DOCUMENT RESUME -

ED 084 829 EM 011\6“9
AUTHOR O0lds, Dan HW.

TITLE . A Program for Simulated Thermodynamic Experiments.
INSTITUTION Wofford Coll., Spartanburyg, S.C.

PUB DATE Jun 73 : \

NOTE ‘11p.; Paper presented at the Conference on Computers

in the Underyraduate Curricula (Claremont,
California, June 18 through 20, 1973)

EDRS PRICE MF-$0.65 HC-$3.29 !

JDESCKRIPTORS *Computer Assisted Instruction; *Computer Based
Laboratories; Data Analysis; Higher Education;
*Laboratory Experiments; Physics; *Physics
Curriculum; Physics Instruction; Program
Descriptions; Science Experiments; *Simulation;
Thermodynamics; Undergraduate Study

IDENTIFIERS FORTKAaN

ABSTRACT

4 time-sharing FORTRAN program is described. It was
created to allow a student to design ané perform classical
thermodynamic experiments on three modelslof a working substance. One
goal was to develop a simulation which gave the student maximum
freedom and responsibility in the design of the experiment and
provided only the primary experimental results, thereby affording him
practice in planning and data analysis. The specific purpose was to
develop a program the student could use to perform simulated
thermodynamics experiments. The decisions about experimental
variables to measure and control, and the values to use, were made by
‘the student, although they could have been added to the program. An
attempt was made to provide, as. output, only those variables which
are directly measurable in the laboratery. For example, if an’
assignment requir.d the measurement of the specific heat vs.
temperature curve or a given substance, the student must accept the
limiting fact that snecific heat is not directly measurable and must
define what other parameters to measure, what conditions to use, and
what analysis to make. (Author) :
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\ Phis paper describes a time-sharirg FOETRAN program which allowed a student to design
and parform a variety of classical thermodynamic experiments on thre= common models of a
workiny substance. An importan®* goal of this project was to develop a simulation which gave
the studant marximum freedom and responsibili%y in the design of the experiment and provided
only *he primary experimental results. In this way *he student obtained valuabls practice in
plannirg and data analvsis. The particular purpose of the proiect was to dev2lop a program
which the s-ud2nt could use to parform simulated +hermodynamics expsrimznts. The decisions
about z2xperimantal variables %o measur= and controcl, and the set of vilues to use, must be
made by the student; the data analysis is left to the student, even if it could easily have
been 31ded <o +he program. An at*tempt has b22n made to provide, as output, only those
thermodynamric variables which are direc*ly measurable in the laholatory. As an =xample, an
assignment may be *“o determin2 the specific he2at vs. temperature curve for tha substance
under studyv. Specific heat is not dir=sctly measurable and it is the stndent's responsibility
ta ds-2rmine wheawv parameters t9 measure2, wha+t conditions to us», and what analysis to make.

(!
Program Daescription !

PYTEXP 1is a program, writ*#ten in Call-A-Computer FORTIRAN, which simulates three of *hg.
most popular models for a real substance. These are (a) <he ideal gas, (by Vvan der Waafé
gas, ani (c) a so0lid with a Dekye "specific hea* curve. The program is used a% our
interactive, “imesharing terminal, but this mode of operation is not felt to be necessary for
successful operaticn.

