v
UTEC-ME 76-211
—"

e

A UNIVERSITY OF UTAH
DIRECT CONTACT GEOTHERMAL POWER
PROJECT REPORT

A Computer Program

for Determining the Thermodynamic

Properties of Light Hydrocarbons

ol T NOTICR

'PORTTONS QF THIS REPORT ARE ILLEGIBLE. Tt
has been reproduced from the best avalilable
@OpY to permit the broadest possible availe

abi]:_itYQ e

Prepared for the
Energy Research and Development Administration
Under

ConTRACT NO. ar(10-1) 1523
Grant No. AER 75-01039

by

David H. Riemer
Harold R. Jacobs
Robert F. Boehm

- NOTICE

This report was prepared as an account of work

sponmrgd by the United States Government. Neither

:‘he United Shteu' nor the United States Energy
Ad o s

1 and De;
Donald S. Cook Bty Sriemen Mo e
,  or their pl makes any

Warranty, express or imy fied, or asu’

lability or ibility f:rlhe r’nei m'y el
or usel'ulr!eu of any information, apparatus, product (;r
process disclosed, or Tepresents that its use would nat
infringe privately owned rights.

FION OF THIE DOCUKENT 1S UNLIMITED
D!\STR\BUT‘U[\‘ OF THiZ DOCU ! TS



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



ACKNOWLEDGEMENT

This work was prepared as a part of ERDA Grant No. AER-75-01039
which was originally funded as a National Science Foundation RANN
Grant entitled, " Feasibility Study of the Application of Direct
Contact Heat Exchangers to Power Cycles Utilizing Geothermal Brines."
The work was conducted in the Mechanical and Industrial Engineering
Department at the University of Utah under the direction of Drs.
Harold R. Jacobs and Robert F. Boehm.

Appreciation for supplemental funding and encouragement is

given to Dr. J. Kunze of Aerojet Nuclear Company, Idaho Falls,

Idaho, for ERDA support under contract AT(10-1)1523.



NOMENCLATURE

a constant in SBWR equation

A0 constant in SBWR equation

B, wooowmoom

c " " " "

Co " " " "

.Chl constant in ideal gas enthalpy equation
Ch2 " " . " " "
Ci3 " " "o ! "
Cra " " oo " "
Ci5 " " o " !
Ch5 " " "o " "
Ch6 " " o " "
Cs] constant in ideal gas entropy equation
Cso " " "o " "
Cs3 . " e " "
Csq " " v " "
Css " " e " "
Cs6 " " o " "
d constant in SBWR equation

D, Wooww W

Eo " " " "

f fugacity

h enthalpy (BTU/1bmole)

@ P pressure (psia)

S entropy (BTU/1bmole)



temperature (°R)

constant in SBWR equation
constant in SBWR equation
conversion factor = 0.185057

density (1bm01e/ft3)



ABSTRACT

This program was written to be used as a subroutine. The program
determines the thermodynamics of 1ight hydrocarbons. The following
light hydrocarbons can be analyzed: Butane, Ethane, Ethylene, Heptane,
Hexane, Isobutane, Isopentane, Methane, Octane, Pentane, Propane and
"Propylene. The subroutine can evaluate a thermodynamic state for the
light hydrocarbons given any of the following pairs of state quantities:
pressure and quality, pressure and enthalpy, pressure and entropy, tempera-
ture and pressure, temperature and quality and temperature and specific
volume. These six pairs of knowns allow the user to analyze any thermo-
dynamic cycle utilizing a 1ight hydrocarbon as the working fluid. The
Starling-Benedict-Webb-Rubin equation of state was used. This report
contains a brief description, flowchart, listing and required equations for

each subroutine,
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INTRODUCTION

This subroutine computes the thermodynamic properties of light
hydrocarbons. .The subroutine was developed to allow for a wide range of
applications such that it may be used to determine the properties of light
hydrocarbons in any thermodynamic cycle including, as the authors developed
it, eva]uating'binary fluid cycles. This routine can be treated as a "black
box" by the user with a limited background in programming or the program
may be modified to meet the users requirements. This manual was written

to assist the user in whichever manner he intends to use this program.

DEVELOPMENT OF PROPERTIES

The basic equation used is the Starling-Benedict-Webb-Rubb equation
of state, which is a pressure explicit equation of the form:

P

oRT + (BORT-AO-CO/T2+DO/T3-EO/T4)p2 + (bRT-a-d/T)p> + ala +d/T)p®

02
+ C3/T2(14yp?) &P

h = ¢(BORT-2A0-4CO/T2 N 500/73-650/74)p+ 6/2(2bRT-3a-4d/T)p?

2
g /5(6a+7d/T)p” + Co/ (yT2)(3-(3+yp2/2—vZoh)e ¥P)

*Hpp * Ot + Ch3T2 * ch4T3 * Ch5T4 + Gl

s = oRin (oRT) -6(B R¥2C,/T>-30 /1% + 4E0/Ts)pé 6/2(bR + d/T)p®

5,02 3y,q . 2,., ~YP '
a9dp®/ (5T°) + 2 9C/(YT7)(1-(1 +yp/2)e” ) + gy + CgpT

3 4 5

2 A
+ CS3T + CS4T + CSST + cs6T

anf = an (oRT) + 2/(RT) (BRT-A -C_/T® + D /T° - E /T%)p + 3/(2RT)
(bRT-a-d/T)o + 6a/{SRT)(a-d/T)o” + ¢/ (1RT?) (1-(1-y0"/2v*0%)
e YP



6665 Recall that a thermodynamic state requires that two properties be known and
for saturation states pressure and temperature are dependent. For evaluating
an ideal power cycle the following processes are employed, constant entropy
(turbine, compressor and pump), constant enthalpy (expansion valve),

constant pressure (heat exchanger). In order to determine properties for these
processes, properties must be determined with one of the following pairs

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

® and quality, 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 find the density. Once .

® the density is known the remaining properties may be calculated. Saturation
states are defined by the equality of pressure and fugacity at the same
temperature and both saturated 1iquidvand vapor densities. When the

® saturation preésure is known, a three variable search on temperature and
saturated liquid and vapor densities is required. When the saturation
temperature is known a two variable search is required on the saturated

® liquid and vapor densities. Having completed either of these searches,
the remaining properties may be computed by using the saturated liquid
and vapor densities. The cases of pressure and entropy‘or enthalpy as

® knowns.require ‘a two variable search since both pressure and entropy or
enthalpy are functions of temperature and density. This search is used
only in the compressed liquid or superheated regions. The Newton-Raphson .

® iteration techm'ﬁue is used for searches in CARBON beczuse of its generally
rapid convergence.

PROGRAM DEVELOPMENT

Subrodtine CARBON was written in FORTRAN V for the UNIVAC 1108 series

computer but should be easily adapted to any similar FORTRAN compiler.



The subroutine allows the user to use the program at two levels, first
as a "black box" (the main text describes the use and general development
of the program), second the program may be modified to best suit the users
needs (the remaining text contains a more complete describtion of each

subroutine). Subroutines were used throughout to allow for each modification

and as a means of tracing any possible problems. This report contains -
variable description tables, flowcharts, equations and a brief description
of all subroutines.

USE OF CARBON

In order to use CARBON the user must supply to the program the following
information:
1. The process for which properties are to be determined (CYCLE)

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

TP - temperature and pressure
TX - temperature and quality
TV - temperature and density
PH -~ pressure and enthaipy

PS - pressure and entropy

PX - pressure and quality

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

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

of CARBON.

2. The value of the first known specified by the value of
CYCLE (FGIVEN).

3. The va]ué of the second known specified by the value of CYCLE
(SGIVEN).



4. Light hydrocarbon type. Acceptable values of LFTYPE are ISOB,
ISOP, BUT, PENT, METH, ETH, ETHYL, PROP, HEX, HEPT, OCT and
PROPYL.

5. Print selector - if NPRIN = 0, then do not print out results,

otherwise print results.

CARBON will return the following information:

ol
.

Enthalpy (Btu/1bm)

2. Entropy (BTU/1bm°R)

3. Quality - applies to saturation states,if greater than one
then superheated vapor region and if less than one then
compressed 1liquid region.

Specific volume (ft3/1bm)

Temperature (°F)

o (3] ]
. L .

Pressure (psia)

7. Saturated liquid enthalpy (Btu/1bm)

8. Saturated liquid entropy (Btu/1bm°R)

9. Saturated liquid specific volume (ft3/1bm)

10. Saturated vapor enthalpy (Btu/]bﬁ)

11. Saturated vapor entropy (Btu/1bm°R)

12. Saturated vapor specific volume (ft3/1bm)

A typical call on CARBON would look like

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

HV,N,IQUAL)

This call on CARBON evaluates properties for Isobutane given temperature,
(TEMP) and pressure (PRESS). Subroutine CARBON was written so as to be
independent of the calling program except for the passage of the above

parameters, therefore, no external variables need be placed in common.



CARBON
Description
CARBON is the main routine for determining the thermodynamic properties

of light hydrocarbons. The routine selects the appropriate coefficients for
the particular light hydrocarbon to be evaluated. CARBON then determines

if the two state quantities specified according to the value of CYCLE are
legitimate quantities. An example of an illegal quantity would be qualities
greater than one or less than zero for values of CYCLE equal to TX or PX.
Once these tests are satisfied CARBON then determines the region to which -
the point corresponds, i.e., compressed liquid, saturated 1liquid-vapor
equilibrium or superheated vapor. Having determined the region, CARBON
selects the proper subroutines to determine the remaining thermodynamic
state properties.

VARIABLE SYMBOL TABLE

ABST absolute temperature difference between °F and °R = 459.6

BTOLER lower tolerance on saturation and convergence tests

BUT 1-dimensional array containing the required coefficients for
Butane

C 1-dimensional array containing the coefficients to the

Starling-Benedict-Webb-Rubin equation of state for the
light hydrocarbon to be evaluated

CH ~1-dimensional array containing the coefficients to the ideal gas

enthalpy
CONVR ;onversion factor = 0.185057 Btu inz/]b-ft3
CS 1-dimensional array containing the coefficients to the ideal gas

entropy



CYCLE

DCRIT
DHDD
DHDT
DL
DPDD
DPDT
DSDD
DSDT
DV
ETA

EHTYL
FGIVEN

HEPT

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

pairs of knowns:

1. temperature and pressure = TP

2. tomperature and quality = TX

3. temperature and specific volume = TV
4, pressure and quality = PX

5. pressure and entropy = PS

6. pressure and enthalpy = PH

density (1bMO]é7ft3)

critical density (1bmo]e/ft3)

oh (p, T)/3p

dh(p,T)/0T

saturated liquid density (]bmo]e/ft3)

aP(p,T)/3p

oP(p,T)/0T

35(p,T)/3p

aS(p,T)/0T

saturated vapor density (1bnole/ft3)

1-dimensional array!containing the required coefficients for
Ethane

1-dimensional array containing the required coefficients for Ethylen:
First known passed to CARBON, i.e., temperature for values of
CYCLE of TP, TX and TV and pressure for values of CYCLE of PX,
PS and PH

enthalpy (BTU/1bm)

1-dimensional array containing the required coefficients for

Heptane



HEX

HL

HV
LFTYPE

1-dimensional array containing the required coefficients for Hexane
saturated liquid enthalpy (Btu/1bm)
saturated vapor enthalpy (Btu/1bm)

the 1ight hydrocarbon to be evaluated

accepted values are:

