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ABSTRACT

The thermodynamic properties of air at equilibrium are obtained
using the principles of classical (Boltzmann) statistical mechanics, the
laws of mass action and the values of the spectroscopic and molecular
data available.

The accuracy of the method is within a few per cent of the more
rigorous methods of Chapman and Enskog, i.e., the neglect of inter-
molecular potentials and the utilization of a hard sphere gas model are
the principle differences. It should be established that, although these
seem to be quite restrictive, the data obtainable from the following method
is accurate to within only a few per cent and may be utilized to a great

advantage in routines and procedures in connection with high speed digital

computational programs. W
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INTRODUCTION

The thermodynamic properties of air at equilibrium are

obtained using the principles of classical (Boltzmann) statistical

‘mechanics, the laws of mass action and the values of the spectro-

scopic and molecular data available.

The accuracy of the method is within a few per cent of the
more rigorous methods of Chapman and Enskog, i.e., the neglect
of intermolecular potentials and the utilization of a hard sphere gas
model are the principle differences.

Several assumptions have been used of which the most severe
is the neglect of relaxation and other nonequilibrium effects. The
principle assumptions that were utilized are

1. Classical mechanics are valid; i. e. quantum effects

are neglected.

2. No interparticle potentials exist.

3. The gas is of such a nature that a hard sphere model

is a valid assumption.

4. 'Only oxygen and nitrogen and their reactions are

considered.

5. Neglect the effect of nitric oxide (NO) since most endeavors

will be to analyze vehicles at high altitude where this
reaction is negligible.

6. Reactions are assumed to progress at an infinitely fast rate.



These assumptions are the principle ones that are considered
here. It should be established that, although these seem to be quite
restrictive, the data obtainable from the following method is accurate
to within only a few per cent and may be utilized to a great advantage
in routines and procedures in connection with high speed digital

computational programs.




ANALYSIS

Equational Development

The equations are those of classical statistical mechanics

(1)

and may be found in any text on this subject The primary

(@)

development is taken from Hansen and the basic theory presented
here is his theory.
The partition functions of a gas may be shown to be

€

Q = zgl e kT s (1)

i
where
Q - partition function,
g - degeneracy of the ith state,
e; - energy of the ith state,
k - Boltzmann's constant,

T - temperature,

Then it may be shown that
Q =9;49,.9, 9 ’

where all other energy states are neglected and the subscripts refer

to the translational, rotational, vibrational, and electronic molecular

partition functions respectively.



It can be shown that for hard sphere gases

3
2
2mm kT RT
= , 2
qt [ 02 ] o (2)
x 2
h*J (J + 1)
= (2J+1)CXP - ) ’ 3
Ir 2 ( 8n2 1k T )
J=0
8w Ik T (4)
r ~ 0'h2 ’
o0 n hv hv
- Ty
qv=2e kT =(1-e ) ’ (5)
n=0
00
€n
Qe = zgnexp (—;g;) , (6)
n=0

where
m - mass of the particle,
h - Planck's constant,
R - gas constant,
p - Pressure,
J - rotational quantum number,
I - polar moment of inertia,
¢ - symmetry number,

v - wave number,




Table One displays the pertinent values of the molecular and
spectro;copic constants of oxygen and nitrogen.

Performing the logarithms of both sides of Equation 2 through 6,
expanding and substituting in the numerical values where applicable

yields

3390
_anNz=%1nT-0.42-ln(l-e T)-znp ,

2270 11390

tnQo, =g tnT+ 011 -tn(t-¢ T )t (3+2e T

27700 _ 41500

anN=-;-1nT+O.3O+1n(4+10e T +6e T )-!np,

228 526 22800 48600
InQoz-Z—lnT+0.50+ln(5+3e T +¢e T+se T +¢ T )-Jznp

70.6 188.9 22000 _ 47000

InQN+=%£nT+O.3O+£n(l+3e T4+se T 45 T 1+ T 4

_67900
5e T )-Inp ,

38600 58200

£n Qot =-§1nT+0.50+£n(4+10e T + 6e T )-lnp.

