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FOREWORD

This is a progress report on the research project, “Analysis and Computation of Internal
Flow Field in a Scramjet Engine,” for the period ended April 30, 1993. Special attention dur-
ing this period was directed to “‘Radiative Interactions in Molecular Gases under Local and
Nonlocal Thermodynamic Equilibrium Conditions”. |

This was supported by the NASA Langley Research Center (Theoretical Flow Physics
Branch of the Fluid Mechanics Division) through the grant NAG-1-423. The grant was
monitored by Drs. J. P. Dummond and A. Kumar of FLDMD-Theoretical Flow Physics
Branch. The work, in part, was also supported by the Old Dominion University ICAM proj-
ect through NASA grant NAG-1-363; this grant was monitored by Mr. Robert L. Yang, As-
sistant University Affairs Officer, NASA Langley Research Center, Hampton, Virginia

23681-0001.
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RADIATIVE INTERACTIONS IN MOLECULAR GASES UNDER LOCAL AND
NONLOCAL THERMODYNAMIC EQUILIBRIUM CONDITIONS

By

M. K. Jhat and S. N. Tiwarif
Department of Mechanical Engineering and Mechanics
Old Dominion University, May 1993

ABSTRACT

Basic formulations, analyses, and numerical procedures are presented to investigate radia-
tive heat interactions in diatomic and polyatomic gases under local and nonlocal thermody-
namic equilibrium conditions. Essential governing equations are presented for both gray and
nongray gases. Information is provided on absorption models, relaxation times, and transfer
equations. Radiative flux equations are developed which are applicable under local and non-

local thermodynamic equilibrium conditions.

The problem is solved for fully developed laminar incompressible flows between two
parallel plates under the boundary condition of a uniform surface heat flux. For specific ap-
plications, three diatomic and three polyatomic gases are considered. The results are ob-
tained numerically by employing the method of variation of parameters. The results are
compared under local and nonlocal thermodynamic equilibrium conditions at different tem-
perature and pressure conditions. Both gray and nongray studies are conducted extensively
for all molecular gases considered. The particular gases selected for this investigation are,
CO, NO, OH, CO,, H,0, and CHy. The temperature and pressure range considered are

300-2000 K and 0.1-10 atmosphere, respectively. In general, results demonstrate that the
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gray gas approximation overestimates the effect of radiative interaction for all conditions.
The conditions of NLTE, however, result in underestimation of radiative interactions. The
method developed for this study can be extended to solve complex problems of radiative heat

transfer involving nonequilibrium phenomena.
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Chapter 1

INTRODUCTION

Radiation is an important mode of energy transfer in systems involving high temperature
variations. In past several years, radiative energy transfer has been the subject of research
in many heat transfer problems. This is because of the specific applicability of radiative heat
transfer analyses in certain important areas. Some of the popular areas of application are,
remote sensing, earth’s radiation budget studies and climate modelling, fire and combustion
research, entry and reentry phenomena, hypersonic propulsion, and defense oriented re-
search. Until the sixties and early seventies, attentions were directed mainly on one dimen-
sional treatment of radiative transfer problems. Multidimensional analyses became popular
only in the mid-to—late seventies. Today, there are several books [1-11]", review articles,
and research papers available which deal with radiative heat transfer analyses in a variety

of systems.

To understand the radiative energy transfer, it is important to understand the basic transfer
processes ( mass, momentum, and energy ) in various systems. Essential formulations for
such processes are available in standard references [12—-19]. It is necessary to assume a suit-

able model for vibration—rotation bands, and to obtain relevant spectroscopic information

* Numbers in brackets represent references



for the gases under consideration. One should be thoroughly conversant with different nu-

merical and computational procedures.

There are a number of analyses involving duct flows of absorbing—emitting gases in litera-
ture. Usiskin and Sparrow [20] studied thermal radiation between parallel plates separated
by an absorbing-emitting, nonisothermal gas. Viskanta and Grosh [21] studied heat transfer
in an absorbing and scattering medium. Lick [22] studied the effect of energy transfer by
combined radiation and conduction. Viskanta [23] studied the interaction of conduction,
laminar convection, and radiation in a plane layer of radiating fluid. Cess and Tiwari [24]
investigated heat transfer to laminar flow of an absorbing—emitting gas between parallel
plates. Tiwari [25] studied radiative interaction in transient energy transfer in gaseous sys-
tems. Tiwari and Singh [26] extended Tiwari’s work to fully developed laminar flows. The
studies involving nonlocal thermodynamic equilibrium (NLTE) phenomena are discussed

in [27-31]. The studies presented in [32-35] have reviewed other available literature on gray

as well as nongray radiative transfer between planar geometries.

Most of the radiative heat transfer treatment have been done under local thermodynamic
equilibrium (LTE) conditions. The goal of this research is to treat the radiative heat transfer
problems under NLTE conditions. The gases under consideration are, CO, NO, OH, CO,
H,0, and CHg. Both gray and nongray analyses have been conducted for these gases. The
analyses have been presented for laminar flow between black parallel plates. However, the
same analyses can be extended to circular, triangular, or other complex geometries with
proper modifications. The LTE and NLTE results are compared at different pressures and
temperatures. The range of pressure, temperature, and plate spacing is chosen in such a way

that maximum radiative effect is observed. The pressure ranges from 0.1 to 10 atmosphere,



and the temperature ranges from 300 to 2000 K. The spacing between the plates is taken from

0.1 to 100 centimeters.

The basic theoretical formulation is provided in Chap. 2. Chapter 3 presents radiative
transfer models which include absorption models, rate equations and equations for relax-
ation times, the equation of radiative transfer, and radiative flux equations. Chapter 4 deals
with gray gas analyses under LTE and NLTE conditions. Chapter 5 provides nongray radia-
tive transfer formulations under LTE and NLTE conditions. Results and discussion for all

the cases are presented in Chap. 6.






Chapter 2

BASIC THEORETICAL FORMULATION

As stated in the introduction, the basic governing equations for fluid mechanics and heat
transfer are available in standard references [12-19]. These equations are used in different
forms depending upon the nature of the problem being solved. These are presented here

without providing detailed derivations.

The equation for conservation of mass which is known as continuity equation, is given

R +V.u)=0 (2.10)

For an incompressible fluid, this reduces to

V.u=0 (2.1b)

The equation for conservation of momentum, in most general form, is given as
Du_ oo vpad (i 2y 24 %
eDi=ef VP lulgt& ) ~5 0%ty (2.20)

where &;; is known as the Kronecker delta and i,j,k = 1,2,3.In deriving Eq. (2.2a), the coeffi-
cient of bulk viscosity is assumed to be zero. Assuming incompressible fluid and viscosity

u to be constant, Eq. (2.2a) reduces to






=f- VP +v V2u (2.2b)

The energy equation is expressed in several forms which are available in [12,15,16]. The

proper form which is convenient for this study is given as

0C (L) =By v (T -V g +BT(F )49 (23

where
p=p2 (L2 Eyi2(Pye (L “>2+(§‘i+ﬂ>2
# ay dy 09z
+OW 2 2 u GV, w2
t(E+a) 3(axty Tz )]

In Eq. (2.3), the quantity Q represents the heat generated (or lost) by external agencies, and

B is the coefficient of thermal expansion of the fluid. Other quantites are defined in cited ref-

erences.

Equations (2.1)~2.3), in general, are called Navier—Stokes equations. For computational

conveniences, these equations are expressed in a compact vector form as [19]

aU , 9E . oF . 3G
wtatayta=" (24)

where it is assumed that there is no external heat addition and no body forces. The quantities

U, E, F,and G are vectors and are defined as

ou

ow
E:



where

ou

oW — Txy

b

ov
ouwv = Txy

gv2'+P—ryy
(E/+P)v=—uty — Vi — Wyt 4o + dpy




av)_<

du
Txy=[l(5+-a—x-' —‘l'yx
_/‘( 32')"’727:
ov , 0
7)2=F(§E+T‘;")=fzy

In Eq. (2.4), first row represents the continuity equation, second, third, and fourth rows rep-

resent the three momentum equations, and the last row represents the energy equation.

For two—dimensional laminar flow in channels, the energy equation given by Eq. (2.3)
reduces to [6]
aT aP +p

QC( +ua—x+v—)——( )+ﬂT T ( )2 div qp  (2.5)

The energy equation given in this form can be applied to radiatively induced nonequilibrium

flows by replacing the divergence of the radiative flux by its nonequilibrium counterpart.

In deriving Eq. (2.5), it has been assumed that the conduction heat transfer in the x—direc-
tion is negligible compared to that in the y—direction. This represents the physical condition

of alarge value of the Peclet number. Similar reasoning can be applied to show that the radia-

tive heat transfer in the x—direction is negligible in comparison to that in the y—direction.

Within the confines of the foregoing assumptions, for small values of the Eckert number,
Eq. (2.5) reduces to |

aT , ,aT

oT 92T 1 9qg
st TUax T Vay = - (2.6)

Ve T %2 " eC, oy




where a=x/pCy is the thermal diffusivity of the fluid and fluid properties has been assumed

to be constant locally.

In order to apply energy equation to problems involving radiation participating medium,
it is necessary to have an appropriate formulation for the radiative flux, qr. As stated earlier,
in dealing with problems involving nonequilibrium phenomena, one should use the nonequi-
librium counterpart of the radiative flux equation. Different forms of radiative flux equation

as well as other relevant topics are covered in the next chapter.



Chapter 3

RADIATIVE TRANSPORT MODELS

As stated in Chap. 2, one should consider an appropriate radiative transport model while
applying the energy equation to problems involving radiation participating medium. This

section presents discussion on absorption models, rate equations and relaxation times, trans-

fer equations, and radiative flux equations.

3.1 Absorption Models

To study the radiative effects in nonhomogeneous medium, it is essential to know the
absorption, emission, and scattering characteristics of the gases under consideration. An ac-
curate model for the spectral absorption coefficient is required to formulate radiative flux
equations. In addition, one needs to identify the major bands of the gas under consideration,
and to evaluate the line parameters ( line intensity, line half-width, and line spacing ) of these
bands. The line parameters depend on temperature, pressure, and concentration of the ab-
sorbing molecules. Considerable efforts have been made to obtain the line parameters and

absorption coefficient of some important atomic and molecular species.



The quantity of primary interest which is applied with respect to the band approximation,

is the integrated band intensity, S. This is also called integrated band absorption or band in-
tensity, and is defined as

(1) = I Fdo (3.1)
4o

where , represents the spectral absorption coefficient. This quantity is independent of pres-

sure because the total area of the individual rotational line is independent of pressure.

The temperature variation of the integrated band intensity is given by [33-35]

T S(T) = To S(To) F(D) (3.2

where Ty is the reference temperature ( usually 300 K) and F(T)=1for fundamental and pure
rotation bands, but it differs from unity for overtone and combination bands. For combina-

tion and overtone bands of important molecules, relations for F(T) exists in literature [35].

Band intensities for some important gases are presented in Appendix A.

For gray gas analyses, the total band absorption coefficient is expressed in terms of either

the Planck mean absorption coefficient kp or the modified Planck mean absorption coeffi-

cient . For a single~band gas, these are defined as [6]

I #e(T) ealT) do
. 4o (3.3)
*(D = «D
T, dw
T, Ty) = I Qe (34
1
4o

10



where e, is Planck function. Assuming the Planck function e,(T) to be independent of the

wave number within the band, and using Egs. (3.1) and (3.2), Egs. (3.3) and (3.4) can be

written as

(D) _ ewd)
7 = opi 3D (3.5)

%I, Ty) _ €adTy xp(T1) Ty

3 o S(T) = =57 (3.6)

The definition of k, and xp can be extended to multiband gases, and by combining Egs.

(3.2), (3.3), and (3.4), a general expression can be obtained as

n

wi (T) S; (Ty F;
“m(T’Tl)='__21e (TY S; (T) F; (D)

T n
e () D eai (T) S; (To) F; (Ty)

i=1

(3.7)

where n is the number of bands. By including the contributions from overtone and combina-
tion bands, calculations performed for CO, CO,, and H,0 [31] show that the right hand side

of Eq. (3.7) is approximately equal to unity, and therefore Eq. (3.6) is an excellent approxi-

mation for Eq. (3.7).

In a similar manner, the general expression for Eq. (3.5) for multiband gases can be given

pZ[ ep( @, T)S;(T)] (3.8)
x(T) = = o T

11



For a mixture of gases, Eq. (3.8) can be written as

ZP; {.21[ (@, T) S (T) ]} (3.9)

_
*lT) = oT*

where j is the number of species and P; is the partial pressure of the j th species.

For an accurate evaluation of the absorptance of a molecular band, a convenient line model
is used to represent the variation of the spectral absorption coefficient. The corﬁmonly used
line models are Lorentz, Doppler, and Voigt line models. A detailed discussion of these line
models is presented in [31]. In a particular band consisting of many lines, the absorption co-
efficient varies very rapidly with frequency. Thus, it is very difficult to evaluate the total
band absorptance over the actual band contour by employing the line model. To overcome
this difficulty, several band models (narrow as well as wide) héve been proposed which rep-
resent absorption from an actual band with reasonable accuracy [33-35]. There are several

continuous correlations for the total band absorptance which are available in literature. The

detailed discussion of the various band models are given in cited references.

3.2 Rate Equations and Relaxation Times

In this section, discussion on rate equations and equations for relaxation times are pres-
ented briefly. For any radiative heat exchange process, it is important to know the rate of
change of vibrational energy [31]. The rate of change of vibrational energy of a system of

oscillator can be given as

12



dE,
dt

dEv___(

dE
7 Yoot ¥ ( 7~ rad (3.10)

where first and second terms on the right hand side represent vibrational energy due to colli-
sional and radiative processes respectively. The radiative field exchanges energy with rota-

tional as well as vibrational degree of freedom. The relation for radiative flux in terms of rate

of change of vibrational as well as rotational energy is given by
. dE dE
- div qr = ( _a-tx )md + ( d_tr )rad (3.11)

where Ey, and E; are vibrational and rotational energy per unit volume. The second term on

the right of Eq. (3.11) can be neglected because of small separation of rotational levels.