BUT
ETHYL
HEPT
HEX
1S0B
1SOP
METH
0cT
PENT
PROP
PROPYL
LIMIT
M2
NPPIN
ocT
p
PCRIT
PENT
PROP

PROPYL

PSAT

Butane

Ethylene

Heptane

Hexane

Isobutane

Isopentane

Methane

Octane

Pentane

Propane

Propylene

maximum number of iterations allowed in any one search

unit number for prinfer

print selector - no printout if NPRIN = 0 else print out is generated
1fdiménSiona1 arfay containing the required coefficients for Octane
pressure (psia)

critical pressure (psia)

1-dimensional array containing the required coefficients for Pentane
1-dimensional array cohtaining the required coefficients for Propane
1-dimensional array containing the required coefficients for Propylene

saturation pressure (psia)



® QUAL quality
R universal gas constant 10.7335 psia-ft3/1bm01e
S entropy (BTU/1bm°R)
® SGIVEN second known passed to CARBON, i.e., quality for values of CYCLE

of TX and PX, pressure for CYCLE = TP, specific volume for

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

® SL saturated 1iquid entropy (BTU/1bm °R)
SV saturated vapof entropy (Btu/1pm°R)
T temperature (°F)
° TCRIT  critical temperature (°F)
TR temperature (°R)
TTOLER upper tolerance on saturation and convergence tests
® v | specific volume (ft3/1bm)
VL saturated Tiquid specific volume (ft3/1bm)
Vv saturated vapor specific volume (ft3/1bm)
® My molecular weight
XISOB 1-dimensional array containing the required coefficient for
isobutane
® XISOP  1-dimensional array containi’ng the required coefficients for
isopentane
XMETH 1-dimensional array containing the required coefficients for methane
®




START

DETERMINE PAIRS OF KNOWiS

COMPRESSED
LIGUID STATE

P>PSAT

NI

SUPERKEATED
VAPOR STATE

‘ RETuRN )

CHECK X

P & T ARE NOT
INDEPENDENT

RETURN

RETURN

Crin¥ X

1

SATURATION
STATE

RETURN

FIND
TSAT

SATURATED
VAT'GR

YES

H)HS)'\TV

1

!

SATURATED
LIQUID

RETURH

HHSAT

fco:-r?REssaD STATE J

SATURATION
STATE

PLTURN

( RETURN




‘ Staud )

SET Up
COTFHICIENIS
FOR THE FLULD
< DETERMINE PAIRS OF KHDWRS
' ™ TP PX  ps | bH
® T=FRIVEN T=FGLYEN ! 3
: QuBL=SCIVEN P=SGIVEN
TR=1+ABST TR=T+ABST
YES
® T»T(‘.RIT/
10
PRESAT
RE TURN
o2pSAT
RETYRN _ RETURN
K ' ' popsar L
! CMPITE
s
o YES
v QUAL=2.0
y - : Y D=1.0E-06
. 1 QUAL=-2.0
0:0.55
@ : _ PRINTC I L
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@
‘ ‘ 1 ] [5 l
F-FGIVEN VELND
‘ CUAL=SGIVEN
THTH I |
0. 0<QUAL<1.0
§ ® ENTR | |
|
V=1.0/(D*nit)
RETURN
®
P<PCRLT
PRINTC
( RETURN )
| ®
E RETURN
| TEMSAT
°
| SATC
I
|
|
COMPUTE
s
‘» ’ H
| w
| VL
| v
|
|
|
|
| @ PRINTC

( RETURN >
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v=1.01*DCRIT

P=Fiiven
S=SGIVEN

P<PCRIT

YES

TEMSAT

SATC

QUAL=2.0
0v=0.01

PSKHOMN

QUAL=-2.0
0L=0.55

1

PSKNOU

Jv=1.0/(D*uM)

1

PRINTC

1

COMPUTE :
QUAL
H

v
VL
v

PRINTC

( RETUPN ’
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P-FGIVEN
H=SGIVEN

KO <PCRIT
DV=1 . OT*DCRIT

P TEMSAT

YES

SATC

QUAL=2.0
ov=0.

' PHXNOW

1

COMPUTE:
@AL
H
VL

v
R v

: PRINTC
| O V=1.07{D%M)
g : ' |

PRINTE < RETURN >
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TeFGIVEN
TR=FRIVEN+ANST

-

V=Salvel
Dei. G/ (VM)

YES @
NO

PRESAT

YEs

QUAL=2.0

ENTR

PRINTC

]

‘ RETURN ’

SATC

COMPYTE :
QUAL
VL
vy
H
S

PRINTC

!

< RETURN >
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LUMMON/CANI/L(llle‘(O)OLH(6)'WM'R'CUNVRpLIMITyAbST'TTOLER'UTOLER

PAKAMETER Mez6

DIMENSLIUIN RISOB(27) ,XISOP(27) o XMETH(27) ¢ TH(27) 4 PROP (27 ) »
lPEN1(27)vHLX(&7)'HUT(ZY)vHEPT(27)'OCT(27)'ETHYL(27)pPROPYL(27)

DATA ABSf'lTQLLR'b]bLﬁR'LIMI1oR/“59.67'1.005'0.995050'1007355/

UATA CONVE/C, 105057/

DATA (XLS0B(L) v Ik 7) /7879907 ,0E=01,37264,0,8,58663,1.,87890,
1400703.0099101415,00090216863.0002+853176,0E06,540860.0£08
423967 ) T,11uB6)UeB640199,079E =049 =2,073:.=07¢0,865E=~10r=0241E=13»
3000"7760ll'bu67ﬁﬁ-u£'50071E-0u'000'0.00000’529106'274096'0.2373'
boblers

UDAVYALPENT (1) 2121927 )/7102185%,0,51108,2116,6070G,2, 44417 155280,0E06
Lde3901 4Clor i85l EGEr401769,0E071390860,0EG8,7.06702911,6593
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47
qd
4
21
ol
932
99
24
o9
e J¥
a7
23
o3
09
ol
o
oS
o+
L)
$1°)
o7
od
wd

CUWILTY9l e Lili=Ubr 14 ,UBE=0T791=13+78B5E=1014560E=1300,07=088,09
5&2.207&‘02r-0.69L-U9'5.01&5-071'0.045E-1U'U.bﬂlt-léy“aqobl00650421
40,0072 7,140/

DATAGFROP (1) v Iz=1re? ;780066 ,4,16034,795,4024800,904700274464 ,0E05
179017600049 150Dc0.EC2 1453708, 06069256052, CEC8,2.0140294e501820
0493531204 i00L=04 ¢ =50,470L=07p8De1l7TE=10,=63:595L=13¢18,451L-100
=804 04125 87 7L =021 =l 00ct=0415¢160E=0791~2,11CE=10¢04U¢e617,40GC
“206015'0051&1'““.U94/

VATA(AME L (I) e l=lez27)/72974 ,89)75c0,2990,925404,0.723251»

L4072¢2e U UIre 71092, LU 04748G,10007737.0p059301122.00UD00.4086820
2let4B80401 147491000, 131E=049=167,109E=071244,251E=10/,=180,170L=13»
Sba.édob'lbv-1796.16,bb.97bt'02v-l.345E‘0Q00.b76t'07o1.9bOE‘10'
4=1,007E=139073,1r=1j0,45¢0,6274016,042/

DATAETH(L) v 1Sl ) /22404450 13839,303,1120610.,82609996818526,0FE04
195195 ,0L04070210Y, ;0257647 7.0E009146619,0E0890,90681¢2.99650,
€1e3021 9023, 70LE“04+1=32,6027E=07¢28.695E=104=9,485c=13+040/9=995,32
330, 00bE=ULr=1,427t=" 414, 203E=07¢=1,56TE=10,0,0,709,8¢90,03
40,421E+3U, 000/

VATA(FROPYL(L) 1 1=1927)/781880,496051.3697,64114,0,114457,

194141, 005197070, 2E04 254193 ,5E02, 705921 0506, 341250.0£08,
143023214 40791994.2501 07,946 =049 =1 L5OFE~079=0,025c=1000.,054=13,
30.00676.56v9.808L-030d.3“75-0400.295E‘U7"0.196E'10'U00'070o27'
Bi97.4¢0,0449,42,08/

UATACREX (L) oizlye ) 74349517,0045333,1+29,498392,662339318412,0E0060,
15260067,0005r3274900.0E020552158,0L079026433,0E0999.70230014,67200
CledTHEr=17,514+130:5089=21e907)44¢76910,0)=618,38,0624004,1489=0.614
3¢0,090,00439,49453,4510,1696,864172/

VATA(XISUP (1) 0124027 )7208344,0¢35742,0019,8384,1,277529129063,0E00
10228430,0i 05934920, 06020142115 0E079241326,0E08¢5,16154011,7384,
CUeT737 1941129 =3,98,2¢3001=0,95390,1299=709,28,7,48212.9545¢0,857
S3=0,464r0.0)483,51365,000,2027972.1U6/

WATA(BUT (L) 0 [zl ?) /7118181525444 719,14066+1,56588,700044%,uE05
10137430.0L 059304056 ,00029333159.0E069230902.UE0714,0098507,541220
20690080 LU UL =081 =3, 000E=07+0,840FE=109040r0eUr=739,77122,389E=02
O=0 QUIE=U 93,93 =07,=1.394E=30+10,019551,1,305.67»0.2448153841c/
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STV

84
a2
33

35
B9
=¥
82
59
99
E2
32
33
Y4
ER)
33
97
P T-)
99
40
104
102
103
104

10
20

30

VATAGHEr (L) s ISLec?) /7059087400 7782609127 .4415013,004939374870,0E06 ¢
1ol500c,0Ltb)yo3DlLn0,0,777123,0E07,636251,03E07,21,8782+24,7604,
2L 3170 r=17,8023 =041 50,047E=079=22,2TEE=10+4,856E=1500e09=590,40
30049 =Uc13e98IE=0U4, =0 o387 =0710e010609396,3¢512.3500146591004198
4/ '

VATA(UCT (L) rizl 227)/713104640081090,0010,5907+4,869659642055,0E069
1990046, 0lor iB5900, 039 790575,0e97 13404 19, 0E08, 340124021 ,9388
Le20BLr=l7,754c=084035,,827L=079=22¢131E=10,4,823E=1390.0r=577.59,
50.ol&;-dcr‘#.U‘)‘+r_"U“+."0.6055-07v0.0"0.0130‘#."‘#")63.79'0-1264911’4.&24
&/ »

VATALETHYL (L) v 1210R7)/74997841912133,912,02914,0, 747945040975 ,0E04
19103203 ,0L04+903000,09D17563,0E050161706,06050(0.58915812,27971»
€le390£1 23,5504 r =34 ,COOE=07 930, 347E=10,=10,071E=13+10¢00928,25
3024 MHIE=UL) =2 o 4T IE=04 14 o TOGE=0T1=1 , TL1E=10+0,0+742,0149,02+0,50359
ke 05/

AF(LFTYPL ewe L5013 GO0 10 1u

LF(LFTYPL.EW, "PENTY)Y GO 10 20

LF(LFTYPL, W, "4SUPY) GO TO 30

IF(LFTYPL,EQ,*METH'") 60 TO 40

IF(LFIYPe LW, 'ETh?) 60 Tu %0

IF(LFTYPLEQ,'PRUP Yy 60 TO 60

IF(LFTYPLEQ, "HEXY) GO Ty 70

LF(LFTYPL.EU,'3UTY) 6L Ty 80

[F(LFTIYPL.EQ,"HERPIY) o0 TO 90

IF(LFTYPLEG,'OCTY) GO Tu 100

IFILFTYPL.£Q,'cTHYLY) GO To 110

IFILFTYPoEG, "PRUPY._Y) 9u TO 120

WRITe (Mz29Q50)

