

PL 1 i q u i d  pressure P(PL,T) (ps ia )  

PV vapor pressure P(pv T) (ps ia)  

maximum number o f  i t e r a t i o n s  allowed i n  any one search 

Y 



a 

e 

T temperature (OR) 

TTOLER 

XJACOB Jacobian 

upper tolerance on saturation and convergence tests 

e 



* 

e 

18 

Q 

8 

Sln:<l cr' c 
01 = 9.55 

DV = 1.01 -02 i-' 

t 
OYLAST = DV 

1 1  

1 x 1  YES - I - It1 t 
PRESAT FAILEC 
TO CONVERGE 

FP = PL - PV 
FF = FL - FV 
DFPDDV = -0PVDDV 

DFFDDV - DFVDDV 

XJACOa = DFPDDV'DFFDM-DFPDDLCDFFDDV 
DV DVLAST - (FP+DFFDDL-Fr'OFPDDL)/ 

DFPDDL = DPLDR 

DFFDOL = DFLODL 

XJACOB 

XJACOB 
DL = DLLAST-(FF*DFPDDV-FP*DFFDDV)/ 

d3 RETURN 



I t 
PRES 

DVLAST = DV 
DLLAST = nL I 

P= (PV + PL)/2.0 

1 

YES 
,, 



Q
 





PRINTC a 
DESCRIPTION 

PRINTC p r i n t s  the r e s u l t s  o f  CARBON i f NPRIN does no t  equal zero. 

VARIABLE SYMBOL TABLE fa 
ABST absolute temperature d i f f e rence  O F  t o  O R  = 459.6 

H enthal py \BTU/1 bm) 

8 

Q 

8 

HL 

HV 

saturated 1 i q u i d  enthalpy (BTU/ l  bm) 

saturated vapor enthalpy (BTU/l bm) 

LFTY PE the type o f  l i g h t  hydrocarbon t o  be evaluated 

M2 u n i t  number f o r  p r i n t e r  

NPRIN p r i n t  se lector  i f  NPRIN = 0 then no p r i n t  e lse p r i n t  o u t  r e s u l t s  

o f  CARBON 

P pressure (ps ia)  

QUAL 

S 

SL 

sv 
T 

V 

6 

VL 

YV 

qual i t y  

entropy (Btu/ l  bmoR) 

saturated 1 i q u i d  entropy (Btu/ l  bm"R) 

saturated vapor entropy (Btu/ l  bmoR) 

temperature ( O R )  . 

s p e c i f i c  volume (ft3/lbm) 

saturated l i q u i d  s p e c i f i c  volume ( f t  /lbm) 

saturated vapor s p e c i f i c  volume (ft /lbm) 

3 

3 



r, 

e 

. < RETURN ) 

L/l LFTYPE 
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PS KNOW 

DESCRIPTION 
PSKNOW uses a two var iab le  Newton-Raphson i t e r a t i o n  technique t o  f i n d  

the densi ty  and temperature given pressure and entropy i n  the superheated 

vapor or compressed l i q u i d  region. 

EQUATIONS 

'(PYT) - 'known = o  
S ( P ~ T )  - 'known = o  

8 

(s( P ,T)'Sknown ) - (P(p,T) -P known 
Jacobian 

VARIABLE SYMBOL TABLE 

BTOLER 

D densi ty  ( lbmole/ f t3)  

lower to1 erance on sa tura t ion  and convergence tes ts  

DLAST 

DPDD 
DPDT aPiFYT)  

DSDD 

DS DT 

l a s t  densi ty  ca lcu lated t o  be used i n  next i t e r a t i o n  * 
aP(PsT) 

aS(p,TL 
aP Q 

I index 



e 

8 

LIMIT 

M2 

P 

PCAL 

S 

SCAL 

T 

TLAST 

TTOLER 

XJACOB 

maximum number o f  i t e r a t i o n s  t o  be allowed i n  any one search 

u n i t  number f o r  p r i n t e r  

known pressure (ps i  a) 

ca lcu lated pressure (psia) 

known entropy (Btu/ l  bmoR) 

ca l  cu l  ated entropy (Btu/ l  bm"R) 

temperature ( O R )  

l a s t  temperature ca lcu lated t o  be used i n  next i t e r a t i o n  

upper tolerance on saturat ion and convergence t e s t s  

Jacobian o f  pressure and entropy 

6 

Q 



t 
PRtS I 

, e  

YES 

XJACOB D DPOD MOT - DPDT MDO 
D M A S T  - ((PCAL-P) OSDT-(SCAL- 1 ’  

