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SUMMARY

A family of FORTRAN IV subroutines was developed to calculate the
thermodynamic and transport properties of eight fluids at pressures
from 0.1 to 200 atmospheres (ro 100 atm for helium) and from the triple
point to 300 K for neon; to 5300 K for carbon monoxide and oxygen; to
600 K for methane and nitrogen; to 1000 K for argon and carbon dioxide;
and from 3 tc 500 K for helium. This paper presents some of the histor-
ical basis for the calculations and the equation of state selected. An
operations sheet with a detailed description of pertinent input param-
eters and a discussion of the results is included in the text. A brief
description of each subroutine is presented in appendix A. The master
subroutine GASP calculates the remaining state variable when given any
two of pressure, density, and temperature as input. In addition, any or
all of the thermodynamic and transport properties - enthalpy, entropy,
specific heats (Cp, Cv), sonic velocity, viscosity, thermal conductivity,
surface tension - can be obtained. A call to GASP with pressure and
enthalpy or entropy as input will alsc generate the other properties. A
special technique is provided to estimate the thermal conductivity near
the thermodynamic critical point.

The GASP package was developed to be used with heat transfer and
fluid flow calculations. Because of this intent, the package was
written as a family of independent subroutines with a separate subroutine
for each specific property or set of related properties. Thus a user
with limited needs can work with only those subroutines required for his
progr am.

Cryogenic fluids are used for cooling equipment, preservation, and
destruction of biological specimens, heating or cooling other fluids, as
modeling fluids, and in many cases as the primary test fluids in heat
transfer and fluid dynamiecs research. Carbon dioxide is used in many
experiments because of its "room temperature" critical temperature.

Cryogenic fluids are used in biology and medicine for the preser-
vation and destruction of tissue. Skin cancers and growths have been
successfully treated by spraying liquid nitrogen on the defective
tissue (1). Thousands have been treated since 1962 for involuntary move-
ment disorders (parkinsonism, dystonia musculorum deformaus, intention
tumor, and tortiocollis), using stereotoxic cryothalamectomy (2). Gyne-
cological disorders have been treated using cryogenic cannula techniques
with a variety of freezing surface configurations (3).

A variety of techniques using cryogens are available for the pres-
ervation of whole blood and its constituents for periods of years (4).
Cryogens have been used to preserve foodstuffs, such as fish, poultry,
red meats, fruits and vegetables {(mushrooms, tomato sllces, peas, beans,
berries, sliced peaches, etc.) (5 and 6). '
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Currently much effort is being devoted to whole organ preservation.
The recent work of Lehr (7) indicates that the kidney may be able to sur-
vive freezing when microwave energy is used to revitalize the organ. 1In
cryoimmunology, destructive freezing has been shown to stimulate the pro-
duction of antibodies (8).

Cryogenic fluids are used in the freeze drying of foods, micro-
organisms, pharmaceuticals, and biologicals (9). Hydrogen and helium
bubble chambers are used in nuclear physics (ref. 10). Ultrahigh vacuums
can be achieved through cryopumping (ref. 11). Liquid oxygen (LOX) is
used at hospitals; in increasing the capacity of sewage plants, and in
1968, 70% of all LOX produced was consumed by the steel industry
(ref. 12). High speed trains are proposed which require cryogenically
cooled superconducting magnets (ref. 13). Superconducting power trans-
mission equipment will require cryogens, helium (perhaps hydrogen), as
well as cryogenic conditioning equipment. Ejectors operating in the
cryogenic regime can substantially augment the capacity of refrigeration
systems (ref. 14). Cryogens are used to produce a low background noise
environment for infrared detection equipment (ref. 15). Cryoelectronics,
superconducting motor-generators, and thermonuclear power are all depend-
ent on cryogens.

The problems associated with the liquefaction, storage, and gasifi-
cation of LNG (liquid natural gas) and LPG (liquid petroleum gas) are
currently being studied (ref. 16).

Cryogens are used in metal forming cryoquenching, and for producing
higher quality machine tools (refs. 17, 18).

This 1list of applications is by no means complete and review of
other cryogenic applications and several cited herein can be found in
references 19, 20, and 21. The point is simply that each of these appli-
cations requires not only a knowledge of the thermodynamic and transport
properties of the fluid but an efficient readily accessible technique for
evaluating these properties.

GASP is a FORTRAN IV family of subroutines which was developed on a
7094-7044 DCS machine (it is also available for the 360 system) to deter-
mine the thermodynamic and transport properties of eight fluids. (helium,
methane, neon, nitrogen, carbon monoxide, oxygen, argon, carbon dioxide)
and be used in conjunction with other research programs. The GASP prop-
erty package is subdivided into subroutines and functions for computing
the individual properties. The individual subroutines may be used inde-
pendently of subroutine GASP if the user's requirements are of a more
restricted nature (i.e., memory or time limited). Appendix A is a de-
scriptive breakdown of all the functions and subroutines used by the
master subroutine GASP, which is listed in appendix B.

The basis for the program is the work of Bender (ref. 22) and
Strobridge (ref. 23). Strobridge curve fit the available nitrogen data
with a modified Benedict-Webb-Rubin (BWR) (ref. 24) equation of state.
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This work represented a major advance in establishing an equation of
state for cryogens. The excellent hydrogen data of Roder and Goodwin
(ref. 25) were fit using a form similar to that of reference 23. 1In the
early days of work with cryogenic hydrogen such an equation represented
a milestone to those working in research and development.

Bender (ref. 22) added a new constraint to the problem of curve-
fitting PVT data and required subcritical data to satisfy the Maxwell-
Phase Rule. The use of this constraint, although not well defined in
reference 22, can give saturation properties directly from the equation
of state. Bender (ref. 22) fit selected PVT data, subject to the
Maxwell-Phase Rule constraint, for five fluids: methane, nitrogen,
oxygen, argon, and carbon dioxide from the triple point temperature at
1/2 atm to approximately 600 K and 200 atm to within the accuracy of  the
experimental data. The form of Bender's equation (ref. 22) is based on
that of Strobridge (ref. 23). Because fhe rules for obtaining saturatlon
properties were not clear from referencg 23, the saturation properties of
these five fluids were calculated hereln from curve fits.

Hust and Stewart (ref. 26) used the principle of corresponding
states and the equation of Strobridge (ref. 23) to give thermodynamic
property values of carbon monoxide. McCarty and Stewart (ref. 27) used
a modified form of the Strobridge equation and corresponding states to
fit the PVT data for neon. The neon data were subject to the usual
critical constraints and one additional constraint; namely that the equa-
tion must fit the data for the Joule-Thompson inversion locus.

