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1. INTRODUCTION

This report describes a supplement to the TIGER computer program.‘ The
latter 1is a program for the calculation of thermodynamic properties of
nonideal systems of specified atomic compositions containing gaseous, liquid
and solid phases with known equations of state. The TIGER program version
that is documented in Ref. 1 has options to use for the gaseous constituents
erther the ideal equation of state or one of three nonideal equations. The
latter three are called BXW {Becker, Kistiakowsky and Wilson), JCZl and JCZ2
(Jacobs, Cowperthwaite and Zwisler), respectively, and defined in Ref. 1. The
present report describes a wmodification of the TIGER prograws which peraits one
to also use a fifth gaseous state equation, namely, a truncated virial
equation in which thr second virial coefficient i{s determined from lennard-
Jones (6-12) potential parameters. The added equation of state subroutine has
been given the nare LJ612 in order to indicate its relation to the Lennard-
Jones potential. The principal features of the added equation of state are
described in Section 2, and control cards that activate the routine LJ612 are
discussed in Section 3. Sectfon 4 gives a sample calculation. Details of the
derivation of the pertineat equations and formulas are given in Sections 5, 6
and 7. These details should be of interest for users of the LI612 option if
the basic equations are modified, for instance, for numerical expediency. In
order to facilitate such a wmodification the subroutines L3612 and LIBS (an
auxiliary routine) are listed in Appendices A and B, respectively, with
numerove explanatory comments. These comments make the listing of LJ612 also
useful as a guide for the preparation of other nonideal equations of state
routines. Section 8 conta‘ns a summary and conclusion.

In order to u<e the subroutine LJ612 in the TIGER program, the subroutine
STATEG wust be changed as described in Ref. 1, p. III-C-348. That change
merely increases by one the number of available gaseous equations of state and
includes a call to the added subroutine LJ612 at the proper place. No other
changes in the TIGER program are needed.

2. PRINCIPAL RESULTS

The nmodifications of the TIGER program perait one to use the following
type of equation of state for gases:

=¥¢(V_T) 2.1
v

1y, Coupertwaite and ¥. 4. Zwisler, "TIGER Corputer Program Documentation,"
Stanford Resecrch Institute Publication 2106, January 1573.
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In these equations, p (Pa) 1is the pressure, R = 8.3143 J/(K-mol) 1is the
universal gas constant, T (k) 1is temperature v (m3/mol) is the molar
volume, 3 is the {icperfection parameter, B (nm®/mol) is the second virial
coefficient, and C (m /mo12) is the third virial coefficient. The formla
(2.2) for % is called a truncated virial form because it ran be considered
as the first three terms of an infinite series expansion with terms of the
type AK(T)/V . The second virial coefficient B(T) in Eq. (2.2) is compuied

assuning that the 1intermolecular forces have the empirical potential
function

s() = 4e (/D2 - /D) 2.3

where r (m) is the distance between wolecules, and ¢ (J) and ¢ (&) are
parameters characteristic of each gas (Ref. 2, p. 32). The function defined
by ki. (2.3) is called the lennard-Jones (6-12) poteatial. o i< thar w=2'ug
of r f.r which ¢(r) = 0, and ¢ is the maxirun energy of attrac:zion (or dert!
cf e pozantial well) which occurs at r = 2°/% = 1.12 0. Typical values
ef ¢ are sround 3.5-107 . The parameter € enters the present
calcuiations only in the vatio e/k, where k = 1.38054-10722 J/X is the
Boltzmann constant. Typical values of the ratio e€/k. are around 300 K.

For a single gas with giver o 2ad e/k the second virial coefficient

B(T) is calculared as follows. \}J‘{ef. 2, p. 162 ff.,. First, one defines a
dizensionless reduced temperaturs 7 -

*
T =T kfe (2.%)
*
and a reduced dimensionless coefficient B ty

B = B/b (o) (2.5)

where

23.0. Hirsenfelder, C.P. Curtiss and R.B. Bird, "Mclecular Theor; of Cases
and Liquide,"” John Wiley and Sons, Kew York, 1954.
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2. %43,
bo(o) =37 No (2.6)

and N = 6.02252-10%3 mo1”! is the Avogadro nunber. *B(!.s for a given
;ntermolecular potential function of Lennard-Jones type a unique function of
T. It can be calculated by a series expansion and it is tabulated for the
Lennard-Jones (6-12) potential in Ref. 2.*p. 1114 £f£f. The relation between l
B, T, 0 and ¢ 1s In terms of the function B as follows

#1008 et b Ak Y

B(T) = bo(o)-ﬁ(r k/e) . 2.7)

T IR

Y

For gas mixtures the computation of B(T) 1s modified such that in Eq. (2.7)
one uses for o and € averages of the parameters of palrs of individual
constituents, and computes the final B(T) by averaging over all pairs.
Details of the calculation of B(T) are given in Sections 5 and 6.

e o —

9

A corresponding computation of the third virial coefficient C for gases
with lennard-Jones potential is described on Ref. 2, pp. 1530 ff., 170 ff.,
228 ff. and 1119. The algorithm is complicated and the resulting C is not
accurate. Therefore, instead of wusing the Lennard-Jones potential, the
third virial coefficiert computation for a single gas is for the present
task based on a rigid sphere approximation from Ref. 2, p. 157:

C e

g e VR R 4

Ve

)
Co) = 2 b2 0.81° (2.8) | -4
0

where b (o) s given by Eq. (2.6). To simplify further, the third virial
coefficlent for mixtures of gases is computed by a simple averaging of the
individual values of C, described in Section 5. Hirschfelder et al.“ p.
153, derive a wore complicated formula but <onsidering the large
uncertainties of the result, the simpler averaging was deemed to be
adequate. This computation of the third virial coefficieant was suggested by
E. Freedman and it is iwmplemented 1in the BLAKE ccmputer program. The '
factor 0.816 is ewpirical and suggested in Ref. 2, p. 157. It way be
replaced by a different factor, as described in Section 3.

32. Preedman "BLAXE - a Thermodynamice Code Based on TIGER:  User's Suide and
Yanual, ' ARBRL-TR-02411, July 1982. AD# A121258.
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3

= In summary, the supplemented TIGER program can be wused with the

& equation of state (2.1) and (2.2) for gases. The user should supply for

each gaseous constituent of the system the proper values of o and € of the

Lennard-Jones (6-12) poieéntial parameters. If such are not supplied and

= also not already stored in the TIGER file of material constants, thea the ::

1J612 routine uses the following default values: l:

e - 1 i

ks ¢ = 3.510 lom, :

3 2.9 !
o A e/k = 300 K . o

3 3. USER'S GUIDE FOR THE SUBROUTINE LJ612 B

‘? The virial equation of state supplement LJ612 of the TIGER program can “

k: be activated by the same type of control cards as the other four equations %‘

:‘ of state. Particulars of input data and order are provided in Ref. 1. This X

g section supplements that reference, particularly its Volume IV, ‘User's E

3 : Guide of the TIGER Computer Program,™

‘ The instruction to use the LJ612 equation of state is giv:n by a GEOS-

E card which has the format ; 4

4 GEOS, L3612 ’

E

?' (see Ref., 1, IV-C-10-11). The card instructs the TIGER program to use the

4 LJ612 equation of state for all computations until another GEOS card is
A encountered in the input. Therefore, it should be placed in the input deck
B before any of the instruction cards that initiate a computation, that is,
= befcre POINT, ISOLINE, GRID, EXPLOSION, C-J CONDITION or HUGONIOT cards.

The empirfical factor 0.81 that enters Eq. {2.8) for the third virial
£ coefficient can be changed by a SET-card. (See Ref. 1, IV-C-18). The card
has the format

SET,LJ612,SFACT,a

+ om e ool S SMBRURE,

where "a" is the number that replaces the value 0.81 in Eq. (2.8). For
instance, if a = 0, then C = 0 and the virial Eq. (2.2) is truncated to two
terms. The SET~card should of course precede all the calculation
instruction cards listed above. Once the factor has been set then it
reaains in effece for the particular TIGER run until changed by another SET-

A4 Ee
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ST e R AR B, o
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card.