RE TURN

CALL SETUP(XISU3»PCIT»TCRIT)OCRLT)

60 Tu 1lsy

CALL SETUP (PeNT»PCRITVITCRITIDCRIT)

Gu Tu 180

CALL SETUF (ALSUP»rCRITTURITyOCRILT)

U Tu 14U




VIS )
LU
407
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LuY
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all
142
il
ile
4Ll
413
il?
413
1149
i)
Al
ida
123
iéh
129
idy
127
xau
Lo

150

Lja
N
L3¢
13%
430
137
L36
L3%

40
20
o0
v
sy
9u
L0v
110

12U
F¥-14)

<00

<lu
£eu

CALL SeTur(AmeThirrrCRITe TURITIUCKIT)
oV Tu 1lagv

CALL SETUF(ETH el o TCRIT,,OCKIT )
o0 Ty loed

CALL SETUF(PROPorCRITeTCRITouCRIT)
ou Tu 1ldy

Akl SETUF (rica e PRI T TCRLT,DCKIT)
U Tu lou

CALb SETUR(QUT v PLic [ 7o TCRLITLOCKRIT)
w0 Tu lou

CALL SETUP (HePTo»PCRITy FCRITPUCRIT)
vV Tu lou

CALL SETUF(UCTIPLRITeTCRET,HZOCRIT)
G0 1o 140

CALL SETUF(LTHYL PCRLT2TCRITHDCRLT)
oV . Tu 1oy

CALL SETUF (FROPYL oPRrRITPICRIT,OCIT)
F(CYCcet@e'TPY) Gy Tu 00
LF(CYCLE Qe ' TAY) Gu TO <00
LF(CYCLEEG.'PAY) Gy TO o0g
IF(CYCLoobwe 'PSY) GG TO 809
IF(CYCLEJLEQe'PHY) Gu TO 10¢0
IF{CYCLE LR "'TVY) G O L200

wRITE (M2e9DU0)CYLLE

KeETURN

T=FGIVEN

P=SGLVEN

IR=T+ABS T

LF(TLOEWTCRLT) GU Ty <20

CALL PRESAT(TRFSAT,DLeDVDCRIT)
LF(P/FSAT 0T o TTOLER,OR«P/PSAT L T.BTOLER) GO TO 210
WRITE(MZr9J10)T el

RKETURIN

IF(P/PSAT QT o TITOLERY U TG24u
QUAL=E 0




14t
14,
Lie
Pl N

eI

a4y
149¢
e
L
449
Lo
194
i9e
ibo
10t

i0%

15¢€
407

id¢
io%
L0606
ilol
L6
oy
lot
iob
Lot
lo%
40
Lot
L7
73
iTe
Llo
174

240

<oy

40V

410

+2()

(S Y)

ol

U=l Uc=0ou

ov TU Zov

U=y .bodoY

wUpLZ=2,U

CALL vF LN AWTRIEyU)

CALL eriTi(iRplintrenics b rivtiub)

CALL eHTROIK )L S»uSLTPOSLD)

Vale 0/ (U*win) )
CAte PRIGTICUTIRIP st VedUAL 04070400 0e00Ue0rUoGrUe0rlFTYFEivPRIN)
KETUKIN

TSFGLIVLEI

WUALZ5GL veiv

TR=T+ABSI

LF (QUAL st o 1, 0o AU GUALWUE ,0,0) ©0 TU 41y
WR1ITE(M2r90cU) GUAL

RETURI

IF(Tebio TCRLIT) GU Te 420

WRITE (M9 030)

RE TUKRID

CALL PRESKT (TR PruL0VeDLRET)

CALL SATUITR UL IUVeHIL e SLHYPSY)

S=HVRUUALTSL* (L, U=QuAL)

NtV eGUAL+HL* (L, u=GUAL)

VVZi 0/ (uvawm)

VE=1,0/7 (oL xwm)

VEVVRGUALEVL* (1, U=UUAL) _ ‘ ‘
CALL PRIWICUTIRePrtip o Ve QUALrHL o SLe VLo HV» Vv vy LFTYPR ¢ PR L)
RE TURI '

PSFOLVEIN

QUAL=5G L Ve

IF (WUAL el o Lo 0o Alvu  GUALeLE,0,0) GO TU 610
WRITE(M2992020 ) GUAL

KE TUR

LF (PelLboePihiY) wU Tu bU

AR TE (M2 SulQ)



L7
i7G
477
17

i79

iai)
185,
1up
L.
Lok
405
ldn
16/
18¢
169
190
194
194
R
16
194
196
197
490
199
P
cJi
cle
cdd
<Uw
<Un
el
&Ly
<08
< U4

ol

¥ 31

830

840

RE TUKi

CALL TEMSAT(PrIRyuUL,uV e TCRITOCKLIT)
CALL SATCIRyDLIUVIRLISLIEIVISY)
SZOVRGUAL+OL* (1, 9-QUAL)
HoHVRWUAL+HL* (1, 0=GLAL)

VL=1,0/ (Uhxwm)

VW=l , 0/ (uVxwiv)
VEVVeWUAL+ ViL* (1, 0=QUAL)

CALL FRINTC (TR Porg o Ve QUAL s L s SLe VLo HV e 2V o VV e LETYPE » WPKIN)
RETURN

PFGLVEiy

SZSGLVE N

IF(P.LTPCRLIT) GO To 820
TR=TCRIT=1,1

UVl UL*xLCRIT

6O Tu 840 ,

CALL TEMOAT(Po»TRruL 4uVeTCRITHOCKIT)
CALL SATC(TRILUL.rLVeHLoSLeHVISVY)
IF(S4LT40,0)60 Tu 830
LF(S/SV.uT,TIOLER) GO TO 640
IF(S/SLeT,BTOLER) (0O TO 860

@0 Tu 83>

LF(S/5LeoT, TTULER) GG TO w60

) WUALZ(S=5L) 7 (SV=5L)

HEHVxQUAL+HL* (1, 0=QUAL)

VL=1,0/ (UbxwM)

Vvzl 0/ (UVEwM)

VEVVEGQUALHVL* (1 ,0=-uUAL)

CALL PRINTC(TRsPoH)SoVeQUAL P HL e SLe VLo HV» SV VV o LFTYPE » NPRIN)
RETURIN

QUAL=,. 0

wv=z0,.01

CALL PSKINUW(P»SrikeV)

=LV
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il

cd’?
£id
ci's

PIRE

cla
cl?
214
iy
<2')
«2l
el
£ed
e
€23
<én
]
c2d
ey
c3)
€3y
32
233
P I
&35
P TN
<37
233
<39
PN
P B
<2
PEX]
&t

ooy

680

1ulo

luco

1030

1035

1040

vl Tu doy

UDAL:-"ZQU

vi=0,55

CALL Phnnian (FeSe ikeisin)

u=bL

CALL ENVI(TRyDoHoyLHL T »OHLD)
VELle G/ (Likiniv)

CALL PRLNICCTRA P oH e S VIGUAL 10e0rUeGrU400Uo0rUer0eUrLFTYPEIPNPRIN)
RETUKN _
P=FOGLVEIN

H=S0IVEiv

LF(FolToPCRIT) GU Ty 1020
IR=TCKRIT=%1,1

UVl 01*0CKIT

©0 Tu 10406

CALL TEMOAT(Pe TRy DL UVeTCRITyDCKRILT)
CALL SATCITR UL ILVIALEISLIHVISY)
IF(HaEsUD)60 Tu l';JO
LFE(H/HV 0T TTOLEK) gU TO 1g40
IF(H/HL e (B8 TOULEK) gV Tu 1060

60 TO 100b

F(H/ZEV LT o BTORER)IGL TO 1040
AF(H/ML e 0T, TIOWER) G TU 1060
WUALZ (He=ril ) / (HV =4l )
SIOVRUUALHSL* (1, U=Q il )

Vvie=l,0/ (UL%WM)

VVE1,0/7 (UVewn)
VEVVHGUALI VLR (L U~uwiAL)

CALL PRINTC(TRe Pt 5o Ve QUAL sk e SLA VLI HV e SV VV o LFTYPE » NPRIN)
RETURHN

WUAL=2,0

uv=0,01

CALL PHRNGw (Peitr TRILV)

v

w0 Tu 1doi
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<43
29)
<ol
el
“dd
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<93
<D
237
8 D)
229
204

<ol

£oe
204
<D
<09
whty
<07
P
cOY
AT
<)
cle
ela
<74
<ls
«Tt
el
e
A

IQOO

1080

1200

1240

1260
1280

9ub0

9010

WUALZ=2,4 U

Li=U0.b5

CALL FHRNUW (P o1y Ity L)

U=

CALL ENTIRITR DS DSLTIDSLD)

VZia.0/(Uu#nr)

CALL FRAWTICITRPorieSoVeWUALPGeDrU0e0rCeUr0e0r0e0r0 UrLFTYPE pINPRIN)
RETURt

TSFOLVEN

IRSFOIVENtADLST

VabSolviow

w=l, U/ (vxam)

LF(T.GE.WCRIT) Gu Ty 1240

CALL PREIAT(TRPIuL,OVIDCRIT)

IF (D/uL oicT 4BTOLER) U TO 1260

IF(D/7UVOT,TTOLER) 50 TO 1240

CALL SATC(TRIULI UV rHL e SL RV e 5SV)

WUALS (U=ui )/ (DV=ui)

VLSl ,0/7 (UL*WiW)

VVZ1l,0/ (Uvswm)

HERVEGUALTHLA (1, U=GiiAL)

O=SVEVUALYSL* (L, U=QUAL)

CALL PRINTCCIRaPorH) e Ve QUAL L r SLe VLo HV SV VV I LETYPE » NPRIN)
RE TURIN

wUAL=e¢,0

60 Tu idou

dUAL:-a . 0

CALL PRES{TR D PyubPnT»DPLD)

CALL ENTHITR»Srrdr U T»DHULD)

CALL ENTR{TR»U»S»u50TOSUD)Y

CALL PRINTC(TRPrH»SrVIQUALP0,0204000400060004000,0rLFTYPE»NPRIN)
RETURIN

FORMAT(Ltr o4 X s " #xx KKOR LN CAKBONY» THE FLUID'ep60r "CANNOT BE
leVawuaTeur CARGON TerRMINATED?Y)

FORMAT (Lt p4A ) "#x%E RO [N CARBOINY THE TUMPERATURE'»F10,2¢ *alND THE



&
<ol
eade

T
<30

G

£oy
PRSIy

e

IPRLOSURE " v Flu e Yuir LivE A SATURATION STATZ,y CARLON TERMINATED?Y)
GULU FORMAT (Lrt g4 Ay " hxkERitOR Ly CarBUive A QUALITY CGF»'"FLer'ls
LimEalilloleSsY)
FUI0 FORMAT (Lii »4Xp "*x% ~/ikOK Lry CARBUN, A SAITURATION STATE LUES NOT
LeXK1ST Fur TEMPERATURLES OREATER THAN THE (RITICAL TEMPERATURE?Y)
YOG40 FORMAT(L p9Xxy "45xZKROUR AN CARBOINY A SATURATION STATE DUES T
leX1ST Fur PRESSUKES WREATER THAN THE CRITICAL PRLSSURE?')
9000 FORMAT(Lr o@xy "#%* p RKOR I/ CARBUN, THE CYCLE' A6 ¢ 'CANINUGT BL
levabuaTout,
tINU



ENTH
Description

ENTH calculates the enthalpy and its derivatives with respect to
density and temperature given temperature and density. The enthalpy is
calculated by computing the ideal gas enthalpy and the enthalpy departure
from the ideal gas enthalpy by using the Starling-Benedict-Webb-Rubin

equation of state.