The divergence of radiative flux is related to specific intensity I, and for one~dimensional

case, it is given as

0 ® 4%
. _dqgp _ | d4py , _ dly (3.12)
div qr = W = dy dv = Ed{)dv
0 00 '
Combining Egs. (3.10) — (3.12), one obtains
o 47
d, _ By, _ [ [ db
= ( T ) eoll I I e dQadv (3.13)
00

The first part of Eq. (3.13), i.e. the rate of change of vibrational energy of a system under-

going a collisional relaxation process is given by the Bethe-Teller relation [31]
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dEv - E; - Ev
v 2y (3.14)

where E," is the equilibrium value of the vibrational energy and ¢ is vibrational relaxation
time. The relaxation time is defined as the average time required to transfer energy from one

mode to another by collision. Therefore, it is also termed as collisional relaxation time.

By assuming Eyg to be the initial amount of vibrational energy, integration of Eq. (3.14)

yields

E,— Ey = (E,o — Ev) exp —;,‘:) (3.15)

In order to use Eq. (3.15), an explicit relation for n¢ = nc¢ (T,P) is required. There are several

expressions available in literature to calculate 7. Some of them are briefly discussed here.
An explicit relation for v is given by the Landau-Teller relation [31]

ne = KyP~Lexp (K, 1717 (3.16)
where K; and Kj are positive constants and depend on the physical properties of the mole-
cule. For diatomic gases, an empirical relation for n is given by [36, 37]

Pr.=exp[A (T /3-0.015u14)-18.42] (3.17)

where A is a constant and is related to the molecular constants of the colliding species and
u is the reduced mass of the colliding pairs. Values of A and p for some gases are available

in the references. For CO;, the relation for v is given by [31]

e = %[ exp (AT~Y3 =B ) x107¢ ] (3.18)
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For CHg, nc is given by [31]

e = %[ -5.44+440T"Y*]x107¢ (3.19)

For cases where specific relation for 1 do not exist, one can use the general expression given

by Millikan and White [36, 37]

Ppo=exp[(1.16% 1073 ) /2 @43 (T-12 - 0. 152'/%) - 18.42 ] (3.20)

where 0 is the characteristic temperature (K) and is given as 8 = hc/kA, and h is the Planck’s

constant, c is the speed of light, k is the Boltzmann constant, and A is the wavelength.

In all the expressions for 1, P is the total pressure in atmosphere, n is in seconds, and
T is the temperature in degrees Kelvin. Although these relations show a strong dependency
of ) on pressure, in reality it has a larger temperature variation. This is because collisional
frequencies are higher at higher temperatures and consequently it takes relatively less time
to deactivate the excited states. Further discussions on collisional relaxation time are pro-

vided by Tiwari and Manian [30].

3.3 Transfer Equations

By transfer equations, we mean equations for radiative energy transfer over a specifically
defined volume. These equations are usually represented in terms of intensity of radiation
I,. In this section, we will derive several forms of radiative transfer equations and discuss
their physical meaning. The transfer equations are derived for a simple harmonic oscillator

based on the assumption that the rotational and vibrational levels are populated according

15



1o the Boltzmann distribution. The rotational energy is characterized by equilibrium temper-
ature T whereas the vibrational energy is characterized by the the nonequilibrium tempera-
ture T» Two level transitions between the vibrational states are considered in such a way that
a single independent vibration—rotation band is obtained corresponding to the fundamental
frequency of vibration. Therefore, the nonequilibrium transfer equation which is described

next, is applicable to only fundamental bands of diatomic and polyatomic gases.

For a two level system, let n(v—1) and n(v) represent the number density of molecules in
the lower and upper vibrational levels respectively. In each vibrational level, molecules are
assumed to be distributed over rotational levels according to Boltzmann distribution func-
tion f(j) such that Z f(j) =1. The quantity v is called the vibrational quantum number and j
is a set of rotational quantum numbers corresponding to the lower vibrational level. Thus,
number density in the state (v—1,j) is given as n(v-1) f(j). Number of molecules that actually
make a transition from state (v—1,j) to (v.j") are governed by the Einstein coefficients such
that number of molecules undergoing spontaneous emission, induced or stimulated emis-
sion, and absorption are given by a(j'.j) A(v,v-1), b(".j) B(v,v-1), and b(j,j") B(v-1,v) re-

spectively. If rotational and vibrational wave functions are assumed to be separable, j coeffi-

cients can be assumed such that the following relation is satisfied

>aghp = Y b = ) b0 =1
i J

J

Based on the above assumption for a two level transition of molecules contained in a vol-
ume dS ( cross section is assumed to be unity ), the change in radiative energy within the solid

angle dQ, can be written as

s 10 = n)f(§)ag', DAV = DD
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= [n(v = DFGRBG,JIB( — 1,v) — n(v)f

— RFGOBG, DB, = D] 4R G.21)

where first, second, and third terms on the right represent contribution due to spontaneous

emission, absorption, and induced emission respectively, and c is the speed of light.

If one applies the principle of detailed balance, following relations are obtained

a(j',)) A(v,v — 1) = 6, b(j',j) B(v,v — 1) (3.22a)
¥ vv—1) = & ' -1,v
j',)) B(v,v — 1) 20 b(j,Jj’) B(v — 1,v) (3.22b)

where 8, = 87 vZ/c3 and g(j) is the statistical weight of j th rotational level. The following
relation is obtained for a simple harmonic oscillator from quantum mechanics

B (v,v = 1) = v B0,1) (3.23)

Since each pair of vibrational levels of a simple harmonic oscillator absorb and emit equal
quanta, a summation over all the vibrational level is possible. As a result, the following rela-

tion can be obtained

E, = 2 v n(v) (3.24)

v=1

where E, is written in the normalized form, and

. hv
E,"=n[exp( 2 — 1]} (3.25a)
such that [31]

E, _lexp(zp)—1]
Ev exp(p)-1]

(3.25b)

where Ty is the nonequilibrium temperature.
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By using Egs. (3.22) through (3.25) in Eq. (3.21), the transfer equation can be written

in the form
dl, _ n BO,1) bG,j") fO)
h
ds o1 — exp(~ 572 ) ]
2hy3 h,Yo ¥~ Y RYo Y™V
{72—‘”‘1’ —x%(T, YT )] — Iy + Iyexp[— (7. + -—T—O)]} (3.26)
where n is the total number of molecules.
Equation (3.26) is written in an alternative form as
dl,
‘d?v="v(sv_1v) (3.27)

where x,, and S, are net absorption coefficient and source function respectively, and are giv-

én as

n B(0,1) bG.j") fG)
c[1-exp(32)]

%y (LT, T) = [ 1—exp [— B ;9+ZLT3'£ ) ]} (3.27a)

s,(r,rv)=(&’c'"—23)[exp[%(;—‘jﬁ—}ﬁ)]—l} (3.27)

For the case of LTE, T, = T and Egs. (3.27a) and (3.27b) can be written as

_ —hy
% oD = 2220 56,7 10 {1 3T )} (3.280

1—exp(—xT—)

ey
[exp(H)-1]

where B, is black body intensity of frequency v at local temperature.

(3.28b)

S;=BV(T)=
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Using Egs. (3.25) through (3.28), radiation transfer equation can be given as

dlv_ nv EV — * Ev_xy
Tis__x’(;‘:B"E_; —Iv)—"v(Bv'E_; x—;Iv) (3.29)

Comparing Eq. (3.29) with Eq. (3.27), it is seen that the quantity =< B, %VL‘ is the source
Ky

function S(T,T,). Equation (3.29) can be regarded as the nonequilibrium radiative transfer

equation and is identical to that obtained by Goody [ 4 ].

Under steady state conditions, for each fundamental band, a combination of Egs. (3.13),

(3.14), and (3.29) results in

(g:)[(g—i)"'[dgjvavdV]=(§—i)+IdQ]x,I,.dv (3.30)

»

where integration is taken over the frequency range of an individual band and over the solid

angle from 0 to 4. If one introduces a time constant 1 ; as

nr= Ey

g (3.31)

» dQ2 | x4 B, dv
then combining Egs. (3.29) and (3.30), one can write the radiative transfer equation as
% = xyJy — Iy) (3.32a)

where

(- +nX)
Jy = By-——rry" 3.32b
v v ( "r + "c ) ( )
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and

r r
dQ | x,1,dv
X=o (3.32c)

r r

d.QJ x, By dv

The quantity 7 is called the radiative life time of vibrational states. It can be shown that [33]

n ¢ = 1/A(1,0), where A(1,0) is the Einstein coefficient for spontaneous emission from the

first vibrational level.

A combination of Egs. (3.12) and (3.32) yields an alternative expression for Jy

{ﬂr+’7c[(h-+ Idgjxvjvdv)]}

__By
Jy = 7T (3.33a)
dQ | x, By dv
where
_ dqpy
h= I By dv (3.33b)
By noting that B, and J, are isotropic, J, can be expressed as
Jye =By + 5 ( %ﬁ yH (3.34a)
where
H=—2F
- I v dv (3.34b)
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and J,cand B, are the values evaluated at the band center. This is because J, and B,, are slow-
ly varying functions of v and for narrow bands, they can be assumed to be independent of
v . In Egs. (3.32) and (3.33), B, is called blackbody intensity of radiation and is related to

the Planck function of radiation ey, by ey, = & B,,. This relation is true for isotropic radiation.

For very low pressures, the collisional relaxation time v is large compared to 7, [31].
Therefore, the right hand side of Eq. (3.32b) reduces to B, X. On the other hand, for high
pressures,1) ¢ approaches zero and the right hand side of Eq. (3.32b) becomes B,, which is
equivalent to the Planck function. This is the situation of LTE usually assumed in most radi-

ation transfer analyses.

The NLTE effect is characterized by the nonequilibrium parameter ) which is expressed
as 1 =1 ¢/mr. When 1 is unity or greater than unity, NLTE effect usually prevails; whereas

for n being less than unity, LTE effect usually prevails.
A combination of Eqs. (3.25a), (3.28b), and (3.31) results in an expression for 1, [31]

”r—1=8“(?)2j%)d‘,__.gacwg(%)j(%‘?-)da) (3.35)

where n is the number density of the molecules, and w, = (vg / ¢) is the wave number corre-
sponding to vo. In the derivation of Eq. (3.35), it has been assumed that B,, is independent

of frequency. An alternative form of Eq. (3.35) is given as

77l =(8xw?) (4.08x10712)T,S( T,) (3.36)
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where S is the integrated band intensity as defined in the earlier section and T is the refer-
ence temperature. The radiative life time 1y has the units of seconds, and for fundamental

bands of some important molecules values of 1 are tabulated in Appendix A.

3.4 Radiative Flux Equations

For this study, the physical model consists of an absorbing-emitting gas bounded by two
infinite parallel plates ( Fig. 3.1). The plate surfaces are assumed to emit and reflect in a

diffused manner. For the physical model considered, the integration of the transfer equation,

Eq. (3.32a), gives

dre = 2 Biw E3(Tw) — 2 ByyEs (Top — To) + 27 | j],,,(t) E,(tp — f) dt —
0

Tow

I Jo(t) Ex(t — Tw) dt ] (3.37)
where
To = XY, Top = X¥ol (3.38a)
Joll) = f%,(‘—) +inH, 7= x (3.38b)
- [ () dw
v 2 ) 2 (3.38¢)
_ —div gg _ 0
HG) = 2xaPS( = 2xn PST)
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In Eq. (3.37), Too is the optical path length and t is a dummy variable for T, . The quantities
B, and B,,, are surface radiosities, and E;(t) are exponential integral functions. It has been
assumed that the spectral absorption coefficient x,, is independent of temperature. The de-
tailed explanation of the derivation of Eq. (3.37) is given in [ 31 ]. The expressions for sur-

face radiosity can be given as [ 6 ]

Biy = €110 T 2 (1 — €1y) [ BoyEs(Toy) + :rj Jo() Ex(8) dt ] (3.39a)
0
By = 890800 2 (1 — €5) [ By Es(Tge) + :rj Jo(t) E4(tg, — 8 dt]  (3.39b)

0

For black surfaces, By, = €1, and By, = €3, . This is obvious from Eq. (3.39) because in

that case €14, = €3, = 1. Under the assumptions of LTE,

Jo(f) = emT(t)

The total radiative flux is given by
qr = I qRe 90 | (3.40)
0

Under LTE assumptions, Eq. (3.37) may be expressed for black bounding surfaces as

Qro(Tw) = €1y — €35+ 2 [ ij(t) Ey(ty — t) dt — I Fo(t) E(t — o) dt ]
0 Te

(3.41)
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where

Fi () = eoft) — €149 F 2w = €alt) — €29

A direct differentiation of Eq. (3.41) gives

L

~Zhe o 5 [ Fiyfte) + Faul@o)] + 2 [ IFI.,.(t) Ey(ta — 1) dt
0
+ I Fyu(t) Ey(t — To) dt ] (342

Equations (3.41) and (3.42) are the LTE radiative flux equations for the physical model de-

scribed in Figs. (3.1) and (3.2).

Equation (3.37) can be written in a different form by replacing the exponential integral
Ex (t) by an exponential function. The exponential integrals E> (t) and E3 (t) in Eq. (3.37)

are approximated as follows

E#) =-% exp (- %t) s Eq(f) = - [Ez(t) dt =% exp (— %t) (3.43)

The detailed discussion of this approximation is available in [6]. Substituting Eq. (3.43) in

Egq. (3.37), one obtains

dro = Bio %P [ —%xmy]—Bmexp [_%"m(L—)’)]
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Fig. 3.1 Physical model for radiative interaction
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Fig. 3.2 Incompressible laminar flow between two parallel plates
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y L
g [J.,@ *wexp[— 3 Xaly = 3] dz Jh(z) %oexp[~ 3 %o (2= )] dz
0 y

(3.44)

For black bounding surfaces, the radiosities appearing in Eq. (3.44) should be replaced by

appropriate expressions of the Planck function.

3.4.1 Nongray Formulation

A combination of Eqgs. (3.40) and (3.44) gives the following expression for radiative flux

for nongray gases

le

y
qr =€ — e + I[ % Jod2) — €10c] Ixmexp[— %xm(y - 2) | dwdz
0

.1

Nlm

L
I [ % Jod?) = €] Ixmexp[— %x,,,(z ~y) | dwdz (3.45)
y do

Equation (3.45) is valid for black bounding surfaces and it has been assumed that J(y) is

independent of wave number within the band.