The "User Instructions" attached +o this papar are *those given *o our stu ts. The
instructions purposely omit th2 names of the models and refer to tham only by nunm . This
is done so *hat familiarity with "expectad results" will not prevant discovary. 0llcvwing
*+hase instrucrtions, the studen+ selects a working substance by number; choosas a fixsd
parameter (i.&., an 1iscthermal, isobaric, isochoric or adiazbatic process) with specified
value; chooses to vary ore of the remaining parameters; and enters an initial wvalu=s, final
value, and measuremen* interval. If he has chosen heat flcw as one parameter, he will be
asked to enter an additional P-V-T coordinat2 of the initial state since two such coordinates
are r=gqni-ed to specify a point on the state surface. For each »f the models, not coun*ing
differ2n—:es due to numerical values, +here are fifteen ways of specifying the desired
experiment, -~ After appropriate selection of values and subsequent analysis of results, this
s2% of 45 cexperimental choices may be combined in a wide variety of ways and made *o0 answer
many types of quastions. The printed results ares pressure in atmospheres, volume in liters,
tomperature ir 9K, and cumulative heat flow in «calories at =each sStep of the r2quested
Procsss. The units may be easily changed by an appropriate change of conversion factors in
the DATA lines. 1Tn addition, *he user will fird it an easy matter to change model parameters
(such as *he Van d=r Waals constants or the Debye temperature) and study the effects of these
changzs.
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Purthermore, since the program is =2ssentially a series of subroutines, it is possible xo
introiuce other models with relative ease. It does require, howevar, an egquation of s*ate
(with aigorithms for finding, P, V and T) and an expression for Cp or C, ir terms of these
s<ate variables. Howzver, if no conveni2ant algorithm for finding ~V~P,T), for example, 1is
available, +hzn a new model may still be introduced with the restriction that Vv is *o0 be
specified by the experimenter, either as a fixed or stepped parameter.

-~

At Wofford, the pregram has found application at two places in the curriculum. 9ne of
these is with a class of freshman "non-scientists" who were given vary 1little background
infornation on thermodynamics. They Lad done some (non-thermo) laboratory experiments,
statiztical analysis of data, curve fitting, and a small amount of computer programming. The
main theme in +this <cpurse was th2 quantitative " treatment of data in science. The
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thermdodynamics program described here was introduced as an example cf computer simulations of
natura. Applications in this course included:

1. Af+tar a brief lecture on the nature of an equation of stats and how such eguations

may be obtained experimentally, thase students were asked =o design experimen*s on

A "substance number 1" to obtain some information about ité’equation of s<ate. Scme

"discovered" Boyle's law, some found Charles' law, and a few found combined results

and reported something like T = CPV with a value of C and some indication of its
variability.

2. Af*er a brief dis:cussion of specific heat and the fac*t tha* there are different
specific heats for differant processes, +he students .wer» asked *o find, for
subs“anc2 number 1, C, a% an assigned temperature :

3. aAfter a classroom discussion of “hermal expansion, the group was asked to select
and perform experiments to determine the pressure dependence of the coefficient of
e¥pansion tor subs*ance number 2. Each studaent took data a* one or more values of
prassures anl a plot was made of the group results. Subsequent discussion of the
variabili*y in *these results proved fruitful for those who stuck with this problenm.

T onlan to mak2 similar uses cof *he orogram with a new group of s-udents in the spring

The seceond application is in the thermodynamics cours=. A *typical physics course in
+hermaiynamics has no lab, but the experimen+al procedures for det=rwmination of specific
heat, =en*halpy, and other fuuctions ares impor*ant research m2thods. furtharmore, students
are &sked to work with several new abstract functions without the exparience of sezing in a
personal way how such functions are obtained fror experiments. Thersfore, this course is an
ideal on= for the introducticr of simulated experimental planning and gnalysis. However, a
literiture search and other inquiries revsaled very little work in the area and no programs
with the desired capability.

5

#ith PVT"XP, students can be ‘asked to obhserve system behavior, evaluate parameters,
q2+termin2 functional rela+tionships, or investigate properties of th=armodynamic cycles. A
list of 2xample assignments is given below. 4+ Wofford, our 2xperience with advanced
students using the program is l1imited by “he number cf students who take the course. We have
no* exhausted the possibilities of the present program, bu* already rscoanize the need for an
axpani=d version which will simulate phase changes and still allow the freedom of
sxpa2rimen~al design available with the present versicn.

=

Sample Problem Tdeas_Using PVIEXP
1. Chonse substance number 1 and evaluate beta and kappa rear STP.

2. Choose substance pumber 2 and plor kappa as a function of *emperatur=s from S0°K to
1500°K a* P = 1 atm.

3. Chooss substance number 3, measure arnd plot bera as a function of temperature from
50°K to 2000°K.

4., Experimentally dstermine values for the Van der Waals constants, a and b, using
substance number 2.