(7)

(8)

(9)

(10)

(11)

{12)



' /U 0°0 0°2 auou auou auou o )
"006L9 0°g
‘000LY 0°1
'0002¢ 0°s
6 '881 0°'s
9°0L 0°¢
e/u 0°0 0°'1 auou auou auou ¥l +Z
*0028¢s 09
'0098¢ 0°0I1
®/u 0°0 0¥ suou suou auou 91 Ne)
‘009 1% 0°9
'00LL? 0°01
‘008891 0°0 0% auou suou auou 1 N
'0098% 0°'1
'008¢¢ 09
‘9¢¢ (U |
‘8272 0°¢
‘0008sT 0°0 0°9 suou auou suou 91 o
06681 0°1
"06€11 0°¢
e/Uu 0°0 0°¢ "00069 0Lee 91°'% (43 0
'/U 0°0 01 "002¢eTl1l "06€¢€ 8L°S 8¢ N
Ao VMVM auou Ao A, A,
2 u, u i 2 AlzL8 joua/ wd
I 3 8 d ay 4o W
A3xauyg A31ouyg Aoeasualda(g A8xsug JjuRISUOY) JuRISUOD So M a[onredg
UOI}eZIUO] JTUO0I}ID3TH 21UOI}OOTH uo1jeId0SSIJ Teuolyeloy  IB[NOI[OW

[BUOTIIBIQIA

ANO JT1dV.L

gV IO SINANOJWOD YOIV JHI Y04 SINVISNOD NOILDNAJ NOILILIEVd




T

In Q- =% InT-14.24 - tnp ,

where T is in'degrees Kelvin absolute and p is in atmospheres. The

internal energy and enthalpy are defined as

E'-E0=Ta£nQ_ =Td1nQC ,
RT 0T o dT
H-E dinQ
o =T 0 InQ =T P ,
RT oT aT
P
and the specific heats are
oE
Cv —-a—T} ]
)
BH]
C = T »
P
oT p
where
= P
QC = RT Q ’
and
Qp =pQ .
Thus,
€n
€n “kT
kT Bn ©
E - Eo 3 n
== + ’
RT 2 €n
t+ T -—
) &n e kT
Llad

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)



[H—Eo} [E-Eo] '
—_— = | ——— +1 , (21)
RT t+ e RT t+ e

and the specific heats may be written as

. tn [ _En }°
_n T kT _n kT
c 3 z(m) €n © ™ ZkTgne
v n : n
—_ == + - 22
R>t+e 2 in Jin ’ 2
ZgnekT ZgnekT
n n
- -
Cc C
@), = &),, . @3)
R tt+ e R t+ e .

This provides the energy, enthalpy, and specific heats which are due
to the translational and electronic energy for atoms or molecules. The

contributions of rotational and vibrational energy must be included for

the molecular particles. These are

hv -1
E) hv ('ﬁ )
— =1+ —~— |e -1 , (24)
(RT r+ v kT

C _ (hv 2 . (hv -2
R>r+v“1+ 2kT> [Smh ZRT] ’ (25)

and should be added to Equations 20, 21, 22 and 23 respectively for

the diatomic molecules of oxygen and nitrogen.




- e s Ty —

The entropy of the pure gas may be represented as (at unit

pressure)

S 0InQ

= =InQ+ g-nx ,

R nQ+ T 3T ) (26)
or

H-E
S o
R CM¥PT R 1)

The entropy at constant density as well as the energy, enthalpy and
specific heats may be calculated in the same manner with appropriate
change of the partition function and the constants.

The equilibrium constants for the reaction
Z aj Az bj Bj ’ (28)
i j
where
indicates the reactant,
aj indicates the stoichiometric constant of the reuctant,

indicates the products,

indicates the stoichiometric constant of the product,

or

Kp = — ’ (29)



and

AEO
in Kp= - -—R—T— + Lbi in Qp (B3) —Zai in Qp (Al) ’ (30)
i i
where
A
AE, = z bj Eo (Bj) -Zai Eo (A1) (31)

is the zero point energy of the products less the reactants both referred

to their standard states.