By defining the following nondimensional independent variables

f=t-fe g p-i- (3.46)

Z
L
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where u is the dimensionless path length and ug = ( S/Ag ) PL, the radiative flux equation

is expressed in it’s final form as

gr(§) = e; — ¢,
'3 1 ,
+2Aq I FrocA'Buqt — £)d&"] - j Fooc A} B & — D1’
§

£ 1
I (‘fj;’f)A [5 o8 — &)1k’ - f (‘j’g,‘)A Guo@ - HE'L  (3.47)
§

oo|u

where A ' (u) is the derivative of the dimensionless band absorptance A (u) with respect to

u. The detailed derivation of Eq. (3.47) is provided in [31].

Equation (3.47) is applicable to gases which have only one fundamental band contributing

to the radiative process. For a multiband system, Eq. (3.47) can be written in the form

qr(8) = e; — e,

1
ZAom Fm,&'[éuo,(& — EVE') = | Fopl{ B uofE' — £)]dE’
2 2 2
£

i=1

n H 1
—%Em f (%)&'[%uo.@—s')]ds'— J IR Buofe' - B’} (.49)

1= H ;

where n denotes the number of bands.
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Equation (3.48) can be regarded as a general expression for radiative flux equation. For
LTE case, the last two terms, i.e., the terms involving 1, vanish, and for NLTE case, Eq.

(3.48) could be regarded as the radiative flux equation in nongray gases.

3.4.2 Gray Consideration under LTE Assumption

Under LTE assumption, a combination of Eq. (3.40) and (3.44) results in the following

radiative flux equation

%o

qu(v) = F@) + T JT"(t) exp[— b(x — ?) Jdt — I T4 exp[— b(t — 7) ]dt
0

1 4

(3.49a)
where

F(r) = oT*exp(— br) — aT;exp[— bty = 7)] (3.49b)

b= %; r=bo (3.49¢)

Differentiating Eq. (3.49a) twice by using the Leibnitz formula, one obtains

d*qp, _ &°F dr |
— dr2+2rdt

2 JT‘(I) exp[ — -b(r - )dt - I T4(1) exp[ — b(t — 7))dt (3.50)
0 4

Elimination of integrals between Egs. (3.49a) and (3.50) results in

dqpy drt , &F
— — bqa(r) = +55 — b?F(1) (3.51)



Equation (3.51) is the general differential equation for radiative flux for gray gases under

LTE assumption. For the specific relation of F (t) as defined in Eq. (3.49b), there is obtained

F
% — b2F(x) = 0
Consequently, Eq. (3.51) reduces to

d?
d‘tllzu - %qR - 30% (3.52)

This is the appropriate relation for radiative flux for gray gas analyses under LTE assumption

of the present physical problem.

3.43 Gray Consideration under NLTE Assumption

The radiative flux equation for gray gas analyses under NLTE assumption can be obtained
by adding the NLTE part of the radiative flux equation in Eq. (3.50). The NLTE part of the

radiative flux equation can be given by

1 1

qry = — KS j%exp[— b(r — §))dt — I %exp[— b(t — 1)]dt} (3.53a)
0

1 4

where

KS = %PS”TT) (3.53b)
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Differentiating Eq. (3.53a) twice by using Leibnitz formula, one obtains

4 To

dar
dt

exp[— b(r — H)dt — I %&exp[— b(t — 1))dt

14

d?qpy d’qpg
Rl S = Y

|
g
()
°"—H

(3.54)

Equation (3.50) is the radiative flux equation under LTE assumption. The flux equation un-

der NLTE assumption is given by combining Eqgs. (3.50) and (3.54).

dqg _ 9 _ 3,4 (3.55a)

where

M, = (1 + 2KS) (3.55b)

Equation (3.55a) can be regarded as the radiative flux equation for gray gas analyses under

NLTE assumption. The complete derivation of Eq. (3.55a) is provided in Appendix B.
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Chapter 4

GRAY RADIATIVE TRANSFER IN
LAMINAR FLOW

Gray medium assumption is probably the greatest approximation for the real gases. This
assumption replaces the wave number dependent absorption coefficient by a wave number

averaged quantity. The following sections deal with the general formulation and the resulting

equations under LTE and NLTE conditions for gray gas assumption.

4.1 General Formulation

The physical model considered is assumed to be the same as discussed in the previous

chapter ( Figs. 3.1 and 3.2 ). The boundary condition along each of the plate surfaces is taken
to Be that of a uniform heat flux, aﬂd thus the temperature of the plates T varies in the axial
direction only. Only fully developed flow and heat transfer are considered. Attention is addi-
tionally restricted to small temperature differences, such that constant properties and linea-
rized radiation may be assumed.

Since the wall temperature varies in the axial direction, there will exist radiative transfer
between wall elements located at different axial positions, and in general this would preclude

the possibility of achieving fully developed heat transfer. For linearized radiation, however,
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it is easily shown that fully developed heat transfer can be obtained with the subsequent result
that there will be no net radiative transfer between the wall elements.

Within the confines of the foregoing assumptions, the energy equation for the present prob-

lem can be obtained from Eq. (2.6) as

oT _ 3T _ _1 9%

where the parabolic velocity profile is given by

Ve = 6Vmly — > (4.2a)

The mean velocity is given by the expression

Vm = ;1; I vedAc (4.2b)

Ac

where A represents the cross sectional area normal to the direction of flow. For uniform wall

heat flux and fully developed heat transfer, T/0x is a constant and is given by the expression

aT _ 289w
ax v Lx (4.2¢)

Employing these quantities, Eq. (4.1) can be written in dimensionless form as

12(¢ — £ = ‘Z:; - qlwddq; (4.3a)
where
£={-; 0,,=(T;T1) (4.3b)
(%)
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LAY

Upon integrating this equation once, and by noting that d8,/d§ =0 andqr =0 atE = 1/2, one
finds

db, 2 3 qr

E—z(?’ﬁ -2)+1 =g (4.4)
Equation (4.4) can be treated as the general governing equation for both gray and nongray
analyses. The only difference will be shown by the radiative flux equation on the right hand

side of Eq. (4.4). Proper form of the radiative flux equation should be used in Eq. (4.4) to

get the final solution for the dimensionless temperature, 6y,

4.2 LTE Assumption

As mentioned earlier, gray medium approximation replaces the wave number dependent
absorption coefficient by a wave number averaged quantity. For lack of more rational choice,
this average coefficient will be taken to be x (T ). For convenience, attention will be di-
rected only to black bounding surfaces. Replacing x, by k; in Eq. (3.44), integrating over
the wave number, and utilizing the linearized expression T4-T4 =4 T3(T~-T;), following

expression is obtained for the present problem
4r =

L

y
60%,T} I [T = Tylexpl = 3%,y = )z = f [7() = Tuyexpl — 34z = )}z
0 y
(4.5)

Upon differentiating this equation twice, the integrals repeat themselves and may be elimi-

nated, and the resulting equation can be expressed as
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dq do
d§2R %fzqk = }'14pr (4.6a)

where
31'2 xx
71 cN=—E ;1,=%,L (4.6b)
N 4073
The boundary conditions for this equation are
3 1,99
QR(%) =0; 54x(0) = "'o dER)e-o (4.6c)

Note that Eq. (4.6a) is analogous to Eq. (3.52) which was the radiative flux equation for gray
gases under LTE assumption. The simultaneous solution of Egs. (4.4) and (4.6) is straight-

forward and the final expression for the dimensionless bulk temperature, Bpp, is expressed

as [31]
8,, = C,[24 — 12M, + M3 + (M3 — 12M,; — 24)exp(— M)]
_rhn 17 " _17
5 Mt 70M2 70 (4.7a)
where
- 37 + 367
c, oM g ] (4.7b)

[ MB" 3ry(1 — e‘Mx) + 2M,(1 + e~M))

M2 = 3 72( %+%) (4.7¢)

The governing parameters for this equation are N and . Note that N characterizes the rela-

tive importance of radiation versus conduction for gray gases.
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4.3 NLTE Consideration

Under NLTE consideration, a combination of Eqs. (3.55) and (4.4) gives

d? 2
—dgf — M, “qp = 97 qw (6% — 4£* + 1) (4.8a)
where
M 4 3 7
LM, YT, M 4PS(D) (4.8b)

The quantities M; and y; are defined in the same way as discussed in the preceding section.

The solution of Eq. (4.8) is given as

8,, = C,[24 — 12M + M > + (M} — 120 — 24)e 1] - lsg;;iz +
1
Ln _u (4.9a)
70F12 70 .

where

i 48 — 3t M, + 361,
Cl“_g[

M;° 3l — e~ M) + 2M(1 + e~y

] (4.9b)

Thus it is obvious that n is the driving force for NLTE. For n = 0, M3 = 1, and the solution

for Bpp reduces to that under LTE.
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Chapter 5

NONGRAY RADIATIVE TRANSFER IN
LAMINAR FLOW

In this chapter, the radiative heat transfer is discussed for nongray gases. General formula-

tion of the problem is the same as discussed in the previous chapter. The solutions under LTE

and NLTE conditions are presented in next sections.

5.1 LTE Assumption

The nongray radiative flux equation under LTE assumption is given by dropping the NLTE
part of Eq. (3.48)

qr8) = e; — e,

i=]

§ 0
+ %ZAOiUO: ijr“_i'[%“m(E - §)dE'] - IFZanA—i'[%qu(E' - )¢’
0 £

(5.1)
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Using the following relations

Fipi = €al8) = €10i = (% —F)r, T-T) (5.2a)
Fopi = €uf8") — ( 7T Ly, (T — Ty (5.2b)
01(7) ( d )T1 (5.26')
AodT) (Lot - ), (5.2d)
(I-Ty
01,8) = ?J_)l (5.2¢)
(T-Ty
0:,(8) = ' 5.2
i &b (-2

Equation (5.1) can be expressed in an alternative form as

$ 1
quf) =e et %’;‘Z up{ Hy; [ 0,,(ENA'(DdE’ - Hﬁfezp(é')r(fz)dg'
=1 4 g
(5.3a)
where
A =D[3uu E-8)] 5 &UD = B[ 3uuE - H ] (5.3b)

If, at any x—location, the two plates have the same temperature, then Ty =T and €1 = e3, and
Eq. (5.3a) becomes

3 1
L) _ 3L Hay I 6,EVT (g’ ~ f 8,(END (DL’ (54)
§

9o ~
=
! 0
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Combining Eqgs. (4.4) and (5.4), one obtains
dbp

LA B 1=
n - :

2C) 3L Hu I 0,EVE (D' - I 0,EA U’ (55)
i=1 0 E

The temperature profile within the gas, 8, (%), is thus described by Eq. (5.5). The boundary
condition for this equation follows to be 8, (0) = 0.

For flow problems, the quantity of primary.interest is the bulk temperature of the gas,
which is the mean temperature at any location x in the flow direction. It is the temperature
which fluid would assume if it was instantaneously and adiabatically mixed after leaving the

cross section under consideration. Mathematically, the bulk temperature is defined as

UmAc
A,

Tb= 1 JquJQ (5.6)

The bulk temperature can be expressed in dimensionless form as

1

0y, = b-T1=6IOp(§) E-&%d (5.7)

Po(%E)

hl

0

The heat transfer qyw is given by the expression gw = he(T1—Ty ), where h is the equivalent
heat transfer coefficient in Watts / m?2-K. The heat transfer results are expressed usually in
terms of the Nusselt number, Ny, defined in terms of the hydraulic diameter Dy,. For the pres-
ent geometry, Dy, = 2L. Eliminating the effective heat transfer coefficient h from the expres-

sion for qw and Ny, a relation between the Nusselt number and the bulk temperature is ob-

tained as
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2L g, -
N, = Qw _ =2

- x(Tl - Tb) B obp

(5.8)

The numerical solution of Eq. (5.5) is obtained by employing the method of undetermined

parameters. For this case, a polynomial solution for 8p (&) is assumed as

0,8) = ag + a & + ak? + af3 + a b (5.9)

After employing the conditions 8p(0)=0,6,"(1/2) =0, and 8, (0)=-6," (1), Eq. (5.9)
becomes

0p(5) = a,(§ — 28° + &%) + a(8% - 28° + &Y (5.10)
The constants a; and a; are obtained by satisfying the goveming integro—differential equa-
tion at two convenient locations & = 0, and & = 1/4. A combination of Eq. (5.7) and (5.10)

results in

1
Gbp = -7-6-(17a1 + 3a,) (5.11)
Thus, with a; and a; known, the bulk temperature (orthe Nusselt number ) is obtained from

Eq. (5.11). The procedure for evaluating the constants a; and a, is described in detail in [32].

5.2 NLTE Consideration

The radiative flux equation under NLTE consideration is given by Eq. (3.48). By employ-

ing definitions given in Egs. (5.2) and (5.3b), Eq. (3.48) can be expressed in an alternative

form as
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0 §

For black plates with Ty = T2, €1 = €2, and Eq. (5.12) becomes

[ § 1
qr8) = % z“oﬂﬂ I(T - TI)X?(I)dE' - I(T - Tl)f_l?(”)d'f'}

LO 3
[ 1
- %Zw I‘z’f?(bd&' - I%"(H)ds} (5.13)
i= L 3

The energy equation is given by Eq. (4.3a) which is rewritten as

At - Ez— —12E-8) ] (5.14)

Combining Egs. (4.4), (5.7), (5.13), and (5.14), one obtains

dp _ a2 _
% 232 - 28%) +1

£ 1
2% H%{J BENE (D — | 8¢ '—'(mdz'}
i=]1 o i

[ﬁ% - 12¢ - &) A?(H)d&'}

"'"-—-.'_.

£
I[dE'z - 12(8' - EH) A] (D&’ -

(5.15)
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The numerical solution of Eq. (5.15) is obtained by the same way as discussed in the pre-
vious section. Thus, By is given by Eq. (5.11). Note that the constants a; and a in this case
are different. The entire procedure of evaluating the constants a; and a; is described in Ap-

pendix C.
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Chapter 6

RESULTS AND DISCUSSION

Extensive results were obtained after solving the equations described in earlier chapters.
The results are presented in terms of bulk temperature as a function of temperature, pressure,
and spacing between the plates. The results were obtained for six different gases. These are
CO, NO, OH, CO3, H»0, and CH4. LTE and NLTE results for these gases were compared
at different temperature and pressure conditions. The results obtained for both gray and non-

gray analyses are presented in the following sections.