EQUATIONS
h(p,T) = (CONVR/wM)((BO*R*T-Z*AO-4*C0/T2 + 5*DO/T3-6*EO/T4)p +1/2
(2%b*R*T-3%a-4%d/T)02+a/5(6%a+T*d/T) o +c (y*T2) (3- (3+y* 07/ 2y 2p
2 . 2 3 A 5
(exp(-y*p“))) + Cpp * Cpo*T + ch3*T + Cpg*T7+C, *T +Cp g*T
higaT) - (CONVR/WM) (B R+8¥C,/T3-15%D /T4 + 284 /1%)o+ 1/2 (2#b*Redxd/T2)p
= Trordnp /5T 2%/ (y*T%) (3= (341/2%%07) —y%4p%) exp(-y*e?)))
2 3 4
+ Cpp +24C 8T + 34C, WTOC, HT3454C, 4T
Cld 35T = (CONVR/NM)(BO*R*T-Z*AO-4*CO/T2 + 5*DO/T3-6*E0/T4+(2*b*R*T

-3%a-4*d/T)pra(6%a+7*d/Thp* + ¢/ (y*T%) (5ryrprsmy? p3-2m3 o%)
exp (-1%0%))
VARIABLE SYMBOL TABLE

C 1-dimensional array containing the coefficients to the SBWR equation
of state
CH 1-dimensional array containing the coefficients for the ideal

gas enthalpy

CONVR  conversion factor = 0.185057 Btu-in2/lb-ft3

4



DHDD

DHDT

TERMI

TERMZ -

TERM3
TERMA
WM

density (]bmo]e/ft3)

3h(p,T)
ap

3h(p,T)
T

enthalpy Btu/1bm)
temperature (°R)
intermediate value
intermediate value
intermediate value
intermediate value

molecular weight



‘ START ’

TERNMT
TER!2
TERIT3
TERIM
H

DHDD

[TERMT

TERM2
TERM3
[TERN4
H

DHDD
DHDT

"onou

ClAY*R*T - 2,07C(2) - 4,0+C(6)/T**2 + 5.0%C(8)/
T**3 - §.0%C(9)/T**4

2.0%C(3VHR*T - 3.0*C(1) - 4.0%C(7)/T
C(10)*(6.0%C(1) + 7.0%C(7)/T)

C(5)*(3.0 - (3.0 + 0.5%C(11)*D**2 - C(11)*%2%Dr*4)*
EXP(-C(11)*D**2)}/C(11)

TERMI*D + TERI2*0D**2/2.0 + TERM3*D**5/5.0 + TERM4/
TH*2

TERM] + TERM2*D + TERM3*D**4 + C(5)/(C(11)*T**2)*
(5.0%C(11)*D + 5.0%C(Y1)**2#D**3 - 2 O*C{11)**3*
D**G)*EXP(-C(11) *D**2)

(C(AY*R + 8.0*C{6)/T**3 - 15.0*C(8)/T**4 + 24,0*
€(9)/1**5)*D

0.5%(2.0*C(3)*R + 4,0%C(7)/T**2)*D**2

-C(10) *D**5+7 0*C(7)/(T**2+5.0)

~2.0*TERMA/T**3

H*CONVR/MIL + CH(1) + CH(2)*T + CH(3)*T**2 + CH(4)*
T**3 + CH(B)*T**4 + CH(R)*T*+5

DHDD*CONVR/4N

(TERMT + TERNZ2 + TERM3 + TERM4) *CONYR/MYM + CH(2)

+ 2.0%CH(3)*T + 3,0%CH(4)*T**2 + CH(S}*T*=3%4,0

+ 5.“‘&(6)'7"4

1

‘ RETURMN )
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27
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*********44***!*4**#*********************************************‘
L *
* E v T h *
* b
* 1HLIS SUbRUUTLivg CALCULATLS THE ENTHALPY GIVEN DENSITY AnD *
*TEMPLRATURL *
* *
ARERB R R EE LR K AR K AR K g kg Ok ok Ko ¥ koo K oK K ok ok Kk ko ok ok o K K o Kk Kk K
SUBKULT LINE LivTH (1 2oy tinbiiu Ty GHOD)

COMPMUNZCARL/C (21 ) 9CH(0) rCLH(O) s WM)RoyCONVRyLIMIT,,ABST» TTOLER y LTOLER
VERMLZ(C(4) #1iaToc s Uke (2) =4, 0%C(6) /T*%245,0%C (8) /T*%3~6,0*C(9)

l/T#*4)

TERIIZE (20000 (30 4Kk Tm3 4 0K (1) =t 0%C(7)/T)
TERMSZC(L0) % (6.0%C(1)+7eUxc(7)/T) |
TERMYZC (D) 8 (G Um(Se +0e5kC (11 ) #Lx%2=C (11) ¥ 42%C a4 ) kEXP (=C(11) %

lusx2))/7C(11)

NETERMI*U+TERME*U x> /20 O+ TERM3*D%%5/5, 04 TERMU /T2
VHUDSTERMI+TERM22D+ TERMIP D% *x44C(D) /(C(L1)*xTx%2) % (S5,0%C (L L) xu+5. 0%
1C(A1)#4240%%0=2,Ux( (11) *xx3%D#%5) xEXP (=C(11)xD*%2)
TERMIZ(CUR)*R+8,UxC(0) /Tx*x3=15,0%C(8) /Taxl424,0%C(I) /T%x5) %u
TERMEZ0 0% (2, C%C(J) aR+4,0%C (7)) /T*%2) xD%%

TERM3==C (10) *D*%xL%7 ,0%C(7) /(T*%2%x5,0)

TERMUZ=2 . 0T il / THxd

HEH*CUNVR/wM+CH (L) +cH(2) *T4+CH(3) 2 Tx*k24CH(4) *T*x3+CH (D) *T**4+CH(6)
1xT%x4H

VHLLUSUHUU X COIVR/ nh
UHUT:(TthMl+1hKM¢+ThhM3+TERM4)*CUNVR/WM+CH(2)+2.0*CH(3)*T+3.0
LaCH(4) aTH#24+ (D) xTx¥3%4 G455, 0%CHi(6) % Twky

RETUKIN

ENU




ENTR
DESCRIPTION

ENTR calculates the entropy and its derivatives with respect to
temperature and density given density and temperature. .The entfopy is
calculated by computing the ideal gas entropy and the entropy departure
from the ideal gas entropy by using the Starling-Benedict-Webb-Rubin
equation of state.
EQUATIONS
S(p,T) = (CONVR/WM)(-R2n (p*R*T) - (BO*R +'2*C0T

2172 (b*Red/ T2)p 2o %p% (5%T2)42%¢/ (y*T°) (1- (141 /2%y%07)

exp(=1%07)) )40y + Cp*T + C ¥ T2 + C ¥ T3 + € *THC T

3 4 5
-3%D/TH4%E /T°)o

5

B5(paT)o {convR/UM) (~R/T- (-6%C /TH+12%D T2-20%E /T8) 0+ d*p?/T3

~2%a* dp°/ (5¥T°)-6+C/Cy*T?) (1-(1+1/2%y* p%)exp (ev*pz)))

C,, +2*C 5*T + 3.C, +T2 + axc *T3+5*C56*T4

52 q 5

E%éﬂzll = (CONVR/WM) (-R/p~(B *R+2C_ /T3-3%D /T% + 4+D /T°) - (b*Red/T?)o
sardtet/T + 250/ T (orro%)exp (~v%02))

VARIABLE SYMBOL TABLE

C 1-dimensional array containing the coefficients to the SBWR equation
of state |

CONV conversion factor = 0.185037 Btu-inZ/lbm-ft>

cs 1-dimensional array containing‘fhé coefficient fof the ideal gas
entropy

D “density (]bmo]e/ft3)

DSDD Egiﬁil)
o]



® .
aS(p,T

DSDT i
T temperature (°R)

® TERM] intermediate value
TERM2 intermediate value
TERM3 intermediate value

® S entropy (Btu/1bm°R)
WM molecular weight

®

®

®

®

®




S .

{ START . ’

TERN]
TERM2

TERNM3
S

DsoT

TERIN

TERM2
0SDD

C(4)*R + 2.0*C(6)/T**3 - 3.0*C(8)/T**4 + 4.0%C(9)/
T"S .

C(3)*R + C(7)/T*=2

1.0 - (1.0 + 0,5*C(11)*D**2) *EXP(-C(11) *D**2)

CONVR*( -R*LOG(D*R*T) - TERHMI*D - 0.S*TERH2*D**2

+ C(10)*C(7)*D**5/(5.0%T**2) + 2,0*C(5)*TERM3/

(C(11)*T*#3) )/t + CS{1) + CS(2)*T + CS(3)*T**2

+ CS(8)*T**3 + (S(5)*T**4 + CS(6)*T**5

COHVR*(-R/T = (-6.0*C(G)/T**d + 12.0*C(8)/T**5

~ 20.0*C(9)/T**6)*D + C(7)*D**2/T**3 - 0.4*C(10)*

C(7)*D**5/T**3 - 6.0*C(5)*TERM3/(C(T11)*T**4)} /UM

+ CS(2) + 2.0%CS(3)*T + 3.0%CS(4)*T**2 + 4,0%CS(5)*

T#*3 + 5,0%CS(6)*T*+*4

-(C{4)*R + 2.0%C(6)/T**3 - 3.0*C(8)/T**4 + 4.0%C(9)/
.'5

=(C(3)*R + C(7)/T**2)*D

(~R/D + TERMI + TERM2 + C(10)*C(7)*D**4/T**2 + 2,0*
3(5)'(0 + C(11)*D**3) *£XP(-C{ 11)*D**2) /T**3) *CONVR/
M

( RETURN )



19
29
21
2&
23

24

2%
ch

coCcaocoe

************************#*****#***#*******************************
* *
* E Ik TR *
* *
* THIS SUBROUTINE CALCULATES ThE ENTROPY GIVEN DENSITY ANU *
*TEMPERA (URE *
) *
A KKK ok oK K K ok R K Kk A o ok 3 3K K 3K K ok ok O oK KK K o K ok K o o K o ok ok KK K KK Kk 0k Kok ok ok Kok K

SUBROUTLivE ENTR(T¢0,Se0DSUT,DSDUL)

COMMON/CARL/C(LL1) 2 CE(H6) s CH(6) » WMyRyCONVRY)LIMIT,,ABST» TTOLER»UTOLER

TERMAZC (4) #R42.0%C(6) /T%*3=3,0%C(8) /Txkb+4 ,0%C(9) /T%%x5

TERMR=C(3)%k+C(7)/Tx*x2

TERM3Z1,0=(1,0+40,5%C (11)%Dx*2) kEXP(=C(11)*D*%2)

SSCONVR* (=i *L0OG (U*R%T ) =TERM1#D=0 , S TERM24D**2
14C(l0)*C(T7)%xLix%x5/ (5, 0xT%%2)+2,0%C (S5)*TERMI/(C(11)%xT**3) ) /WM+CS (1)
2+CS(2) *xT+CS(3) xTxx24CS(U) xT*%xI+CS(S5) «xTH%k4+CS(6) % T*%5

WOUT=CONVRR(=R/T= (=6 0%C(6) /T**x44+12,0%C(8)/T*x%x5=20,0%C(9)/T*%6) %D

LeC(T)*%D%x22/Txx35=0,4%C(10) %C (7 ) *%Dx%5/Tx%3=6,0%C (5) *TERM3/
2(CILL)*TR#4) ) /WM+CS (2)+2¢02CS(3)2xT4+3,0%CS(4) xTx%x2+4,0%xCS(5) *Tx%*3

3+b.0*€$(b)*T*44

TERMIz=(C(4)#R+2,0%C(6)/T*x3=3,0%C(8) /T*x4+4,0%C(9)/T*%5)
TERMZ==(C(3)*xR+C (7)) /Tx%2) *D
USDO=(=R/D+TERMLI+TERM24C(10) xC(7) *D* %4 /TH*242,0%C(5) *
LD+C(1L) %03 ) *EXP(~C(11)%xn%k%2) /T*%3) *CONVR/ WM

RETURN ’

END



FUGAC
FUGAC calculates the fugacity and its derivatives with respect to
temperature and density given temperature and density. The fugacity is
computed using the Starling-Benedict-Webb-Rubin equation of state.
EQUATION
enf(p,T) = 2n (p*R¥T) + 2/(R*T) (B *R¥T-A ~C /T2+D /T3-E /T")p
+ 3/(2*R*T) (b*R¥T-a-d/T)p?