Using the values in Table One and expanding Equation 30 yields

59000

tnKp (0, ~20) = - +24nQ, (0) - tnQp (O2) (32)

tn K, (N, ~2N) = - 1200 4 24nQp M) - £n 0y N2) (33)
fn Kp (O 0t +e-) = - -1-@,1393 +InQp (OT)+ InQy(e7) -4nQL(O)  » (34)
tn K, (N-NF + e7) = - 19_8%39_Q+ fn Qp (N*) + £n Qp(e”) -4nQp (N) »  (35)

The concentration equilibrium constant is defined by

I by

. B.
K. = T;_’l__(__l)_ , (36)
i nal (Al)

10




and
Ke =Kp RT) * ! . (37)

The equation of state may be defined as

: | (38)

where
Mgy - molecular weight of the undissociated air,

Z - compressibility .

The reactions of importance are

N, - 2N ’ - (39
0, - 20 , (40)
NNt + e~ (41)
O—~0" + e~ (42)

If ¢; is the fraction of molecules which dissociate into oxygen atoms,

€, is the fraction of molecules which dissociate into nitrogen atoms,
and €53 the fraction of atoms which are ionized, then the compressibility
is

Z=l+€l+€z+253 . (43)

11



The partial pressures for the three components are

PON) =x(N)P=Trep (44)
0.2 - €3

P(O;) = x(0;) p = _I—-FTI— P » (45)
261

P(0)=X(O)P='1"';TI‘P . (46)

The equilibrium constant for the oxygen dissociation reaction is

2
P, >20) p(0;) (L+ey (0.2-¢y
Solving for ¢,
—0.8+/70.64+0.8(1+K4P )
Po, - 20
€3 = " (O ) - (48)
2<1+ = P )
P(O, - 20)

The negative value of the square root is of no interest. Une point of
trouble is where Kp goes to zero at low temperatures; how-
(O ~ 20) ‘
ever, £; reaches a limit of zero at this point, i.e. there is no
dissociation at low temperature. At intermediate temperatures, €,
reaches a limit of 0.2 as Kpoz . 2o BOes to infinity, i.e., there

exists complete dissociation of oxygen molecules into oxygen atoms.

Here nitrogen dissociation begins and we have

12




‘0-8-82

p (N2 = x(Ny)p =m P (49)
ZEZ

P(N)=X(N)p=mp ) (50)

p(O) =x(O)p = 0.4 (51)

1.2+eé P )

The equilibrium constant for the nitrogen dissociation is

2 4 ¢ 2 p
K - p-(N) 2 . -
p(Nz ~+2N) p (N2) (1.2 + &) (0.8 - ¢;) (52)

Solving for ¢, ,

-o.4+/o.16+ 3.84(1+-—-—-ff?-—-———)

K
e = . (53)

4

(e
Kp

(N, ~2N)

Here again there are two important limits, i.e. ¢, approaches 0.8 as

approaches infinity and ¢, is zero where K s

« .
P(N, ~ 2N) P(N, - 2N) |

zero. Again the negative square root is of no importance.

The last reactions to consider have partial pressures as follows

1 -¢
p(N):x(N)p=l+€33p , (54)
P(NY)=x (NY)p = lcj P (55)

13



plety =x(e”) p=

€3
]_ + 83 P ’ (56)

and the equilibrium constant is

_p(NF)pler) _ &'p

= = (57)
P(ionize) p (N) 1 - eq2
Solving for €3,
1
€5 = (58)
p
1 + ’
P(ionize)
where the negative square root is unimportant and
= 0.2K + 0.8K 59
Pionize PO+ Ot + e-) P(N -Nt + e-) (59)
Here again the limits are imposed, i.e., € is zero where K_ is
Pionize
zero and ¢ is one where Ky . is infinity.
(ionize
The mol fractions are found by
O. 8 - 52
X (Np) = ———— (60)
0. 2 - €)
x (0) = —— , (61)
2 £, - 1. 6 €q
x (N) = 2 s (62)

14




2 -0.4¢,
x (O) = ’ (63)

x (Nt + Oot) = x(xt) = x (e7) = , (64)

zZ

The energy, enthalpy, entropy, speed of sound, and the
specific heats may be found for the equilibrium mixture. The

energy is just the sum of the components or

E Ej 6
—_— = , 5
RT Z *i RT (63)
J
and the enthalpy
H E

The entropy is found by

S S5 o
R —ij szlnx -Inp ’ (67)
J

and the specific heats are obtained from

Cy 1 9ZE > Z BZx1
= = -_— ’ 6
R ~ ZR a'r]p ZX‘R (RT )p (68)
i
where
d E; 6
i = 3T ' (69)