Mann (ref. 28) further modified Strobridge's equation to fit the
available helium data, much of which was compiled by Mann and Stewart
(ref. 29). Since that time, R. D. McCarty (ref. 30) has obtained a
more exacting fit to the data; furthermore McCarty's fit yields good
values of 9 P/BT2 for the fluid helium. This is not the case for the
equations of Strobridge (ref. 23), Mann (ref. 28), Hust and Stewart
(ref. 26), and McCarty and Stewart (ref 27% Bender's equation
(ref. 22) also gives good values of 3 P/BT for the five fluids fit
therein.

The equation of state used in this report is a modification of
Bender's original equation (ref. 22) to include the modifications to the
Strobridge equation (ref. 23) for the fluids, helium, neon, and carbon
monoxide. The primary references used in GASP for thermodynamic and
transport property calculations are presented in table I. The equation
of state is presented in appendix A, under SUBROUTINE PRESS, and the
coefficient matrix for all fluids is presented as table II.

The Bender equation of state (ref. 22) has been compared to the
P~p-T data of several investigators. Comparisons to data were made
for methane, carbon-dioxide, oxygen, argon, and indirectly for nitrogen
and helium. TIn figures 1 through 12, the relative errors in the calcu-
lated P, p, or T are illustrated as functions of the reduced property
for methane and oxygen. For example in figure 2, the relative errors in
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pressure (Pexp - Pcale) /Pexp are plotted as functions of the reduced
pressure Pexp/Pcrit'

The essence of these figures and other comparisons can be partially
summarized in table III. However, one should consult the figures in
order to more fully understand the deviations between the state equation
and the data.

The results were generally in good agreement with the collection of
data in Dinn (ref. 32). The fit of the helium data given by McCarty
(ref. 30) indicates the helium results to be off as much as 4% in PVT and
up to 20% in some derived properties in the near critical region, indi-
cating the helium fit, used herein, will need further modifications.

Even the neon densities are not in complete accord with reference 27,
and the derived values deviate somewhat from those of reference 27, indi-
cating that these data will also need further modifications.

The GASP property package differs from the various techniques of
references 22 through 30 in that it was developed to be used in fluid
flow and heat transfer calculations. As such, there are independent
calls for thé three state variables pressure, density, or temperature
(see table IV OPERATIONS SHEET). In addition, temperature and all the
other properties can be obtained as a function of pressure and enthalpy,
or pressure and entropy which are often used in forced convection
studies. Selected examples of properties calculated using GASP are
given as figures 14 and 15.

While enthdlpy and entropy are available in references 23 to 28
the specific heats (Cp, Cv), sonic velocity, viscosity, thermal conduc-
tivity, and surface tension were not computed (good values of Cp and
Cv are given for helium in ref. 30). One of the major reasons that
the specific heats were not given is the significant deviations in
82P/3T2 at near critical temperatures which generally lead to very
large values of Cv. For example, using the Strobridge equation, the
calculated values of Cv for nitrogen are illustrated in figure 13.
After much effort in this area, the authors finally decided to use nu-
merical techniques to determine AU/AT = Cv and AH/AT = Cp, for p/p
cutoff value that varies with each fluid. See figure 16 and SUBRDUTIN%
CPPRL, appendix A. The viscosity and thermal conductivity computational
methods were adapted from references 33 and 34 for the gaseous regime
and from references 35, 36, 37, and 38 for the near-critical regime.
The surface tension calculation was adapted from reference 39, and modi-
fied to fit the date given in reference 40. A description of the equa-
tions for these transport properties is included in appendix A.

The symbols used herein are given in appendix C.
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APPENDIX A
FUNCTIONS AND SUBROUTINES CONTAINED IN SUBROUTINE GASP

If the user wishes to disassemble GASP into its family of subrou-
tines, the user should contact the authors at Lewis Research Center,
Cleveland, Ohio 44135,

In all cases, the units are specified by KU and the region by KR,
see sketch, table IV. TIf KR is either specified as 1 or returned as 1
the saturated liquid and vapor properties are computed. All saturated
properties become available through the labeled common statement COMMON/
PROPTY/etc. Three of five choices of KU available to the user are
given in table V.

The property routine GASP will warn the user if the input or calcu-
lated values are out of range, if an iteration has not converged, or a
value has been extrapolated; however, calculation will continue. Calcu-
lations will be terminated if the user fails to specify the name of the
fluid, see SETUP (NAMGAS). '

A flowchart of subroutine GASP and the routines called directly by
GASP is included in appendix D.

BLOCK DATA - A Data Subroutine

This routine contains the message which lists the fluid used and the
associated critical constants, e.g.,

THERMODYNAMIC AND TRANSPORT PROPERTIES FOR COZ:
PC = 72.869 ATM, TC = 304.21 K, ROC = .464 GM/CC
Also included are the units conversion factors to convert the user's

units as specified by KU to those which are internally consistent.
KU = 1 gives units which are the same as in the program.

SUBROUTINE SETUP (NAMGAS)

This routine uses NAMGAS, a 2 or 3 letter Hollerith code tabulated
below, to select the coefficients for a particular fluid and overlay them
into the common blocks needed by GASP. The coefficients include:

(1) Equation of state coefficients

(2) Saturated vapor law coefficients
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(3) Specific heat at zero pressure coefficients

(4) Transport coefficients

*
(a) Viscosity u - U , U

L%
(b) Thermal conductivity A - A , A

*

*

(¢) Force constants

(d) Surface tension ©

(5) Region delimiters on P, T, p, H

(6) Region delimiters for switching to numerical Cv calculation

 Fluid Hollerith code Fluid Hollerith code
Helium HE Nitrogen N2
Methane CH4 Oxygen 02
Neon NE Argon AR
Carbon-monoxide COo Carbon-dioxide co2

The coefficients for items 1 to 3 and 5 are listed in table II. The ref-
erences for the other coefficients are listed in the fluid reference

table I.

SUBROUTINE CHECKS (A multiple entry subroutine) -

ENTRY

ENTRY

ENTRY

DCHECK (KU,D)

At this gntry point the density D is converted to
grams/cm® and checked to see if D is out of range.

PCHECK (KU KR, P)

This entry converts the pressure P to mega-Newtons/
(meter)2 and checks for out of range. If KR=l, P is
checked for out of saturation range. If P is out of
range, the program writes an out of range note and
continues.

TCHECK (KU ,KR,T)

This entry converts the temperature T to degrees Kelvin
and checks for out of range. If KR=1l, T is checked for
out of saturation range. If T is out of range, the pro-
gram writes a mote and continues.

This routine is used frequently to insure that the proper regions and
units are used in the calculations. It prints OUT OF RANGE messages to
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warn the user that the results are extrapolated, and may be incorrect.
It is the responsibility of the user to check these results for validity.