6.1 Gray Results

In this section, results are presented for the six gases under consideration under gray gas
assumption. Both LTE and NLTE results have been obtained for all the gases considered. The
results are compared at pressures ranging from 0.1 to 10 atm. and at temperatures ranging

from 300 K to 2000 K. The spacing between the plates is varied from 0.1 to 100 centimeters.

The LTE and NLTE results for CO are presented in Fig. 6.1. In Fig. 6.1(a), pressure is

kept constant at one atmosphere and LTE results are compared at four different temperatures

42






(300 K, 500 K, 1000 K,and 2000 K). The results show that as one goes from higher tempera-
ture to lower temperature, the bulk temperature decreases for any particular plate spacing.
At any given temperature, the bulk temperature is seento vary significantly in the intermedi-
ate range of plate spacings. A lower value of bulk temperature means higher capacity of the
gas to exchange radiation. For lower spacings, there is aimost negligible radiative contribu-
tion. Radiative interaction increases with increasing plate spacing. Figure 6.1(b) illustrates
the results at a fixed temperature of 500 K and for P = 0.1, 1, and 10 atm. The variation be-
tween the results at different pressures show that as we decrease the pressure, the radiative
heat transfer effect decreases. Thus Figs. 6.1(a) and 6.1(b) show that under LTE assumption,

the radiative heat exchange capacity of CO is higher at higher temperatures and pressures.

In Figs. 6.1(c) and 6.1(d), LTE and NLTE results are compared for CO. In Fig. 6.1(c),
pressure is kept constant at one atmosphere and temperature is varied from 300 to 2000 K.
The results show that the variation between LTE and NLTE results is maximum at lower tem-
peratures. The LTE and NLTE results show maximum differences at moderate pressures
(Fig. 6.1(d)). This implies that NLTE effect is pronounced at lower temperatures and moder-
ate pressures. Thus NLTE effect must be considered when the temperature and pressures are
relatively low. It should be noted that the effect of NLTE is to lower the ability of the gas

for radiative interaction.

Figures 6.2 present results for NO. In Figs. 6.2(a) and 6.2(b), LTE results are compared
at different temperatures and pressures, and in Figs. 6.2(c) and 6.2(d), LTE and NLTE results
are compared at different temperatures and pressures. The result shows the same behavior
as in the case of CO. In a similar manner, Figs. 6.3 show the results for OH. There appears
to be no NLTE effect for OH. Figure 6.4 is a comparison of LTE and NLTE results for CO,

NO, and OH at a temperature of S00 K and one atmospheric pressure. The results show that
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OH has the lowest radiative ability while CO shows the highest radiative ability at the partic-
ular temperature and pressure considered. Further, The variation between the LTE and NLTE
is maximum for CO and minimum for OH. This implies that CO has a higher tendency to

show radiative effect as well as it is more sensitive to nonequilibrium phenomena.

The LTE and NLTE results for polyatomic gases are presented in Figs. 6.5 through 6.8.
Figure 6.5 presents results for CO2. The LTE results are compared for temperatures ranging
from 300 K to 2000 K and one atmospheric pressure. The results illustrate that bulk tempera-
ture decreases with increasing temperature. In Fig. 5(b), LTE results are shown at different
pressures between 0.1 and 10 atm. and at a temperature of 500 K. It is seen that bulk tempera-
ture decreases, in general, with increasing pressure. At hi gher pressures, bulk temperature
decreases smoothly for low plate spacings, but at higher plate spacings, it becomes uniform.
The reasons for this behavior of CO; are given in [ 31, 32 ]. Figure 6.5(c) is a comparison
of LTE and NLTE results at various temperatures and 1 atmospheric pressure. It is seen that
there is almost no difference between LTE and NLTE results at any temperature. In Fig.
6.5(d), LTE and NLTE resulits are compared at various pressures and a temperature of 500

K. At a pressure of 0.1 atm, there are some differences between LTE and NLTE results. The

differences are negligible at higher pressﬁres.

The results for HO are presexited in Figs. 6.6. The trend of the results are more of less
the same as observed in the case of CO,. The LTE results are compared at different tempera-
tures and one atmospheric pressure in Fig. 6.6(a). The results show that bulk temperature
decreases with increasing temperature which implies higher capacity for radiative exchange.
Figure 6.6(b) illustrates results at different pressures and 500 K temperature. In general,the
bulk temperature is seen to decrease with pressure. It becomes uniform at higher pressures

and at higher plate spacings. However, bulk temperature becomes uniform at higher plate
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spacings compared to CO,. Figures 6.6(c) and 6.6(d) show a comparison of LTE and NLTE
results at different temperatures and pressures. There is almost no variation between LTE and

NLTE results except at 500 K and 0.1 atm. The variation is more than that observed for CO,.

The results for CH,4 are presented in Figs. 6.7. In Figs. 6.7(a) and 6.7(b), LTE resulits are
presented at different pressures and temperatures. The trend of results is similar to that exhib-
ited by CO; and HO. Figures 6.7(c) and 6.7(d) show comparison of LTE and NLTE results
at different temperatures and pressures. There is absolutely no difference between LTE and
NLTE results at any temperature and pressure. This implies that NLTE consideration is not

important for CHs.

Figure 6.8 shows a comparison of NLTE results for all the gases under consideration at
500 K and one atmospheric pressure. It is seen that bulk temperature is highest for OH and
lowest for CO,. This implies that OH is the least radiating gas whereas CO5 has the highest

ability for radiative exchange under the given conditions.

The overall conclusion is that the NLTE results for polyatomic gases do not show much
variation from LTE results. On the other hand, the NLTE resuits for diatomic gases show
significant variations from LTE results at lower temperatures and moderate pressures. This
implies that NLTE has significant influence on diatomic gases at relatively low temperatures

and pressures.
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49



MEDIUM: GRAY

GAS: NO

10°

0.25

o
N
o

(/71 *b)/(\1-1)="6~

0.05

0.00
107!

Plate Spacing L (cm)

50

Fig. 6.2(a): LTE results for NO, P=1 atm, Ty=300—-2000 K



—9b=(T1—Tb)/(q' L/’C)

0.25 —— T
ST
0.20 \
‘0
\i
\i
0.15
..... - 10 atm
......... 1 atm
0.1 atm
0.10
GAS: NO
0.05 MEDIUM: GRAY
0.00 '
107! 10° 10! 102

Plate Spacing L (cm)

Fig. 6.2(b): LTE resulis for NO, Ty=500 K, P=0.1-10 atm

51



....gb

(T,~Ty)/(ay L/)

0.25 T T

0.20

0.15

0.10

0.05

0.00 !
107! 10° 10! 10°

Plate Spacing L (cm)

Fig. 6.2(c): LTE and NLIE results for NO, P=1 atm, Ty=300-2000 K

52



_9b=(T1—Tb)/(qw L/x)

0.25

0.20

0.15

0.10

0.05

0.00

107 10° 10° 10°

Plate Spacing L (cm)

Fig. 6.2(d): LTE and NLTE results for NO, Ty=500 K, P=0.1-10 atm
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Fig. 6.3(c): LTE and NLTE results for OH, P=1 atm, Ty=300-2000 K
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Fig. 6.3(d): LTE and NLTE results for OH, Ty=500 K, P=0.1—10 atm

57



0.25 | T

0.20

0.15 |

0.10

—9b=(T1—Tb)/(q' L/K)

0.05

0.00 !
107! 10° 10! 102

Plate Spacing L (cm)

Fig. 6.4: Comparison of LTE and NLTE results for diatomic Gases at 500 K and 1 Atm. _

58



0.25 T T

0.20 -

0.15 -
_____ 2000 K
..... ~ 1000 K |
......... 500 K
T 300K

0.10 -

0.05 MEDIUM: GRAY \

N\
0.00 L
107! 10° 10! 102

Plate Spacing L (cm)

Fig. 6.5(a): LTE resuilts for CO,, P=1 atm, T,=300-2000 K

59



~8,=(Ty~Ty)/(qy L/%)

0.25 |

0.20

0.15

0.10

GAS: €O,
0.05

MEDIUM: GRAY

‘e
e
LY.
.....

Plate Spacing L (cm)

Fig. 6.5(b): LTE results for CO,, Ty=500 K, P=0.1-10 atm

60



—9b=(T1-Tb)/(qW L/")

0.25

0.20

0.15

0.10

0.05

0.00
107!

10°

Plate Spacing L (cm)

10!

102

Fig. 6.5(c): LTE and NLTE results for CO,, P=1 atm, Ty=300-2000 K

61



“ob:(Tf’Tb)/(qw L/x)

0.25 | T
<  meme- NLTE
NS — LTE A
\\
\\
0.20 = \\ =
\\
- ‘\ 0.1 atm. -
\
- \ 1 -
0.15 \)‘/—‘
\ |
5 \\ 5 -
\

0.10 ‘\ 10 .

\ -
i ) \ |

\

0.05 | A% \ X .

' MEDIUM: GRAY N
- ‘\\\ o

0.00 . :

107! 10° 10! 102

Plate Spacing L (cm)

Fig. 6.5(d): LTE and NLTE results for CO;, Ty=500 K, P=0.1-10 atm

62



—9b=(T1—Tb)/(q' L/x)

0.25

0.20

0.15 | -
..... 2000 K
A \ S S N ~ 1000 K |
......... 500 K
T 300K
0.10 } -
0.05 |- MEDIUM: GRAY \
\ ‘._‘
0.00 e
107! 10° 10! 102

Plate Spacing L (cm)
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Fig. 6.6(c): LTE and NLTE results for H,0, P=1 atm, Ty=300-2000 K
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Fig. 6.7(a): LTE results for CH,, P=1 atm, T,=300-2000 K
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Fig. 6.7(c): LTE and NLTE results for CH,, P=1 atm, Ty=300-2000 K
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Fig. 6.7(d): LTE and NLTE results for CH,, Ty=500 K, P=0.1-10 atm
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6.2 Nongray Results

In this section, nongray results are presented for different gases under LTE and NLTE
conditions. The temperature and pressure ranges are same as for gray gas analyses. The plate
spacing is kept between 0.01 to 100 centimeters. Figures 6.9 through 6.14 present results for

CO,NO, OH, CO,, H,0, and CHg, respectively.

Figure 6.9(a) presents LTE result for CO at temperatures ranging from 300 to 2000 K and
for one atmospheric pressure. The results show that the bulk temperature decreases from
lower to higher values of wall temperatures. In Fig. 6.9(b), temperature is kept fixed at 500
K and results are compared at 0.1, 1, 5, and 10 atm. It is seen that the bulk temperature de-
creases with increasing pressure. One interesting observation isthat the variation is seen only
at higher plate spacings. At lower plate spacings, the results are almost identical for any tem-
peratures and pressures. This is due to optically thin radiative interaction in this region. Fig-
ure 6.9(c) is a comparison of LTE and NLTE results at one atmospheric pressure and temper-
atures in the range of 300 to 2000 K. The study reveals that LTE and NLTE results differ

only at lower temperatures. Results presented in Fig. 6.9(d) demonstrate that NLTE effects

are important only at low pressures.

Results for NO are presented in Fig. 6.10. Figures 6.10(a) and 6.10(b) are comparison
of LTE results at different pressures and temperatures. The trend of the results are similar
to that observed for CO. Figures 6.10(c) and 6.10(d) show LTE and NLTE comparisons at
different pressures and temperatures. The results follow the same pattern as for CO. Figures

6.11 illustrate results for OH. A study of Fig. 6.11(a) shows that OH has very little radiative
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interaction at a temperature of 300 K and one atmospheric pressure. However, it shows some
effect at higher temperatures and pressures (Figs. 6.11(a) and 6.11(b)). In Figs. 6.11(c) and
6.11(d), LTE and NLTE results are compared. It is seen that there is no difference between
LTE and NLTE results at any temperature and pressure. This implies that NLTE does not
have significant effect on OH at any temperature and pressure. However, it does have some

effect at low temperatures and pressures (Figs. 6.11(c) and 6.11(d)).

Figures 6.12 present results for CO,. Figures 6.12(a) and 6.12(b) present LTE results at
different temperatures and pressures, respectively. It is seen that bulk temperature decreases
with increasing pressure and temperature. Figures 6.12(c) and 6.12(d) are comparison of
LTE and NLTE results at different temperatures and pressures, respectively. There appears
to be no difference between LTE and NLTE results at these conditions. Figure 6.12(d) sug-
gests that there is little difference between LTE and NLTE results at 0.1 atm. and 500 K. Fig-
ures 6.13(a) and 6.13(b) are comparison of LTE results for H>O at different pressures and
temperatures. The trend is almost similar to that observed for CO,. Figures 6.13(c) and
6.13(d) are comparisons of LTE and NLTE results. There is no difference between LTE and
NLTE results except at low temperatures and pressures. The difference is quite significant
at 0.1 atm. and 500 K. The difference in this case is more than that observed for CO,. Fi gures
6.14(a) and 6.14(b) present LTE results for CH, at various temperatures and pressures, re-
spectively. Again, the bulk temperature is seen to decrease with increasing temperature. Fig-
ures 6.14(c) and 6.14(d) are comparison of LTE and NLTE results for CH, at various temper-
atures and pressures, respectively. The results do not show any difference between LTE and
NLTE at any temperature and pressure conditions. Thus, NLTE consideration is not impor-
tant for CHy. Figure 6.15 is a comparison of NLTE results for all the gases under consider-
ation at 500 K and one atmospheric pressure. The results show that the gases in the descend-

ing order of bulk temperature are OH, CO, NO, CO,, CHy4, and H»O. This implies that among
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the gases H0 is highest radiating gas whereas OH is the least radiating gas.