The Lennard-Jones (6-12) potential parameters o and e/k are provided by
a $TG-card for each gaseous contituent. These cards are used in a TIGER run
that updates (replaces) the TIGER file containing material constan:s. The
input and instruction cards for such a run are descvibed in Ref. 1, IV-C-24 ;
f€. For a gaseous coustituent with the designation “naxe”™ the input E
4 consists of the following sequence (see Ref. 1, IV-C-25): ‘

<

- .
3

2 E CONSTLTUENT,name, GAS

2 STR,nawe,GAS,1, . . . Iy
B | STR,name,GAS,2, . . . ;
b STR,name,GAS,3, . . . '
§ $TG,LJ612,name, 0, €/k

3 E
" Other STG-cards specifying constants for the BKW, JCZ2 or JCZ3 equations of |
= state may follow or precede the STG,LJ612-card. The next card after the :
S STG;Sards is another CONSTITUENT-card. The value of ¢ must be entered in '
B - 107*" © (in 3ngstrdms) and the value of e/k should be expressed 1in |

kelvins., An example of a STG-card irc

e

i

59
s

b

STG,LJ612,H20,2.79,542.5

oy

pe—

7 indicating that for the constituent called H20 the Lennard-~Jones potential
5= parageters are o = 2.79-107'0 n and e/k = 542.5 K. If either o or e/k is
3 negative or zero in the S$TG-card, then the corresponding default value (¢ =

3.510710 o, e/k = 300 K) is stored in the library file instead of the

v negative or zero value from the card. 1If the library file does not contain

= R values of the Lennard-Jcnes potential parameters for a constituent, then

default values are generated as needed by the subroutine LJ612 at rua

time. (That 1is, if the LJ612 is activated by a GEOS,LJ612-card and the

constituent is part of the system that is evaluated.) The contents of the L -
library file are not affected by such computations.

More details of the structure and operation of the subroutine LJ612 aad
the auxiliary routine LJBS are provided by comments in the listings of the
routines in Appendices A and B, respectively.
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4. EXAMPLE OF A COMPUTATION

We chose as an example for the operation of the LJ612 equation of state
routine the same problem as in Ref. 1, p. IV-E-17 ff. The present input
differs from that in Ref. 1 only by the GEOS-card. The output is given in
Appendix C. Comparison of the output with that of Ref. 1 shows two types of
differences. First, one observes the expected difference in values for
temperature, pressure and other thermodynamic variabl:s, btecause a different
equation of state was used. However, in addition to these changes, and,
possitly masking the effect of the equation of -tate, there is alsc a change
of the cowposition of the gas. This change i:. not a consequence of the new

b T s
3013 S bSO e e bt

SSAA

s
equation of state but rather of the evolution of the TIGER library data re
between the publication of Ref. 1 and :its present version. ‘{‘

=

b

5. DERIVATION OF PRINCIPAL FCRMULAS :
We consider an equation of state of the forn 3
¥
RT ¥
p===%(V,T) (5.1) 3
v 2
where
2@ =1 - ER LS (5.2)
v V'

In the TIGER program, the molar volume ¥V 1s not directly used as a
variable. Instead, it may be calculated from the following relations (Ref.
1, p. I-B-16):

voll ot
np n

«?
[]

(5.3)

:s|.-‘
wlc.:

where n is the number of moles, V is the gas volume, ¥, is the mass of the
gas, p is its density and M) is the mass of the mixturé. The density P is
defined as the mass of the mixture divided by the volume of the gas. The
quantities a, M, aud 9 are TIGER variables from which v may be computed.
Let the system have s gaseous constituents with wole numbers 4, 1=1, ceu,
s. Then

Badh i

s
=7 n . (5.4)
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The n, are also TIGER variables. The equation of state is in terms of these
variables.

P
p=RTn ;—- [ (5.5)
with

$=9(p, T, M, N, N, see, 0)
1 2
° s (5.6)

2 2

?
n' C(n;, ooy ns) .

g
=1 +En B(T,nl, ...,ns) + (ggj

The virial coefficlents B and C depend on the mole numbers o, of the
1ndividual constituents because they repcesent the non-ideal effect of all! s
constituents and the ny specify the quality of the mixture. Both
coefficients also depend on <c¢he {andividual Lennard-Jones potential
parameters 01 and € in a torm that will be shown shortly.

The second virial coefficient B is calculcred for a system of gases by
the formula (Ref. 2, p. 153)

s

S
—_-—2 E 3 . (5.7)
i=1 j=

11313

In this formula the B;  are the second virial coefficients of a potential
function which describes Lhe interaction between molecules of constituent i
and constituent j. They are functions of the form

Bij = Bij(T [ i I,e, /%), (5.8)

1'% 3

that is, they depend on the gas temperature T and on the Lennard-Jones
potential parameters of both constituernts., The calculation of the B1j will
be described in Sectior 6.

The third virial coefficient C in Eq. (5.6) is computed as the average

n
D J

3
E (5.9

of the third virial coeffients C1 of the individual constituents. The
latter are d to be independ of temperature and €4 that is,

11
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s
) ¢, = Cx("i) . (5.10)
‘.x The calculation of the Ci is based on a rigid sphere approximation. (See
. Section 7). ‘
ks In order to simpiify the following formulaz, we define ¥
3 s s 1
= T <
3] p= I 1 anB , (5.11) 13
i B 151 j=1 i1 §
B ., S s dBi : !
& V.= N 21 5.12 e
3 Ig=) <. MY e (5.12)
3 1=l =3
£ s s dZB ¥
2 e N
2 f, =8 1 an —2 (5.13) 3
11 320 -3 gt .
4 and i,:
. i
> . k
: Ec = 12' nC . (5.14) \
i : s
-4 1
< The iomperfection parameter ¢ is given in terms of these quantities by '
>;( ~ ~ ~
- 21 IR 5
® 1+M°n):s+(xo) LI (5.15)

The TIGER program carries out a number of different computations for which
it needs in addition to the value of the imperfection parameter ¢ alio the
values of certain expressions involving é. These expressions are calculated
in the equation of state subroutines. Next, we shall derive formulas for
these quantities. ({See Ref. 1, p. II-C-11).

First, there are three derivatives of é:




%{
f
=
31“°_13_°_..l{l(-i_12 +(8—')n21+
3n ¢ 9n & in M ntB M C
& b i [ [}
B = A S A
233 o 2 P y2 )
25 +L2_42 7 48 +(-—) n C1} . (5.18)
Z Monj‘;l i1 ‘Ho 1!

Notice that the first two expressions, Egs. (5.16) and (5.17), are

Py T

H dimensionless; whereas, the expression (5.18) has the dimension 1/mol.
R 3 Ancther dimensionless quantity is
6 M s B "
5 el -2 - g
B o i [ i
3 8
© 3 =fle-14en) E (5.19)
.5 o ong”
3 An evaluation of the integral (5.19) ylelds for ri the formula
for
3 IS 1842 2 £ 32
E = = (=
s Ty=2y4 1 o3+ 5 () nc + ()l - (5.20)
Z o j=1 o [
g
3
7 Other expressions needed by the TIGER program are the following two
3 dimensionless derivatives of T :
|
3 ar ar s
b 1 s d1_ .8 232 2 232
e PRt %y 1 0By + () afcr 2 () I, (5.21)
o j=1 [} [}
and
aTr Ely ~ S dB
Lt Ll.,8 i3
Tt T C %W L %TTar -22)
o j=1

and the following derivative with the dimension 1/mol

ar N \
—L-,8 22 1
7, 2 Y Byt [Mo) [ZC +n(c + cj)J . (5.23)

The next two qiantities have the dimension of moles and are defined by
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ot o _pdpy & 7 o 3(ne) 45 243
: ‘——m(p T 5 = ,oTaT 7 (5.24}
and
s M 2 N
R A U T N I 16 9 .
er=-{ 75 =3 > =537 . (5.25)
o ° a1 P
An evaluatron of these expressions yields
gt 5
e=5"T_ 4 (5.26)
o
and
o B LR 5.27)
€ Mo (2 T~B T Ly ) . (5.27}

We notice that the quantity ¢ that is defined by Eg. (5.24) or (5.26) is an
auxiliary variable for the TIGER program and not the Lennard-Jones potential
parameter €.

In otrder to evalvate the expressions (5.15) through (5.18), (5.20)
through (5.23), (5.26) and (5.27), one needs values for the virial
coefficients B;; and its temperature derivatives which enter the formulas in
the combinations 'I‘-dB1 /4T and ‘l‘z-dZBi /d‘rz, and the virial coefficients
Ci. The computation of the former three is treated in the next section.
The computation of the ¢y is described in Section 7.