FUNCTION SOLVE(X1,F,DF)

This routine is a Newton-—Raphson iteration given an initial estimate
X1, the function F, and its derivative DF. If the convergence has
not been attained in 100 itérations, the result and a note are
written out. Calculation continues with the last value.

SUBROUTINE ROOT (X0,X2,FOFX,FUNC,X1)

This routine solves for X1 such that FUNC(X1)=FOFX, where X1
lies between X0 and X2. It includes a modified half-interval
search technique and permits only one root between X0 and X2.
If a root has not been found in 100 iterations, the result and a
note are written out, and calculation continues.

SUBROUTINE ROOTX - Same as SUBROUTINE ROOT

This routine must be included to allow a function argument of ROOTX
to call ROOT. '

SUBROUTINE SPLINA(X,Y,NX,T,NT,YINT,KFD,KERROR)
This is a spline curve fit routine used for interpolation.
SUBROUTINE POLY(X,COEF)

This routine evaluates the polynomial at X, where £(x) is described
by the coefficient array COEF.

SUBROUTINE DENS(KU,T,P,D,DL,DV,KR)

This routine computes the density D, given the temperature T and
pressure P. If KR=1, the saturated liquid and vapor densities,
DL and DV, respectively, are computed as a function of T only.
If either T or P is initialized to zero, the saturated densities
are computed as functions of P or T, respectively, and the satu-
ration temperature or pressure is returned in the initialized store.

SUBROUTINE PRESS(KU,T,D,P,KR)

This routine computes the pressure P, given temperature T and
density D. If KR=l, P will be the saturation pressure computed
as a function of T only by SUBROUTINE PSSS. While the equation
of state 1s found in SUBROUTINE PRESS, it is also used in subsequent
routines. The state equation used by GASP is:
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P = RoT + A(T)p? + B(T)p> + C(T)p* + D(T)p” + n 40

3 2 'nzopz/Tz
+ p7[E(T) + p"F(D]e )

where if the fluid is helium, T2 = T, otherwise T2 =1,

n n n n
A(T)=n1T+n2+T—3'+—g-+-%+—Zl
T 77 T
n n
2 8 23
B(T) = n,,T" +n. T +n, + 3 +TZ
c(T) = n9T + n4
n
- 24
D(T) = n T +mn, +3
n n
B = (o, + 22+ 28) L
T /T
n,, n
F(T)=<nl7+ %°+—:-L-g>—l—2—
T/ T

The coefficients ny to ny are from Bender's original equation while
np] to mng, have been added for carbon-monoxide, neon, and helium.

SUBROUTINE TEMP(KU,P,D,T,KR)
This routine computes the temperature T, given pressure P and
density D. If KR=l, T will be the saturation value computed as
a function of P only, by function TSS.

FUNCTION DSF(DS) (A multiple entry routine)

This is a function used with DENS to solve for demsity DS given
temperature TS and pressure PS.

DSF = P equation of state - P given
ENTRY DDSF(DS)
This routine calculates the derivative of the above func-

tion and is used with DENS to solve for density DS given
temperature TS and pressure PS
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ppSF = 2(DSF
op

SUBROUTINE PSSS(PSS)
This routine computes the saturation pressure PSS given tempera-
ture TS, where

J

logy, P = j; + 53 + 34T + j4T2 +J

3, . b, .5
5T + 36T + J7T
and the values jl to j7 are found in SETUP.

FUNCTION TSS(PS)

This is a function used to compute saturation temperature given the
pressure PS.

FUNCTION TSSF(TSS) (A multiple entry routine)

This function is used with FUNCTION TSS to solve for saturation tem—
perature TSS given pressure PS.

TSSF = Vapor pressure equation - log, , (PS)

ENTRY DTSSF(TSS)

This routine provides the derivative of the. above function
and is used with function TSS to solve for saturation
temperature TSS given the pressure PS

DTSSF = §$%%§EL

FUNCTION TSF(TS) (A multiple entry routine)

This function is used with TEMP to solve for the temperatufe TS,
given pressure PS and density DS.

TSF = Equation of state = PS

ENTRY DISF(TS)

This routine calculates the derivative of the above func-
tion and is used with TEMP to solve for temperature TS
given pressure PS and density DS,

DISF = 9 ggF
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SUBROUTINE TEMPPH(KU,P,H,T,D,DL,DV,KR)

For a given pressure P and enthalpy H, this routine will return
values of temperature T and density D. If KR=l, saturated
liquid and vapor properties will be returned.

SUBROUTINE TEMPPS (KU,P,S,T,D,DL,DV,KR)

For a given pressure P and entropy S, this routine will return
values of temperature T, and density D. If KR=1, saturated
liquid and vapor properties will be returned.

FUNCTION TSHF(TS) (A multiple entry routine)

This is a function used in conjunction with TEMPPH. It
obtains a trial value of DS wusing the given PS and a
trial TS. Then it obtains a trial H which is compared
to the input enthalpy within an iteration in TEMPPH.

ENTRY TPSF(TS)

This is a function used in conjunction with TEMPPS. It
obtains a trial value of DS from the given PS and a
trial TS. Then it finds a trial S which is compared
to the input entropy within an iteration in TEMPPS.

SUBROUTINE ENTH(KU,KR,T,P,D,H,HL,HV)

This routine compﬁtes enthalpy H given the temperature T, pressure

P, and density D. If ZKR=l, the saturated liquid and vapor enthal-
ples HL and HV, respectively, are computed as a function of T only.

SUBROUTINE ENT(KU,KR,T,P,D,S,SL,SV)
This routine computes entropy S given temperature T, pressure P,
and density D. If KR=1l, the saturated liquid and vapor entropies

SL and SV, respectively, are computed as a function of T only.

FUNCTION HDINT(DS,DSL) (A multiple entry routine)

This routine computes the integral used in the enthalpy
computation from density DSL to density DS,

DS
P__I_ (3P
Al = [2‘ 2(8T>] d
Y p P
DSL
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ENTRY SDINT (DS ,DSL)

This routine computes the entropy integral from the
density DSL to the density DS ]

DS
_ _1 QE)
as = 2 (BT dp

P
“DSL T
FUNCTION HDINTF(DS) (A multiple entry routine)‘

This routine evaluates the integrand of function HDINT
where DS 1is the variable of integrationm.

P__I (3B
27 2 \aT
R P

ENTRY SDINTF (DS)

This routine evaluates the integrand of function SDINT
where DS is the variable of integration. -

_1 (a2
2 \3T
Y p

FUNCTION HSS(PS,DS) (A multiple entry routine)

This function computes the enthalpy in the region KR=3
(see table IV) or saturated vapor enthalpy (KR=1l), given
pressure PS, density DS, and temperature TS.