5., Choose sSubstance numbheér 2 and plo* PV/PT agzinst P from 1 to 800 atm. at several
temperatures. ' :

f. Find tha work doha in isoctha2rmally changing one mcla of substance number 1 at 300°K
and 1 atm. “o 3009k and 5 atm.

7. Determine Cp for substance number 1 in the neighborhood of STP.
8. Detsrmin2 and plot Cp of substance number 3 as a function cof temperature from 100K
to UWOO0OCK.

9. Determinz *he en+thalpy differsnce between 1 mole of substance number 2 a* 3009K and
at 5009K, both at 2 atm.

Q 1. Determin= and plot U as a function of T for substance number 1 from T = 1009K to T~
l(: = 2009K at 1 atm. (Use an arbitrary reference level.) ‘

\
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11. Use subhstance number 1 and Substance ruwber 2 in separate throttling processes.
Determine the Joule-Thompson coefficient of each substance in a region of interest
to you.

12. Use substance numbsr 1 in a Carnot cycle c¢f vyour choice and calculate the
efficiency from W and Q. Coapare your result with the theoretical value.

13. Choose two Carnot cycles which have one boundary in common. With substance number
2 as the working fluid, experim2n+ally determine the efficiency of each cyle and of
the two cycles tcgether.

14. .Choose a Carnot cycle and an Otto <cycle with the same temperature limits.
Determine and compare their efficiencies with substance number 1 as the operating
fluid.

15. Fxperimentally determine the Debye temperature for substanc2 number 3.

16. Plot entropy as a func*ion of temperature for substance numher 3 from 09K %o 200°K.

PVTEXP is a FORTRAN program to allow the user to design experiments and run selected
proczsses on the P-Y-T surfaca2s of several substances. The units for all input and output
quantities are: pressure in atmospheres, volume in liters, %~mperature in degrees K2lvin, and
heat flow in gram-calories. One gram-mole of substance 4is represented in each case. A
process on the p-y-T surface may be chos2n to be:

1. constant pressure (iscbaric) .
2. constant volume (isoboric)

3. constan* %temparature (isothermal)

u, constant Q (adiakatic)

NOTE: 09 is not a state variable in thermodyvnamics. Only changes in Q have meaning.
However, in this program, an adiabatic change is specified as Q = 0 and a process of
controlled heat input may be specified as (for example) Q = 0, 200, 10 which is taken to
mean "add heat in steps of 10 calorias until 200 calories have bzen added."

There ars +thres substarces in the present program. The user szlec*s one by responding
1, 2, o2 3 to the first questisi’ which is "QHICH SUBSTANCE--TYPE NUMBER?Y,

In response to the guestion "SPECIFY FIXED PARAMETER?", a constant value for one ¢f the
four pirameters is entered by typing an equation of the form T = 273. - You may use any one of
“he variables p, V, T, or Q and assign its constant value in this way. (Other examples: P =
1.2, V.= 24.3, Q = 0.) In ent2ring eguations, do not use a space anywhere before the equal
sign.

The nex* guestioi. is "SPECIFY STEPPED PARAMETER WITH INITIAL AND FINAL VALUES AND STEP-~

SIZE?". A proper reply has ths form P = 1,2,.2 which specifies a process beginning at P = 1
atmosphere, moving 3along the P-V-T surface (in the direction specified earlier) until P = 2
atmospheres, printing values of P,V, T and heat flow a- each step of 0.2 atmosph=ares. Any
one of the four variables may be specified in +his way. |

Two coordinates are reguired to 1locate the point from which you wish ‘o start your
process and Q is not 3 coordinate. If Q is specified as either. the fixed or <%he stepped
param2ter, the n2xt question will be *"SPECIFY ANOTHRE E-V~T COJRDINATE OF THE STARTING
POINT?". This is answered with another 2quation like Vv = 25.