5). oPDT)/XJACOB T-TLAST-( (SCAL-S)* 

DPDD-(PCAL-P) DSDO)/XJACOB 

t 
T=TLAST/lO. 0 

I 

YES 

t 
- I 

110 D=DLAST/lO.O 



cl, RETURN 
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SATC 

DESCRIPTION 

SATC c a l l s  ENTH and ENTR t o  compute the saturated l i q u i d  and vapor 

proper t ies given temperature and the saturated 1 i q u i d  and vapor dens i t ies  

VARIABLE SYMBOL 

DHLDD 

DHLDT 

DHVDD 

DHVDT 

DL 

DSLDD 

DSLDT 

DSVDD 

DSVDT 

DV 

HL 

HV 

SL 

sv 
T 

saturated l i q u i d  densi ty  ( lbmole/ f t3)  

ash, T) 

as (, Pv , T 1 
aP 

af 
3 saturated vapor density (lbmole/ft ) 

saturated 1 i q u i d  enthalpy (B tu / l  bm) 

saturated vapor enthal py (Btu/ l  t)m) 

saturated 1 i q u i d  entropy (Btu/lbmoR) 

saturated vapor entropy (Btu/ l  bmoR) 

temperature ( O R )  

IO 



e 

8 

START 7 

(5 RETURN 
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e 
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Q 
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SETUP 

DESCRIPTION 

SETUP stores the  values f o r  the l i g h t  hydrocarbon t o  be evaluated i n  

the c o e f f i c i e n t  arrays, C, CS and CH. 

a1 so assigned t h e i r  Val ues. 

VARIABLE SYMBOL T A B L E  

C l-dimensional array conta in ing the c o e f f i c i e n t s  f o r  the Star1 ing- 

PCRIT,  DCRIT,  WM and T C R I T  are 

Benedict-Webb-Rubi n equation o f  s t a t e  

C ( 1 )  a 

c(2) 

C ( 3 )  b 

( 3 4 )  BO 

C ( 6 )  cO 

C ( 8 )  DO 

c (9 )  EO 

c( 5) C 

c(7) d 

c(10) ci 

c(11) Y 

CS l-dimensional array conta in ing the c o e f f i c i e n t s  f o r  the i dea l  

gas entropy 

CH l-dimensional ar ray containing the c o e f f i c i e n t s  f o r  t he  ideal  

gas enthalpy 
3 D C R I T  c r i t i c a l  densi ty  ( l bmo le / f t  ) 

GIVEtJ l-dimensional ar ray containing the c o e f f i c i e n t s  f o r  the hydro- 

carbon t o  be evaluated 



* 

8 

8 

8 

G I V E N  (1) 

G I V E N  (2)  

G I V E N  ( 3 )  

G I V E N  (4) 

G I V E N  (5 )  

G I V E N  (6) 

G I V E N  (7 )  

G I V E N  (8) 

G I V E N  (9) 

G I V E N  (10) 

G I V E N  (11) 

G I V E N  (12) 

G I V E N  (13) 

G I V E N  (14) 

G I V E N  (15) 

G I V E N  (16) 

G I V E N  (17) 

G I V E N  (18) 

G I V E N  (19) 

G I V E N  (20) 

G I V E N  (27) 

G I V E N  (22) 

G I V E N  (23) 

G I V E N  (24) 

G I V E N  (25) 

G I V E N  (26) 

G I V E N  (27) 



Q 

I index 

PCRIT critical pressure (psia) 

TRC I T  critical temperature (OR) 

WM mol ecul ar weight 

The following arrays have the same format as GIVEN: 

HEPT, HEX, OCT, PENT, PROP, PROPYL, XISOB, XISOP, XMETH. 

BUT, ETH, ETHYL, 



1>11 --ED-- I = I t l  

$,, 
C( [)=GIVEN( I )  u 

c j  RETURN 

i 

PCRIT=GIV€N(24) 
TCRIT-GIVEN(25) 
DCRIT-CIVFN(26) 
UI=GIVEN(27) 



Q
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TEMSAT 

DESC R I  PT I O N  

TEMSAT uses a three var iab le Newton-Raphson i t e r a t i o n  technique t o  f i n d  

the saturat ion temperature and the saturated l i q u i d  and vapor dens i t i es  

g i  ven pressure. 

w i t h  e i t h e r  the l i q u i d  o r  vapor densi ty must equal the known pressure and the 

fugac i t i es  o f  both the l i q u i d  and vapor phases must also be equal. 