T P
.0 _ P__T (2F
H=H + Cp, 4T + (Z - L)RT + el (BT)D dp
TO 0 T
where
5
_‘z > i-1
Cpo = miT
i=1
and the values m; to my are found in SETUP.

ENTRY SSS(Ps,DS)

This routine computes the entropy in region KR=3 or the
saturated vapor entropy (KR=1) given the pressure PS, the
density DS, and temperature TS.
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S=5" + Cpo d(ln T) - R 1n(RTp) +

TO 0

SUBROUTINE HSLV(PS) (A multiple entry routine)

This routine is used in conjunction with HSS to compute
the saturated liquid and vapor enthalpies given pressure
PS and temperature TS. HV comes from HSS, and

HL = HV - T¥HSSLVF
ENTRY SSLV(PS)

This routine is used with 5SS to compute the saturated
liquid and vapor entropies given pressure PS and tem-
perature TS. SV comes from SS5S, and

SL = SV - HSSLVF
FUNCTION HSSLVF(PS)

This is a function used with HSLV to compute saturated liquid en-
thalpy from saturated vapor enthalpy or saturated liquid entropy
from saturated vapor entropy given pressure PS and temperature TS.

aP

HSSLVF EE'AV

where

v==%
Y

SUBROUTINE CPPRL (PS,DS,T,CPPART,CVPART,KU,KR,KCP)

This routine computes the specific heats at constant volume (CV)
and constant pressure (CP). . IF KR=1, the saturated liquid and
vapor specific heats at constant volume, CVL or CVV, and constant
pressure CPL or CPV, respectively, are computed as requested by
GASP,

The specific heats are computed by

P 2
T (3P
CV = Cp, - R - pz( 2> dp
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. (3P/0T) >
Cp = CV + =

p2 (’c)P/ap)T

provided the input density is less than op

(pc = critical
density). Also see figure 36.

switch

Fluid pswitch/pc
Helium 2.4
Methane 2.5
Neon 1.0
Nitrogen 2.2
Carbon monoxide 2.4
Oxygen 2.4
Argon 2.4
Carbon dioxide 2.4

If density is greater than these values, the specific heats are
calculated using SUBROUTINE SPCHV.

In addition, if T < T.pitical> then the specific heats for neon,
carbon-monoxide, and helium will be computed by SPCHV.

The partial derivatives (9P/3T)p and (3P/3p)T are available to
the user in COMMON/PARTLS/PTV,PDT.

FUNCTION CPPRLF (DS)

This routine evaluates the integral used in computing specific heats.

/.2
CPPRLF = %<§_g_> dp
p” \OT

SUBROUTINE PTRHO(D,T)

This routine evaluates two partial derivatives. The answers are
returned in COMMON/PARTLS/PTV,PDT.

PTV = ﬂ-)

PDT = ——)
op T
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SUBROUTINE SPCHV(KU,KR,T,P,D,CV,CVL,CVV)

This routine computes the specific heat at constant volume CV
given temperature T, pressure P, and density D. If XR=1, the
saturated liquid or vapor specific heat, CVL or CVV, respectively,
is computed as requested by GASP.

See SUBROUTINE CPPRL.

SUBROUTINE CVPS (KVP,KR,CVS)

Given temperature, pressure, and density, this routine is used to
determine five values of internal energy U for a spline fit used
in SPCHV to compute the specific heat at constant volume.

SUBROUTINE SONIC(KU,KR,T,D,GAMMA,C)

This routine computes sonic velocity C given temperature T,
density D, and the specific heat ratio GAMMA=CP/CV.

SUBROUTINE VISC(KU,KR,T,D,MU)

This routine computes the viscosity MU, given temperature T and
density D. The dilute gas viscosity %s computed as a simplified
form of the Chapman-Enskog model by yu~ = 0.2669 E ~ 4%5570&29u,
where §, is the Leonard-Jones potential viscosity collision inte-
gral, reference 16. The excess viscosity correlation is from Josci,
Stiel, and Thodos, reference 13.

~4.1/4
[(u - u*)gxlO 4] / = 0.1023 + 0.023364 pg + 0.058533 pi

— 0.040758 p; + 0.0093324 p;

where u - u* data has been verified in the references listed in
table I. Here pp = p/pc and & = T%/ﬁ/mé/ng/3

SUBROUTINE THERM(KU,KR,T,P,D,EXCESK,FK)

This routine computes the thermal conductivity FK, given the tem-
perature T and density D. FK vrepresents the thermal conduc-
tivity of the dilute gas plus the excess conductivity (A - 2*) which
is a function of density. The computation of the thermal conduc~
tivity anomaly EXCESK (\p) is based on the theory of Sengers and
Keys, reference 43, which agrees with the reacting gas theory of

Brokaw, reference 41. The techniques are compared and discussed in
veference 44,
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EXCESK will be computed for the density regime 0.3 < p/p, < 1.8.
To obtain the thermal conductivity of a near—-critical fluid, the
user must add FK and EXCESK.

The dilute gas conductivity and the excess conductivity are curve
fits from the data in the references as listed in the fluid refer-
ence table I, The Stiel and Thodos correlation of reference 36 is
used where it is practical. Special procedures are followed for
helium as indicated in the references of table I.

SUBROUTINE SURF(KU,KR,T,SIGMA)

Compute the surface tension SIGMA, given the temperature T, by a

corresponding-state correlation suggested by Brock and Bird, ref-
erence 39. ¢

&

SUBROUTINE DGUES(TS,TCR,DST)

This routine provides a near critical density estimate used by
subroutine DENS,.

FUNCTIION CONZ(TEMP)

This routine computes the thermal conductivity of helium for the
dilute gas as a function of temperature by the technique .of
Roder, reference 55.

In closing, now that the reader is familiar with GASP, turn to
page 3! , excise tables IV and V and discard the remainder of the paper.
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APPENDIX B

A LIST OF SUBROUTINE GASP

$IBFTC GASPY DECK
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SUBROUT INE GASP(KS KPeTsP+OsHoKR)
BENDER=-S EQUATION OF STYATE FOR THE FIVE GASES--N2+CH4+AR»02,002
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—-— ~-- PRYDZ EQUATION FOR FLUORINE ~-=——=- ——————

COMPUTE THE STATE RELATIONS AND THER MODYNAMIC AND

TRANSPORT PROPERITES OF SPECIFIEU FLUID GIVEN TEMPERATURE T,
PRFSSURE P, DENSITY Dy OR ENTHALPY H. STATE RELATIONS ARE
SPECIFIED BY KS. THERMODYNAMIC AND TRANSPORT PROPERTIES
ARE SPECIFIED BY KPs. IF KR IS RETURNED OR SPECIFIED AS 1y
PROPERTIES ARE COMPUTED AT SATURATION.