Your replies to these questions have spacified a path on the P-V-T surface--the starting
point, the "direction", and the svopping criterion. Pressure, volum2, +emperature and ne%
heat £flow are then listed for points along this pa*h, using the intarval specified as "step-
size'" earlier. ‘ ’ ,

When the tabula*ion is complete, the computer returns +o the guestion "WHICH SUBSTANCE--
TYPE NUMBER?" and you may continue with a.new problem or ysu may wish to enter the previous
final values of P, V, and T *o begin a naw part of a process under study. 1In this way, you
may study closed cycles. Enter a Zzero (or an S) to stop the progranm.



Samble Run
PVTEXP 023117 SAT. 03-24-73

WHICH SUBSTANCE ~- TYPE NUBER?2

SPECIFY FIXED PARAMETER? T=200

SPECIFY STEPPED PARAMETER WITH INITIAL AND FINAL VALUES AND STEP-SIZE
?Pse551¢55 625

PRESSURE VOL UME ’ TEMPERATURE HEAT FLOW
(AT™.)>  (LITERS) (DEG. KELVIN) (CALORIES)
«50° 32.8356 200.00 0.00
«75 21.89 43 . 200.00 ~-161.3181
1.00 16+ 4237 200.00 -275.7905
01.25 131413 200.00 ~364.5873
1. 50 10.953 200.00 -437.1387

WHICH SUBSTANCE -- TYPE NUMBER?1
SPECIFY FIXED PARAMETER?V=25
SPECIFY STEPPED PARAMETER WITH IMITIAL AND FINAL VALUES AND STEP-SIZE

7 T=200, 300, 20
PRESSURE VOL UME TEMPERATURE HEAT FLOW

CAM™.) (LITERS) ¢(DEGe KELVIN) (CALBRIES)
« 6565 25.0Q0 200.00 0.00
« 7221 25.00 220.00 59+ 6478
«7878 25.00 240.00 " 119.2955
+3534 25.00 260.00 178.9 433
«9191 25.00 280.00 2385911 |

" «9847 25.00 300. 00 . 298, 2388

WHICH SUBSTANCE -- TYPE_N!MBER?3

SPECIFY FIXED PARAMETER?P« : A
SPECIFY STEPFiD PARAMETER WITH INITIAL AND FINAL, VALUES AND STEP-SIZE
?2712100.,1000, 200 '

PRESSURE VoL UME TEMPERATURE HEAT FLOW
CATM.) (LITERS) (DEGe KELVIN) (CALORIES)
1.00 ' « 007 100.00 0.00
1.00 «0071 300.00 1127. 7404
1.00 - 0072 500.00 2347.7648
1.90 « 0073 700.00 3609.0076 -
1.00 «0073 900.00 © 49100 6003