15



and

where

3 Z x (0;)
|

9 Z x (Ny)

3 Z x (N)

0T

p

€2

—.‘a El]
0T p

0T

EZx(O)}
[o

a7

] 20
o]

0T

1l

0T

} _ asz]
p 0T Jp
0 g,
] 1eie]
p p

9 z x (Nt + o) _8Zx(e’)] _
P" 0T p‘

20 €

0T

15 ( )
at U2 Kc (o, ~20) ,

2

— +
€2

N
0.2 - £y

4 ( )
a7 \In Koy, Lo

2

—_t

€2

1
0.8 - &)

d
dT (In Ke (ionize))

2

)

+

16

1
1 - g,

)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)



where

EEEOZ(E

i

dT >A- . (78)

The corresponding specific heat at constant pressure is

c . : ,
RR =zlr<a§TH:\p=2xi (%+1)+%2(%+1) aaZ;q)p - (19)
i i

where

, (80)

and similarly for O,, O, N, (N+ + Ot) and e~ noting that a p is
used instead of a p in Equations 70 through 74.  However Equations

75 through 78 are changed and they are

' d
0T p T2 1 + 1 ’
e (1 +¢g) (0.2-¢)
d
3e, ] _ dT (tn Koy, o) .
) T:\ S 2 1 R 1 ’ (82)
P o " T.27e) 0.8-g)
d
0 & dT (ln KP(ionize)) 83
aT] ) 1 1 ’ (83)

= . +
P o T+e  T-e)

17



and
d d 1 [X
0T UnKp) =gy UnKe) b D v )m] o

The specific heat ratio, y, is just

Sp

-2 . R (85)
Y°3&, TG
R

The corrected gas constant (contains molecular weight change effects)

is just
S S L, _T_Z Hi aZ"i) (az"l . (86)
R R Z RT oT P RT
i
The speed of sound may be found by
a__e]
0T
a? = -y —0u=fP 3 (87)
op
0T
P
Then
T 02
1+ = ==
2 ZBT]
a_p _ P . (88)
PY 2
”%‘%ﬂ
p

18




This completes the development of the equations used in the
computer subroutine "PARFN'" which is based on classical statistical

mechanics.

Estimation of Error

The solutions obtained by this method have been compared with
those obtained by the more exact method of Hilsenrath and Beckett(3).
The percentage deviation of certain properties has been shown in
Figures 1, 2, 3, and 4. These figures show that the data is good at
low density (within 2%) while at higher densities the data goes to a
maximum error of about 6%.

Note that the use of the term Amagat is convenient here since
one Amagat is the density at standard temperature and pressure.

Since primarily the utilization of this program will be in the
analysis of re-entry bodies at high altitudes, the per cent error in
the thermodynamic properties should be less than two per cent. Thus,

this program should provide a very successful means of solving

equilibrium flow properties for re-entry bodies.

19
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CONCLUSIONS

The use of classical Boltzmann statistical mechanics provides
an adequate thermodynamic approximation to the equilibrium properties
of atmospheric air at low densities, i.e., high altitudes. The develop-
ment of the FORTRAN digital computer subroutine has allowed versatility
in the utilization of high speed computational techniques for various

compressible flow problems.
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LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

SUBROUTINE PARFN ZTT,PsGAMMAyZ4RC+ASNDsZH,y2S0
THTY

CALCULATION OF ENTROPY, ENTHLPY,SOUND SPEED.CP,CV¢GAMMA,EQUILIBRIUM

CONSTANTS, PARTITION FUNCTIONS,MOL FRACTIONS,ELECTRON COCENTRATIONS
AND SEVERAL OTHER PARAMETERS FOR AIR IN THERMAL EQUILIBRIUM GIVEN
TEMPERATURE AND PRESSURE OF THE STREAM

ECHRG#4.80286E~10

BK# 1.384056E-16

RU#.082054

XXX #RU#*288,

AVNO#6.025E23

TLN # LOGF%YD

PUN # LOGFXPD

RTHRU=T

CRT # P/RT

RUN#LOGFICRTD

Q N2 # 3.5#LOGFETO-0.42-LOGFEl .~EXPF%-3390./Taon -LOGFEPAO
0Q 02 # 3.5= TLN €0.11-LOGFE1.-EXPFZ-2270./Tun & LOGF¥3.62.#EXPF