DIMENSION KPZ14{32)s KPL2(32)s KPC3(32)+KPC4(32)

COMMON/ PROPTY/KUsDL 9DV oHL yHV 4 Sy SLy SVaCV yLVL+CVVICPsCPL2CPVyGAMMA,
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COMMON/CHECKS/DCHL +OCH2yPLHL 4 PCH2 yPCH3 , TCHY1 9y TCH2 9 TCH39DST ¥STeH
LSCHL.HSCH2

DATA KPCl /2434647410511 914415,18919922 +23426927930,31934+35938,
1394420430460 4T7050051¢54¢55+58+59:62463/

"DATA KPC2 /4+5¢6¢T+12013914915420021022+23528+29+30¢31,436+374+38,
139.44¢45:4694T7+52+53054455+60461¢62+63/

NATA KPL3 /899¢10011412413914915+24925926427428929030+31940441442,
1434440451 460559056957+58¢59¢60961462e63/

DATA KPC4 /1691741891 9:20021922+2302492592642T+28+29,+30,31,
148s49¢50+451952053054+55,56+457+58459950,61462,63/

GN TO (10.20+30+40445) +KS

COMPUTE DENSITY

IF (KRoNFoeloAND (Pl ToPLH1eOReTaLToTCHL JIWRITE(64251)
IF (KRaFQWa1eAND (PaLToePLH1aANDL ToLTaTCH1)) WRITE(64252)
IF (PoeGToaPLH3eDRAToGTeTCH3) WRITELI6+253)

CALL DENS{KUeT+P+D+DLDV,KR)

60 TO S0

COMPUTE PRESSURE

IF (KReNE«1eANDo{TelTeTCHL1.ORDWLTLOCHL) )} WRITE(60251)
IF (KReEQeL1eANDWu{Tol TaTCH1ANDDoLT.DCH1)) WRITE(64+252)
IF (TaGToTCH3.0RDe6ToDCH2) WRITE(64253)

CALL PRESS{KU«T+DsPoKR)

GO TO 50

COMPUTE TEMPERATURE

IF (KReFQe1eANDo(Pel ToPCHLANDLDSLT.OCH1)) WRITE(6,251)
IF (KReNEos 1eANDe(PolTePCH120RaD.LToDCHL)) WRITE{5,252)
TF (PeGTaPCH340RDeGTaDCHZ) WRITE(6,253)

CALL TFMP{KUsPsDsTeKR)

60 TO 50

COMPUTE TEMPERATURE AND DENSITY GIVEN PRESSURE AND ENTHALPY
IF (PalTePCHLaIRWP.GToPCH3) WRITE(H+2541)
CALL TEMPPHIKU«P+HoT+DoDL +DVyKR}
GO TN 5G
CUMPUTF TEMPERATURE ANU DENSITY GIVEN PRESSJRE AND ENTRO
[£ { P oLTa PCHL 0R4 P oGTo PCH3 ) WRITE (64254 )

CALL TEMPPS { KUsPoSeToDeDLeDVIKR )
IF (MODEKP2)) 60+70,6C

PY
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COMPUTE ENTHALPY

CALL ENTH{KU+KR¢ToeP ¢+DoHeHLsHV)
DO 80 [=1,32

IF (KP-KPC1{1))110,100,80

CONT INUF

0 TO 110

COMPUTE ENTROPY

CALL ENTIKU'KRsToPosDsSySLWSV)
no 120 I=1,32

CIF(KP~KPC2(1}) 140,130,120

CONT INUE
GO TO 140
KCP=0

COMPUTE SPECIFIC HEATS AND SONIC VELOCITY

IF {(KR.NE.1l) GO TO 20C

CALL DENS{KUsToP+DoDLsDVel)

CALL CPPRLIP+DL»ToCPLoCVL oKUsKRoKLP)
CALL CPPRLIP+DVeT2CPVICVV KU sKReKCP)
GAMMAL =CPL /CVL

GAMMAV=CPV/CVV

CALL SONIC(KJ-KR,TvDL-GAMMAL'CL)
CALL SDNIC(KUvKRvT;DVvGAHMAV;CVP)

60O TO. 140

CALL CPPRL(P. DoTvCPvCV'KUvKRvKCP,
GAMMA=CP/CV

GALL SONIC(KUsKR+T»DyGAMMA,LC)

no 150 I=1,32

IF (KP=-KP(C31{I)) 170‘100'150

CONT INUE

GO0 T0 176G

COMPUTE VISCOSITY

IF (KR.NFol) GO TO 165 |
CALL DENS{KUsT+Po+DeDLDVI1)
CALL VISCOKUeKRoToDLoMUL)
CALL VISCUKUsKR+T4DVsHUV)
GO TO 170

CALL VISCIKUsKR»ToDsMU)

N0 175 I=1.32
IFIKP=KPC4(1}) 190,180,175
CONT INUF

GU TO 190

COMPUTF THERMAL CONDUCTIVITY
NOTE-~ FRIZEN VALUE AVAILABLE IN KeKLoKY
-— REACTING CONDUCTIVITY RETURNED IN EXCESK, EXCL,EXCV

IF (KR.NE.1) GO TO 220

CALL DENS{KUsTsPeDsDL4DV,1}

CALL THFRM (KUsKRsPoT sDLsEXCL4KL)
CALL THERM (KUsKRoP+sToDVLEXCVeKV)
GO TO 190

CALL THERM (XUsKRsPosToDsEXCESKIK)
[F{KP=~32) 230,240,240

COMPUTE SURFACE TENSION

CALL SURF (KUvKR.T:SlGMA)

RETURN ~

FORMAT( 140, 45H OQUT OF. RANGE -LOW=-SEE ERROR LIST-CALC.CONT
FORMAT( 1HO . 45H OUT OF RANGE-SAT-SEE ERROR LIST~CALC.CUNT
FURMAT{ 1H0 « 45H OUT OF RANGE-HI -SEE ERROR LIST=-CALC.CONT
FORMAT(1HD.45H DUT OF RANGE~ P -SEE ERROR LIST-CALC.CONT
FND
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APPENDIX C
SYMBOL LIST
Fortran
symbol*
c C sonic velocity, cm/sec
CL sonic velocity, saturated liquid, cm/sec
cvP sonic velocity, saturated gas, cm/sec
Cp CcP specific heat at constant pressure, J/(g)(K)
CpO specific heat at '“zero' pressure, J/(g) (K)
CPOCOR specific heat units correction factor
CPL saturated liquid specific heat, Cp, J/(g)(K)
CPV saturated vapor specific heat, Cp, J/(g) (K)
Cv cv specific heat at comnstant volume, J/(g) (K)
CVL saturated liquid specific heat, Cv, J/(g) (K)
cvv saturated vapor specific heat, Cv, J/(g) (K)
P D density, g/cm3
DL density, saturated liquid, g/cm3
DS density used intermnal to the program, gm/cm3
DSL density, saturated liquid, used internal to the
- program, gm/cm
P, triple point density, g/cm3
DV density, saturated vapor, g/cm3
EXCL reacting conductivity, saturated liquid, w/cm-k
EXCV reacting conductivity, saturated vapor, w/cm-k
XR EXCESK reacting conductivity, w/cm-K |