6. COMPUTATION OF SECOND VIRIAL COEFFICLIENTS

The second virial coefficient By in Eq. (5.7) represents the
interaction between molecules of constituent i and constituent j. It may be
conputed as the virfal coefficient of a pure substance with an
intermolecular potential that is an empirical combination of the potential
functions of both constituents. In this report, we use the following
enpirical conbining rules to specify the constants oij and cij of the
nixture potentizl (Ref. 2, p. 168, Ref. 3, p. 11):

e
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{ K = \‘0— . ;"—‘, \k_ . -k } . \6.2)
S 15 %

We notice that for {=j these formulas produce o,, =0 , € = ¢_ and,
consequently, Bjy = Bj. The 01 and €44 are treated as the lennard-Jones
(6-12) octential parameters of a pure sugstance and By: is computed as the
second virial coefficient of that subsgtance. This 1s done by defining a
dimensionless reduced tecperature }‘and computing a3 corresponding
smensionless virial cgefficient B(T) from which B;; then can be

S ST TN

R h retrieved. The function B(T) is uniquely determined by the constants of the
: Lennard-Jones potential. The following formslas are used to carry out this
% calculation:
& x
: T=Tkle,, R (6.3) :
! 1j
: _2_ % 3 fi
8 P01y 37 ¥ Oy . -4 .
Fa ' -
% B,. = B(I (6.5
. 15 = Pog; B(D , -3
% . i
where ¥ = 6.02252- 1023 mo1~! s the Avogadro constant. !
*
: The function %(T) is deficed by the following infinite series (Ref. 2,
p. 163):
oE
g * (- - w/2
Bh =y 1 CUE-wD (6.6)
n
2=0
with
2 /T 1 1 -
bm * T %al re- z t2 =) * 6.7
The first two coefficients In the serfzs (6.6) are® l
7. dJanrke and %. omde, "Tables of Higher Functionms,” B.G. Teubner, Leipzig M
1948, 5 H
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= — .l B e —— ¥
bl =-3 I‘(A-) 3 3.625 609 908 . (6.9)

All other coefficients can be calculated from bO and bl by the recurrence
formula

=y 2n -1 -
bor2 * % @D @y PR O L 2 e (6.10)

He rtearrange the <eries (6.6) as follews for arithmetical expediency

@
- * (=1/4 = m) = (=3/4 - m)
BT = § [b,, T +by T ]
a=0
(6.11)
<«
= I (agp+ Al,u:) .
@=0
The Ag,, and A) , are defined by
=1 X (-1/4) "
%,0°bT 6.12)
* (-
Ay o=t T (=319 (6.13)
and by the recurrence formias for m = 0,1,2,...
4a - 1 1
fo,ot1 = R0 T 2atd) 2 (6.14)
w1l 1 /
At T e T o) E 6.15)

* * *

The series for B(T) converges absolutely for all |1‘| > 0. Therefore, one
can coopute the derivatives of B(T) by termwise differentiation which
r duces the following formulas
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‘
- X dB _ f_ _botl _ ho¥3 \
k. TS = X_ e R i e (6.16)
£ dT =m=
» and
N g dE §oplm) Gabs) o (o) GeD) (6.17) I
. &2 L I 0, 16 Ll . ‘

The evaluation of the series (6.11), £6.16) and (6.17) is done ia the |
;ubiogtine Ugg*which coxputes for given T the corresponding *values of s
B, T R' ana T°B'' . The series converge very fast *if T is large, but
require the cowmputation of a large number of terms if T is small, Typical
TIGER computations are done with values of T between one and tyo, In that
range some computation time can be saved by interpolating B(T) and 1ts
derivatives in tables instead of evaluating the series. Such tables are
published in Ref. 2, p. 1144 ff., 'l;ables I-B. The subroutine LJBS uses
theie tables for the computation of B and its derivatives by interpolation
if T is within the range (0.75, 5.0). If T = 5.0, then only six to seven
tergs of the series have to ba calculated, and the number of terms decreases
as T increases. (The end criterion for the series calculatior in LJBS is
that the gbsolute value of the last terz is less than 107°4,) on the other .
% hand, if T < 0.75 then the table interpolation 1s not very accurate due to .
N rapid changes of the functions. Therefore, within the range (0.01, 0.75) i
again the series for,gxulas are used. The number of terms that have to be ’
evaluated is 350 at T = 0.01.* However, one would not expect typical TIGER
calculations to be done for T £ 0.75. For T < 0.0l an error stop with a
corresponding printed message is programmed into LJ612.

.
SR PR R GAN S BONARAA TP R

v et

A N

Y

H The interpolation in the tables 1is done by Hermite interpolation
formulas which make use of the availability of the derivatives of the
interpolated functions. Particulars about the fnterpolation formulas are
given in Appendix D.

In a limited number of test runs the computing time that was saved by
interpolation was found to be of the order of two percent.

7. COMPUTATION OF THIRD VIRIAL COEFFICIENTS

The third virial coefficient C is computed by Eq. (5.9) as an average
of the third virlal coefficients C; of the individual constitueats. The
latter coefficients we compute frem a rigid sphere approximation. According
to Ref. 2, p. 157, a reasonable value for C; in case of high temperature
powder gases is

17

T = E L S X




3

AR L

F Lo

B

3 0y PR

sogius

i

R S R

o~

Lkt

N

PR AR, M AR

[

. (0.81:0)° .1

where ¥ = 6.02252.1023 mo1™! is the Avogadro constant and ¢ _1s the Leinard-
Jones (6-12) potential paraseter, The factor 0.81 in E}E;. (7.1) 1s an
gpproximation to the theoretical value for the Lennard-Jones potential at

T= 60. (%ee Eqs. (2.4) and (6.3) for the definition of the reduced
emperature T.) Theoretically the factor may be increased to about 0.99 for
T = 1.25 (as can be seen from Ref. 2, pp. 171 and 1il6 - 1117). However,
experimental wmeasurezents deviate considerably from the theoretical vauiae
and, therefore, the counstant 0.81 1likely suffices to establish a correc:
order of magnitude effect of the third virial coefficients on TIGER
calculations. If necessary, the factor can be changed for any particular
calculations by using the SET-card. (See Section 3). Particularly, by
setting the factor equal to zero and repeating the calculation one can
obtain the total effect of the third virial coefficients on the calculated
results.

8. SUMMARY AND CONCLUSION

This report describes two new subroutines tnat can be 1ncluded in the
TIGER computer program and enables the latter to do computations using a
truncated virial equation of state for the gaseous constituents. The second
virial coefficient in the equation 1is based on Lennard-Jones (6-12)
internolecular potential, and the third virial coefficient is based on a
simplified rigid sphere assumption. The new equation of state subroutine 1s
called LngZ. It uses an aoxiliary subrgutine LJBS which computes a
function B and its derivativgs for given T. The latter is a reduced
dimensionless temperature and B is a dimensionless sacond virial coefficient
for Lennard-Jones (5-12) potential and pure substances. The LJ612
subroutine has an option (SET-card) to multiply the third virial coefficient
by an arbitrary constant. By setting the constart equal to zero one can
obtain an estimate of the significance of the third virial coefficient for
any particular computation.

The TIGER program was carefully studied during the programming of the
additional routines. Tt was found that the description of the program in
Ref. 1 is not up to date and, particularly, that the comments in the BXW
equation of state routine are not complete and sufficient for an easy
addition of new equations of state. Therefore, tte new subroutine LJ612 was
provided with numerous comments whicn wmay be helpful for adding another
equation of state to the TIGER program. We also notice that although the
TIGER program guide claims that fnput and output data can be easily changed
to arbitrary units (Ref. 1, IV-C-4), instructions are not provided how to
implement such changes, nor do such changes, if implecented, affect the
input information for the equations of state. The internal calculations are

18
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done in prescribed units which were also adopted for the LJ612 subroutine
and documented in the comments to LJ6iZ2. The information abovt the units of
all quantities is important because some of then
3 (in O)/ani, ar /ani, e, ¢! ) are not dimensicnless, comtrary to statements
in the TIGER djocumentacion. Input units for the Lennard-Jones (6-12)
potential parameters were chosen to be 10'10 n (8ngstroms) for ¢ and kelvins

LTy

1 for €/k. A change of these units would require minor changes ia the L3612 L
';- subroutine and would not affect the rest of the TIGER program. ‘
3 3
* In conclusion, the addition of the two subroutines LJ612 and LJBS B
g4 pernits one to use 2 truncated virial equation of state and, because the 3

1

routines are carefully commented, facilitates the addition of further
gaseous state equations.

M
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APPENDIX A

LISTING OF TUE SUBROUTINE LJ612

SUAROUTINE LJ612(LANE)Y
PURPOSE

T0 COMPUTE THE OUTPUT FOR STATEG USING A TRUNCATED
VIRIAL EQUATION OF STATE I% erICh THE SECONO COEFFICIENT
IS BASED ON LENNARD=JONES 6-=12 POTENTIAL AND

THE THIRD COEFFICIENT IS COMPLTED USING A

SIMPLIFIED RIGLD SPHERE FOKMULA

INPUT AND OUTPUT DEPEND ON TnE VALUE OF LANE
INPUT VARIABLES
INPUT FOR LANES 1 THROUGH &

Lo = NUMBER OF QUTPUT UNLT (PRINTER)

NSG = NUMBER OF GASEQUS CONSTITUENTS

RHO = MASS UF MIXTURE FER VOLUME OF GAS IN G/CMee3
THIS IS CALLED Rnu-HAT IN TEXTe SEE I-B-16.

SX SUM OF GASEOUS MGLE NUMBERS X(1)e IN MOLES.