6%/ (5*R*T) (a+d/T) o P+C(y*R*T3) (1- (14y*p2/ 2y 2% ™)

exp (-v*o%))
A0.T) = #(p,T)*(1/p +2 (R¥T) (B*R*T-A-C /T2 + D /T-E /1)
+3/(R¥T) (b*R*T-a-d/T)p + 6%a/ (R*T) (a*d/T)p"

2 4.3

+0/ (RAT3 Yoy (3xy*oraey *p3-2 y3%0%) exp(-y%p))

Me.T) f(o,T)*(1/T+2/(R*T2)(A0 + 3*CO/T2-4*DO/T4)D + 3/(2%R¥T?) (a+2*d/T)p?
6%/ (5%R¥TZ) (a+2*d/T)o° -3%c/ (y*R¥T") (1-(1-y*0Z/2-y? %0 ) exp(-y#0))

VARIABLE SYMBOL TABLE

C 1-dimensional array containing the coefficients to the Starling-

Benedict-Webb-Rubin equation of state

D density (1bmole/ft3)
af (p,T)
PFDD el
af (p,T
DFDT 3
F fugacity
R universal gas constant = 10.7355 psia-ft3/]bmo1e°R
T temperature (°R)

TERMI intermediate value

TERM2 intermediate value



TERM3 intermediate value

TERM4 intermediate value



i&it i "i

< START )

TERM 1 = C(2)*R*T-C(2)-C(6)/T**2+C(8)/T**3-C(9)
/T4

TERM 2 = C{3)*R*T-C(1)-C(7)/T

TERM 3 = C(1)+C(7)/T

TERM 4 = 1.0-(1,0-0,5*C{11)*D**2-C(11)**2+p*+4)

*EAP(-3(11)*p**2)

F = LOG(DAR=T)+2.0*TERM 14D/CR*T)+3,0%D**2%

TERM 2/(2.0%R*T)+6.0%C(10)* TERM 3*Dk*5/
(5.0R*T)}+C(5)® TERM &4/(C{11)*R*T**3)

F- = EXP(F)

DFDD = F*{}1.0/D+2.0* TERN 1/(R*T)+3.0* TERM 2D/
CR*T)+6.0%C{ 10} *C**8* TERM 3/(R*T)+C(5)/
(RAC(11)*T**3)#(3,0%C{11) *0+3,0*C( 11)**2*n
*3-2 0*D**5AC({ ] 1) **3V*E P -C(11) *D**2)]

TERM 1 = C(2)+3.0%C(6)/T**2-4.0+C{8)/T**3+5,0*

C(9)/T**4

TERM 2 = C{1}+2.0*C(7)/7

DFDT = F*(1.0/T+2,0*% TERM 1 *D/(T**2+R)+3 0%
TERM 24D**2/(2,0*R*T*+2)-6.0*C{10)* TERM 2
2*04*5/(5,0*R*T**2)-3,0%C(5)* TERM 4/C(11)
nRr[*u‘))

‘ RETURN ’
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* FUGAC *
* *
* THIS SUBROUTLINE CALCULATES ThE FUGACITY GIVEN DENSITY AND *
*TEMPERATURE ' *
* » *
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SUBROUTLL FUGAC (1o Ue FoDFDT»LFDD)

COMMUIN/CARL/ZC (L1 ) 2T (0) rCHIG) »WMsRyCUNVRILIMIT»ABST» TTOLER»bTOLEK

TERMLZC(4) *R&T=C(2)=C(6) /Ta*x24C(0) /TH%3=C (9) /Th%b

TERMZZC (9) #RxT=C(L)=C(T)/T

TERM3IZC(L)+C(7) 71

TERM4Z1,0=(1,0=0,5%C(11)*Us*k2=C(11) k2D x*4 ) XEXP (=C (11) %%%2)

FRLOG(D*R*T) +24 0% TERMLI*D/ (R*T)+3, 04D *#24TERM2/ (2., 0%R*T) +6.0%C (10)
LxTERMI*U*#5/ (54 0%R*¥T) +C (D) «xTERMY/ (C(11) %RxT*%3)

FEXP(F)

DFOUSF #4114 0/042 UxTERML/ (ReT)+3 . URTERM2%0/ (R*T) +6,0%C (10) *Da x4
1eTERMI/Z (RxT)4C(S5) /7 (R*¥C(L1) «Tx%3) % (3,0%C(11)%D+3,0%C(11)*k%2%{%%3
2=2,0%L*x0%C(11) *xx3) %EXP(=C(11)*D*%2))

TERMLI=C(2)+3,0%C(6) /T*x2=U ,0%C(8) /T*x3+5,0%C(9)/Txx4

TERMZ=C(L)+2,0%C(7) /T

UFOTSF % (1,0/T+2,0%TERMLI#U/ (To%2%R) +3, 0% TERM2%D%%2/ (2 0%kKxTx%2)
1=6,0%C(L0) *TERM2*0#%5/ (5, 0kRxT#*%2) =3, 0%C (S)*TERMU/ (C(11)*¥R%Tx%xl4))

RETUR}N

END



INVERT

® DESCRIPTION
| INVERT solves a system of three equations in three unknowns by
Gaussian elimination. INVERT is used in the three variable search in
® TEMSAT.
VARIABLE SYMBOL TABLE

C intermediate value
4 DX (1) Ap to be solved for
DX(2) “Bp,, to be solved for
DX(3) AT to be solved for
® F(1) F, value of first equation
F(2) F2 value of second equation
F(3) .F3 value of third equation
® 1 index
J “index
K index
® ’ | L i}ndex
M index
N index
® W working array containing the cqefficieht matrix and the function
vector
XJACOB coefficient matrix
®
@

ﬁ%qw."



!

W(l,J) = xJAc08(f,J)

W(1,3)

= F(1)




C = W(LN)/H(K.N)

M=)

YES

M=H

M>4
+ ] J

"

W(L.N) = W(LM) + CW(KN)

-

COMPUTE
0x(1)
ux(2)

-~ DX(3)

< METURN >
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I N VERT

*
*
THIS SUBROUTINE 50LVES THREE SIMULTANEOUS EQUATIONS gY *
GUASST AN ceLlimdNAT TGN *
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SUBROUTINE TWVERT(XGACOBF 4DX)
DIMENSIOIN XUACCBU313) eUX(I)rF(3)eW(3044)
W0 9 =13
U0 9 uzlrl
IF(J=Ul)29 3,5
WL e J)ZXJACOB(I )
60 To 5
W(lrJ)SF(I)
CONTinUE
N=0 ‘
DO 100 K=1,2
N=N+1
LO 995 L=¢)d
IF(K=L)1u 90,90
S=W{LsN)/W(ineiv)
DO 80 M=1,4%
WlloM)Zw il o) +Ckw (K,M)
CONTLINUE
CONTINUE
CONTINUE
CONT INUL
DX(I)SW(Ir4) /W19 3) _
DX(2)=(w(g))=LX(3)«w(2¢r3))/w(202) '
BXIL)S (W (L o4)=UX(3)xw(1lr3)=DX(2)%0W(19»2)) /W (1))
KETUKRN
D



PHKNOW
DESCRIPTION

PHKNOW uses a two variable Newton-Raphson iteration technique to find
the density and temperature given pressure and enthalpy in the superheated

vapor or compressed liquid regions.

EQUATIONS
P(p,T) = Prnown = 0
h(pT) = Menown = 0
Jacobian = (3E{eT) ) (2hig.T)y _(3Rlp.T) ((e,T))

- (P(e5T)~Py 1own) __j%;_) =(h (e T) by non) Q—L%_—l
i1 T P T Jacobian

[0,y o) 255227 - (PL0,T) - Pknown).ﬂiﬁz_.]

T 7 T4 -[ Jacobian '

VARIABLE SYMBOL TABLE
BTOLER lTower tolerance on saturation and convergence tests

D density (1bmole/ft3)

DHDD ,22%241)
. P

DHDT e,

DLAST last density calculated, to be used in next iteration
DPOD esT)

DPDT 9P T

H known enthalpy (BTU/1bm)

HCAL calculated enthalpy (BTU/1bm)



I
LIMIT
P

® PCAL
T
TLAST

® TTOLER
XJACOB

é

&

®

’ .

®

@

index _

maximum number of iterations allowed in any one search
known pressure (psia)

calculated pressure (psia)

temperature (°R)

last temperature calculated, to be used in next iteration
upper tolerance on saturation and convergence tests

Jacobian of pressure and enthalpy



Siaal

DLAST = D
TLAST = T

T=1+1

HO PHKNOY FATLED
TO COMVERGE

1= N
I)LIM/[ YES

XJACOB = DPDD * DHDT - DPDT * UHDD

D=DLAST - ((PCAL-P) * DHOT -(HCAL-H)
* DPDT)/ XJACOB
T=TLAST-((HCAL-H) * DPDD-(PCAL-P)

* DHOD/ XJACOB RETURN
i YES
D < 0.0
NO D=DLAST/10.0

T < 0.0
N0 T=TLAST/10.0 l




. ‘ -—---—“-vﬂ»-w'-..-f«—..‘..__....‘_‘.f

!
!