1%-11390./7Tn GEXPFE-18990./Toa ~ PLN

26




LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

0Q 01 # 2.5= TLN & 0.5& LOGF25.63.+EXPF%-228./TOLEXPFE-326./Tut
LS. #EXPFT-22800./TRLEXPFE-48600./TOO-PLN

0Q N1 # 2.5«TLN €£0.3 &LLOGFE4.E10.#EXPFE-27700./Tn & 6.#EXPFZ-415
100./Tng -~ PLN

0Q OP # 2.5=TLN £0.5 GLOGFT4.86 10.#EXPFZ~-38600./Tn €& 6.% EXPFZX-
158200.,/Too - PLN

0Q NP # 2.5#TLN £0.3 & LOGFEl.E3.#EXPFE-T0.6/Tut5.+EXPFE-188.
19/70 & S5.#EXPFE¥-22000./Tn GLEXPFE-4T7000./To & S.#EXPF¥-67900,/Tnno -
2PLN

0Q E # 2.5 ® TLN - 14,24 - PLN

QC N2 #RLN & Q N2

QC 02 #RLN & Q 02

QC 01 #RLN & Q Ol

QC N1 #RLN & Q N1

QC NP #RLN & Q NP

QC OP #RLN & Q OP

QC E #RLN ¢€Q E

QP N2 #PLN & Q N2

QP 02 #PLN &€ Q 02

QP 01 #PLN & Q 01

27



[ I o B o N o BN & B 9

LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

QP OP #PLN & Q QP
QP N1 #PLN & Q NI
QP NP #PLN & Q NP

QPE  #PLN € Q E

NOTE- GAS INPUT NUMBERS

1—-N2» 2—02, 3-0, 4-N, 5~N&

Al#1.5

R#3390./2./77

Bl#EXPFIRO
B2HEXPFIR*%~l.0n
SINHH#O.5#ZB1-B20O
CV1#2.5681695./T/SINHO® =2
AT # 1.5

CV? # 1.5
A#¥2.+EXPF2Z-11390./70

CV2 #Z11390./Tase?2 e A
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LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

A2# 11390./7 # 2.# EXPF¥-11390./7To
A2P # A2 ¢ T/11390. & 3.
A#EXPFE-18990./Tn

A2P#A2P & A

CV2 # %18990./Tn=a2 e A & (V2

A2 # A2 & 18990.# EXPF ¥-18990./To/T
CV3# %2270./2./7.

BBLHEXPFYCV3n

BB2#EXPFECV3#Z~1.00
SINH#0.5+TBB1-BB20
CV2#2.56CV2/A2P-2A2/A2Pn»#26FCV3/SINHO®#2
A2 # 1.5 & A2/A2P

A # EXPFE-228./Ta » 3,
CV3#X6228./Tnns2sp

A3 #228./TeA

A3P H#ALS.

A # EXPF %-326./Tn
CV3#CV3E6%8326./TOsa2xrp

A3 # A3 & 326./T7 » A

A3P # A3P & A
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LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

A # EXPFE-22800./To # S,
CV3#CV3E%22800./Tnxa2xA

A3 # A3 & 22800./T7 =A

A3P # A3P & A

A # EXPF2-48600./Tn
CV3A#CV3EE48600./Tnxx2xA

A3 # A3 & 48600./7 = A

A3P # A3P & A
CV3#1.56CV3/A3P-ZA3/A3PO%x2
A3 # 1.5 & A3/A3P

A # 10./ EXPFZ27700./Tn
CV4#3B27700./ To=a2 e A

A4 #2T7700./T=A

A4P #A&A.

A # 6./EXPF%41500./T0O

CV4 # %41500./Tnes2 » A £ CVa
A4 # A4 & 41500./7 = A

A4P # A4P & A

CV4 # 1.5 & CV4/A4P -~ ZA4/A4POnR?

A4 # 1.5 & A4/A4P

30




LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

A # 3./EXPFZ70.6/1n

CVS # Z70.6/Tasxs2 e A
AS#70.6/T=A

ASPHRAEL.