T GAS TEMPERATURE I« KELVINS

M REFERENCE MASS IN GRAMS (M=LERO N [-B-16)

xn MOLE NUMBER OF TrE I-TM GASEOUS CONSTITUENT
WITH I=leeeer NSGe IN MOLES

S 3 Tt W R

INPUT FOR LANES S AND 6
NONE
INPUT FOR LANE 7

M oA 2%

10€AL = NUMBER OF THIS EGUATION OF STATE
VAL{1} = VALUE OF THE SECOND FIELD OF THE “GEOS"
INPUT CARD

INPUT FOR LANE &

VALLI) = VALUES OF THE FIclDS 2+3+6 (FOR 131¢2¢3)
OF THE “SETW INPUT CARD

SRS

INPUT FOR LANE 9

vaL(D) = VALUES OF THE FIELDS 2 THROUGH S (1=l THROUGH &)
OF ThE "STG™ INPUT CARD

INPUT FOR LANE 10

L0 = NUMBER OF QUTPUT UNIT (PRINTER)

PRNNTC = PRINT IDICATOR

vaL(lh) = SIGMA OF A CONSTITUENTe IN ANGSTROMS
vaL(2} = EPSILON/K OF A CONSTITUENTe IN KELVINS

INPUT FOR LANE 11

T T N

<
<
[
[
c
C
[
[+
<
[
C
C
<
[+
C
C
[~
C
[«
C
C
C
C
=
C
C
C
C
C
C
<
C
C
C
L
C
C
C
C
C
C
<
C
C
C
C
C
C
C
<
<
<
C
C
C
=

NOALF = INOEX OF A CONSTITUENT
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4
4
<
C
[
4
[
[
C
c
[+
C
Cc
[~
C
c
C
C
[=
[=
C
C
[
C
C
4
[=
C
C
c
C
C
C
C
C
C
C
[«
C
C
C
C
[~
[
[«
C
[=
C
C
C
[
[«
C
C
4
[«
C

TYP (1) = SIGMA OF CONSTITULNT NOALF IN ANGSTROMS
TY2(2) = EPSILUN/K OF CUNSTITUENT NUALF IN KELVINS

INPUT FOR LANE 12
L0 = NUMBER OF OUTPUT UNIT (PRINTER)
NOALF = INDEX NUMBER OF a CONSTITUENT
PRNNTC = PRINT INDICATOR
INPUT FOR LANE 13
NOALF = INDEX NUMBER OF a CONSTITUENT
INPUT FOR LANE 14

Lo = NUMBER OF OUTPUT UNIT (PRINTER)

OUTPUT VARIAGLES
OQUTPUT FOR LANE 1

IMPERFECTION FACTOR PHI IN THE EQUATION OF STATE
PARTIAL DERIVATIVE OF LOG(CPMI) wiTH

RESPECT TO LOG(Rru)

PHIT PAKTIAL DERIVATIve OF LOGC(CPHI} alTH

RESPECT TO LOGIT)

CPRI
PHIRKO

OQUTPUT FTOR LANE 2

INCLUDES LANE 1 QUTPUTS PLUS .

EPS = ENERUY CONTENT UF GAS CUE TO IMPERFECTION
In MOLES. (SEE I1-C-11).

EPSPT = PARTIAL QERIVATIVE OF (T*EPS) wiTH
RESPECT TO Ts IN MOLES.

GAMRHO(I) PARTIAL DERIVATIVE OF GAMMA(I) #ITH
RESPECT TO LOGIRNU)e  I=lveeerhSGe

GAMT (1) PLRTIAL OERIVATIVE OF GAMMA(I) »ITH
RESPECT TO LOGIT)s IZ1veeatNGGe

PHINID) PARTIAL DERIVATIVE OF LUG(CPHI) wiTH
RESPECT TO X(I)e IN 1/MOLESe I=lececoSGe

QUTPUT FOR LANE 3

GAMMA(I) = LUGAWITHM OF THE aCTIVITY COEFFICIENT OF
THE 1=TH CONSTITULNTe I=leeecshSbe {SEE 11-C-11)

OUTPUT FOR LANE 4
D(1eK) = PARTIAL OERIVATIVE OF GAMMA(I) vITH RESPECT
TO X(K} IN 1/MOLESs TeK=lveeesldL, (I1-C-11)
GAMMA(I) = LUGARITHM OF THE *CTIVITY CUEFFICIENT OF
THE I=TH CONSTITUENTs [=leeseliSUe
GUTPUT FOR LANES S8 aND 11

NONE

I
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C
c
C
c
<
<
Cc
C
C
<
C
C
[
C
C
[
C
[«
[~
C
C
C
c
[
C
C
[=
C
C
C
[+
C
C
[
[
C
C
C
C
™
c
19
C
C
[«
¢
C
C
C
C
C
C
C
C
C
C
[=

QUTPUT FOR LANE 6

NOCTS = NUMBER OF PARAMETERS THZT DEFINE THF
EQUATION OF STATH FOR EACH CONSTITJEM T,
FOR THIS EQUATIUN NUTTS32s THE T.O
PARAMETERS ARE LENNAND=JOMeS FQTENTIAL
PARAMETERS SIGMS aND EPSILON/K, SEE LANE 1l

QUTPUT FOR LANE T
XGEOS = NUMBER OF THIS EJUATION OF STATE
QUTPUT FOR LANE 9

TYP(1) = AN INDICATOR FOR SUBROUTINE LIBHARY
ZNAME = THE VALUE OF THE “(AME UF A CONSTITUENT
vaL(3) - CEFAULT VALUE UF SIGMA

VAL (4} = DEFAULT VALUE OF ePS{LON/K

OUTPUT FOR LANES 10912 AND 14
PRINTED OUTPUT ON UNIT LO.
OUTPUT FOR LANE 13

TYP(1Y = SIGMA{NOALF) IN ANGSTROMS
TYP(2) = EPSOK (NOALF)SEPSILON/K IN XELVINS
(K=BULTZMANN CONSTANT)

OQUTPUT FOR LANE GHEATER THAN 16
ERROR PRINT ON UNIT LO AND STOP

LOCAL VARIASLES

ALJ6) COOE VALUE OF THE ALPHANUMERIC NAME OF
THIS ROUTINE “LJ612", THE YALUE 1S 2626060102.0
a2 FACTUR 8<ZERD OF THE SECOND VIRIAL COEFFICIENT
IN (CM/ANGSTROM) ##3/MOLE. SEE LANE Se
CKA THIRD VIRIAL COEFFICIENT GF CONSTITUENT XA
cz = FACTOR C=ZERO OF THE TMIRO VIRIAL COEFFICIENT
IN (CM/ANGSTROMI #96/MOLE®*2s SEE LANE S.
EPSAB EPSILUN/K OF THE LENNARD=JONES POTENTIAL
SETWEEN CONSTITUE*TS KA AND Ktie [N KELVINS.
EPSOK{30) ARHAY OF EPSILUN/a FOR UP TO 30 CONSTITUENTS
MISTAK ERROR INDICATOR IM SUSROUTINE LJBS ARGUMENTS
NN TEMPORARY STORAGE FOR ERROR PRINT
RHOM RHO/ZaH IN 1./CM%°3
s8 WELISHTED SUM OF o=STARS IN
MOLES® #2#ANGSTROmSee)
SBKA(30) = SARTIAL wEIGHTEU SUMS CF B-STARS IN
MOLES®ANGSTROMS® *3
SEP = WEIGHTED SUM OF T=STAR TIMES 8-STAR OERIVATIVE
IN MULES®*C®ANGSTRCMe*3

VARG = e
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SSPKA(30) = PARTIAL WEIGHTED SUMS IN S6P
HOLES*ANGSTROMS® @3

S82P WEIGHTED SUM OF (T=STAR)*e2%(8-STAR-2-9RIME)
IN MULES®®2%ANGSTrOM®e 3

sC WEIGHTED SUM 05 C=STARSs MOLES®ANGSTROMS®e§

S1GaB SIGHA OF THE LENMARD~JONES 6-12 POTENTIAL
dET#EEN CONSTITUEMTS KA AND Ki. ANGSTROMS

$1GAB3 SIGAB®®3. ANGSTRUMSe®3

SIGFCT REQUCTION FACTOR (F SIGMA FOR THE RIGID SPHERE
APFROXIMATION IN THE THIRD VIRIAL COEFFICIENT.
OEFAULT IS 0.81

SIGMA(ID) wELL LOCATION OF LENNARD=JONES 6-12 POTENTIAL
(IN ANGSTROMS) Fuk UP TO 30 CONSTITUENTS

s T-STAR. ARGUMENT IN 8-STAR TABLES

xa8 K(KA)®X(K3) IN MCLES®s2

. R o LA R Ay s FA e A
et ovoen WA ISR RN Nt

Fo0

INPUT NEEDED TO ACTIVATE THIS EYUATION OF STATE

GEDS-INSTRUCTION SPECIFYING GASEOUS EQUATION OF STATE
CONSISTS OF THE FOLLOWING INPUT

O T

e

GEQSsLJGL2

SET=INSTRUCTION IF THE FACTOR 0.81 FOR REDUCTION OfF
SIGMA IN THE RIGID SPHERE APPROXIMATION OF THE THIRD
VIRIAL COEFFICIENT SHOULD SE CHANGED. SEE LANES 5 AND 8.
THE INPUT IS AS FOLLOWS

e

SETeLJ612+SFACTSR

3,

WHERE R IS THE REPLACEMENT VALUE FOR 0.81

5 eed,

STG~INSTRUCTIONS TO SPECIFY THE TwO PARAMETERS OF
THE LENNARD=JONES 6-12 POTENTIAL FOR EACH
CONSTITUENT, THE INPUTS ARE AS FOLLOWS

TRV

Ty
%

STGsLJ61 29 NAME 9 SIGMA«EOK

WHERE “NAMEY [S THE ALPHANUMERIC NAME OF THE CONSTITUENTs
wSIGMA® IS THE SIGMA VALUE Irv ANGSTROMS (1.0E-10 METRES)
AND YEOKY 1S THE VALUE OF EPSILON/K IN KELVINS,

K SEING THE BOLTZMANN CONSTANT 1.380662E~23 J/K

AIVARS CELMINS FECIT 29 APRIL 1983.