TLAST
DLAST

o~

NO

PRES

ENTH

CHECK
TOLERANCE

RETURN
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* *
* PHKNOW *
* ) *
* THIS SUBKOUTINE FINDS THE DENSITY AlU TEMPERATURE GIVEN *
*PRESSURL alvS LMTHA_PY FUR COMPRtSSEo LIWUID AND SUPERHEATEL VAPO*
*51ATES , . *
* *

1000
9000

A3 K K R AR K K ok K K K K o 2K MK K s 3o ok 3 ok Ok oK I ROK ok 3 KK s R 2 K ok oK K K K o R ok OK o K ok Kok K
SUBROUTLNE  PHENUW(PrHe T D)
COMMOINV/CARL/ZC(11)oCS(O) 0 CH(6E) s WMeRyCONVRoLIMIT o ABST» TTOLER Y& TOLEK
PARAMETER MZz=6

LDLAST=U

TLAST=T |
" CALL PRES(TrLePCALICPLTLPDD)

"CALL ENTHh( 12D eHCAL GHDT »UHDD)

DO 1000 iz=l,iLIMIT

KJACOL=UPLD*DHDT=DPL TxDHLD

O=DLAST=( (PCAL=P) *DpDT=(HCAL=H) *0PDT) /XJUACOR

1= TLAST'((HCAL'H)*DPDD-(PCAL-P)*DHDD)/KJACOH

IF(G,LE.0.0) C=DLAST/10,0

CIF(TLLE.0.,0)T=TLAST/1040

CALL PRES(T20ePCAL cPLTUPRHD)

CALL ENTH(TeusHCAL»DHDT 2uHPD)

IF(PCAL/P LT TTOLER ANDJPCAL/P, GT.BTOLER ANDeHCAL/H.LT«TTOLLR,
LANU o HCAL/ZH ,GT, BTULth)HhTURN

UGLAST=D

TLAST=T

CONT INUE

WRITE(M2,9000)LIMIT

FORMAT (1H +4X o ' %%x%xPHKNOW FAILED TO COMVERGE IN?',16¢'ITEKATIUNS')
RETURN

END



PRES
DESCRIPTION

PRES calculates the pressure and its derivatives with respect to
temperature and density given the temperature and density. The pressure
is computed using the Starling-Benedict-Webb-Rubin equation of state.
EQUATIONS
P(0,T) = p*R¥T+(B *R¥T-A -C /T24D /T-E /%)% +(6*R*T-a-d/T)o +a(a+d/T) o°

+c*03/ T2 (1+y0? Yexp(~v*o?)

LT ue (B *re2eC /T23%D TH4%E /T5)07 + (b#Red/T2) 0 andnob/ T2
-2%C*03 /T3 (14y%0%) exp (-y*0?)

9P(p,T)
50 = R*T+2(BO*R*T-AO-CO/T2+D0/T3-EO/T4)p + 3(b*R*T*-a-d/T)p2

2

+6%a(a+d/T)p> + 32/ T2 (1+y%0%) exp (~y*p2) -2%y2*0%C/T2exp(-y*o?)

VARIABLE SYMBOL TABLE
C 1-dimensional array containing the coefficients to the SBWR

equation of state

D density (1bmole/ft3)

DPDD EE%%:I)

DPDT %Plo,T)

P pressurev(psia) |
R universal gas constant = 10,7335 psia-ft3/1bmole°R
T temperature (°R) ‘

TERM1 intermediate value

TERM?2 intermediate value



TERM3
TERM4

intermediate value

intermediate value.



< START )

TERM 1 = C(4)*R*T-C(2)-C(6)/T**2+C(8)/T**3-C(9)}
JT**4
TERN 2 = C(3)*R*T-C(1)-C(7)/T
TERM 3 = c{1)+C(7)/T
TERM 4 = 1.0+C(11)*D**2
P = D*R*T+TERI 14D**24TERM 2*D**3+C(10)* TERM 3
*0#**6+C(5)*D**3% TERM 4*EXP(-C(11)*D**2)
/T"Z
DPDD = R*T+2,0* TERM 1%D+3,0* TERM 27D**2+6,0*
C(10)* TERM 3*D**5+3.00*C(5)*D**2* TCRM 4
*EXP(-C(11)*D**2)/T*%2-2,0+C(11)**2+D**G*
C(5)*EXP(-C{11)*D*¥2)/T**2
DPDT = D*R+D**2*(C(4)*R+2.0*C(6)/T**3-3.0%C{8)/
Te*4+4, 0+C(9) /T+*5)+0%%3+(C(3)*R+C(TY/T
*#2)D**6*C(10)*C(7)/T**2-2.0*C(5) *D¥*3*

TERM 4*EXP(-C(111%D0**2)/T**3

\

‘ RETURN ’




ia
&l

i3
e
15
io
17
18
19
29
24
e
2a
Z2h

e MNP UFE NN -

(YN a¥sXeX2Xske!

AR AKXk Rk Aok o AR R K K o K ok R R OK R OK ok Kok F K ko KoKk kR Ok R KOk K ok K kKR X
* *
* P KES *
* ’ ) x
* - THIS SUBKOUTLANE CALCULATES THE PRESSURE GIVEN DENSITY AND *
*TEMPERATURE %
. * *
******4***v*****************************4***t*****#***************
SUBRUUTLINE PRES(T9D,PeULPLT,DPLD)

COMMQN/cnrl/L(Ll)-Cs(o)'LH(é)'WM RyCONVRyLIMIT,,ABST» TTOLER»OTOLER
TERMLZC(4) #R&T=C(2)=C(O) /Tx*24C(6) /T*%3=C(9) /T xxb
TERM2=C (9) xR T=C(1)=C(7) /T

TERMI=ZC(1)+C(7) /0

TERMYZ1,040(11) %uxx2
P-D*R*T+TLRMl*b**&+T&RM2*D**3+C(10)*TERM3*D**6+C(5)*L**3#TERM4*
LEXP(=C(ll)*Lx*2)/T%x%2

DPULZR*T+2 o 0% TLRMI*[1+3e Ok TERM2#U¥ %246 ,0%C (10) *TERMI*U* %S
143,00%C(O) aD** 2% TERMUREXP (=mC (11) 2xD%%2) /T4%2=2,0%C (11) *¥%2%xD* %6
SRC(S)#EAP (=C(11)*D*52)/Txx2

DPDTSU*R+D*%2% (C(4) xR42.0%C (6) /T*%3=3,0%C (8) /Tx4+4,0+C(9) /T#x5)

14D %% (C () *R+C(T)/7%%2) =Du*6%xC (10)%kC(7) /T%%2=2,0%C (5) *¥D*x*IxTERMY *

CEXP(=C(li)aDx%2)/Txy3
RETURN
&ND




PRESAT
DESCRIPTION

PRESAT uses a two variable Newton-Réphson iteration technique to find
the saturation pressure and the saturated 1iquid and vapor densities given
temperature. At equilibrium the pressure and fugacity of the liquid and
vapor phases must be equal.
EQUATIONS
P(p.sT) - P(p,sT) = 0
(o ,T) - f(p,,T) =0

-oP(p, T) Y af(e ,T)  8P(p ,T)  af(p,s T)

Jacobian = ( 5 5 5 50

of(p, T
o [t meptemn 2MLT - et 1) 400, )
Pyvi+1 Pyi - L
i Jacobian
| | of(p,T)
- aP(p,T) v’
F(f(pL,T) f(pv’T)l _‘a’_p_ - (P(pL’T)- p(pv T)) 3P
O ; =0 . - : , 2
Li+1 L1 i Jacobian
VARIABLE SYMBOL TABLE
BTOLER lower tolerance on saturation and convergence tests
orropL 2fpT)
ap
orrooy -2F(pysT)
- 9p
DFLDDL af(o T)
op



DFLDT

DFPDDL

DFPDDV

DFVDDV

DL
DLLAST
DPLDDL

DPLDT

DPVDDV

DPVDT

DV
DVLAST
FF

FL

Fp

I
LIMIT
M2

PL
PV

Bf(pL’T)

e

aP(pL,T)
op

-aP(pv’T)
ap
af(pv T)

e .
9p

saturated Tiquid density (1bmole/ft°)
last liquid density calculated, to be used in next iteration
aP(py»T)
ap
3P(p 1)
ap
3P(p,»T)
op

3P(pv’T)

oT

saturated vapor density (1bmo1e/ft3)

last vapor density calculated, to be used in next iteration
difference in fugacities - f(p ,T) = f(p,»T)

liquid fugacity f(pL,T)

difference in pressures P(pL,T) - P(pv,T)

index

maximum'ﬁumber of iterations a]]owéd in any one search

unit number for printed

pressure (psia)

liquid pressure P(DL,T) (psia)

vapor pressure 'P(pv T) (psia)



T temperature (°R)

TTOLER upper tolerance on saturation and convergence tests

XJACOB Jacobian




< STARY >

oL o= 9,55
oV = 1.06-02

FUGAC

FUGAC

,—-Iuo

PRES
OVLAST = OV
1=1 | YES
g I>LINIT
=4 1 = [4]

FP = P - PY

FF = FL - FY
DFPDOV = -DPVDDV
DFPDDL = DPLDOL
DFFODV = - DFVDDV
OFFODL = DFLOOL

XJACO3 = DFPDDV*DFFDDL-DFPDOL *OFFODV
DV = DVLAST - (FP*DFFDOL-FF*DFPDOL)/

- XJACOB

DL = DLLAST-(FF*DFPDDV-FP*DFFDOV)/
B .

XJACO!

PRESAT FAILED
TO CONVERGE




@
Y
i

DYLAST = DV
DLLAST = Nt

YES

o o< 0.0

I

Dv = DVLAST/10.0

]

YES

nL<°-°/

NO

!

bL = DLLAST/10.0

]

I I FUGAC ]
[T

PRES

PRES

P= (PV + PL)/2.0

EhECK
m/mummcz

RETURN
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* *
* PRESAT *
3 ' *
* Ith SUBKOUTINE FINDS THE SATURATIOM PRESSURE AND SATURATED #
*LLGUID AU VAPOR UrNbITlLS GIVEI TEMPERATURE *

*

*

#****#****4******************************#***********************-
SUBROUTLIE PRESAT(1,PeLLsDVILCRIT)
COMMUNZCARL/C(LL) v CSIO) s LH(6) s WMsRyCONVRyLIMIT»ABST» TTOLERWBTOLER
PARAMETER M2=6

DLZUCKIT*<£, 5

UVIDCKIT/204V

CALL rUth\TcULoPL'uFLUTODFLUDL)
CALL FUGAC(T DV rvFVOTPDFVLDV)
CALL PREb(llbL!PLvDPLDT'DPLDDL)
CALL PRES(ToLVIPV0RVRT»OPVDLV)
UVLAST=LYV

"~ . DLLASI=UL

00 1000 1=i,LImIl
FP=PL=-PV
FF=FL=FV .
VFPDLVZ=UPVDLV

‘DFPLOLL=LPLLDL

UFFDDV==pFvDLYV

DFFLLL=LFLLDL.
XJACOBZLFPRDDV*DFFLUL=UFPUDL*LFFDLV
DV=DVLAS T = (FP*UFFLUL_~FF*UFPDDL ) /XJACOB
DL=DLLAST=(FFxDFFuDv=FP*DFFDDV) /7 XJACOB
IF(UVQLEQO.O)DV:LVL&ST/lO00

IF(DLWLE.0,0)DL=0ULLaST/10,0

CALL FUGAC(T»DLeFL2»isFLDT»DFLLCDL)
CALL FUGAC(T»DVyFVILFVDTHDFVDDV)
CALL PRtb(T'UL'PL(UPLUTOUPLDDL)



o~
U
3
b

3Y

41
‘0;
te
43
by
133

1000
9000

CALL PRES(ToUVIPVLVL T UPYDLV)
P:(PV-&PL,)/.‘(.'.U . |
IF(FL/FV.LToTTUL;H.ﬁNquL/FV.GT.bTOLLR.ANu.PL/PV.LT.ITOLtH,
LANUoPL/ZPV . GT ,GTOLER) RETUK)
DLLAST=uL
CUVLAST=0V
CONT INUE h
M|
:Si;%%TTA9?82:%£L££RESAT FAILED TO CONVERGE IN', (02 'ITERATIUNS!)
KE TURDS
EiND




PRINTC

DESCRIPTION
PRINTC prints the results of CARBON 1f NPRIN does not equal zero.