1.00 +0074 1100.00 6256.9703

WHICH SUBSTANCE -~ TYPE NUMBER?0

AT LINE NQ@..210: STOP RAN 21676 SEC.
ERIC > RAN




Program Listing

PVTEXP

100C VERSIGN @F 22 AUGUST 1972, DAN We OLDS, WAFFARD COLLEGE
110 DIMENSION SC4), WC9)
120 REAL KAPPA
130 EQUIVALENCE (SC1)sP>»C¢SC2)5VI5CSC3)5 T)»CSCA)» Q)
1 40 \COMMON FF( 4)
150 1FORMATC1A1, 1X, 115)5 2FORMATC 1AL, 1X)
160 READ,W,FF
170 R=8314.9
180 AS=248003B5=.0266
190 BEGINS PRINT, t?
200 PRINT"WHICH SUBSTANCE -- TYPE NUMBER"™, S INPUTsN1
210 IFC(~N1)>0K3 STOP
220 LETTR(M) 3
230 LETTR=¢32-MODCM/ 409 65, 20) ) 773 RETURN
240 VOLCP, T)¢
250 GATAC 50, 60, TOIN1
260 SOVAL=RkT/P3 RETURN
270 60 VS*=ReT/P3ITER=0
28C 61V6=RET/P+BS5-A5/¢{P#V5)+AS5%BS5/( PxV5%V5)
290 IFC1E~-5-ABSC1.~V6/V5)) 623 VOL = V63 RETURN
300 621F(25~1TER) 633 I TER=I TER+ 13 V5= V63 GATA61
310 TOVOLZ«0071REXPC~10 348 43E~2% 40 1 S003E= 5% T+ 1.+ 1 SE-8% T T~ P%
320 +C6.7111E-12+2.71405E-15%T))3 RETURN
330 63PRINT> "VALUME SOLUTION DIES NBT CONVERGE--AVOID THIS REGIGN @R
340 + SPECIFY VBLUME."s STEP
350 PRES(V»T)3
360 GITAC 150,160, 1700N1
370 150 PRES=R#*T/Vs RETURN
380 160 PRES=R&T/(V-BS)-AS5/C V&) RETURN
390 170PRES=(ALBGCV/+0071)+ 1348 43E-2- 4. 1 S5003E-5¢T-1+ 1 SE-82T&T) /
400 +(=6e7111E~12+2. 71 40SE~15%T)
410 TEMCP, V)t
420 GOTAC(250,260, 270)N1
430 250 TEM3PxV/Rs RETURN
440 260 TEM=(P+A5/Vt2)%(V~-BS) /RS RETURN
450 270A1= 4. 15003E~5-2. 7140SE-15%P5 AD=- 1., 34843E-2- 6. T111E-128¢P
4C0 TEM=(-A1+SQRTF(A1%Al~ 4. 6E=-B%CA0-ALBGCV/«0071)))) /2. 3E-8
ATO CBK(P»Vs T3
480 GBTGC 440, 460, 480N 1
\ 490 440 CV=1.5%R
500 BETA=1/T
510 KAPPA=1/P
520 CPaC\R
530 RETURN i
540 460IFC50-T) 4625 CP=3. 5Rs GETAA64
S50 462U=3070./ T CP=REC 3. S+ (2% U/(EXPCU) =~ EXP(=1))) 12)
560 464CP=CP+2%ASYP/(RETET) ~C 64AS5%BS/(R7 2% Tt 3) = 64ASL2/C(R 3% Tr D% P12
570 BETA=R/(P%V-AS/(V+2%A56BS5/Vt 2))
S80 KAPPA =1/C-2%A5/C e \V)+RETRV/V=F< 1 2)
590 CV=CP-TxV&BETA?2/KAPPA \




PVTEXP C@ONTINUED o

600 RETURM R
610 480 BETA® 41. SE- 6+ T*23E-9~P%, £71405€6~14 |
620 KAPPA=6.T111E-12+2.71405E~1 S‘r'ﬁ'

630 X=2215./T31FC(X~1) 4823 DEB=0+3 NTu 2+ 10/X3 D848 1, CN=1,NT
640 481DEB=DE:8+()(33+3vx02/cm6*x10ﬂ'2+6/cN03MD<Pt X®CN> Z/CN
650 DEB=3%(C3.1415926¢ 4/15-DEB) /Xt 33 GOTI43 3

660 AB2DER®-3%X/84+1,4¢X8X/20.-Xt A/1680~-X*6/90720

670 483CV=I=Re( 4aDEB=~3#X/7({EXP(X)~1))
680 CP=CV+ T*VxBETA® 2/KAPPA

690 SLAPECNES)?

700 CALLCBKIP, Vb T)

710 GOTGCA,B»Co Do Es FINZ

720 A: SLOPE=CP/C(BETA*V)3 RETURN

730 B: SLAPE=CP? RETURN R
T 40 C:t SLOPE= CVEKAPPA/BETA? RETURN ™
7S50 Dt SLAPE=(VI RETURN

760 Et SLEPE=-TxVxBETAS RETURN

770 Fs SLOPE=T*BETA/KAPPAI RETURN

780 PVTCL):

790 GOTACP, V» TIL

800 Pt PVT=PRESCV, T)3 RETURN

810 Vi PVYT=VOL(P, T)3 RETURN

820 T: PVT=TEM{P, V)5 RETURN

830 FG(X,Y»2)1

840 N3sNg2-6 |

850 GOTD(T7»8595,10,11,12)N3

B860 7 cCALL CBK(Z,Y»X)