By studying the results under nongray assumption, it becomes obvious that bulk tempera-
ture usually decreases with an increases in temperature and pressure. This implies that the
radiating capacity of the gases increases with an increase in temperature and pressure. Se-
cond important observation is that polyatomic gases db not contribute significantly in NLTE
process. However, OH being a diatomic radical, shows least variation from LTE conditions
among the diatomic gases under consideration. Further, CH4 shows absolutely no effect of
NLTE at any temperature and pressure; whereas NLTE results for other polyatomic gases

show little variation from LTE results at moderate pressures and temperatures.

6.3 Comparative Results for Gray
and Nongray Analyses

In this section, gray and nongray results are compared at different temperatures and pres-

sures. Figures 6.16 through 6.21 present these comparative results

Figure 6.16(a) presents gray and nongray NLTE results for CO at temperatures ranging
from 300 to 2000 K and one atmospheric pressure. The results show that there is significant
difference between gray and nongray results at lower temperatures. At higher temperatures,
the difference is relatively lower. However, the rate of decrease of the difference between
gray and nongray results is less as temperature is increased. Thus, even at 2000 K, significant
difference between gray and nongray results is observed. Figure 6.16(b) is a comparison of
gray and nongray results at 500 K and 0.1, 1, and 10 atm. The variation between gray and

nongray results is quite significant and it increases with increasing pressure.
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Fig. 6.9(a): LTE results for CO, P=1 atm, T=300-2000 K
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Fig. 6.11(a): LTE results for OH, P=1 atm, T=300-2000 K
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Fig. 6.12(d): LTE and NLTE results for CO,, Ty=500 K, P=0.1-10 atm

90



(T1_Tb)/(qw L/’C)

_9b=

0.25

0.20

0.15

0.10

0.05

0.00

GAS: H,0
MEDIUM: NONGRAY

1072 107}

10°

Plate Spacing L (cm)
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Figure 6.17(a) illustrates comparative results for gray and nongray for NO at four tempera-
tures in the range of 300 to 2000 K and one atmospheric pressure. As seen in the case of CO,
the difference between the two results is appreciable and decreases slowly with increasing
temperature. Figure 6.17(b) provides the comparison at 500 K and 0.1,1, and 10 atm. It is

seen that the difference between gray and nongray results increases with increasing pressure.

Figures 6.18 through 6.21 present results for OH, CO,, H20, and CHy, respectively. The
results show the same behavior as shown by CO and NO. Thus, it is obvious that the differ-
ence between gray and nongray results is very significant at any temperature and pressure.
The difference decreases slowly with increasing temperature and increases with increasing
pressure. Another interesting observation is that the bulk temperature, under gray gas as-
sumption at ény pressure and temperature condition, is lower than that under nongray gas
assumption. This means that radiating effect of the species under gray gas assumption is
higher than that under nongray assumption, i.e., the gray gas approximation overpredicts the

ability of a gas for radiative interaction.

100



_9b=(T1“Tb)/(qw L/")

0.25

0.20 |

0.15

0.10

0.05 |

1000

2000

T, = 300-2000 K

P =1 Atm.

..... NONGRAY
—— GRAY

Fig. 6.16(a): Comparison of Gray and Nongray(NLTE) results for CO

10°

Plate Spacing L (cm)

101




-9b=(T1—Tb)/ (q,, L/x)

0.25

0.20

0.15

0.10

P = 0.1-10 Atm.
0.05 T, = 500 K

..... NONGRAY
—— GRAY

0.00 !
107! 10°

Plate Spacing L (cm)

Fig. 6.16(b): Comparison of Gray and Nongray(NLTE) results for CO
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Chapter 7
CONCLUDING REMARKS

Analytical and numerical procedures have been developed to treat a physical problem
when local and nonlocal thermodynamic equilibrium conditions prevail. The NLTE effects
have been investigated for some diatomic and polyatomic gases under gray and nongray gas
assumptions. The NLTE results under gray and nongray assumption are compared at differ-
ent temperatures and pressures. The NLTE condition is governed by the NLTE parameter
n. For = O(1), NLTE prevails and for n = 0, LTE prevails. The bulk temperature is ex-
pressed as a function of plate spacing at various temperatures and pressures. The limiting

value of bulk temperature is 0.243 which corresponds to negligible radiation.

The results show that, in general, bulk temperature decreases with increasing temperatures,
pressures, and plate spacings. This implies that the radiative ability of the gases increases
with increasing temperatures, pressures, and plate spacings. The consideration of NLTE ef-
fect is important while dealing with diatomic gases. The NLTE effect becomes significant
at lower temperatures and pressures. Therefore, it is necessary to take NLTE into account
when working temperatures and pressures are moderate. Among the gases, OH shows least
radiative effect and H>O shows highest radiative effect under both gray and nongray assump-

tion. Polyatomic gases, however, do not show much variation from LTE at any temperature
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and pressure. Therefore, NLTE consideration is not important for polyatomic gases. The
gray gas approximation overpredicts the ability of agas for radiative interaction. The method
developed can be applied to investigate NLTE effects in other diatomic and polyatomic

gases, mixture of gases, and multidimensional problems using sophisticated spectral models

for radiation absorption.
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APPENDIX A

INFORMATION ON SPECTROSCOPIC
PROPERTIES

To formulate radiative heat transfer problems, it is essential to know the various spectro-
scopic properties of the gases under consideration. Some relevant information for the gases

into consideration is provided here. For a detailed understanding and information, one

should refer to [31}].

A correlation for the exponential wide band absorptance based on a set of mathematical

propetties of the total band absorptance was introduced by Tien and Lowder [33], and this

is expressed as

= + 2
A= Aoln{uf(t)[u—u_r—zﬂ—t)] + 1} (A.l1a)
2 ¢ 2
u=CoPY; t= [24—C_1_C—3—)}Pe = B°P, (A.1b)
f(®) = 2.94[1 — exp(— 2. 609)] (A.lc)

The quantities u, t, B2, and P, are all dimensionless. The band width parameter Ag = C3, and
it is a function of temperature only. The correlation quantity Co? is proportional to (C1/C3).

It can be shown [33] that
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ACE =S (A2)

The quantity t is the line structure parameter, and P, is the equivalent ( effective ) broadening
pressure and is given by
Pp + bP
P, = [(—’-’P—Al]", P, = latm (A.3)
(]

where P4 is the partial pressure of the absorbing gas, Py is the partial pressure of the broaden-
ing gas, and b is the self-broadening power of the molecule A with respect to molecule B
(Nzin all cases here ). The f)ressure parameter,n, which is always less than or equal to unity,

accounts for the partial overlapping of bands with different lower states [35]. The quantities

b and n are obtained experimentally by using various gas compositions.

By using the information on Cy, C,, and Cs, the quantities Ay, Co?, and B2 were evaluated
and expressed in the units employed here. These are given in Table A.1. The procedure for
converting the correlation constants Cy, Cs, and Cj from the data of Edwards et al. [35] into

the relations and units of quantities Ag, Co?, and B2 is discussed in [31].
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Table A.1 Exponential Band Model Correlation Quantities *

Band Pressure
Molecule | Band | Center | Parameters| Ag(T) CoX(T) BXT)
cm ™
m ¢ b n em-!  htm~lcm ~! | dimensionless
o 47 | 2143 | 1.1 08 | 38.1ky(T) |6.24 kx(T) | 0.314 8(T)
235 | 4260 | 1.0 08 | 38.1ky(T) |0.024 kx(T)| 0.300 8y(T)
53 | 1876 | 1.0 0.65 | 36.0k(T)
No . %% *xk
27 | 3724 | 1.0 065 | 36.0ky(T)
oH 28 | 3570 | ., ., | 17D . .
14 | 6974 117 ky(T)
15 667 | 13 07 | 223k(T) [152kx(T) | 0.084 ky(T)
COz | 43 | 2350 | 13 08 | 19.9Kky(T) [98.7kx(T) | 0.329 ky(T)
27 | 3715 | 13 065 | 41.6ky(T) [1.72kx(T) | 0.111 6xT)
$2(T)
iR | 500 | 50 10| 494Kk |771kx(T) | 0.073/ky(T)
$7(T)
63 | 1600 | 50 1.0 ] 90.1ky(T)|335kx(T)| 0.130/ky(T)
H,0 -
2 27 | 37150 | 50 10| 1126 k()| 1.52kx(T) | 0.145/ky(T)
187 | 5350 | 50 1.0 | 79.7ky(T) [0.276 k(T)| 0.118/ky(T)
$o11(T)
138 | 7250 | 50 1.0 | 79.7k(T) |0.230 kxy(T)| 0.201/ky(T)
$101(T)
o 76 | 1310 | 13 08 | 398Kk(T) | 4.58kxT)| 0.067 ky(T)
4
33 | 3020 | 1.3 08 | 953ky(T)|3.15kx(T) | 0.036 ky(T)

122



* Notes on table A.1:
1. Notations: ky(T) = (T/300)172, ko(T) = (300/T)172, 8; = [ ¢1XT)/ky(T) ] x 1073,

&2 = 3X(T)/ [ ¢2(T) ko(T) ]

h = 6.625 x 10727 erg-sec, ¢ = 2.998 x 1010 cm/sec, x = 1.380 x 10716 erg/K,

hc/x = 1.44 cm—K
2. For CO: @ = 2143 cm™1, ¢(T) = [ 15.15 + 0.22 (T/T)*? ] [ 1- exp (<hcw/xT) ],

To = 100 K, S(To1) = 289 £ 30 cm—2-atm™!, To; = 300 K, 7, = 0.0297 seconds.
3. For NO: w = 1876 cm™1, S(Tpy) = 132 em2-atm™1, Tp; = 300 K, 7, = 0.07 secs.
4. For OH: o = 3570 cm™1, S(Tp;) = 110 cm2-atm~1, Tg; = 300 K, n, = 0.0232 secs.
5. For CO3: w; = 1351 cm 1, wp = 667 cm™}, w3 = 2396 cm™!
$2(T) = { 1-exp [ (—he/xT ) (w1 + w3) ] } x { [ 1-exp (—hc w1/xT) ] [ 1-exp
(-=hc w3/xT) ]}, ¢3(T) = 1+0.053 (T/300)3/2, S(Toy) = 362 £ 90, Sx(To;) = 2970, S3(To1)
= 67 cm—2-atm™!, Tg; = 300 K, 1, = 0.215 secs., n2r = 0.0022 secs., N3, = 0.0846 secs.
6. For Hy0: w; = 3652 cm 1, wp = 1595 cm™L, w3 = 3756 cm™L, ¢y1v2v3 (T) = { 1—exp
[ —he (vim; +vawrtvaws)/kT ] } x { [ 1-exp (~hcwy/xT ) ] [ 1-exp ( =hcws/xT ]},
$7(T) = exp [ -17.6 (T/100)~172 ), S1(Toy) = 1840, So(Toy) = 300 60, S3(To;) = 200+ 20
cm~2-atm™1, Tp; = 300 K, 1), = 0.0468 secs., 13, = 0.0127 secs.
6. For CHg: w; = 1310 cm ~1, w, = 3020 cm™1, S1(To;) = 185, S(To;) = 320, cm—2—atm™1,
To1 = 300 K, my, = 0.113 secs., 1z, = 0.0122 secs.

** The information is not available in literature, and therefore suitable assumptions were

made to calculate those quantities.

. For additional informations, one should refer to [31].
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APPENDIX B

SOLUTION PROCEDURE FOR GRAY
NLTE FORMULATION

In this appendix, solution procedure for gray gas analysis under NLTE assumption is pro-

vided.

The radiative flux equation for the present study is given by Eq. (3.44). Using the following

relations
o
r
By dw =B =¢e =0T
0
o
0
- -]
ez
I Jo(Ddo = J(@) = L,,l + %ﬂﬁ(z)
0
where =
H@) = mps(h

and substituting Eq. (3.40) in Eq. (3.44), one obtains

qr = OT," exp(— br) — oT," exp[(— bry — )]
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To

J e(f) exp[ — bz — Odt — ] e(f) exp[ — bt — 7))t
0

1 4

+

W

T

- %r] ]%exp[— b(r — §)]dt - I %exp[— bt — v))dt} x pslﬁ (B.5)
0

Equation (B.5) can be rewritten as
9r(®) = qpe(v) + qpT) (B.6)

where qrp(T) and qrn(T) are defined as in Egs. (3.49a) and (3.53a) respectively. Differentiat-

ing Eq. (B.6) twice using Leibnitz formula, one obtains

d? d?
dfj = ‘f;f + zr‘f: + IbY(D) - z&s% — KSHY(II) (B.7a)
; i
where I = | T(#) exp[— Wt — 1)]dt — I T4(¢) exp[ — b(t — t]dt (B.7b)
: :
II = J(dz;fexp[— b(r — p)dt — I %exp[— b(t — ©))d: (B.7¢)

0
and F(z), b, I, and KS are defined as in Egs. (3.£9b), (3.49¢), and (3.53b) respectively. the

quantity I can be obtained from Eq. (3.49a) as

[ = QRL(T)F_ F(1) (B.8a)

Similarly, the quantity II can be obtained from Eq. (3.53a) as

= . 9rN
I = XS (B.8b)
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Substituting Eqs. (B.82) and (B.8b) in Eq. (B.7a), there is obtained

dqp 9 dT*
R R =30

Mgz ~ 74 &

which is Eq. (3.55a), and M; is defined as in Eq. (3.55b).
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APPENDIX C

SOLUTION PROCEDURE FOR NONGRAY
NLTE FORMULATION

In this appendix, some important steps to solve the nongray NLTE equation, Eq. (5.13),

are given.

Substituting Eq. (5.10) in 5.(13), one obtains

ay(1 — 652 + 48%) + ay(28 — 682 + 4£%) — 2382 %% - 268 + 1 =

£ 1
%(%)Huo{ f 6ENA (k' - f o(z')z’(mds'}
0 E

I3 1
- 211 I (1 + EDTDE - f (1 + EHTana) €1
0 ¢

where A'(I) and A'(Il) are defined as Eq. (5.3b).