A#S5.% EXPFZ-188.9/Tnm

CVS # CV5 & 2188.9/Tass2 « A
A5 # A5 €& 188.9/T #A

ASP # ASP EA

A # S.=EXPF%~22000./To

CVS # CVS & %22000./Taxs2 e A
AS # AS & 22000./ T » A

ASP # ASP & A

A # EXPFZ-47000./ Ta

CVS#CVS & T47000./Toex2s A

AS # A5 & 47000./7 A

ASP # ASP & A
A#EXPFZ~67900./Taes,

CVS # CV5 & Z267900.0/TOsu2sA
A5 # 67900./T & A & AS

ASP # ASP &A
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LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

CVvS # 1.5 & CVS/ASP ZAS5/AS5PD# =2
AS # 1.5 & AS/ASP

A # EXPF%-38600./To e ]10.

CV6 # T38600./Tuxs?2 » A

A6 #38600./7T=A

A6PHALSL.

A # EXPFE-58200./To e 6.

Cve # T58200./Tn#=2 e A & CV6

A6 # A6 & 58200./7 e A

A6P # A6P & A
CVO6#1.56CVE/A6P-ZA6/A6POIRR2

A6 # 1.5 & A6/A6P
Al#2.563390./7/ZEXPFZ3390./Tn-1.0
A2#A2E]1.62270./T/ZEXPFE2270./Ta~1.0
Hl # Al &l.

H2 # A2 &l.

H3 # A3El.

H4 # A4LE1l.

HS5 # AS61.

H6 ¥ AbEl.
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LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

H7 # ATEl.

cPl # CVl &l.

cpP2 # Cv2 &l.

CP3 # CV3 &l.

CP4 # CV4 tl.

cP5 # CVS &l.

cP6 # CV6 &l.

CPT # CVT &l.

S1 # QPN2 & H1

$2 # QP02 & H2

S3 # QPO1l & H3

S4 # QPN1l & H4

5S # QPNP & HS

S6 # QPOP & H6

ST # QPE & H7

AKP1#-59000./7T &2.#* QPO1-QPO2
AKP2#-113200./TE2.® QPNL1-QPN2
AKP3#0.2#%-158000./T& QPOP & QPE - QPOln
AKP3#AKP3 & 0.8 »%-168800./7T & QPNP & QPE - QPNln

C#LOGFZRTD
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50

70

71

T2

LIST OF FORTYRAN PROGRAM

SUBROUTINE PARFN

AKC1#AKP1-C

AKC2#AKP2-C

AKC3#AKP3-C

TDKC1 # 59000./T7 & 2.#A3-A2

TDKC2 #113200./7 & 2.%A4 - Al
TDKC3 #0.2#%158000./7 & ATEA6-A3D
TDKC3 # TDKC3 & 0.822168800./7 & A7 6AS5-A4n
TDKP1 # TDKCl & 1.

TDKP2 # TDKC2 € 1.

YDKP3 # TDKC3 & 1.
[FZAKP1IDS0,60,50

AK # ABSFZIAKPID

AKR # AKP1l /7 AK
IFZAK-85,.,060,70,70
IFZAKROTL,471,72

EPL#0.

DEP 1 P # O.

DEP 1 R # O.

GO TO 40

EP1¥.2
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40

51

T4

15

16

41

52

90

91

LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

DEP 1 P # O.

DEP 1 R # O.
IFZAKP2051,4 61,451
AK # ABSFZAKP2R
AKR # AKP2 / AK
IFZAK-85.061,T4,74
IFEAKROTS5,75,76
EP2#0.

DEP 2 P # 0.

DEP 2 R # 0.

GO 70 41

EP2#.8

DEP 2 P # O.

DEP 2 R # 0.
IFBAKP3N52462952
AK # ABSFTAKP3m
AKR # AKP3 / AK
IFEAK—=85.0624 90,90
IFZAKRDG1,91,92

EP3#40.
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92

60

11

61

88

62

LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

DEP 3 P # 0.

DEP 3 R # O.

60 TO 42

EP3#1.

DEP 3 P # O.

DEP 3 R # O.