VARIABLE SYMBOL TABLE

® _
ABST absolute temperature difference °F to °R = 459.6
H enthalpy (BTU/1bm)

® ' HL saturated 1iquid enthalpy (BTU/1bm)
HV saturated vapor enthalpy (BTU/1bm)
LFTYPE the type of light hydrocarbon to be evaluated

@ M2 un_it number for printer
NPRIN print selector if NPRIN = 0 then no pri'nt else print out results

of CARBON

® P | pressure (psia)
QUAL quality
S entropy (Btu/1bm°R)

O, SL saturated 1iquid entropy (Btu/1bm°R)
SV saturated vapor enti‘opy (Btu/1bm°R)
T temperature (°R) '

@ v specific volume (ft3/'lbm)

' VL saturated 1liquid sbecific volume (ft3/1bm)

Vv . saturated vapof specific volume (ft3/1bm) ’

®

®



T =T - ABST

NRRIN = 0

QUAL
HV,HL
SV,SL

2

RETURN

SUPERHEATED

y , RETURN

COMPRESSED

RETURN

Liquio -

|

0
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*********#************t********************t**********************
* *
* PRLINTC *
& . *
* (HL1S SUBROUTINE PRINTS OUT TrE RESULTS OF SUBROUTINEL CARBON *
X *
KR KKK A K K A e R K ko K K oK Kk R AR b o Ko KK ok A KKK R KRR R R R KKK
SUBKOUTINE FRINTUCCT,PerdeSeveQUAL HL v SL e VL v HV SV » VVeLFTYRPE ' NPRIN)
PARAMET LK deze
LOMMON/FnlL/L(ll)oCS(o) CHi(6) p WMo RyCONVRyLIMIT,AsST»TTOLER)yBTOLEK
T=T=AbLST
IF (”PRINQtQQO) R&IURH
wRITE (M2s9UUO)LFTYPE
WRETe (M2e90LU) TeP
LF (QUAL oLE ol e Ve ANU 4 GUAL WVE ,0,0) GO TO 3280
IF (QUAL 6T ,1,0) wrITE(M2¢9020)
IF(QUAL., Ll.O 0) waITn(Né:?oSu)
00 TV 337¢

3280 WRITe(M2,9040) QUaL
MRITE (M229050)

" WRITE(M2,9070) HveHL
WRITe (M2,9080) SveSL
_ WRITE (M2o90bU) VV VL
3370 WRITE(M209Q90)
ARITE(M22»9070) H
wRiTE(M2,9080) S
WRITE (M2y906Y) v
SU00 FORMAT (LHL »4Xy ' *4xTLERMOUYNAMIC PROPERTIES OF t,Als ' USING
ISTARLING=BWR EWUATION OF STATE*%*x')
9010 FOKMAT (LR y4ap ' ToMPERATURE = *oF 7410 'DEG.F '/ ¢15Xr 'PRESSURE
1 FLO.5r'PSTIAY) '
9020 FORMAT(1iH +4X9 'SUPERHEATED VAPORY v ///7/7)
9030 FOKMAT (L p4X, 'COMPKESSEL LIQUIDY»///777)
9040 FORMAT(LR »4xp "SATURATED LIQUID=VAPOR EQUILIBRUIMY,/¢5Xy *QUALITY =

Yy



3%

37
37

S

39
43

4a
49

44

YoFo 4 ] o o
90501FO;;:;(1n 0/ /0 39A s *SATURATED 98X 'SATURATED " 0/, 35X» "VAPUK ' 12X
1 WWIduIpteZedxe05('8Y))

9000 FURMAT (LH 94X "SPECIFLIC VOLUME (CUGFT/ZLBM) " 19X o FQ 41 8X0FQelbrs////

1 /) . _ _ 9.3)
' FQIRMAT EriTH ] TUZLBM) ' 19X 9F9,398XeF9.
9070 FORMAT (hri 24X 0 "E1iTHALPY 98X " (B ‘ . _ :
9060 FORMAT (1c1 AP PENTRGPY Y 99X, " (BTU/ZLBM=R) * y5XyF9,6918X9F9.0)
9090 FORMAN(Lth wr/77777)
KE TURN
S el




/o PSKNOW
ﬁ DESCRIPTION
. PSKNOW uses a two variable Newton-Raphson iteration technique to find
the density and temperature given pressure and entropy in the superheated
vapor or compressed liquid region.
g EQUATIONS
P(p.T) - Pynown = 0
${esT) = Synown = ©
®
.= (9P(p,T)y(9S(p,T)y _ (3P(p,T)y (3S(p,T)
Jacobian = (T =5) () - (Sp0) ()
®
- as(p,T) _ 3P (p,T)
Pij+1 = P (P(Q’T) Pknown) P (S(Q’T)'Sknown) 9T
Jacobian
® P(p,T)
- BP p’T - - 3S(p,T
g |5 Soun) TR - (PeT) Prngn) 2
i+ i - Jacobian j
® VARIABLE SYMBOL TABLE
BTOLER lower tolerance on saturation and convergence tests
D density (1bm01e/ft3)
® DLAST last density calculated to be used in next iteration
DPDD apap,T)
- aP(p,T)
DPDT 3P(p,T)
® DSDD 9_5_%541)_
DSDT 35(p.T)
I index




LIMIT
M2

p
PCAL

SCAL

T
TLAST
TTOLER
XJACOB

maximum number of iterations to be allowed in any one search
unit number for printer

known pressure (psia)

calculated pressdre (psia)

known entropy (Btu/1bm°R)

calculated entropy (Btu/1bm°R)

temperature (°R)

last temperature calculated to be used in next iteration
upper tolerance on saturation and convergence tests

Jacobian of pressure and entropy



( SIART >

M AST = D
TLAST = T

PRES

ENTR

XJACOB =:0PDD ¢ DSDT - DPOT ¢ 0SDD
D = DLAST - ((PCAL-P) ® DSDT-(SCAL-
S)* DPOT)/XJACOB T=TLAST-((SCAL-S)*
DPDD-(PCAL-P)® DSDD)/XJACOB

1

PSKNOW FAILED
TO CONVERGE

RETURN

T=TLAST/10.0

|

YES

1

D=DLAST/10.0




PRES JJ

“ENTR

CHECK
TOLFRANCE

RETURN
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* *
X O PSKNOW *
* *
* FHls 3UbROUT e FINUD THE DENSITY ANy TEMPERATURE GLVEN *
APRESDURL Alvy) eI RO Y FOR cUOMPRESSED LIOQUID AND SUPERHEATED VAPOK=
*STAlES *
* *

A PRI R R FE IR VY S L e Y e e e I PSS IS TR T ST 2 22 308
SUBRIUT Lt PSOSRNUN (P e T D)
guMMUN/LnnL/g(ll)oC,(o)vLH(G)rWMv?vCUNVRrLI“IT.Ade'TTOLthDTOLhR
PARAMC TR 423t

WLAST=U

TLAST=T
"Call PRESITIUsPCAL»PUT»uPED)

CALL ENTin(TruedCAL SLTILSDD)

GO 1u00 izl,ulwmll

AJACOLZLFLU*LSU T=uPLT*LSLL

UEDLAST= ((PCAL=P ) 05D T=(S5CAL=S) *UPDT) /XJACOB

T=TLAST=- ((SLAL'S)*D’JU‘(PCAL-P)*USDU)/XJACOH

LF(T LE.V,.0)TzTLAST /10,0

AF(UsLEeU.0) D=DLAST/Z10,40

CALL PRES(TrusPCALr,PUTILPRD)

CALL ENTR(TeurSChlruSU T uSpD)

LFAPCAL/ZP LT o TTOLER , AHD o PCAL/P G T oBTULER (AND o SCALZS oL T« TTOLER
LAND e SCAL/ S, 61 saTuL k) RETUKGy

DLaSi=zo

TLAST=T

lo00 CONTINUL

WRITE (90U LIMIT

9000 FORMAT (1et 2 Xy " xaxPSKNOW FLILED TO CONVEKGE I[N I62 1 TERATIUNSY)
T HE TURN

ENL



SATC
DESCRIPTION
SATC calls ENTH and ENTR to compute the saturated liquid and vapor
properties given temperature and the saturated liquid and vapor densities
VARIABLE SYMBOL |
DHLDD : _ahap T
DHLDT 3hip,T)
DHVDD ?Lg%wl)

DHVDT anle L7)
DL | saturated liquid density (1bmole/ft3)
DSLDD as(papr)
DSLDT 350 »T)

oT
DSVDD 35, T)

ap
DSVDT 35(p, T)

o1
DV saturated vapor density '(]bmo]e/ft3)

HL saturated Tiquid enthalpy (Btu/1bm)

HV saturated vapor enthalpy‘(Btu/Tbm)
SL saturated liquid entropy (Btu/1bm°R)
SV satUrated vapor entropy.(Btu/1Bm°R)
T | temperature (°R)



®
®

( START )
®

uznm(uoum)

‘ [

® “EHTR(LXQUID)

[IENTH(VAPOR)
®

“;NTR(VAPOR)

RETURN
° G




conrocoooa

R L N e e R R L P L R T T e e Y P R P PPN LTS
®

*
* ' S aTC *
A F 3
*  BHlS SJBrOUTLHE ukTEnMiNES SATURATED LIQUID aNO VAPGK *
*PRUPLKT ¢S *
* *
L Rl N R P e N T T N L e L S P T L L

SUBROUT Live SATC oLt UV kil o SLeHV I SV)

CALL EXT(TspLetin s T eubLDG)

Cabb ERTH(TrubkeSL UL THLSLDL)

CALL bivlbiiisuVetiveohi VT o»uhvDL)

CALL ENTR(TeoVeSveunvuTeuSVDY) .
KETUGin : S

tNU



SETUP
DESCRIPTION

SETUP stores the values for the 1light hydrocarbon to be evaluated in
® the coefficient arrays, C, CS and CH. PCRIT, DCRIT, WM and TCRIT are
also assigned their values.

VARIABLE SYMBOL TABLE

® c 1-dimensional array containing the coefficients for the Starling-
Benedict-Webb-Rubin equation of state
c(1) a
® c(2) A,
c(3) b
c(4) B,
® c(5) C
c(se) Co
c(7) d
® c(8) Dy
c(9) Eq
c(10) - o
® c(11) Y
) 1-dimensional array containing the coefficients for the ideal
gas entropy
® CH 1‘-d1’fnéns1'ona1 array containing the coefficients for the ideal
gas enthalpy -
DCRIT critical density (]bmo]e/ft3)
® GIVEN 1-diménsiona1 array'containing the coeffiéients for the hydro-

carbon to be evaluated




GIVEN (1)
GIVEN (2)
GIVEN (3)
GIVEN (4)
GIVEN (5)
GIVEN (6)
GIVEN (7)
GIVEN (8)
GIVEN (9)
GIVEN (10)
GIVEN (11)
GIVEN (12)
GIVEN (13)
GIVEN (14)
GIVEN (15)
GIVEN (16)
GIVEN (17)
~ GIVEN (18)
GIVEN (19)
GIVEN (20)
GIVEN (21)
GIVEN (22)
GIVEN (23)
GIVEN (24)
GIVEN (25)
GIVEN (26)
GIVEN (27)

c(1)
c(2)
C(3)
C(4)
c(5)
c(6)
c(7)
c(8)
C(9)
c(10)
c(11)
cs(1)
cs (2)
cs (3)
cs (4)
cs (5)
cs (6)
CH (1)
CH (2)
CH (3)
CH (4)

CH (5)

CH (6)
PCRIT
TRCIT
DCRIT
WM



I index
® ,
PCRIT critical pressure (psia)
TRCIT critical temperature (°R)
WM molecular weight
® v
- The following arrays have the same format as GIVEN: BUT, ETH, ETHYL,
HEPT, HEX, OCT, PENT, PROP, PROPYL, XISOB, XISOP, XMETH.
®
®
®
®
®
®