Solving Eq. (B1) at € = 0, and assuming a multiband species, there is obtained

aa, +aa, =a, (C2)
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where

ag = GneRo = 1)

a; = 1+ [(DH(R, - 2R, + ¢RY] = [GM(R, = CRY)]

a, = [(DH (R, — 26°Rs + ¢*RY] — [Bm(cR, — 6K, + 6R)]

where ¢ = 2/(3 ug), b = 1/u, and R;’s are integral functions defined as

b

r i
Ry = | A(u)du
(-]
b
Ry = | uA'(udu
g
b
[
R, = u?A' (u)du
0
b
Ry = | WA (u)du
0
b
R, = | 'R (u)du

0

In a similar manner, solving at § = 1/4, one obtains

a,a; + aa, = Qs

where

(€3)
(C4)

(C5)

(C6)

(C7)

(C8)

(C9)

(C10)

(Ccl11)

as = [HHIGDS, + Ghets + 59 = G, = OS5 +59 + s) +
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[(2;3--)7,[(%)&1 + 663(S, + 8 — 12c3s4]] +4 (€12)
a, = [(I#)Hl[(%)sl + (-%)c(s2 + 53 - (%)884 - 3(Ss + S + c“s-,]} +
{(—g—)q[(-i—)csl + 635, + 59 — 12c354]} + 133 (C13)

as = [(%)r)c}sl -4 (C14)

and S;’s are integral functions defined as

3b/4
S, = | Awdu (C15)
b4
b/a
S, = ju A'(u)du (C16)
0
3b/4
Sy = Iu A’ (u)du (C17)
0
3b/4
S, = u® A'(u)du (C18)
b4

Ss u® A'(u)du (C19)

I
T3
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3b/4

S¢ = [ ud A'(u)du
:
3br/4

S, = | ut A'(wdu
i

Thus, the constants a; and a; can be evaluated by solving Egs. (C2) and (C11)

g = 2084 ax3s
1 DEN
g, = 20%3 — ax3s
2 — DEN
where DEN = a0, — a,a;

(C20)

(c21)

(C22a)

(C22b)

(C22¢)

Once aj and a5 are evaluated, the solution for bulk temperature, Byp is given by Eq. (5.11).

For additional information, one should refer to [32].
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APPENDIX D

SELECTED COMPUTER PROGRAMS
AND RESULTS

In this appendix, computer programs for all the gases are presented which were used to
obtain the results. Two general programs are provided which can solve LTE and NLTE prob-
lems under gray as well as nongray assumption. After every program, results are presented
in tabulated form. The programs can be used to obtain results for other gases simply by

changing the spectroscopic properties.
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¢ program to calculate LTE and NLTE bulk temp. under gray
c gas assumption for CO
implicit double precision (a-h,0-Z)
real Lkfb
dimension u(10),press(4), Temp(4)
data u/0.1,0.5,1.0,2.0,5.0,10.0,20.0,50.0,75.,100.0/
data press/0.1,1.,5.,10/
data temp/300.,500.,1000.0,2000.0/
open(unit=21, file="nlp’)
open(unit=22, file="1p’)
open(unit=23, file="out23.dat’)
write(23,230)
write(21,13)
write(21,*) 10,1
13 format(’3’,/,’x’/,’t’J/, t1°,/,i4,x,’1")
write(22,14)
write(22,*) 10,1
14 format(’2’/,’x’/,’t’J/, /,idx,’1’)
do 101 it=1,4
tw=temp(it)
do 202 kk=1,4
p=press(kK)
do 303 i=1,10
I=u(i)

C—

¢ Calculation of Plank’s Function and it’s derivative
¢ wnb Band Center

¢ hck Constant

¢ cce c1%c2 (erg_k_cm**3/sec)

c pfdbi Plank’s Function’s derivative for ith band

C-
tkl=tw**2
k2=tw**0.5
tk3=tw/273.0
hck=1.439257246
15=300.0/tw

c
c Spectroscopic Properties of CO

¢ Two Bands of CO are cosidered(4.7 and 2.35 microns)
¢ wnbi Band Center (1/cm)

c
wnb1=2143.
wnb2=4260.
c2bl=hck*wnbl
c2b2=hck*wnb2
cec=0.000053847734
ccbl=ccc*(wnbl**4.)
ccb2=ccc*(wnb2**4.)
th1=c2bl/tw
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tb2=c2b2/tw

tebl= exp(tb1)

teb2= exp(tb2)
c1bl=ccbl/c2bl
c1b2=ccb2/c2b2
pfbl=c1b1/(tcb1-1.0)
pfb2=c1b2/(1cb2-1.0)
devl=tk1*((tebl~1.0)**2.0)
dev2=tk1*((1cb2-1.0)**2.0)
pfdb1=(cchb]*tebl)/devl
pfdb2=(ccb2*teb2)/dev2

c
¢ Band Model Correlations(Tien & Lowder Wide Band Model)
c azi aoi (1/cm)

c czsi coi**2 (1/atm—cm)

c bsi b**2 (Nondimensional)

c omegi Wave Number (1/cm)

c si Integrated Band Intensity (1/atm cm**2)

c
ak1=(tw/300.)**0.5
ak2=(300./tw)**1.5
azl1=38.1*akl
az2=azl

c
c dkf Thermal Conductivity (Erg/cm-sec—k)

c
kfb=(1488.365171)*(tk3**1.23)
omegl=2143.
tx=—(hck/tw)
x1=tx*omegl
etx1= exp(tx1)
cl=1.0—etx1
c01=6.24*ak2
¢02=0.042*ak2
sl=azl*c01
s2=az2*c02
ETC1=(14.)**(1./4.)
ETC2=0.015*ETC1
ETC3=TW**(-1./3.)
ETC4=ETC3-ETC2
ETC5=175.*ETC4
ETC6=(ETCS-18.42)
ETC7=EXP(ETC6)
ETAC=ETC7/P
ctar11=8.*3.14*((wnb1**2.))*4.08*(1.e—12)*tw*sl
ETAR1=1/ETARI11
clar22=8.%3.14*((wnb2**2.))*4.08*(1.e~12)*tw*s2
etar2=1/etar22
ETA11=ETAC/ETARI1
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etal2=ctac/etar2

aapl=ctallfsl

aap2=ctal2/s2

aapx1=(3./4.)*(aapl)/p

aapx2=(3./4.)*(aap2)/p

am2=1.+(sapx1+aapx2)

if(am2.le.0.)then

am2=.79

endif

tin=p*1**2./kfb*(s1*pfdb1+s2*pfdb2)

tn= exp(—~(3.*tin)**0.5)

ala=0.00005668

akp=p/(ala®tw**4.)*(s1*pfb1+s2°pfb2)

tao=akp*l

anba=kfb*akp/(4.*ala*tw**3.)

r=3.*1a0**2./anba

alm=3.*ta0**2.*((0.75)+(1./anba))

am= sqri(alm)

em= exp(-am)

ad=3.*ta0*(1.—em)+2.*am*(1.+em)

ac=(r/(am**8.))*(48.-3.*ta0*am**2.436. *o)/ad

pa1=24.—12.'amﬂm"3.+(am“3.—12.‘am—24.)‘em

pa2=-12.‘r/(5.‘am“4.)+17.‘r/(70.‘am"2.)

ambar=sqrt(alm/am2)

write(*,*) alm,am2
rbar=r/am2
embar=exp(—ambar)
adbar=3.0"tao‘(1.0—embar)+2.0‘ambar"(1.0+cmbar)
acbar=(rbar/(ambar* *8.))*(48.-3.*a0*(ambar**

* 2.0)+36.0*tao)/adbar
palbar=24.0-12.0*ambar+ambar* *3.0

* +(ambar"‘3.0—12.0‘ambar—24.0)‘embar
pa2bar=—12.0*rbar/(5.0*ambar**4.0)+

*+ 17.0%rbar/(70.0*ambar**2.0)

tbulk=ac*pal+pa2-17./70.

tbulkn=acbar*pa1bar+pa2bar-17.0/70.0

write(21,109) 1,—tbulk,~tbulkn

write(22,100) |,~tbulkn

write(23,1000)tw, p, 1, ~tbulk, —tbulkn

100 format(1x,£9.2,3x,610.4)

109 format(1x,19.2,2(3x,¢10.4))

303 continue

202 continue

101 continue

1000 format (1x,£7.2, 3x,16.2, 3x,16.2, 3x,e10.4, 3x,c10.4)
230 format (4x,'tw’,8x,’p’,6x,’l’,9x,’lbulk’,9x,’tbu]kn’)

stop
end
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GRAY GAS RESULTS FOR CO

P

1

tulk (LTE)

tbulkn (NLTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10

0.10
050
1.00
2.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
050
1.00
2.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
2.00
5.00

10.00
20.00
50.00
75.00
100.00

0.10
0.50
1.00
2.00

0.1649E+02
0.2430E+00
0.2427E+00
0.2422E+00
0.2385E+00
0.2264E+00
0.1885E+00
0.8728E-01
0.4887E-01
0.3041E-01
0.2450E+00
0.2424E+00
0.2411E+00
0.2360E+00
0.2061E+00
0.1429E+00
0.6587E-01
0.1530E-01
0.7767E-02
0.4886E-02
0.2428E+00
0.2407E+00
0.2345E+00
0.2131E+00
0.1332E+00
0.6092E-01
0.2244E-01
0.6654E-02
0.4423E-02
0.3510E-02
0.2427E+00
0.2386E+00
0.2270E+00
0.1914E+00
0.9734E-01
0.4095E-01
0.1661E-01
0.6857E-02
0.5365E-02
0.4721E-02
0.2449E+00
0.2423E+00
0.2408E+00
0.2349E+00
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0.2468E+08
—.9185E+06
0.8417E+04
—8730E+02
0.1610E+00
0.2435E+00
0.2428E+00
0.2423E+00
0.2416E+00
0.2406E+00
0.6133E+01
0.2428E+00
0.2426E+00
0.2420E+00
0.2378E+00
0.2241E+00
0.1837E+00
0.8624E-01
0.5082E-01
0.3353E-01
0.2428E+00
0.2412E+00
0.2363E+00
0.2192E+00
0.1484E+00
0.7320E-01
0.2788E-01
0.807SE-02
0.5221E-02
0.4049E-02
0.2427E+00
0.2389E+00
0.2280E+00
0.1942E+00
0.1014E+00
0.4325E-01
0.1753E-01
0.7114E-02
0.5517E-02
0.4828E-02
-5491E+02
0.2423E+00
0.2428E+00
0.2425E+00



500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00
0.10
0.50
1.00
2.00
5.00

10.00

20.00
50.00
75.00

100.00

0.10
0.50
1.00
2.00
5.00
10.00

20.00
50.00
75.00
100.00

0.10
0.50
1.00

0.2004E+00
0.1320E+00
0.5657E-01
0.1190E-01
0.5701E-02
0.3400E-02
0.2427E+00
0.2378E+00
0.2241E+00
0.1827E+00
0.8245E-01
0.3007E-01
0.9946E-02
0.2786E-02
0.1821E-02
0.1429E-02
0.2418E+00
0.2204E+00
0.1748E+00
0.1004E+00
0.3138E-01
0.1311E-01
0.6858E-02
0.4280E-02
0.3836E-02
0.3632E-02
0.2408E+00
0.2033E+00
0.1420E+00
0.7209E-01
0.2466E-01
0.1320E-01
0.9033E-02
0.7122E-02
0.6760E-02
0.6588E-02
0.2428E+00
0.2416E+00
0.2379E+00
0.2242E+00
0.1599E+00
0.7937E-01
0.2662E-01
0.4890E-02
0.2275E-02
0.1331E-02
0.2424E+00
0.2309E+00
0.2014E+00
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0.2405E+00
0.2337E+00
0.2106E+00
0.1272E+00
0.8200E-01
0.5580E-01
0.2427E+00
0.2387E+00
0.2270E+00
0.1907E+00
0.9284E-01
0.3523E-01
0.1176E-01
0.3220E-02
0.2061E-02
0.1591E-02
0.2418E+00
0.2205E+00
0.1752E+00
0.1009E+00
0.3158E-01
0.1318E-01
0.6888E-02
0.4290E-02
0.3842E-02
0.3636E-02
0.2408E+00
0.2033E+00
0.1421E+00
0.7219E-01
0.2469E-01
0.1321E-01
0.9039E-02
0.7124E-02
0.6762E-02
0.6589E-02
0.2429E+00
0.2420E+00
0.2394E+00
0.2295E+00
0.1784E+00
0.9969E-01
0.3644E-01
0.6945E-02
0.3244E-02
0.1898E-02
0.2424E+00
0.2309E+00
0.2015E+00



1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00

2.00 0.1340E+00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00

0.10
0.50
1.00
2.00
5.00

10.00
20.00
50.00
75.00
100.00

0.10
0.50
1.00
2.00
5.00

10.00
20.00
50.00
75.00
100.00

0.10

0.4134E-01
0.1265E-01
0.3774E-02
0.9107E-03
0.5485E-03
0.4057E-03
0.2404E+00
0.1939E+00
0.1229E+00
0.5226E-01
0.1240E-01
0.4449E-02
0.1995E-02
0.1055E-02
0.9011E-03
0.8321E-03
0.2380E+00
0.1632E+00
0.8596E-01
0.3290E-01
0.8690E-02
0.3931E-02
0.2340E-02
0.1653E-02
0.1528E-02
0.1469E-02
0.2434E+00
0.2421E+00
0.2398E+00
0.2311E+00
0.1843E+00
0.1070E+00
0.4007E-01
0.7500E~-02
0.3413E-02
0.1944E-02
0.2425E+00
0.2354E+00
0.2155E+00
0.1612E+00
0.5865E-01
0.1812E-01
0.4918E-02
0.8629E-03
0.4090E-03
0.2451E-03
0.2413E+00

0.1342E+00
0.4148E-01
0.1271E-01
0.3790E-02
0.9141E-03
0.5503E-03
0.4069E-03
0.2404E+00
0.1939E+00
0.1229E+00
0.5226E-01
0.1240E-01
0.4449E-02
0.1995E-02
0.10S5E-02
0.9012E-03
0.8321E-03
0.2380E+00
0.1632E+00
0.8597E-01
0.3290E-01
0.8691E-02
0.3931E-02
0.2340E-02
0.1653E-02
0.1528E-02
0.1469E-02
0.2423E+00
0.2421E+00
0.2399E+00
0.2314E+00
0.1853E+00
0.1084E+00
0.4085E-01
0.7670E-02
0.3492E-02
0.1989E-02
0.2425E+00
0.2354E+00
0.2155E+00
0.1612E+00
0.5866E-01
0.1812E-01
0.4920E-02
0.8631E-03
0.4091E-03
0.2451E-03
0.2413E+00