60 YO 42

A¥4 . #P/EXPFZAKPLD

EP1l #%- 0.8 & S5QRTFR0.6460.8#%1.6 Anoon / 2,/%l.8A0
LFEEP1-0207T472,77
DEPLPH#TOKP1/7/%82./EP1-1./%1.4EP1OE]./%0.2~-EPlOD
DEPIR # TDKC1/7V/ %2./EP1 & 1./%0.2-EPlnon

60 TO 40

A4 . »P/EXPFZAKP 20

EP2 # %2-0.4 & SQRTF30.16 & 3.84 » Zl.8ADDN/2,/%1.8AD
IFEEP2-0.8n88,76,+88

DEP2P # TDKP2/T/%2./EP2-1./%1.26€EP201 & 1./%0.8-EP20O
DEP2R # TDKC2/7/%2./EP2& 1./%0.8-EP2D0O

GO 10 4l

EP3#1./TSQRTFEL1.EP/EXPFZAKP 3nnn
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LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

IFBEP3-1.0099,92,99
99 DEP3P # TDKP3/T/%2./EP3-1./%1.LEP30El./%l.~EP3DD
DEP3R # TDKC3/7/%2./EP3El./%1.~EP3On
42 Z # l. & EPL EEP2 & 2.%EP3
LCRTHCRT/Z/ XXX
X02 # %0.2 ~ EPlO/Z
X N2 # %0.8 - EP20/2
X0l # T2.#EP1 - O.4=EP3wo/2
X N1 # Z2.%EP2 ~- 1.6#EP30/1
X Pl # 2. # EP3/1
X E # XP1
XNI#0.8#XP1
XOI#0.2#XP1!
OFE # XN2#A1&X02#A2E6X01#%A3629500./TOEXNLI#TA4E56600./T0
1EX01#Z187500./TEAGOEXNI 8225400,/ TEASOEXE®AT
1B ¥ 1=t
IH # ZEC Z
S # XN2#S1EX02#S26X01#S36XN1#S4EXE*%0.245660.8#S5 &S70
FFEXN2aLy142

1 T1#0.
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10

11

12

13

14

15

GO TO 10
TL#XN2«LOGFZXN2n
IFEX02a3,4344
T2#0.

GO 10 11
T2#X02+LOGFEX020
IFEXNLINS 546
T34#0.

GO 7O 12
T3#XN1«LOGFEXNlD
IFEX01ln7,7,8
T4#0.

G0 TO 13
T4#X0l1#LOGFEX010D
IFZXENG,9,14
T5#0.

60 10 15

TSHXE#*LOGFEXEDe2,

XULN#TIET2ETIETLETS

LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

2S # 1 o IS - XLN - PLNao

38




LIST OF FORTRAN PROGRAM

SUBROUTINE PARFN

CZE # XN2#CV1EXO02#CV2EXN1#CV4 EXOL1#CV3IEXE#Z0.2#CV6E0.8#CVSECVTD
ODZE #-DEPL1R#A2-DEP2R#A16%2.%DEP1R-0.4+*DEP3RO*ZA3E29500./TOEZ2.#DEP
12R-1.6#DEP3RO*#ZALEL S6600./T0E2.#DEP3R#20,2#FA66187000./T0E0.82TASE
2225400,/To & Aln

ICV # 2Z=ClE & T+ DIE

CZE # CZE & 1 -

ODZE #-DEP1P#A2~-DEP2P#ALEX2.#DEP1IP ~0.4*DEP3PO#ZA3629500./TBEZ2,#DE
1P2P-1.6+DEP3PO#ZA4L 56600./Tul2.«DEP3P#30,2#FA66187500./Tut0.84%A5
26225400./Ta&ATn

ODZE # DIE & 22.#DEP1P-.4*DEP3PO-DEP1P-DEP2P&EZ2.+DEP2P-1.6+#DEP3PNE
14.#DEVP P

ZCP # T» DIE & 1I# CLE

RC # %2CP - ICva/ 2

GAMMA # ICP/ICV

ASND # A=#2sCRT/P
OASND # GAMMA#%%1.Et T/1+XDEPLR EDEP2REDEP3ROD/Z1.ET/2#TDEPLPEDEP2PE
1DEP3POOD
RETURN

END
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