%*
Symbols used in the individual subroutines are identified in the
work statement of that subroutine (see appendix A).
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1-24

GAMMA
GAMMAL

GAMMAV

HL

set

KCP

KL
KP
KR
KS
KU

KV
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ratio of specific heats, Cp/Cv

ratio of specific heats, saturated liquid
ratio of specific heats, saturated vapor
enthalpy, J/g

reference enthalpy, Jlg

‘enthalpy, saturated vapor, J/g

enthalpy, saturated liquid, J/g

set of constants, equation of vapor pressure curve
thermal conductivity (p =+ 0) W/ (cm) (K)

thermal conductivity, W/ (cm) (K)

region delimiter used in the numerical calculation
of CV

thermal conductivity, saturated liquid, W/ (cm) (K)
thermodynamic and transport properties specification
thermodynamic region specification

state relation specification

units specification

thermal conductivity, saturated vapor, W/ (cm) (K)
molecular weight

set of constants, equation of specific heat at "zero"
pressure

dynamic viscosity, saturated liquid, g/(em) (sec)
dynamic viscosity, saturated liquid, g/(cm)(sec)
dynamic viscosity, saturated vapor, g/(cm) (sec)
set of constants, equation of state

pressure, atm



max

min

Pe

pswitch

PC

PS

PSS

RHOC

SIGMA

SL

SV

TC

TS

TSS
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pressure at the thermodynamic critical point

upper pressure limit, MN/m2

lower pressure limit, MN/m2
pressure used internal to the program, MN/m2

saturagion pressure used internal to the program,
MN/m

gas comnstant, J/(g) (K)
density at the thermodynamic critical peint, gm/cm3

density where calculation of CV change from numeric

to analytic
entropy, J/(g) (K)
surface tension, dyne/cm
hard sphere collision diameter, angstroms
reference entropy, J/(g)(K)
entropy, saturated liquid, J/(g) (K)
entropy, saturated vapor, J/(g) (K)
temperature, K
reference temperature, K

temperature of the thermodynamic critical point, K

‘upper temperature limit, K

temperature used internal to the program, K
saturation temperature computed by FUNCTION TSS, K
triple pdint temperature, K

internal energy, J/gm

specific volume, cm3/gm

compressibility factor

Leonard-Jones collision integral-viscosity
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APPENDIX D

COMPACT FLOW CHART FOR GASP

ENTER

GUBROUTINE GASP (KS,KPT,PD,H,KR)

CALL DENS Ks=1 KS=5 > CALL TEMPPS
(xu,T,P,D,DL,DV,KR) | ¥ (xv,Pps,T,D,DL,DV,KR)
2 -
5 Loy
i :
CALL PRESS w CALL TEMPPH
(KU,T,D,P,KR) . . (KU,P,H,T,DL,DV,KR)
CALL TEMP i
\ (XU,P,D,T,KR) :
JES | " CALL ENTH .
NOTE: Tests are so arranged, but (KU,KR,T,P,D,H,HL,HV)
not indicated here, such *
that 1.e., KP=l+i=5
will return entt(lalpy and CALL ENT
specific heats (CP,CV), their —p] - .
ratio =CP/CV, and sonic (KU, xR, T,P,D,S,SL,5V)
velocity. See, also, the

operations sheet.

YES YES
=" (xu,T,P,D,DL,DV,1)

CALL DENS

| Y

: CALL CPPRL
(p,D,T,CP,CV,KU,KR,KLP)

Y

/
EMMA= CP/CV ]

CALL CPPRL%P,DL,T,CPL,CVL,KU,KR,KCP
CALL CPPRL{P,DV,T,CPV,CVV,KU,KR,KCP
Y

GAMMAL= CPL/CVL
GAMMAV= CPV/CVV

Y
CALL SONICéKU,KR,T,DL,GAMMAL,CL)
CALL SONIC(XU,KR,T,DV,GAMMAV,CVP )
CALL SONIC -
(XU,KR,T,D,GAMMA,C)

EXCL KL)!
CALL THERM(KU,KR,P,T,DL, )
AL, THERM(KU KR, P,T,DV,EXCV,KV)

CALL THERN
(KU,KR,P,T,D,EXCESK

sK)

!

YES T p
- [ carL surr
KB=32 ™ (KU,KR,T,SIGMA)

CALL DENS YES YES o
(kv,T,P,D,DL,DV,KR) ""'_ ke
' . s e NO NO
CALL VISC%KU,KR,T,D,MUL% CALL VISC
CALL VvISC{KU,KR,T,D,MUV){ |(KU,KR,T,D,MU)
1 |1 o
CALL DENS 1
(xu,T,P,D,DL,DV,KR)

- RETURN
answers to user's program
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ENTER
SUBROUTINE DENS (XU,T,P,D,DL,DV,KR)

YES YES
PS*PGHECK(KU,KH,IL)"“_ <
NO

NO DENS uses:
PCHECK
TCHECK
y [Es-TomEcK0 . 2,7)] e
TS=TSS (PS ) v SOLVE
T=TS ROOT
- CALL PSSS(PS)
P=PS DGUESS
Y \
[INITIALIZE DS Iq—-———- TS=TCHECK{KU,KR,T)
- - PS= PCHECK (KU, KR, P)

[*psL=soLvE(Ds,DsF ,DDSF )}

y
l INITIALIZE DS |

i
|DSV=SOLVE (DS, DSF, DDSF )|

CHEEK for
REGION NUMBER
i.e, set Kr=2
or KR=3

KR=2
=—®| INITIALIZE EST

INITIALIZE EST

Y

\

CALL ROOT
CALL ROOT
(EST,DCE1, O.,DSF,DS) (DCH2,EST, 0. ,DSF,DS)

\

DL=DSL#*DCONV (KU
DV=DSVDCONV (KU

D=DS*DCONV(KU) J

Y v

( RETURN ) RET—U;D

*See APPENDIX A for detalls of subroutine or function specified.
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ENTER -
SUBROUTINE PRESS{KU,T,D,P,KR)

[Tszcr{Ecx(xn,KR,T)]

VES

\
[CALL PSSS{PS)*

? NO

- [DS=DCHECK( KU,D)I

\

DETERMINE REGION NUMBER

from TS and DS, i.e.,

set KR=1, or KR=2, or KR=3

‘PsPs*Pconv(Ku)f-—————— directly

TEMP uses:

PCHECK
DCHECK
TSS(PS)
DENS
SOLVE

state.