( START )

1=1

YES

I=141

")

r_lno

C{I)=GIVEN(I)

l;;\\ YES
_J

CS(1)=GIVEN(I+11)
CH(I)=GIVEN(I+17)

|

I

PCRIT=GIVEN(24)
TCRIT=GIVEN(25)
DCRIT=GIVEN(26)
W=GIVEN(27)

'< RETURN )
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¢ ¢ * *
o ¢ * SeE T JupP *
[} o * *
b ¢ * 1hiS SUBRCUTINE 5e S UP THE REQUIREL COEFFICIENTS FUr Tug *
¢ C FPARTLICUGAN Frule To ob ABALYZEU. *
¥ C L T ] *
& C R L L L T T TN T LT T T TS T Y T O g
X SUBRUUT Lok SETUP(GIeivePLRIT TCRITHOCRLT)
INe COURMUN/CARLAC (L) o CS(O) o CHEB) s WMy Ry COMVRyLIMLT o ABST» TTOLER s TOLEK
il wIMENLIun Glveiv(er) : ‘
Le wO 10U I=zi,i]
Lo Cll)zolvir(l)
i o0 CunTivUE
b U elu Iz=ls0
it CO(L)=Glven(l+dl)
Ly CH{L)SGIVENn(L+17)
le U0 CuinTinUc
iS PCRIT=GLVE N (24)
Fa TCKIT=GIVEN(ED)
'3} UCHRET=GIvVENn(2R)
et . WMSOiVER (7))
PR RE T URiy

b tNy



TEMSAT
DESCRIPTION

TEMSAT uses a three variable Newton-Raphson iteration technique to find
the saturation temperature and the saturated liquid and vapor densities
given pressure. The conditions at equilibrium are, the pressure calculated
with either the liquid or vapor density must equal the known pressure and the
fugacities of both the 1liquid and vapor phases must alsc be equal.
EQUATIONS

P(p ,T) = Pynown ~

P(pvsT) - P

known _ '2

f(pV’T) - f(pLaT) = F3

expanding F], F2 and F3 in a Taylor series
oF oF

_ ok 1 1
-F-I = ‘ﬁL ApL + ‘a?v- Apv + 3T AT
oF oF oF
22 -2 4 2
Fotwm et owp, Myt T AT
aF oF oF
- 3 A 3 3
-F3 a—p: ApL + m Apv + T AT

solving for Apy Apv and AT and substituting in for F], Fz'and F3

' -1
Ap ) 3P(q.T) o aP(p; ,T) Fl
o I —aT
@V _ 0 3P(pvsT) 3P(stT) F2
9p oT
3f(pL,T) 3f(pv9T) 3f(pV’T) - 3f(pL,T) F




PLi+

Pyi+]

Tie1

T PLi tap

T Pyi ey

AT

f
-
+

VARIABLE SYMBOL TABLE

BTOLER
DCRIT
DFLDDL

DFLDT
DFvDDV

- DPVDT

DL
DLLAST

DPLDDL

DPLDT
DPVDDV

DPVDT

lower tolerance on convergence and saturation tests
critical density (1bmole/ftS)
af(pLaT)

op

Bf(pL,T)

e

8F(py»T)
ap

3f(DV,T)
—T

saturated Tiquid density (lbmole/ft)

last liquid density calcu]ated; to be used in next iteration

BP(DL,T)
op

BP(DL,T)
ol

9P(py,T)
ap

ap(pv;T)
ol



DV
DVLAST
DX(1)
DX(2)
DX(3)
F(1)
F(2)
F(3)
FL

FV

I
LIMIT
M2

p

PL

PV

.
TLAST
XJACOB

saturated vapor density (1bm01e/ft3)

last vapor density calculated, to be used in next iteration
AOL |

Apv

AT

f(p»T)

floy T)

index

maximum number of iterations allowed in any one search
unit number of printer

known pressure (psia)

P(p»T)

P(Dv:T)

saturation temperature (°R)

last temperature calcuiated, to be used in next iteration

2-dimensional array containing the Jacobian 6f PL> Py and T.



i

‘ START '

TCRITR = TCRIT + ARST
T = 640.0
DV = DCRIT/20.0
DL = DCRIT*2.5

TLAST = T

DVLAST = DV

ODLLAST = DL

PRES(L1QUID)

PRES( VAPOR)

1

FUGAC(LIQUID)

1

FUGAC( VAPOR)

o1 O\ s

——{1> LINIT
1=1+1}. ‘4‘,,/

f_'_luo

F(1) =P -P
F(2) =P, - P
F(3) = f, -

XJACOB(1,1) = 3P(oL.T)/ao
XJAC0B(1,2) = 0
XJAC0B(1,3) = aP(oL.T)/aT
XJAC0B(2,1) = 0
XJAC0B(2,2) = aP(py,T)/20

“|xoacos(2,3) - PloyaT)/aT

XJAC08(3,1) =--3f(p ,T}/20
XJAC0B(3,2) = 3(ny,T)/%
XJACG(B,.’!) = 3f(pv,T)/aT

) - af(oL,T)laT

THVERT

TEMSAT
FAILED TO
CONVERGE

RETURN




- ;

® 1

DL = DLLAST - alL
OV = OVLAST - aiv
T = TLAST - a7

|

T = TLAST/10.0

]

|

T + TCRITR

|

~

DV = DVLAST*2

|

. v
| ®
; YES
T > TCRITR
| @
YES
DV » 0.55
' YES

oL >1.0

!

DL = DLLAST*2.()

o

S




DLLAST = DL
DVLAST = DV
TLAST = T

¢

PRES(L 1QUID)

PRES( VAPOR)

FUGAC(LIQUID)

FUGAC( VAPOR)
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*

*
* TEM™MS AT *
* *
* . IhIS SUbhOUTLE FINDS THE SATURATION TEMPERATUKE AND x
*SATURATEL LLGUIL AN VAFOR DENSLTIES GIVEN PRESSURE *
* *
#*****#*4**********:**********************************************

SULRUUT Line. TEMOAT(P, ToDLeLVeTCRITPDCRIT)
COMMUI/TARL/C(LL) oCS R 1LH(O) s WHeRyCOMVRyLIMIT ,A0ST e TTOLERyBTOLER
UIMENS IOV XCACUBLA»3) o F(3),UX(3)

FARAME TER [He=C

TCRITR=TCRIT+ALSI

I=6440,0

UVSUCKIT /20,0

VLSUCKRIT=g 5

TLAST=T

LUVLAST=Uv

OLLAST=0L

CALL PRES(TrubePLyDrLDToLPLDDL)

CALL PRES(TyUVePv,DEvLTLPVYDDV)

CALL FUGAC (T CherbLoFLOT DFLDEL)

CALL FUGAC(T»OVeFVaLFVUTPOFVDLV)

WU 1000 s=irlIMIN

F(1)=PL=P

Fle)zrv=¢

F(3)zFV=FL

XJACUB (1, 1)=UPLLULL
AJACOB(1,2)=U,0
TAJACOB (1 3)=UPLDI
XJACUE (L1 )=0,0
XJACUL (e @ )=uPVDLV
AJACUL (&9 S)zuPVULI
AJACOVB (S 1 )z=0FLL L




33
RE)
37

39
+:)
+i
4.2
4.3
b
43
4

e

+3
31
¥
52

9¢
o5
Sn
27
20

59

23

53

AJACUB (Jr ) ouFvduy
AJACOB(Qr o) suF VUl =i LT

S CALL LiNvekTIAUACU ry rUX)

750

UDLZOLLASI =X (1)

WVZUVLAST =X (2)

T:TLAST'U&(S)

lF(TQLL.UQO) T:TLAS7/103Q
LF(uLeike40) DLZLLLAST/L0,0
1F(DV.LL-O.U) UV:UVLAST/lO.U
IF(UV.G&.U.Sb) DV:DVLAST*Z.O
LF(ULeGEela0) DLZOLILASTXc,0
IF(TOGTOTCRITR) I:TCRITR

CALL PRES(TrubkoPLoDpLOTyuPLDUL)
CALL FPRES(TouV PV Dp VLT »UPVDLV)
CALL FUGAC(T»DLoFLoFLUT»DFLLDLL)
CALL FUGAC(TyDVeFVizFVOTPDFVLODV)

LF(PL/P.LT, TTOLER AL PL/P ,GT BTOLER,AND PV/P.LT. TTOLER
LANC o PV/P, CT.uTULLN.ANU.FL/FV.LT TTOLER GAND oFL/FVeGT«BTOLER) RETURN

- DLLAST=pL

,-uVLA:T w1

1000
U0

TLAST=T
CONT [inUE
WRITE (M2rS00)LLIMIT

FORMAT (11 o4Xo "*2xxTCMPSAT FALLED TO CONVERGE IN'»Ioe'ITERATIONS?')

KE TURN
ENU




VFIND
DESCRIPTION

VFIND uses a Newton-Raphson iteration technique to find the density
given pressure and temperature for the compressed 1iquid or superheated
vapor regidns
EQUATIONS

P(PsT) = Prnown = 0

P(p,T) 'Pknown

oiv1 = P - L—apemr - hi
ap

VARIABLE SYMBOL TABLE
BOTLER lower tolerance on saturation and convergence tests
D density (1bmo]e/ft3)
DLAST last density calculated, to be used in next iteration
DPDD 2Pipal
DPDT CLatHl
1 index
LIMIT >maxiﬁum number of itefations al]owed in any.one search
M2 unit number of printer
P kﬁoWn pressure (psia)
PCAL - calcul ated pressufe (psia)
T known temperature (5R)
TTOLER upper tolerance on saturation and convergence tests



®
( smar )
. DLAST=D

® ,
| PRES
A J
| I=1 YES
= I>LIMIT

[=1+] Vi
o VFIND FATLED
TO CONVERGE
® D=DLAST- (FCAL-P)/DPDD j
RETURN
Y
®
D=DLAST/10.0
l, DLAST=D r
J
l, PRES I
L J
o 7 CHECK
N0 TOLERANCE
i
®

i
b}
1
K




L ¢ #*4***#*«##**#***tt:*tt*&*¢*******t**************#**#***********v*
2 C * *
3 C * v F oNG x
+ C * *
9 c * Thys buakoufxwt Finps IHi DENSTTY GIVEN 1EMPERaTURE AND *
) ¢ *PRLS50i¢. F O COmrR55ED LIQUID anp SUP RHEATED VAR QI STaTEs *
/ ¢ *
3 C #***4*****4*********&**44***¢************************t************
3 SUBRUUTlNL VFIwO(I:ﬂ'b)

i COMMVN/CAMI/c(ll)ocb(o);gh(éjpWMoR¢CUNVRaLI”iT.AhSTvTTOgERnUTOLER

Ly PARAMLTLR Me=g

i VLASTzp

i3 CALL l’th.b(TOU'PCALD.)PUT’uPOD)

1y : Lo dyy i;loLLMiT ‘

13 ‘ u:uLAST-(FcAL—P)/UPuD

1o 1F(U.LE.0.0)U=ULAbT/10.U

17 CALL PRES(TerPCAchPuTvLPDD)

14 iF (PLAL/F.GT.dTULEH.AND.PcAL/PoLT.TTOLEH) RETURN

19 ULAST=g
9 100 CONTINU&

2i 'RITt(Md:EOOO) Limyy

P 9000 FORMAT(in .4A.'*t*Vp1ND FAILED To CONVER@E Iw'.Ibo'ITERATIONS')

3 RETUKRN
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