C
C
C
C
<
C
<
4
<
C
C
c
C
C
c
<
C
[

c
C
C

<

<
C

c
C
C

[
C
C

C
C

[
c
C
C
C
[
C
C
c
C
C
C
[~
[
[
C
C
C

COMMON / TIGER /
Al619103s ADEXPY AJS(10) e AJSJe AL140+10) s
ALPHA AS(1w9l0)e8 (400121 s SETAe =5(30) ¢
s1Ge 5JS(1V) s BISJe CC(30¢1211CG(3049) s
CHII(30)s CHIJSI20)9CRIJSIs  CHO(25)e CLIL049)y
CNC(10)s  CHETAC10+12)9CPHLy  CPI(3I0)s CPJIS(10)
CPJSJe CS(10+9)s Cve D{30+30) s E+EDs
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1S ELM(10G)» EOF EPETALs EPETAZ, EPETAJ,
X EPETAG. £PSe EOSPSIe EPSPT. ETAC12) 0
x ETETAL(12)+E00 F(30). FLy FLTA(S0)
COMMON 7 TIGRE /
FORM(SG+20) o7 nT2(40) +Gy GAMMA (30} «GAMRNO(30) o
GAMT(30)s GETA(12)s He HCONsHDs NETA{12)
HETAT1. HETATZy HOF 9HO+ 18UGe 1C132)
10E8L,. IERRORY IHISTy INOPT, INSTYP,
ITClL, ITC2Ly 1TCat s ITOPy IXCC(10) e
IXMCI1)ie IXCT(10e JuMPs XGENSe
KIND(10) v XKPRINTe KX(30)s Ll
LINCT, LOsLUPTy MAXCHOy  MAXFQORe
HAXPT, MAXREJs  MIXEDe NCC»
COMMON / TYGER /
NCCls NCGe NCTe NCTle
NNISe NOALF ¢ NOCASE s NOCHO»
NOFLTy NUSOnMe NOGC(10)e NOGEOSe
NOREJe NOTOT» NPAGE » NPTSVe
NSGe NSMs STe NTOC» QRV(25)
Pe PCONe PETA(12)+ PETATLs  PETAT2.
PHIJS (101 +PHIJSI PHIN(3IV)e PHIKHOs  PhLTy
PSI(30)e  PSILe PS122. PO Q1100
QA(10)s Re REJ(SO)e RHO. RHOO
COMMON 7 TYGRE 7
RXeSe5De  SENTeDENTESSG(I0) e  SQQ STOCN(10011) e
SYOFl'll)oSTOGV(JD'll)'STONA(ll)'STONAlJO)oSTDPC(lOoll)'
SVOLs SVOLE+SVP (20002) ¢SXeS0s  To TACONs TEMA(9420) ¢
TINITLs  TMCUNe TSAVE e TYP{u2dy TQo
UKI(30)e UMISLIV)e UMISJe Ve VAL (82) ¢
VCONs VETA(L2) ¢ VETATIe VETAT2e V0.
w(l0), wCrily WCPo WMs MU
«Ps wTte0ds  X(300¢ XETAT1 (301 e XETAT2(30) #XN»
XNAME (40) o XUML2AUMRY (30) +ZC (82} 92CCH{B0Y 9 ZCX{B0) e ZNAME

MOt n Mo oM M LI R WA I W
RO £ %y 7 Yan graL AL

)

{)

X
x
X
x
X
X
X
x
X

COMMON /7 PRINTT / NUVRCNGPRNNTC
LOGICAL PRNNTC

Ny

OIVENSION EPSOK(30) +S1IGMA(30) +SORA(30) 4 SBPKA(30)

DATA ALJ612/2626060102.,0/
C  aLUsl2 IS THE REPRESENTATION OF Tre ALPHANUMERIC
€ “LJU612" IN THIS CHDE. (SEE SUBROUTINE CARDRD.)

IF (LANE «GT, 14)GOTO 100
GOT0(100+100+300+400+5009600+700¢8009900¢1000+110041200¢
* 130091400) sLANE

LANES } AND 2

100 DO 104 KA=)+NSEG
IFUSIGMAIKA) oGTe0e s ANDLEPSOK(KAD «GTo0,) GOTO 104

102 aNN=19]
WRITE(LO¢102) vsRAsDIGMA(KA) +KAEOSOK (KA) +LANE
192 FORMATIIND910X9IIMERCR STOP IN £QUATION UF STATE.
A 25H QUTINE L2612 AT STATEMENT slwedn  3ECAUSE/s
3 1M s10X+6SIGMAL9I293H) =e1PE12.S5¢5 ¢ 10HAND EPSOKt 12

¥
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C 3¢ S'lPEIZcS'SXtZiNARE NOT BOTH POSITIVEs/s
O 1H +10Xe6HLANE =410
sToP

Cc
104 CONTINUE
c
S8 = 0,
8Pz 0,
SC = 0.
582P= 0,

00 145 XKA=]9NSG

IF (LANE.NE. 2} GOTO 105
SBKA(KA)30,
SBPKA(KA)30.

SCaSCoX{KA) SSIGMA (KA) 806
DO 135 xB=2]1+NSG

SIGAB= (SIGMA(KA)+SIGMA(KB) ) /24
S1GAB32SIGATG®e3
EPSAB=SQRT( ( (SIGMA(KA) /SIGAB) ®{SIGMA (KD} /SIGAB) ) *e3
+ SEPSOK(KA) *EPSOK(KS))
XAB=X{KA) #X(KB)
TS=T/EPSAB
[
CALL LJBS(LANE+TSe0SeTASP+TTSSPPeMISTAK)
€ INTERPCLATE IN THE 8STAR TABLES
IF (MISTAK,EQ.0)GOTO 125
111 8Ns11)
WRITE(LO¢115INNsMISTAK+LANE TS
WRITE (LO» 1161 KAWKB T
STOP
115 FORMATI{1H0+10XeIIHERROR STOP IN ZQUATION CF STATE.
* 42H ROUTINE LJ612 AFTER CALLING INTERPOLATION,
¢ 27TH ROUTINE LJBS AT STATEMENT el&e/e
+1h (10XeBHUISTAK =9l2¢SKeOHMLANE =o[4eSXe4NTS =91PEL2,.5)
116 FORMAT(1H +]0Xe4nKA ZelJe5XebHKr =¢1395Xs
* InT =4]1PEL12.5)

<
125 SB=SBeS1GABI®BS*XAB
SBP=SBP+S1GAB3*TESP*XA3
IF (LANE.NEL2)GOTO 135

SSKA(KA)=SBKA (KA} *SILABI*@S*X (Ky)
SBPKA (KA)=SBPKA (KA) *SIGABI*TBSP*x (K8)
SB2P=2SB2P+S1GABISTTESPPOXAS

CONTINUE

CONTINUE
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WA S

CPHI=SBe5C+140

PhIRNO= (SBe2495C)/CPN]
SBP=9ZeS8P
PHIT=RHOMSSBP/ (SXoCPHI)
IF{LANE.EQ.1)GOTO 1900

LANE 2

200 EPSz=RHCU®SgP .
SAGPT==RNOMS (SGPe2, +5225320)

DO 255 KA=]eNSG

CKA=C2oSIGMA(KA) **0
GAMRHO(NA) =2, 05C* 24 *RHONPHZ *SHKA(KA) >

* (RHOMeSX) e826CKA

GAMT (KA) =2, *RHOM*3Z*SEPKA (KA)

PHINIKA) = ( (=5805C) 75X 02, SRHOM®HZ®SBKA (KA) /SX
+ sRHOMe$2e5XeCKA) /CPN]

4
255 CONTINUE
G0TO 1900

LANE 3

300 D0 305 KA=1eNSG
IF(SIGMA (KA) oGT oV e o ANDLEPSOK K/ ) 46T40.) GOTO 305

304 uN=30a

ARITE(LOv102) NNoKASSIGMA (KAY eKAIEPSOK (KA sLANE
STOP

CONTINVE

i
00 345 KA=]+NSG

SoKA(KAIZO0.
GAMMA (XA) =SIGMA (KA) *26
SC2SC+GAMMA (XA} *K (KA)

00 335 KB=1+NSG

SIGAR=(SIGMA(KA) *51L4AIKB) ) /2.