PS 18 the pressure computed

from the eguation of

PRESS uses:

TCHECK
DCHECK
DENS

*See APPENDIX A for detalls of subroutine or function specified.

ENTER
SUBROUTINE TEMP(KU,P,D,T,KR)

{PS=PCHECK (KU, KR, P )
YES NO

B

| DS=DCHECK (KU, D )l

\

DETERMINE REGION NUMBER
from PS and DS, 1i.e.,
set KR=1, 2, or 3

| T=TS*TCONV(KU)i<—————

\

( RETURN )

»-[%TS=SOLVE (TS,TSF,DISF )

/

VERIFY REGION NUMBER for
gilven PS and calculated TS

*See APPENDIX A for detalls of suoroutine or function specified.



*CALL HSLV(PS) to
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ENTER )
ENTH(KU,KR,T,P,D,H,HL,HV)

/ ENTH uses:

TS=TCHECK£KU,KR,T;
PS=PCHECK(KU,KR,T

TCHECK
PCHECK
DCHECK
HSLV
PSSS

compute HSL, HSV.

\

HL=HSL*HCONV}KU§
HV=HSVAHCONV (KU

Y

( RETURN )

CALL SSLV(PS) to
compute SSL, S8V

HDINT
HSS

DS=DCHECK (KU, D)

=2 op IR GALL PS53(Ps3)

KR=3 Y

CALL HSLV(PSS) to
compute HSL, DSL

\
éus = HSL + P5/DS-PSS/DSL

Y

IHS:HSS(PS,DS)

+ HDINT (DS ,DSL)*

H=HS=HCONV(KU)
RETURN

" ENTER
ENT (KU,KR,T,P,D,S,SL,SV)

\

SL=SSL*¥SCONV(KU
SV=8SVxSCONV(KU

Y

\ ENT USES:

TS=PCHECK(KU,KR,T

PS=PCHECK§KUiKR:P§ FOHECK
DCHECK
SSLV

_ PSSS

¥ KR =1 SsLy

SDINT

588

CALL PSSS(PSS)

CALL SSLV(PSS) to
compute SSL, DSL

|

"
8S = 8SL+ R« (ALOG(DSL}~ ALOG(DS))
+ SDINT(DS,DSL)

55=885(PS,DS)

e P
@)

Prv Anballn Af anhwanifine an fimetinn anecifiea.
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ENTER
SUBROUTINE TEMPPH(XU,P,H,T,D,DL,DV,KR)

*SUBROUTINE TEMPPS(KU,P,H,T,D,DL,DV,KR)

Y
+TEMPPS is identical to lps= PCHECK(KU,KR,P)I TEMPPH uses:
TEMPPH except that H —— —— -

representing enthalpy is

PCHECK
everywhere replaced by S HCONV
to indicate entropy and \ E};}gg
ENTH is changed to ENT =
and TSHF to TPSF. 15=1/Hoon (Ku)| ‘DENS

ss=s/sconv(xu) ROOTX
TSHF
CALL TEMP to get]
SATURATION 78 | TEMPPS uses:
PCHECK
SCONV
TEMP
ENT
y DETERMINE approximate REGION DENS
NUMBER on basis of: HSL, HSV,

CALL ENTH to get HSL, HSV and P§ ’ ROOTX
— - - — - = D Ph - e el TPSF
¥CALL ENT to get SSL, SSV DETERMINE approximate REGION

NUMBER on basis of: SSL, Ssv,
and PS

\

t
DS v e INITIALIZE TS1, TS2I

get DSL,DSV [

Y
CALL ROOTX(TS1,TS2,HS,TSHF,TS)

¥CALL ROOTX(TS1,TS2,3S3,TPSF,TS)

/
[CALL DENS to get DS|

\

[p=ps=nc ONV@‘

|

DL=DSL*DC ouv?cu g
DV=DSV«DCONV (KU

= - VERIFY REGION NUMBER from
——»’T TS*TCONV(KU)P—— given PS and calculated TS

'

( RETURN )
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ENTER .
SUBROUTINE VISC(KU,KR,T,D,MU)

v VISC uses:
TS=TCHECK (KU,KR,T)
T
DS=DCHECK(KU,D) Dgﬂﬂggg
POLY

COMPUTE MU USING
4* CURVE ANDU -4* CURVE
as explained in APPENDIX A

¥y

( RETURN )

ENTER
SONIC{XU,KR,T,D,GAMMA,C)

Y

TCHECK TS =TCHECK g KU,KR,T)
DCHECK DS=DCHECK(KU,D)

SONIC uses:

i .
[cAMPR= GAMMAR 10 %PDT ]

Ni

*  ENTER
THERM(KU, KR, P,T,D,EXCESK,K)

TS=TCHECKEKU,KR,T) THERM uses:
DS =DCHECK (KU,D) TCHECK
+ DCHECK

= P POLY
CALCULATE X using
K* curve and K-K* CONZ
curve as described in
APPENDIX A.

1

EXCESK is calculated by
a modified technlque
of Sengers-Keyes.

R
(RETURN)
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ENTER
SURF (KU,KR,T,SIGMA)

y SURF uses:
TCHECK
oo
TS=TCHECK
\
[comPurE sTG dtrectiy]
|
SIGMA-SIG#STCONV (KU )]
Y
(RETURN)
ENTER
CPPRL(PS,DS,T,CPPART,CVPART ,KU,KR,KCP }
. CPPRL uses:
COMPUTE CVPART directly NO
as a function of T and DS CPPRLF
using funetion CPPRLF (DS) SPCHV
PTRHO

*YES

*CALL SPCHV(KU,KR,KCP,TS,PS,CVPART)
~numerical technique for CVPART

- |
| CALL PTRHO (DS,TS) to
*lovtain prv, PDT

[

CPPART COMPUTED directly as a
function of CVPART, PTV, PDT, TS, DS

CPPART CPPART SCONV{KU)

1

{RETURN)
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TABLE v. OPERATIONS SHEET FOR SUBROUTINE GASP

CL, CVP, MU, MUL, MUYV, K, KL, KV, SIGMA EXCL, EXCV, EXCESK
REAL MU, MUL, MUV, K, KL, KV

COMMON/PROPTY/KU DL, DV HL, HV, §, SL sV, Cv, CVL, CVV CP, CPL, CPV, GAMMA, GAMMAL, GAMMAV C,
CALL SETUP(NAMGAS)

Name the fluid: HE for Helium, CH4 for methane, NE for Neon, N2 for Nitrogen, CQ for
Carbon Monozxide, 02 for Oxygen, AR for Argon, CO2 for Carbon Dioxide.
CALL GASP(KS, KP T, P, D, H, KR)

P

Voo \\ \\ \\ “-Region frtieal
b AR KR=0 Unknown, check KR returned

‘\ \‘ \\\\ \\\\ KR=1 Saturation

\ NN KR=2 Liquid

dr ...