0.50 0.2097E+00 0.2097E+00
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2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00

10.00 100.00 0.1346E-03

1.00 0.1492E+00
2.00 0.6974E-01
5.00 0.1523E-01
10.00 0.4250E-02
20.00 0.1219E-02
50.00 0.2810E-03
75.00 0.1649E-03
100.00 0.1196E-03
0.10 0.2398E+00
0.50 0.1848E+00
1.00 0.1084E+00
2.00 0.4156E-01
5.00 0.8347E-02
10.00 0.2423E-02
20.00 0.7780E-03
50.00 0.2386E-03
75.00 0.1651E-03
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0.1492E+00
0.6974E-01
0.1523E-01
0.4250E-02
0.1219E-02
0.2810E-03
0.1649E-03
0.1196E-03
0.2398E+00
0.1848E+00
0.1084E+00
0.4156E-01
0.8347E-02
0.2423E-02
0.7780E-03
0.2386E-03
0.1651E-03
0.1346E-03



C Program to calculate LTE and NLTE bulk temp. under gray

¢ gas assumption for NO
IMPLICIT DOUBLE PRECISION (A-H,0-Z)
REAL L KFB
DIMENSION U(10),PRES(4),TEMP(4)
OPEN (1,FILE="outla’)
OPEN (2,FILE="nlp’)
OPEN (3,FILE="lp’)
DATA U/.1,05,1.,2.,5.,10.,20.,50.,75.,100./
DATA PRES/0.1,1.,5.,10./
DATA TEMP/300.,500.,1000.,2000./
WRITE (1,11)
write(2,13)
write(2,*) 10,1

13 format(’3’/,’x’/,’t’ /11’ /,id,x,’1")

write(3,14)
write(3,*) 10,1

14 format(’2’,/,’x’/,’t’/, /,i4x,’1%)
DO 41T=14
TW=TEMP(IT)
DO 5 KK=1,4
P=PRES(KK)
DO 61=1,10
L=U()
TK1=TW**2.
TK2=TW**0.5
TK3=TW/273.
HCK=1.439257246
TS=300./TW
WNB1=1876.
wnb2=3724.
C2B1=HCK*WNB1
c2b2=hck*wnb2
CCC=0.000053847734
CCB1=CCC*(WNB1**4.)
ccb2=ccc*(wnb2**4.)
TB1=C2B1/TW
th2=c2b2/tw
TEB1=EXP(TB1)
teb2=exp(tb2)
C1B1=CCB1/C2B1
clb2=ccb2/c2b2
PFB1=C1B1/(TEB1-1.)
pfb2=c1b2/(teb2-1.)
DEV1=TK1*((TEB1-1.)**2.)
dev2=tk1*((teb2-1.)**2.)
PFDB1=(CCB1*TEB1)/DEV1
pfdb2=(ccb2*teb2)/dev2
AK1=(TW/300.)**0.5
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O 600 66000

AK2=(300./TW)**1.5
AZ1=36.*AK1

a72=36.%ak1

KFB=(TW/179.16)*0.01378*(1.E+8)*(1.(36.*23.889))

OMEG=1876.
S1=132.*TS
82=2.2"s

ETC1=1.16°1.E-3*((15)**0.5)*(2700.**(4./3.))

ETC2=TW**(~1./3.)-0.015%((15.)**0.25)

ETC3=ETC1°*ETC2-18.42

ETC4=EXP(ETC3)
ETAC=ETCA4/P

ETC1=(14.)**(1./4.)

ETC2=0.015*ETC1

ETC3=TW**(-1.73.)

ETC4=ETC3-ETC2

ETC5=175.*ETC4

ETC6=(ETC5-18.42)

ETC7=EXP(ETC6)

ETAC=ETC7/P
ETAR1=8*3.14*(1876.**%(2.))*4.08*(1.E~12)*300.*132.
ETAR2=8*3.14%(3724.**(2.))*4.08*(1.E-12)*300.*2.2
ETAR11=1/ETAR1
ctar12=1/etar2
ETA1=ETAC/ETAR11
cta2=ctac/ctarl2
aapl=ctal/sl
aap2=ecta2/s2
aapx=(3./4.)*(aapl+aap2)
am2=1.4(aapx)

Wﬁtt{', t)'mz
tin=p*1**2.0/kfb*(s1*pfdbl+s2*pfdb2)
tn=exp(—(3.0*tin)**0.5)
anexp=(1.0-tn)/(1.0+tn)
tem=1/kfo*(pfdbl *azl+pfdb2*az2)
ala=0.00005668
akp=p/(ala®tw**4.0)*(s1*pfb1+s2*pfb2)
tao=akp*l
anba=kfb*akp/(4.0*ala*tw**3.0)
r=3.0*tao0**2.0/anba
aim=3.0*1a0**2.0*(0.75+1.0/anba)
am=sqri(aim)
em=exp(—sm)
ad=3.0*t20*(1.0-em)+2.0*am*(1.0+em)
ac=r/am**8.0*(48.0-3.0*ta0*am**2.0+36.0*ta0)/ad
pal=24.0-12.0*am+am**3.0+(am* *3.0-12.0*am-24.0)*cm
pa2=—12.0*r/(5.0*am**4.0)+17.0*r/(70.0*am**2.0)
ambar=am/(sqri(am2))
rbar=r/am2
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embar=cxp(—ambar)
adbar=3.0*ta0*(1.0-cmbar)+2.0*ambar*(1.0+cmbar)
acbar=(rbar/(ambar®*8.))*(48.-3.*ao*(ambar**
* 2.0)+36.0*tao)/adbar
palbar=24.0-12.0*ambar+ambar**3.0
* +(ambar**3.0-12.0*ambar-24.0)*embar
pa2bar=—12.0*rbar/(5.0*ambar**4.0)+
* 17.0*rbar/(70.0*ambar**2.0)
tbulk=ac*pal+pa2-17.0/70.0
tbulkn=acbar*palbar+pa2bar-17.0/70.0
WRITE (1,19) TW,PL,.-TBULK,-TBULKN
WRITE (2,20) L,-TBULK,—tbulkn
WRITE (3,21) L, -TBULKN
6 CONTINUE
5 CONTINUE
4 CONTINUE
19 FORMAT (1X,F7.2,2(3X,F6.2),2(3X,E10.4))
20 FORMAT (3X,F6.2,2(3X,E10.4))
21 FORMAT (3X,F6.2,3X,E10.9)
11 FORMAT (4X, 'TW’,8X,’P’,6X,’L’,9X,"TBULK’,9X,"TBULKN")
STOP '
END
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GRAY GAS RESULTS FOR NO

TW P L TBULK(LTE) TBULKN (NLTE)

300.00 0.10 0.10 05314E+01 0.1035E+07
300.00 0.10 050 0.2430E+00 -.3009E+01
300.00 0.10 1.00 0.2427E+00 0.7631E-01
30000 0.10 2.00 0.2423E+00 0.2418E+00
300.00 0.10 5.00 0.2392E+00 0.2427E+00
30000 0.10 10.00 0.2290E+00 0.2423E+00
30000 0.10 20.00 0.1958E+00 0.2406E+00
300.00 0.10 50.00 0.9796E-01 0.2297E+00
30000 0.10 75.00 0.5670E-01 0.2155E+00
300.00 0.10 100.00 0.3594E-01 0.1986E+00
300.00 1.00 0.10 0.2451B+00 0.8474E+00
30000 1.00 050 0.2425E+00 0.2428E+00
300.00 1.00 1.00 0.2414E+00 0.2424E+00
30000 1.00 2.00 0.2372E+00 0.2412E+00
300.00 1.00 500 0.2116E+00 0.2330E+00
30000 1.00 10.00 0.1541E+00 0.2084E+00
300.00 1.00 20.00 0.7624E-01 0.149%0E+00
300.00 1.00 50.00 0.1922E-01 0.5481E-01
300.00 1.00 75.00 0.1015E-01 0.3056E-01
300.00 1.00 100.00 0.6604E-02 0.1994E-01
300.00 5.00 0.10 0.2427E+00 0.2427E+00
300.00 5.00 050 0.2411E+00 0.2416E+00
300.00 5.00 1.00 0.2359E+00 0.2382E+00
30000 5.00 2.00 0.2178E+00 0.2255E+00
300.00 5.00 5.00 0.1458E+00 0.1680E+00
300.00 5.00 10.00 0.7275E-01 0.9412E-01
30000 5.00 20.00 0.2946E-01 0.4030E-01
300.00 5.00 50.00 0.1021E-01 0.1335E-01
300.00 5.00 75.00 0.7327E-02 0.9140E-02
300.00 5.00 100.00 0.6112E-02 0.7360E-02
300.00 10.00 0.10 0.2427E+00 0.2427E+00
300.00 10.00 0.50 0.2393E+00 0.2400E+00
300.00 10.00 1.00 0.2296E+00 0.2321E+00
300.00 10.00 2.00 0.1993E+00 0.2066E+00
300.00 10.00 5.00 0.1119E+00 0.1249E+00
300.00 10.00 10.00 0.5233E-01 0.6099E-01
300.00 10.00 20.00 0.2402E-01 0.2782E-01
300.00 10.00 50.00 0.1180E-01 0.1295E-01
300.00 10.00 75.00 0.9820E-02 0.1052E-01
300.00 10.00 100.00 0.8945E-02 0.9440E-02
500.00 0.10 0.10 0.2349E+00 0.7721E-01
500.00 0.10 0.50 0.2426E+00 0.2427E+00
500.00 0.10 1.00 0.2417E+00 0.2422E+00
500.00 0.10 2.00 0.2383E+00 0.2403E+00
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500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00

0.2169E+00
0.1646E+00
0.8453E-01
0.1996E-01
0.9652E-02
0.5741E-02
0.2427E+00
0.2400E+00
0.2318E+00
0.2045E+00
0.1146E+00
0.4719E-01
0.1594E-01
0.4164E~02
0.2588E-02
0.1958E-02
0.2423E+00
0.2295E+00
0.1984E+00
0.1327E+00
0.4708E-01
0.1920E-01
0.9308E-02
0.5302E-02
0.4633E-02
0.4330E-02
0.2417E+00
0.2184E+00
0.1716E+00
0.9975E-01
0.3534E-01
0.1773E-01
0.1132E01
0.8457E-02
0.7929E-02
0.7681E-02
0.2414E+00
0.2423E+00
0.2405E+00
0.2338E+00
0.1958E+00
0.1240E+00
0.5055E-01
0.1003E-01
0.4652E-02
0.2691E-02

0.2277E+00
0.1921E+00
0.1189E+00
0.3362E-01
0.1676E-01
0.1007E-01
0.2428E+00
0.2402E+00
0.2326E+00
0.2069E+00
0.1193E+00
0.5014E-01
0.1707E-01
0.4432E-02
0.2734E-02
0.2055E-02
0.2423E+400
0.2297E+00
0.1990E+00
0.1336E+00
0.4765E-01
0.1943E-01
0.9395E-02
0.5329E-02
0.4650E-02
0.4342E-02
0.2417E+00
0.2186E+00
0.1720E+00
0.1002E+00
0.3553E-01
0.1781E-01
0.1135E-01
0.8468E-02
0.7936E-02
0.7686E-02
0.2433E+00
0.2423E+00
0.2406E+00
0.2340E+00
0.1965E+00
0.1252E+00
0.5134E-01
0.1022E-01
0.4742E-02
0.2743E-02

0.10 0.2426E+00 0.2426E+00
0.50 0.2372E+00 0.2372E+00
1.00 0.2216E+00 0.2216E+00
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1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00

2.00 0.1759E+00
5.00 0.7306E-01
10.00 0.2443E-01
20.00 0.7130E-02
50.00 0.1475E-02
75.00 0.7930E-03
100.00 0.5342E-03
0.10 0.2417E+00
0.50 0.2171E+00
1.00 0.1658E+00
2.00 0.8704E-01
5.00 0.2214E-01
10.00 0.7161E-02
20.00 0.2628E-02
50.00 0.1026E-02
75.00 0.7898E-03
100.00 0.6881E-03
0.10 0.2406E+00
0.50 0.1970E+00
1.00 0.1281E+00
2.00 0.5623E-01
5.00 0.1387E-01
10.00 0.5173E-02
20.00 0.2438E-02
50.00 0.1366E-02
75.00 0.1188E-02
100.00 0.1107E-02
0.10 0.2326E+00
0.50 0.2425E+00
1.00 0.2414E+00
2.00 0.2372E+00
5.00 0.2113E+00
10.00 0.1521E+00
20.00 0.7176E-01
50.00 0.1533E-01
75.00 0.7084E-02
100.00 0.4049E-02
0.10 0.2427E+00
0.50 0.2393E+00
1.00 0.2292E+00
2.00 0.1961E+00
5.00 0.9773E-01
10.00 0.3518E-01
20.00 0.9987E-02
50.00 0.1717E-02
75.00 0.7896E-03
100.00 0.4586E-03
0.10 0.2421E+00
0.50 0.2260E+00
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0.1760E+00
0.7316E-01
0.2447E-01
0.7143E-02
0.1478E-02
0.7944E-03
0.5350E-03
0.2417E+00
0.2171E+00
0.1658E+00
0.8706E-01
0.2215E-01
0.7163E-02
0.2628E02
0.1026E-02
0.7899E-03
0.6882E-03
0.2406E+00
0.1971E+400
0.1281E+00
0.5624E-01
0.1387E-01
0.5173E-02
0.2438E-02
0.1366E-02
0.1188E-02
0.1107E-02
0.2513E+00
0.2425E+00
0.2414E+00
0.2372E+00
0.2113E+00
0.1522E+00
0.7182E-01
0.1535E-01
0.7092E-02
0.4053E-02
0.2427E+00
0.2393E+00
0.2292E+00
0.1961E+00
0.9774E-01
0.3519E-01
0.9988E-02
0.1717E-02
0.7897E-03
0.4586E-03
0.2421E+00
0.2260E+00