870 F=aY&#X«BETA/CP

880 G=~-Y&xCVSKAPPA/CP

8§90 RETURN

900 8 CALLCBKXCY»ZsX)

910 F=~BETASX/C(CWEKAPRPA)

920 Ga-CP/C(XAPPASZ%CY)

930 -RETURN

940 9 CALLCBXC(Y,X»2Z)

950 F=-KAPPAACV/(BETA%Z);S G= CP/(Z*X:& BETAYS RETUR’N

960 10CALLCBK(P, Y, X)

970 F=1./CP3G=Y*BETA/CP2 RETURN

980 11CALLCBK(CY,V,X)3 F=1./CV3G=BETA/(KAPPA®CW) 3 RETURN

990 12CALLCBK(Y. Xs TYS F=KAPPA/(BETAX TS G3~1./¢ TeX+*BETA) 3 RETURN
1000 GUTP(X»Y»Z)1 }

1010 N3I=NE-6 )

1020 GATOC20s 305 205 45» 47, 43)IN3 T
1030 20CALLLINEC(Z, Y»X» 0)3 RETURN

1040 30CALLLINECY>Z,X»0)3 RETURN

1050 AOCALLLINECY»X5Z»0)3 RETURN

1060 ASCALLLINECP»Y»X»Z)3 RETURN

1070 ATCALLLINECY, Vs X.2)3 RETURN

1080 A9CALLLINE(Y»X» T»2Z)3 RETURN

1090 ENDOUTP

4




PVTEXP CONTINUED

1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
‘1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1.450
1460
1470
1480
1490

1500

1510
13520
1530
1540
1550
1560
1570
1580
1590

oKs

PRINT"SPECIPY FIXED F‘ARAMETER":J INPUT1,1, VAL I=LETTRCI)S SCI)=VAL/FF(I)
PRINT"SPECIFY STEPPED PARAMETER WITH INITIAL AND FINAL VALUES AND STS
INPUT2, J3 INPUT, VAL, STBP» STEPSJ2LETTR(J)3 SCJII)=VAL/FF(J)? STAP=STAP/FF(J)
STEP=STEP/FFCJ)

IFCC3e5=1)2C305~J))TOIN233%1+J)=4A3N2=N2-N2/43 SC6~1-J)=2PVT( 6~1~ J)
CALLTITLE

Q=03 CALLLINECP, Vo To @)

VAR= START= S¢.J)

Lage1~J

591DQ=20

DO 598, JJ=0,8

SC¢J)=VAR+ JU* STEP/8

SCLY=PYTCL)

598 DA=SLAPE(N2Y%W(JJ+1)+DQ

Q=Q+ STEPxDQ/2 4

599 CALLLINECP, V> T, Q)

VAR= VAR+ STEP

IFCABSCSTAP-START)~-ABSC(VAR% o 0‘0!# STEP-START)> ) BEGIN, BEGIN, 59 7
TOPRINT®SPECIRY ANPTHER P-V-T COORDINATE OF THE c'l'ARTING POINT,
INPUT{»K» VALSK=L ETTR(K)

S(KY=VAL/FF(K)3 CALLTI TLES SC10~-J=-K=-1)3PVTCi0~-J=-K-1)
IFC(3-J)BOIN23J+ 63 X0 S(MAXOC(Ks 6~K=J)>3Y0=S(MINOCK, 6-K~J))3 GATATS
BON2=[+93 X0aSCMAKOC(KS 6-1-K))3YO0=xSCMIMNOCK, 6-1-K))

7520=S¢J)3 CALLBUTPC(X0,Y0,Z0)I H=STEP

CALLFGCX0»Y0-,20)

XXaXO+HAF

YYaYO+H*G

Z=Z0+H

CALLFG(XXrYY»2)

X1=o Sk(X0+XX+HEF)

Y1, SC(YQ+YY+HRG)

CALLOUTP{X1,Y1,2)

S55CALLFG(X1,Y1,2)