! \ AN \ \ KR=3 Gas and or fluid g| critical ‘

L \\\\- Enthalpy, 3/ g

\ ‘\ \\ Density, /cm3 4 KR =2

\‘ \‘ \¥Pressure, MN/m2 g

Temperature, K 3 '
A \_ ’ Two-phase .
i K s aak .

\‘ Thermodynamic and -Transport properties ‘o saturation —~

_‘ KP=0 Only P, p, T returned /o . Vapor‘

\ KP=1 ' H Enthalpy, J/g, (H), (HL), (HV) ) Liquid :

“ KP=2 S Entropy, J/(g)X), (8), (SL), (8V)

\ KP=4

t

\

Entropy, [
Cv Specific heat at constant volume, J/(g)(K), (CV), (cvL), (CVV)

Cp Specific heat at constant pressure, J/(g)(K), (CP), (CPL), (CPV)
\ y - .

Ratio of specific heats, Cp/Cv, (GAMMA), (GAMMAL), (GAMMAYV)
¢ Sonic velocity, cm/sec, (C), (CL), (CVP)

\ KP=8 u Dynamic viscosity, g/(cm)(sec), (MU), (MUiJ), (MUV)
\ KP=16 k Thermal conductivity, W/(cm)(K), (K), (KL), (KV)

|

| KP=32 o

Surface tension, dyne/cm, (SIGMA)
- Input specification of independent properties

K8=1 p =4(T, P); giwgn IT,P find p ~
KS=2 P={(T,p); giv‘en T,p find P
KS=3 T= i(p,p); given P,p find T
KS=4

T,p = {(P,H); given P,H find T,p
KS=5

T,p = £(P, S); given P,8 find T,p
Reset KR;él each time GASP is called to be assured of nonsaturatlon calculations,
set KU=1 for units indicated above.

ure At the beginning of the user's program,
For other units see Table V. ‘
SAMPLE PROBLEM
COMMON/PROPTY/ i(as indicated above)
DATA NAMGAS/2HN2/
CALL SETUP(NAMGAS)
KU=1 '

CALL GASP(2,31, 80, P, 1.254,H, KR)

The program hag been asked to find for nitrogen the pressure P, corresponding to a density of 1,254 g/ cm : and ;a tempera-
ture of 80 K. Furthermore, the program will return values for H, S, Cv, Cp, v, C, u, and k. The values of H and P are

returned through the call vector and the remaining values are returned through the COMMON statement.

For example: KP—1+2-3 w111 return enthalpy and entropy; KP=1+8+16=25 will return enthalpy, viscosity, and thermal
conductivity; KP= 14244.+8+16= 31 returns everything except o; KP=2 will return entropy.



Physical quantity

Temperature
Density
Pressure
Enthalpy
Entropy, specific heat
Sonic velocity

Dynamic viscosity
Thermal conductivity
Surface tension

i
1

|

[6N
AV

TABLE V. - UNITS SPECIFICATION KU

KU=1 KU=2 KU=3
K K R
gm/cc gm/ce 1b m/ft3
MN/m2 atmospheres psia
joule/gm joule/gm Btu/lb m
joule/gm-K joule/gm-K Btu/1b m-R
cm/sec cm/sec ft/sec
gm/cm-sec gm/cm-sec 1b m/ft~sec

joule/cm-sec-K
dyne/cm

joule/cm-sec-K
dyne/cm

Btu/ft~sec~R
lbf/ft

KU=4,5 permit the user to work in other units; however, the proper conver-
sions must be entered into BLOCK DATA.
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TABLE VI. ~ PROGRAM ASSEMBLY
1. Set up the return of thermodynamic and transport properties

COMMON PRPTY/KU,DL,DV,HL,HV,S,SL,SV,CV,CVL,CVV,CP,CPL,CPV,GAMMA,,
GAMMAL ,GAMMAV , C, CL ,CVP ,MU ,MUL ,MUV K ,KL KV , SIGMA ,EXCL ,EXCV , EXCESK ,
REAL MU,MUL,MUV,K,KL,KV

2, Specify the name of the fluid for which properties are required; e.g.,
DATA NAMGAS/3HCH4/.

3. Call SETUP (NAMGAS). This overlays the proper coefficients. See
table II.

4, Establish the units you are working in KU= (specify 1, 2, or 3). See
table VI.

5. Add your program here.

6. Add GASP package or SUBROUTINE SETUP (NAMGAS), BLOCK DATA, and other
required subroutines.

Data

GASP Package or SUBROUTINE
SETUP, BLOCK DATA, and
other subroutines

Main Program + Subroutines
KU=1, 2, or 3

DATA NAMGAS/3HCH&4/
CALL SETUP (NAMGAS)

COMMON PRPTY, etc.

Program Dimensions, Common,
etc.

Control cards
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Figure 1. - Relative error in density for the methane data of Vennix, refer-
ence 57, as a function of reduced density; calculated values from Vennix's
equation of state, reference 57. C5-60065

06

04

.02

Rl o ox Pana ncacors o

-,
.
L
t
-

-.02

.04

-.06

-.08

=10

-, 12

-.14

] 2 4 § 8 19 12 1 16 18 20
PIP,

Figure 2, - Relative error in pressure for the methane data of Vennix, refer-
ence 57, as a function of reduced pressure; calculated values from Vennix's

equation of state, reference 57. - ) ©S-60066



0125

0100

L0075

. 0050

.0025

B
B XTI
IS Rty

s

(T =TT

0000

LT

P
R (T

-.0025

-.0050

-.0075

-.0100

- 025
T

.8 .9 1.0 1.1

1.2
T,

1.3

1.4

1.6

1.7

Figure 3, - Relative error in temperature for the methane data of Vennix,
reference 57, as a function of reduced temperature; calculated values from
Vennix's equation of state, reference 57,

CS-60067

.

03

02

L0t

e

.00 i

- peaicllp

-.02

- 03

-.04

-5

4 L0 1.2

plpg

1.4

1.6

1.8

2.0

2.2

2.4

Figure 4, - Relative error in density for the methane data of Vennix, refer-
ence 57, as a function of reduced density; caiculated values from Bender's
equation of state, reference 22.

CS-60068



(P - PeaiclP

.05

(T =Tyl

=002

.20

o

.05

L] 2 4 [ 8 10 12 14 16 18 20
: PIP,

Figure 5. - Relative error in pressure for the methane data of Vennix, refer-

ence 57, as a function of reduced pressure; calculated values from Bender's
equation of state, reference 22. CS-60069
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