S16AB3251GAB®e3

€PSAB=SGRT ( { (SIGHA (KA} /SIGAB) ® (SIGMA(KY) />LGAB) =3
» ®EPSOK (KA) *EPSOK (XD) )

TS=T/EPSAD

CALL LJBS (LANE+T5¢dS5e TRSP ¢ TTESPPMISTAK)
INTEOPCLATE IN THE 3STAR TAHLES
IF (MISTAK,EQ.0)30T0 325

o0 M \Dl s

BN

C
311 NN=311
wRITE{LO« 115 NeMISTAKILANE TS
aRITE(LO2 116 KAIKIoT
stop
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S$TOP IF 1S IS OUTSIDE ThE RANGE OF THE 8STAR TABLES
325 SBKA (KA)=SBKA (KA) +S1GABI*BS*X (Ka)

335 CONTINUE

345 CUNTINUE
~

A0 06 00

RHOM=RWO/ a4
00 355 Kazis\SG

GAMMA (KA) = { (GAMMA (KA) #0 585X +5C) SSXPRHONSCZ
o 2.¢SBKA(XA)®BZ) *RHOM
GAMMA (KA) ALREADY CONTAINS C{XA)
355 CONTINUVE
GUTO 1900
LANE «

400 SC=0
00 415 KA=1eNSG

IF(SIGMA(KA).GT.D.-AND.EPSOK(KA).GT.O.) GOTO 410
409 NN=409
4RITE(LO#102) NH-KA!SIGNA(KA)vKAoEPSO((KA)-LANE
sTop
410 SC=SCeX (KA) *SIGMA(KA) o®6
415 CONTINUE
RHOM=RHO/ WM
00 445 XAz]eNSG
SUKA (XA)=0
CKA=SIGMA (KA) 26
GAMMA (KA} =CRA
00 435 XBz1+¢N56
S1GAB=(SIGMA (KA) +SIGHAIKB) ) /2.
$1GABI=51GAB**3
EPSAB=SO“TI((SIGNA(KA)ISXGAB)’(:lGNA(KS)ISlGAB))"3
o *EPSOX (KA) *EPSOK (XB) )
TS=T/EPSAR
CALL LJBS(LANE'TSvdScTESP;TYESP?.N'STAK)

INTERPOLATE IN THE 3STAR TABLES
1F (MISTAN,E2+0)50TO =25

<

421 YNse21
4RITE(LOs 11SINNeRISTAKSLANE TS
«RITEILOe1161KAsKS~T
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STOP
C STOP IF TS 1S OUTSIOE THE INTERPOLATION TABLE
c

©25 D(KAsKBI=((SCOSK® (CKASSIGNA (KH) 906) ) *CZORHOM
o #2,03798S5¢51GAB3) *RHOM
SBKA (KA) TSBKA (KA) +S1GAB3*BS*X (K3)

[

435 CONTINUE
C

445 CONTINUE

D0 455 KA=]1sNSG
GAMMA (KA) = ( (GAMMA (KA) #0 ,5¢5X+5C) #SX@CZRHON
A 2,95BKA (KA) *82) *RrOM
455 CONTINUE

GOTO 1900
LANE S

500 B2=1.261354
SIGFCT=0.81
CZ=B7092%(5./84) *SILFCT*6
GOTO 1900
LANE 5 IS CALLED FROM TIGERA=10 TO €STABLISH DEFAULT VALUES OF
CONSTANTS IN THE EQUATION OF STATE
THE SECOND VIRIAL COEFFICIENT [S 82R3STAR®GZeSIGMA®43,
THE DIMENSION OF BZ IS (CM/ANGSTROM) @e3/v0LE s
REQUIRING SIGMA IN ANGSTROMe RHO IN G/CM#®3 AND
HASS WM IN GRAMS. THE VALUE OF CZ IS ACCORDING TO
HIRSCHFELDERs CURTIS AND BIRDe SECTION 111=5-As AND THE
THIRD VIRIAL COEFFICIENT IS  CaCSTAReCZeSIGMA®es,
CZ MAY BE CMANGED IN LANE 8.

LANE &

AOMOOOONOAOO0O

600 NOCTS=2
60T0 1900
C LANE 5 1S CALLED FROM TIGERA=10. NOCTSs2 INOICATES
C THAT EACH CONSTITUENT 1S CHARACTERIZED BY TwO
C PARAMETERS WHICH SPECIFY 1TS LENNARD=JONES 6-12 POTENTIAL

[
C LANE 7

[+
700 1F (VAL(1) JEQeALJO12IKGEQS=IDEAL
60To 1900
C CALLED FROM TIGERA=420 THIS INDICATES IF THE GEOS-CARD
C CONTAINS THE MAME OF THIS ROUTINEI*LJ612%

[
C LANE 8
Cc

300 1F(VAL(1).NE.ALJ6121GOTO 1900
IF(VAL(2) ,NE«3320151734,0160T0 1900
S1GFCT=ABS (VAL(IN)
CZ=28Z%*29(S¢/8.) *SILFCT*6
GOTO 1900
C THIS 1S CALLED FROM TIGEPA=&&0 AND IT CHANGES ThE
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GO0OOO00O

o0o0OnNO
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OEFAULT FACTOR 0.81°%6x0,2824 IN THE CONSTANT CZ.

THE CCDE OF vaL{2) IS “SFACT" wHICH MUST BE ON

THE INPUT CARD AFTER “SETsLJ612e"e NOTICE THAT THE

INPUT IS THE REOUCTION FACTOR OF SIGMA AND IS RAISED TO 6-TH POWER

LANE 9

900 IF{VAL(1) NE.ALJEL2)GOTO 1900

TIP(1)=2.0 -

INAME=VAL (2)

IF (VAL {3) ,LE.0.) VALL3) = 3.5

IF(VAL(4) (LE«0,) VAL{G) 3 300e

GOTO 1900
THES IS A CALL FROM SUBROUTINE LIBRARY=400 (111-C-245)
PROCESSING A STG-CARD. AT THIS TIME VAL(2) CONTAINS
THE NAME OF THE COMPONENTe VAL{3)SSIGMAe VAL (4)3EPSOK,
SIGMA AND EPSOK ARE REPLACED 8Y DEFAULT VALUES IF THEY
ARE NOT POSITIVE,

LANE 10

1000 IF(PRNNTC) WRITE(LO#1015) VAL(L)sVAL(2)
1015 FORMAT(IH ¢7XeSHLJ612¢3Xe6HSIGMAS¢IPEL2.5010H ANGSTROMS
* 1SHe EPSILON/K=+1PEL12.5¢8H RELVINS)
GOTO 1900
THIS LANE IS CALLED FRUM LIBRARY~940 (SEE [11-C-250)
WHICH HAS JUST STORED SIGMA AND EPSILON/K IN VAL(1) AND
VAL(2) FOR PRINTING

LANE 11

1100 SIGMA(NOALF)=TYP(])
IF (SIGMA (NOALF) eLE<0o) SIGMA(NQALF) =235
EPSOK (NOALF)2TYP(2)
1F (EPSOK (NOALF) oLEeOe) EPSOK(NCALF)=300.

GOTO 1900
LANE 11 IS CALLED FROM SUBROUTINE COMPOS~530 (11I-C-77)
AND SUSROUTINE RORDER-90 {I1I-C=312)e WHICH HAVE
STORED THE PROPER VALUES IN NOALF AMD TYP. BY THIS
CALL THE ARRAYS SIGMA AND EPSOK ARE FILLED UP AND
REORDEREDs RESPECTIVELYs
SIGMA AND EPSOK ARE REFLACED 8Y THEIR DEFAULT VALUES IF
THE VALUES IN TYP ARE NOT POSITIVE.

LANE 12

1200 IF (PRNNTC) WRITE(LO¢1215) SIGMA(NOALF) +EPSOK (NCALF)
1215 FORMAT (1M ¢13XeSHLIO12¢3Xe6MSIGMAZ, IPEL2,59 10H ANGSTRONS
* 1SHe EPSILON/K3+1PE12.5¢8H KELVINS)
1F (PRNNTC o AND o SIGMa {NOALF } cEQ e3¢5 AND «EPSOK (NOALF ) .EQ.3004)
A WRITE(LO1216)
1216 FORMAT (1He990Xs 16 (CEFAULT VALUES))
G070 1900
LANE 12 IS CALLED FROM COMPOS=360 (I1II1-C-80) wHICh
PRINTS & LIST OF GASEQUS CONSTITUENTS

LANE 13

B3 e B
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AR DA ARE (8 YT ke

3 pieat

R e R R DU

e} -

C
1300 TYP(1)3SIGMA(INOALF)
TYP(2)=EPSOKINOALF)

GOTO 1900
THIS LANE IS CALLED FROM RORDER=-40 (III-C-311) whICH

REORDERS THE LIST OF CONSTITUENTS. LANE 13 IS
THE INVERSE OF LANE 1l.