X20=2X22X0+2. sHxF

Y2Q03Y22Y0+24H%G

Fi=F3G1=2G

10CALLFGC(X2,YEsZ+H)

XeNEW=sX1+4 SkHRC(F1+F)

YZNEWaY i+ ¢ 5¢HR(G1+G)

IF{1.E-5~ABSC1.-X2/7X2NEW) 11

IFC1.E-5-AB3(1-Y2/Y2NEWY) 11

X2 X2NEW+» 2K (X20-X2NEWY I Y2=Y2NEW+ o 2% (Y20-Y2NEW)

Z=ZeH

CALLBUTP(X2,Y2,2Z)

IFCABSCSTAP-Z0)~-ABSCZ+.001%H-~ ZO))BEGIN: BEGIN
AO=X13Y03Y13X1=aX2:Y 1=Y2 .

GOTASS .

11 X2aX2NEWS Y2=Y2NEWS G3TP10

SUBRGUTINE TIN.E



P/ITEXP CONTINUED

1600
1610
1620

- 1630

1640
1650
1660
1670
1680
1690

PRIN T PRESSURE VOLIME
PRINT" (ATM.) (L1TERS)
RETURN :

SUBROUTINELINECP, Vo Ts» @)

COMMGN FF(C 4

PRINTs PEFFC 1), VRFF(2)5 To @XFF( 4
RETURN

SDATA

1 42 42 42 41

92.86927E~6 999972 1. 2.3912E-4

TEMPERATURE

(DEG.

KEL VIN)

HEAT FLOW"
¢ CALORIESY ™



Line ¥o.
110 - 160 °
170 ~ 180
190 - 210
$ 220 - 230
\
200 - 380
e
350 - 400
410 - 460
470 - 680
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Aruitoxt provided by Eic:

PVTEXP

{Language: FORTRAN)
Comments

S is a vector con%aining the current- values of P,Vv,T and Q to which it
is equated hy the EQUIVALENCE statement. W is a se+t of weight factors
used in ths integration routine and FF is a set of conversion factors
to allow for the fuact that MKS units are us2d irnternally and
atmospheres, liters, and caleries are used for input and antput.

mul+iplying bv FF (1) converts n*/m?* fto atmospheres
rul+iplying by FF{2) convarts wm3/kgmola to liters/gmmole
mul+iplying by FF(3) cornverts from °K %o ©°K

nul+iplying by TF (4) converts from joulss to calories.

P is the gas constanat. A% and BS are *he Van der Waals constants, a
and b, and may be sasily changed here.

Th2 present cods for substance number is: 1 = ideal gas; 2 = van der
Wazls gas; 3 = ideal Debye solid. If the substance number is rot
positive, the program bktops.

LFTTR convents lat+ters to numbers such that:

P beccmes
¥V becomes
T becom=s
Q becomes

F WM =

The numbers are then used as iden*ifying parareters.

A soluticr of the equation of state for V(P,T}. Other cases may te
entered here if desired. The iterative solution for the Van der Waals
r27z 1S suggested by Tribus. No a*“tempt has been made to select an
appropriate root whan below *he critical point. The convergence
sometimes fails in this region. Therefore, to study +the Vvan der Waals
egquation in this region, one should specify the volunme. :

The volume of the so0lid is calculated from

d(In V) = - kappa * dP + beta % 3T
kappa = (680 + .275 * T) 10-9/atm
beta = (#1.5 + 023 *T) * 10-%/0C at P = 1 a+«n.

(These valves are from Allis & Herlin p. 32, for copper.} The eguation
of state follows after converting to MKS values and integrating from
the assumed initial state (1 atm., 7.1%10-3 m3, 300°K) first along P=1
at@. until T = T¢, then along that isotherm until P = Pr. Clearly this
stretches the data beyond its validity, but the result may be used for
instzuctional purposes. .

The pressure soliutions.
The temperature zolutions.