EQUATIONS 

The condi t ions a t  equi 1 i b r i  um are, the pressure c a l  cul  ated 

0 

P(PL’T) - Pknown = F1 8 

8 

expanding F1, F2 and F3 i n  a Taylor ser ies 

AT aF1 
APv + - aT 

-F1 = +L tpL + - aF1 

AT aF3 
APV + - - aF3 aF3 

aT -F3 - -- ApL + - 
a pL 

so lv ing f o r  ApL, ApV and AT and s u b s t i t u t i n g  i n  f o r  F 1 9  F2 and F3 

0 

0 

aT 

-1 

F1 

F2 

F3 
- afbL,T) 

a. T 



e 

1) 

8 

B) 

- 
P v i + l  - P v i  + *pV . 

+ AT - Ti+l - Ti 

VARIABLE SYMBOL TABLE 

BTOLER 

DCRIT 

DFLDDL 

DFLDT 

8 
DFVDDV 

DPVDT 

DL 

DLLAST 

DPLDDL 

DPLDT 

DPVDDV 

DPVDT 

lower to lerance on convergence and sa tura t ion  t e s t s  

c r i t i c a l  densi ty  ( lbmole / f t  3 ) 

1 i q u i d  densi ty  ( 1  bmole/ f t  3 ) 

d densi ty  calculated, t o  be used n next i t e r a t i o n  



3 saturated vapor densi ty ( l bmo le / f t  ) 

l a s t  vapor densi ty calculated, t o  be used i n  next i t e r a t i o n  

APL 

ApV 

F1 

F2 

F3 

f( PL S T )  

f(PV T) 

AT 

index 

maximum number o f  i t e r a t i o n s  allowed i n  any one search 

known pressure (ps ia )  

P(PL'T) 

P(P"'T) 

saturat ion temperature (OR) 

l a s t  temperature calculated, t o  be used i n  

u n i t  number o f  p r i n t e r  

x t  i t  r a t i  

2-dimensional ar ray containing the Jacobian o f  pL, pv and T. 

8 



START 

I 
TCRITR = TCRlT + ARST 

DV = OCRIT/2O.O 
DL = DCR11*2.5 

T = 610.0 

TLAFT = T 
DVLAST = DV 
MLAST = DL 

I 
8 

8 

Q 

I 

PRES( L IQUI D) Q 

FUGAC(LIQUI0) P 
t 

FUGAE( VAPOR) 

i r  

YES 

I 
- 

1 = 1 + 1  

F(1) PL - P 
F(2) 9 Pv - P 

F(3)  fv - fL 
XJACOB(l.1) = aP(oL,T)/ap 
XJAfXN(1.2) = 0 

F(1) PL - P 
F(2) 9 Pv - P 

F(3)  fv - fL 
XJACOB(l.1) = aP(oL,T)/ap 
XJAfXN(1.2) = 0 
X J A r n ( 1 . 3 )  = aP(oL.T)/aT 
XJACOB(Z.1) = 0 
XJACOB(2.2) = aP(ov.T)/ap 

XJACOB(3.1) = -af(pL.T)/ao 
XJACOB(3.2) = af (pV,T) /ap 
XJACOB(3.3) = af (pv.T) /aT 

XJAGoB(2.3) = P(pv.T) /aT 

- af (oL.T) /aT 

FAILED TO 
CONVERGE 



i 1 Oi 
1 
i 
i 
! 
j 
i 

8 

T < 0.0 

YES 

t 
- I 

T t TCRIT2 

b 

DV 0.55 

t 
YES 

t 

- I 
DL = DLLAST*Z. 

Q 



I., 

DLLAST = DL 
DVLAST = DV 

TLAST = T 

I 

FUGAC( L I Q U I D )  T 
FUGAC( VAPOR) "r" 1 No,e TOLERANCE 



e Q 



iQ
 

B
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VFIND 

DESCRIPTION 

VFIND uses a Newton-Raphson i t e r a t i o n  technique t o  f i n d  the densi ty  

given pressure and temperature f o r  the  compressed 1 i q u i d  o r  superheated 

vapor regions 

EQUATIONS 

P(P,T) - ‘known = o  

VARIABLE SYMBOL TABLE 

BOTLER 

D densi ty  ( lbmole/ f t  ) 

lower to lerance on sa tura t ion  and convergence tes ts  
3 

DLAST 

DPDD 

l a s t  densi ty  calculated, t o  be used i n  next i t e r a t i o n  

N P , T )  
aP 

DPDT 

I index 

LIMIT maximum number o f  i t e r a t i o n s  allowed i n  any one search 

M 2 

P known pressure (ps ia)  

PCAL ca lcu l  ated pressure (ps ia)  

u n i t  number o f  p r i n t e r  

T known temperature ( O R )  

TTOLER upper to lerance on sa tura t ion  and convergence tes ts  



I 

1.1 YES 

I = I + I  I I VFIND FAILED] 
TO CONVERGE 

c3 RETURN 

b O . 0  

D=OLAST/lO. 0 

+ 

& REiURN 

t 
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