LANE 16

1600 #RITE(LO»1415)SIGFCT
1415 FORMAT (1H0¢30X9ISHTRUNCATED VIRIAL EQUATION OF STATE o
18MH(SUBROUTINE LJ612)e/0lH +10Xe
SIHSECOND VIRIAL COEFFICIENT COMPUTED FROM LENNARD=JONESe
15H 6-12 POTENTIAL#/+1H 10X,
S2HTHIRD VIRIAL COEFFICIENT COMPUTED USING A SIMPLIFIEDe
37TH RIGID SPHERE FORMULA WITH R = SIGMA®+1PE12.5)
GOTO 1900
LANE 16 IS CALLED FROM PRINNT=SO (I15-C-297)REQUIRING
TO PRINT GENERAL INFORMATION ASQUT THE EQUATION
OF STATE

LANE GREATER THAN 14

O0O0NOO0n

[aXsNalsizNe]

1500 wRITE(LO#1515)LANE
P

STO
1515 FORMAT(1H0¢10X9I2HSTOP BY SUBROUTINE LJ612 SECAUSEs
* 25+ [T WAS CALLED WITH LANE=s1Se/¢1H 10X+
* 28HLANE SHOULD 8E LESS THAN 15.)
C ERROR STOP WITH INVALID VALUE OF LANE

c
1900 RETURN
END
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APPENDIX B

LISTING OF THE SUBROUTINE LJBS

SUSROUTINE LJBS ILANE »TSeBSs T95P« TTBSPPIMISTAK)

THIS RQUTINE PROVIDES INTERPOLATED vALUES OF BSTAR
&NO ITS CERIVATIVES. IT 1S CALLED oy THE
TRUNCATED VIRIAL SUSROUTINE LJ6L2e DASED ON
LENNGRD=JCLES (6-12) POTENTIAL.

LANE INDICATES AT SAUULD BE INTE~POLATED

15

= 1 COMPUTE dSTAR AND FIRST DERIVATIVE

= 2 COMPUTE 45TAR AND FIRST TwO OERIVATIVES
3 COMPUTE 85TAK

= &4 COMPUTE OSTAR

= ARGUMENT TSTAR

THE FOLLOWING wILL wE CUMPUTED 8Y THIS ROUTINE

8s

195P
TT85PP
MISTAK

BSTAR LJBs
TSTARS(FIRST DERIVATIVE OF BSTAR) LJBs
TSTAR®®2e (SECOND DERIVATIVE OF 6STAR) LJ8s
ERROR INDICATOR. LJ8s
0 1F ND ERROK LJ8s
<1 1F TSTAR IS LESS Tran 0.01 LJas

2 IF LAME 1S QUTSIOE INTERVAL (le4) LJ8s
LJas

[ U I TR T

THE INTERPOLATION 1S5 OONE IN MIRSCHFELOER-CURTIS-BIRD LJ8S
TASLES 1-8 USING TWU=POINT HERMITE FORMULAS IF  0.75.LE.TS+LE.S0 « LJ8S
OQUTSIDE THIS RANGE SERIES EXPANSIOND ARE USEOD.

Al

VARS CELMINS FECIT 13 APRIL 1983.
DIMENSION TRLJITS(B2) +8STLJIL821 +dSTLUL (82) #BSTLIZ2(82)

THE FOLLOWING ARE HIRSCHFELOER~CURTIS-BIRD TABLES I-8

DATA (TRLJITB(I) 01=1982) /.30¢ #35¢ ohls o459 S0s S5¢ «60s 65 &

1700 o7S¢ 80+ «8Se +90¢ «95s leUde 1.0Se lel0e 1a15e 14209 1.25¢ 1
20300 1435s 1640 Le4Ss 150 1eSSe 1460v 1065+ 1o700 1.7S¢ 1480+ 1
34859 14900 1e95s 2.00¢ 20100 24209 24300 2e4ls 20500 246¢ 2.7¢ 2.8
e 2490 3e00 3ole 3¢29 3230 Joles 3459 3460 3.Tr 3e8e 390 4ol 4ole
S 4420 Lo30 Gehr ©eS5s 4e6r 4oTr 448y “eW0 Sels 6400 Toly 8,09 Fedo
©10.0¢ 2040y 30.0¢ 40.0s S0s00 6ULOe 70,05 B0e0s 90,0s 100,00 200.0 LJI3S
Te 300.0¢ 40040/ LJBs
DATA (BSTLJItI)el=1e82) /~27.8805010¢ =18.7568950s =13.7988350. ~10 LJSS
1.7549750¢ «8.72020500 =7,274085d¢ ~6,1979708s =5,3681918s ~4e71003 LJBS
2709 =4#,1759283¢ =347342254s =343631193s ~3e0671143y =2,7749102¢ =2 LJIBS
3.5380816y =2:3302200¢ ~2,14037421 =1.9825892¢ =148359492y ~1.70377 LJI8S
wBhy =1,5861067, «1,4752571s =143753479%¢ =1.2847160s -1.2008832¢ =) LIBS
541235183+ ~1.0519115¢ =.9856534y +.9230166e =,3659428+ =+08120333¢ LJBS
6=47615373s =e71016T3e =46695903¢ ~,6276256s =.5506331¢ =e4817100¢ LJ3S
Tese196TT6s =436357579 =,312613%9 +,2601336y <,2235863¢ =<1845073¢ LudS
3ee 1485022y =41152339¢ =408441264 ~,0557670y =.0291600s =.0062809s LJBS
9,0139568s 0007201+ «0611388e +0603273s (UFRIF0Le 1156169y 4131w9 LJAS
A02¢ o1606837T¢ +1810038¢ 17469060 1876177+ 31998951 ,2115673e .2 LSS
922675)s +2332558: «2833435, ,3229084¢ +3760885¢ «61363a0e #A05978 LIRS
Lo «060B7SIy +5253742¢ (S269255¢ +5185750¢ +35083614s 6962125¢ «add LJUYS
00507s 479750)s «47101500 ,4640695e «01146317v 43601279+ «3583512/ LJAS
OATA (8STLJILI)e1=1082) /76460725960 4526771309 30.26708000 21.98 LudS

Y R R AR

SRS W T T

bl S Az

31‘,_4':':) 95y

W

N

S VRO Lt




3
h

Eparoadldiiie e

194820s 16.9236900¢ 13.5821560¢ 11.2488490¢ 9.5455096+ 8.257114S¢
2425601350 6445414000 5,8036061¢ 5.2649184¢ 4.8127607s 444282616y
3.0976659s 348106421s 3.5592925¢ 3.3374893¢ 3.1606074e 296420400
4,5057826¢ 2,662620T¢ 2,5326459s 2.4141403s 2,3056683¢ 2.206021S.
5e1161772¢ 2402926210 1.9505276¢ 1,8773287¢ 1.8091057¢ }.7453722¢
6.90570100 106297207+ 1.527544%e 1,4366294¢ 1,3552188¢ 1.2819016¢
7421553209 1.1551691s 1.1000353¢ 1,0494802¢ 1.0029572s .3600031¢ .9
8202229+ +8832774¢ 36887460 «B1576069 7867145 7585630+ 7320753
e 7071630+ 468367150 66143309 +64049229 +02060465¢ .6017352¢ L3583
48082y 45667565+ .5505118s 5350237+ ,S202387¢ 50611019 +4925951s
93839722+ 43082566+ +252680)¢ 2097011y 1753670+ ,0286638e =.0174
€929+ =,0393115s =e0516478¢ ~00593621s =.0645039+ =-,0680819s =.0706
06700 =,072524be =20775400+ -,0765245s =40747534/

DATA (BSTLJ2(1)e151982) /=3564870790¢ =1894465360¢ ~11643660400 =7
18.8779500¢ =57,33952000 =43,88265000 =34.9186900¢ ~28.6405000¢ <24
2.0626600y -20.5131100+ =17.9419v00¢ =15.8254600+ -14.1155700s -12,
37108100 ~11.5398500¢ =10,55133000 =9.7074400s ~8,9798500s =8,3470
4000e =7.79217000 =7.3022700¢ —6.86692009 ~6,4777700s 6012805000 ~
5543122500+ =5.5257800¢ =5.2648500s =5.0262800¢ =4,8073800¢ =4.6058
67009 =4+6198000¢ =4¢24750009 —4+08753009 ~3.9386300¢ =3.7997200¢ -
7345481400+ =3.3266700¢ =3,12976000 =2,9540100¢ -2.7961600¢ =2,6535
8500 «2,5261600¢ ~2440623009 =242983100¢ =2.1532000¢ ~2410785000 -
92.02340000 =1,9451100+ =1.872310us =1,8044700¢ =1,7410800s =1,6817
4400+ =1462605009 =1.5737100s ~1.5244100¢ =1.477895000s <)0%339400s -
8143923400¢ ~1,3529100s =1,3154800¢ =1,2799100s -1.2660600¢ ~1.2138
C100s =1418305000 =1.1536700¢ =29193930¢ =+7579300+ <.6396790+ =.54
0979294 +o4T87790¢ =e17040300 =207201209 -+0261090+ 0039270+ 0221
4700 40348170, +0440560s 405103209 <0564410s 0772960+ .0813970. .
F)820559/

IF (LANE .GE. 1 ANDoLANE .LE.4)GOTO 15
MISTAK=2
RETURN

15 MISTAK=0
IF(TS,GETRLITO(10) «ANDTS.LT.THLITBL653) GOTO 25
1F (TS.GE.0.01) GOTO 36
4ISTAK=-]
RETUAN

NEXT FIND SLOT FOR INTERPOLATION
25 DO 35 KA=11+65

IF(TSLE. TRLJITE(XKA) I GOTO &5
35 CONTINVE

36 CONTINUE

START COMPUTING FUNCTIUNS Sy SERIES EXPANSION
Al121,225 417 702 T ® SQRT(2.,1°T5%%(~0,25)
A2==3.625 609 903 ® S0RT(2,)*0.>*T52#(=0.75)
AND A2 ARE FIRST Ta0 TERMS OF SE~IES FOR tSTAR
AKz=]
uS=AleA2
TBSP= (=A1-4293,) /4,
TTESPPZ(AL195.042%214)/16.