This routine suppiies Cp, Gy, beta and kappa. Bseta {the coefficient of
expansion) and kappa (tie compressibility) are ohtained from the
equations of state. For the ideal gas, C, and C,are those for a
monotonic gas and independent of temperature. For the Van der Waals
gas, Cp is as given by combining the value for an ideal diatomic gas
(Tribus, p. 177ff, K2 values) with the Van der Waals corrections given
by Crawford, p. 338ff. The hyperholic term is completely negligible
below 50°K. The Debye function expansions used for the solid are as
given by Zharkhov and Kalinin, p. 281. VNumerical tests show this
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calculation to give nearly four-figure accuracy in the worst case (which
is near the Dabye temperature).

This routine sets *he derivative to be used in the Simpson rule
integration. The user has specified which variable is to be constan*
and which is the contrelled variable. TIf only P, ¥V, and T are
involged, the other variable\is determined from the equation of state
and the appropriatz derivative for Q may be =2xpressed (by *the usual

, Cyr beta arnd kappa. Which derivative
is raquired is determined by tné value N2, set previously.

This routine de+termires P, Vv, or T from the equafion of state. The
variable to be determined is specified by the value of L.

.TE Q0 is one of the specified parameters, then two of the P-V-T

variables must be determined by integration. F and G are *he required
derivatives. They are determined from the TdS equations for the
partizular cass specified by N2, which carries information about both

the fixed and stepoed variables. For N2 = 7, 8, or 9, the stepped
variable is P, v, or T, raspectively, and the process is adiaba*ic.
For ¥z = 10, 11, or 12, the fixed variable is. P, V or T, respectively,

and Q is the stepped variable. 1In each cas=2, two P-Y-T variables must
be determined by integration. F is *he appropriate derivative for the
first required integration and G 1s the derivative for the second.

(The order is P, VvV, then T). . .

Since the variables X, Y, and Z may he one of several arrangements of
the s2¢ 9»,v,T, and Q, it is nzcessary to.sort ~!-m into proper order
before printing. The selection of *this order is detsrmined by the
value of N2.

1
This is the first part cf thke input routine. The equation is read,
ignoring the = sign, the proper subscript is determired by LETTR,
and *he conversion factors are usad.

If either T or'd was 4 (i.e., Q), another initial parameter is needed.
Otherwise, N2 is se* according to the foliowing table and the remaining
P-V-T value is obtained from the equation of =statxe.

y
Prints a title, intializes Q, and prints +he ini+ial line.

This lire iritializes the variable used in the Simpson rule integration
and also stores th2 starting value for later reference.

L bacomes the subscript for the P-V-T value which will be detfermined
from the equation of state.

A nine-pcint Simpson rule integration (see P2nnington, p. 193ff) for
Q. S(J) is *the steppad variablzs and S(L) is determined from +he
eqguation of state. The other variable, S(I) is fixed. The stopping
crit=rion in lin2 1260 allows for both nega+ive and positive st=ps ard
for 2 small round-off errcr in the value of VAR.

This is similar to 1110 in case another P-V~T value was required.

If J is not 4, thken I = U4 here. The value of N2 is se*t and ¥0 and YO
are the (ordered) variables to b2 determined by irtegration.

If J is 44 sinmilar to 1320.

Initialize the stepped variable for integration and print the initial
line.

ERIC

Aruitoxt provided by Eic:
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ERIC

Aruitoxt provided by Eic:

1350 - 1580
. 1590 - 1620
1630 ~ 1660
1670 - 1690

1. W. P. Allis
McGraw-Hill,

2. Franzo H.

Brace & World,

3. D. D. McCracken
John wWiley & Sons,

4. Ralph H.

Macmillan Co.,

5. YYron Tribus,
6. V. «§. gZharkhov
Tszmperaturzas,

The integration of two simultaneous differential equations for the two
variables (P, V or T} not determined by the input. Simultaneous
equations are re2quirad since the slope at intermediate points alony
the path may depend upon the value of the other variable at those
intermediate points. Tne method used here is taken from McCracken &
Dorn, P. 3U3ff.

Prints title.
Prints a line of o~u*put data aftesr converting to appropriate units.
The conversion factors in 1670 may be changed if another system of
units for I-0 is a=ssired.
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