37 AK=AXel.
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M EARE N [N T P~ ———
COMPUTE NEXT TWO TERMS OF SERIES LJBS 116
Kylv=1 LJ8s 11?7
STOP SERIES COMPUTATION WHEN KVITWNE.O LJ8s 118
Al2A1€ { (4, 0°AK=100)7(2,0%AK<140))/({2.0°AK*2,0) TS} LJ8S 119
A23A20( (44,0PAKe1.0)/(2,0%AK¢240))/({2.0%4K*3,0)*TS) LJBS 120
0B3AL#A2 LJ8S 121
8538508 LJ8S 122
IF{ABS(08) «6GT.1.0E~12) KVIT30 LJBs 123
JF(LANE.GT.2} GOTO 39 LJBS 124 5
COMPUTE ONLY BSTAR IF LANE = 3 OR & LJ8s 125 ;
1LJ85 126 s
DBP2~(AK ) +25) *Al=(AKe1.TS) A2 LJBS 127 >
T8SP=TBSP+0BP LJB8S 128 b2
IF(ABS{DBP) 6T.1.0E~12) KVIT=0 LJBS 129 2
1F (LANEJEQ.1} GOTO 39 LJ8s 130 A
LJBS 13} e
COMPUTE ALSO SECOND DERIVATIVE IF LANE = 2 LJBs 132 3
DBPP= (AKe] 2519 (AK*2.25) A1 +(AK*1,75) ®(AK*2,75) *A2 LJB8S 133
TTBSPP=TTBSPP+0BPP LJ8S 136 e
IF(ABS(OBPP) 6T4140E~12) KVIT=0 LJ8S 135 3
39 IF(KVIT.NELO) GOTO 40 LJBS 136 E
€ BRANCH IF COMPUTATION CONVERGED LJ8s 137 7z
IF (AKJLE+305.) GOTO 37 LJ48S 138
C COMPUTE AT MOST 305 TERMS OF SERIES (NEEDED FOR TS=0.00) LJBS 139
40 RETURN LJ8sS 140
< LJ8s 1e}
C ENTER 45 FROM 35 AND INTERPOLATE LJBS 142
%5 T12TRLJTBIKA~1) LJBS 163
T25TALJITS (XA} LJBS 146
OELTS5T2T24T1 LJBS 145
X13(15=11) 7DELTST 1J8S 166
X232 (15-T2) /DELTST LJBS 167
Fl={l,02.0X1) *X2%%2 LJBs le8
F22x]1e929(].~2,%42) 148S 149
Dlzx]ex2es? LJ8s 150
D23xjee2ex2 LJ8sS 1S1
C F1+F2¢01+02 ARE HERMITE INTERPOLATION FACTORS LJ8s 152
[ LJBs 153
BS=F18BSTLI{KA=1) *F29BSTLI(KA) * LJBS 156
o (D1#BSTLJL (KA=1)/T1+D20BSTLI1 (KA} /T2) *DELTST LJ8s 155
1F (ILANE .GT.2) RETUKN LJi8S 156 P
C RETURN IF LANEZ3 OR LANEz4 LJas 157 E
c LJBS 1S58 B
C ELSE COMPUTE FIRST DERIVATIVE LIBS 1S9 &
TOSPzFlengTL L (MA-11eF2eBETLIL (KA} » DELTST® vag 160 2
A (DI'ISSYLJI(KA'H'SSTI.JZ(KA-U)ITl’DZ'(BSYLJl(KA)OBSYLJZ(KM 1/12) LJIBS 161 e~
IF (LANEEQs 1 )RETURN LJ8s 152 -
< LJ8s 163 N
€ 1F LANE=2y ALSO COMPUTE SECOND DERIVATIVE LJas 166
TTBSPP= (BSTLJILIKA=1)=BSTLJ] (KA} ) %6, *X12X28TS/DELTST * LJBS 16S
A ({BSTLJL (KA=1) s6STLU2{KA=1) 1/ Ti) eTSeX20 (o 0X]=14) * LJ8s 166
8 ((BSTLJI (KA) +BSTLJ2(KAD) /T2) oTSOX1%(3,#X2¢1.) « TBSP LJns 167
RETURN LJ8s 168
€N LJns 169
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APPENDIX D

INTERPOLATION FORMULAS

In Section 6 we defined a function ﬁ(?) by the infinite series (6.6).
In order to save computing time, that function and its derivatives may be
calculated by interpolation in tables instead of evaluating the series. The
interpolation formulas are provided by this appendix.

» & The function tablgs ingzefeigncg 2, p. 1144 £f. conrtain the functions
B, B,, =T (dB/dT)and Bz = T+ (d°B/dT) . BHence in addition to function

values at the nodes one also has available derivatives of the functions.
This permits one to use higher order two-point Hermite formulas with
corresponding higher accuracy. The basic Hermite formulas are as follows.
Let the function y(x) and its first derivatives be given at x = 0 and x = 1,

and let them be denoted by yg, y;, ¥p', and yy's respectively. Then an
approximation to y(x) is

h(x) = Yo Fo(x) + ¥ Fl(x) + YO' Do(X) + yl' Dl(x) (D.1)

The error of the approximation is of fourth order in x. The derivative of
(D.1) is an approximation of y'(x) with a third order error:

h'(x) = yg Fo'(x) + y; F"(x) + yy'Dp'(x) + y;' Dl'(x) .
The Hermite factors inm Eqs. (D.1) and (D.2) are

Fox) = (x - D? (1 + 2x)
Px) =x®(1-2(x-1)
De(x) = (x-1D?x

Dx) =x® (x-1)

Fo'x) =6x (x = 1)

F'0) =6 x (x- 1)
D'(x) = (x = 1) Bx-1)

D' =x B (x=-D+1D
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* * %
For an interpolation in the T-table between '1‘a and Tb one has the definition
% % x ®
x = (T - Ta)/(Tb' Ta) s (D.4)

and derivatives are transformed by using the chain rule

%
Hence B may be interpolated by the formula

RN L B B oy SRS A e

ex

B B

x & * * * 1a 1b
B=~3 Fy+B F +(I, -T) (’-f Dptx—D) - (D.6)

T
b

* * & *
In order to compute B, = T B' one can either interpolate B' making use
* * %

of the relation B'' = le or interpolate the function Bl itself, or comp~

ute the derivative of Eq. (D.6), thereby disregarding the ; tables. It was
found from numerical experiments (by comparing interpolated values with
exact values) that the first approach is not very accurate. The third
approach be = ded in general and, therefore, it was not
tried, The final algorithm was based on th«; second approach and 1mp]*emented
gs follows. The derivative of the function Bl is given the terms of B1 and
Bz by the formula

st e Tay 3%

£ 1,

% T

o A

* * ® * X x2 % * *
LB - LG -G +PEn-LG +5) .
T dT T T

Ty

Using this value in the interpolation formula (D.l) one obtains

*

B

* * * la

a Fo * ByFp + (T, - 1) {

B 5, +3
Zap +-Ab__2b, 10 (p.g)
o % 1

%

* *
B =8

+
*
T

a

R Y T A

*
The function Bz was interpolated by using the inversion of Eq. (D.7):

*

x aB
LA N S T 1
B, = T B B, (p.9)

In this formula the =x—derivative was computed by differentiation of Eq.
(D.8), that is, by Eq. (D,2). After substitution and simple manipulation
one obtains




S M PR R R R S e F b e -

B 3 +3 B
1b la F' + la  "2a D! +
% 1 0
~ T
a

where the relation F& = - Fi has been used.

Limited comparison of the 1ntetpolation* results with exact values
howed r ble agr (eight digits for B, four digits for B,). The
;outine LJBS can easily be changed to produce exact function values tzor 11
T by series evaluvation instead of interpolation. The corresponding increase
of coaputing time was found to be less than two percent.
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