-

2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

5.00 1.00
5.00 2.00
5.00 5.00
5.00 10.00
5.00 20.00
5.00 50.00
5.00 75.00
5.00 100.00
10.00 0.10
10.00 0.50
10.00 1.00
10.00 2.00
10.00 5.00
10.00 10.00
10.00 20.00
10.00 50.00
10.00 75.00
10.00 100.00

0.1872E+00
0.1114E+00
0.2945E-01
0.8342E-02
0.2274E-02
0.4399E-03
0.2271E-03
0.1476E-03
0.2414E+00
0.2115E+00
0.1527E+00
0.7285E-01
0.1612E-01
0.4504E-02
0.1289E~-02
0.2947E-03
0.1720E-03
0.1242E-03
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0.1114E+00
0.2945E-01
0.8342E-02
0.2274E-02
0.4399E-03
0.2271E-03
0.1476E-03
0.2414E+00
0.2115E+00
0.1527E+00
0.7285E-01
0.1612E-01
0.4504E-02
0.1289E-02
0.2947E-03
0.1720E-03
0.1242E-03



¢ Program to calculate LTE and NLTE bulk temp. under gray
c gas assumption for OH

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
REAL L KFB
dimension u(10),pres(4),temp(4)
OPEN (1,FILE="outll1a’)
OPEN (2,FILE="nlp’)
OPEN (3,FILE="lp")
DATA UP.1,05,1.,2,,5.,10.,20.,50.,75.,100./
DATA PRES/0.1,1.,5.,10./
DATA TEMP/300.,500.,1000.,2000./
WRITE (1,11)
write(2,13)
write(2,*) 10,1
13 format(’3’/,’x’/,’t’J, "11°/,idx,’1’)
write(3,14)
write(3,*) 10,1
14 format(’2’/,’x’,/,’t’/, /,idx,’1%)
DO 41IT=1,4
TW=TEMP(IT)
DO 5 KK=1,4
P=PRES(KK)
DO 61=1,10
L=U(T)
TK1=TW**2.
TK2=TW**0.5
TK3=TW/273.
HCK=1.439257246
TS=300./TW
WNB1=3570.
wnb2=6974.
C2B1=HCK*WNB1
c2b2=hck*wnb2
CCC=0.000053847734
CCB1=CCC*(WNB1**4.)
ccb2=ccc*(wnb2**4.)
TB1=C2B1/TW
th2=c2b2/tw
TEB1=EXP(TB1)
teb2=cxp(tb2)
C1B1=CCB1/C2B1
clb2=ccb2/c2b2
PFB1=C1B1/(TEB1-1.)
pfb2=c1b2/(tcb2-1.)
DEV1=TK1*((TEB1-1.)**2.)
dev2=tk1*((teb2-1.)**2.)
PFDB1=(CCB1*TEB1)/DEV1
pfdb2=(ccb2*teb2)/dev2
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o 0 O 0 0 0 0606

AK1=(TW/300.)**0.5

AK2=(300./TW)**15

AZ1=117.*AK1

az2=117.%ak1

IF (TW.EQ.300.) THEN

KFB=4879.71

ELSEIF (TW.EQ.500.) THEN

KFB=6993.13

ELSEIF (TW.EQ.1000.) THEN

KFB=11504.56

ELSEIF (TW.EQ.2000.)THEN
=20276.33

ENDIF

OMEG=3570.

S1=110.*TS

52=4.4*ts

ETC1=1.16*1.E-3*((9.)**0.5)*(2700.**(4./3.))

ETC2=TW**(-1./3.)-0.015%((9.)**0.25)

ETC3=ETC1*ETC2-18.42

ETC4=EXP(ETC3)

ETAC=ETC4/P

ETC1=(8.5)**(1./4.)

ETC2=0.015*ETC1

ETC3=TW**(-1.13.)

ETC4=ETC3-ETC2

ETC5=175.*ETC4

ETC6=(ETCS5-18.42)

ETC7=EXP(ETC6)

ETAC=ETC7/P
ETAR1=8.#3.14*(3570.%%(2.))*4.08*(1.E-12)*s1*tw
ETAR11=1./ETAR1
ETAR2=8.*3.14*(6974.*%(2.))*4.08*(1.E-12)*s2*tw
etarl2=1./etar2
ETA1=ETAC/ETARI11
eta2=ctac/etarl2
aapl=etal/sl
aap2=cta2/s2
aapx=(3./4.)*(aapl+aap2)/p
am2=1.+aapx
write(*,*)am2
if(am2.1e.0.)then
am2=.97
endif
tin=p*1**2.0/kfb*(s1*pfdbl +s2*pfdb2)

tn=exp(—(3.0*tin)**0.5)
anexp=(1.0—n)/(1.0+tn)

ala=0.00005668
akp=p/(ala*tw**4.0)*(s1*pfb1+s2*pfb2)
tao=akp*l
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6
5
4

19
20
21
11

anba=kfb*akp/(4.0%ala*tw**3.0)
r=3.0*ta0**2.0/anba
aim=3.0*ta0**2.0*(0.75+1.0/anba)
am=sqrt(aim)
em=exp(—am)
ad=3.0*120*(1.0-em)+2.0*am*(1.0+em)
ac=r/am**8.0*(48.0-3.0*ta0*am**2.0+36.0*ta0)/ad
pal=24.0-12.0*am+am**3.0+(am**3.0-12.0*am-24.0)*em
pa2=—12.0*r/(5.0*am**4.0)+17.0*r/(70.0*am* *2.0)
ambar=am/(sqri(am2))
rbar=r/am2
embar=cxp(—ambar)
adbar=3.0*120*(1.0-embar)+2.0*ambar*(1.0+embar)
acbar=(rbar/(ambar**8.))*(48.-3.*a0*(ambar**
* 2.0)+36.0%tao)/adbar
palbar=24.0-12.0‘ambar+ambar"3.0
* +(ambar**3.0-12.0*ambar-24.0)*embar
pa2bar=—12.0*rbar/(5.0*ambar**4.0)+
*+ 17.0*rbar/(70.0*ambar**2.0)
tbulk=ac*pal+pa2-17.0/70.0
tbulkn=acbar*palbar+pa2bar-17.0/70.0
WRITE (1,19) TW,P,L,-TBULK,-TBULKN
WRITE (2,20) L,-TBULK,—tbulkn
WRITE (3,21) L,- TBULKN
CONTINUE
CONTINUE
CONTINUE
write(*,*) ctac,etar,eta
FORMAT (1X,F7.2,2(3X,F6.2),2(3X,E10.4))
FORMAT (3X,F6.2,2(3X,E10.4))
FORMAT (3X,F6.2,3X,E10.4)
FORMAT (4X, TW’ 8X,’P’,6X,’L’ 9X,"TBULK’,9X,"TBULKN’)
STOP
END
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GRAY GAS RESULTS FOR OH

TBULK (LTE)

TBULKN (NLTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10

0.10 -.1029E+13 0.6671E+09
0.50 0.1716E+07 0.2668E+08

1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
050
1.00
2.00

0.1699E+05
0.9029E+03
0.1639E+01
0.2493E+00
0.2427E+00
0.2425E+00
0.2421E+00
0.2415E+00
0.4289E+07
0.5466E+03
—~.8436E+01
0.1698E+00
0.2425E+00
0.2427E+00
0.2423E+00
0.2395E+00
0.2354E+00
0.2298E+00
-3067E+06
0.3094E+01
0.2549E+00
0.2427E+00
0.2427E+00
0.2422E+00
0.2401E+00
0.2268E+00
0.2096E+00
0.1894E+00
0.1707E+05
0.1120E+00
0.2437E+00
0.2427E+00
0.2425E+00
0.2415E+00
0.2375E+00
0.2128E+00
0.1844E+00
0.1555E+00
0.5585E+04
0.1946E+00
0.2431E+00
0.2427E+00
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0.6671E+07
-.1026E+08
0.1247E+05
-.3966E+02
0.1703E+00
0.2442E+00
0.2427E+00
0.2428E+00
—S5186E+09
0.1937E+04
—.2078E+02
~.2315E+00
0.2423E+00
0.2427E+00
0.2424E+00
0.2399E+00
0.2363E+00
0.2314E+00
—.1514E+07
0.2776E+01
0.1936E+00
0.2430E+00
0.2427E+00
0.2422E+00
0.2402E+00
0.2269E+00
0.2097E+00
0.1897E+00
0.1560E+05
-1176E+01
0.2398E+00
0.2428E+00
0.2425E+00
0.2415E+00
0.2375E+00
0.2129E+00
0.1845E+00
0.1556E+00
—4203E+05
0.9841E+00
0.2345E+00
0.2428E+00



500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10
0.10
0.10
0.10
0.10
0.10

1.00

1.00

1.00

1.00

1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00

5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00

10.00
10.00
10.00
10.00
10.00

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.10
0.10

1.00

1.00
1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

050

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00
0.10
0.50
1.00

2.00

5.00

10.00

20.00
50.00

75.00

100.00

0.10
0.50
1.00
2.00
5.00
10.00
20.00

50.00
75.00

0.2420E+00
0.2396E+00
0.2305E+00
0.1819E+00
0.1385E+00
0.1040E+00
—9847E+00
0.2428E+00
0.2425E+00
0.2416E+00
0.2350E+00
0.2142E+00
0.1586E+00
0.5712E-01
0.2964E-01
0.1790E-01
0.2399E+00
0.2425E+00
0.2412E+00
0.2365E+00
0.2084E+00
0.1471E+00
0.6905E-01
0.1596E-01
0.7992E-02
0.4953E-02
0.2434E+00
0.2420E+00
0.2397E+00
0.2306E+00
0.1832E+00
0.1075E+00
0.4253E-01
0.9684E-02
0.5169E-02
0.3433E-02
0.1860E+00
0.2426E+00
0.2420E+00
0.2395E+00
0.2233E+00
0.1799E+00
0.1014E+00
0.252SE-01
0.1202E-01

100.00 0.6972E-02
0.10 0.2428E+00 0.2428E+00
0.50 0.2407E+00 0.2407E+00
1.00 0.2346E+00 0.2347E+00
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0.2425E+00
0.2413E+00
0.2369E+00
0.2099E+00
0.1796E+00
0.1494E+00
~8765E+00
0.2428E+00
0.2425E+00
0.2416E+00
0.2351E+00
0.2145E+00
0.1592E+00
0.5761E-01
0.2994E-01
0.1808E-01
0.2429E+00
0.2425E+00
0.2412E+00
0.2365E+00
0.2084E+00
0.1472E+00
0.6908E-01
0.1597E-01
0.7996E-02
0.4955E-02
0.2437E+00
0.2420E+00
0.2397E+00
0.2306E+00
0.1832E+00
0.1075E+00
0.4253E-01
0.9685E-02
0.5170E-02
0.3433E-02
0.3166E+00
0.2427E+00
0.2421E+00
0.2397E+00
0.2246E+00
0.1833E+00
0.1058E+00
0.2695E-01
0.1288E-01
0.7484E-02



1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

1.00 2.00
1.00 5.00
1.00 10.00
1.00 20.00
1.00 50.00
1.00 75.00
1.00 100.00
500 0.10
500 0.50
500 1.00
5.00 200
5.00 5.00
5.00 10.00
5.00 20.00
5.00 50.00
5.00 75.00
5.00 100.00
10.00 0.10
10.00 0.50
10.00 1.00
10.00 2.00
10.00 5.00
10.00 10.00
10.00 20.00
10.00 50.00
10.00 75.00
10.00 100.00
010 0.10
0.10 0.50
0.10 1.00
0.10 2.00
0.10 5.00
0.10 10.00
0.10 20.00
0.10 50.00
0.10 75.00
0.10 100.00
1.00 0.10
1.00 0.50
1.00 1.00
1.00 2.00
1.00 5.00
1.00 10.00
1.00 20.00
1.00 50.00
1.00 75.00
1.00 '100.00
5.00 0.10

0.2131E+00
0.1304E+00
0.5536E-01
0.1727E-01
0.3278E-02
0.1607E-02
0.9924E-03
0.2424E+00
0.2327E+00
0.2071E+00
0.1448E+00
0.4844E-01
0.1551E-01
0.4862E-02
0.1309E-02
0.8419E-03
0.6534E-03
0.2420E+00
0.2236E+00
0.1814E+00
0.1052E+00
0.2911E-01
0.9507E-02
0.3438E-02
0.1297E-02
0.9844E-03
0.8507E-03
0.2411E+00
0.2424E+00
0.2411E+00
0.2361E+00
0.2060E+00
0.1417E+00
0.6306E-01
0.1297E-01
0.5966E-02
0.3406E-02
0.2427E+00
0.2386E+00
0.2267E+00
0.1890E+00
0.8756E-01
0.3023E-01
0.8471E-02
0.1467E-02
0.6819E-03
0.4002E-03
0.2420E+00

0.2132E+00
0.1305E+00
0.5539E-01
0.1729E-01
0.3280E-02
0.1609E-02
0.9931E-03
0.2424E+00
0.2327E+00
0.2071E+00
0.1448E+00
0.4844E-01
0.1551E-01
0.4862E-02
0.1309E-02
0.8419E-03
0.6534E-03
0.2420E+00
0.2236E+00
0.1814E+00
0.1052E+00
0.2911E-01
0.9507E-02
0.3438E-02
0.1297E-02
0.9844E-03
0.8507E-03
0.2444E+00
0.2424E+00
0.2411E+00
0.2362E+00
0.2064E+00
0.1423E+00
0.6354E-01
0.1310E-01
0.6025E-02
0.3441E-02
0.2427E+00
0.2386E+00
0.2267E+00
0.1890E+00
0.8757E-01
0.3023E-01
0.8472E-02
0.1467E-02
0.6819E-03
0.4003E-03
0.2420E+00

5.00 0.50 0.2230E+00 0.2230E+00
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2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

500 1.00
500 2.00
500 5.00
5.00 10.00
5.00 20.00
5.00 50.00
5.00 75.00
5.00 100.00
1000 0.10
10.00 0.50
1000 1.00
10.00 2.00
1000 5.00
10.00 10.00
10.00 20.00
10.00 50.00
10.00 75.00
10.00 100.00

0.1793E+00
0.1009E+00
0.2535B-01
0.7157E-02
0.1986E-02
0.4087E-03
0.2212E-03
0.1500E-03
0.2411E+00
0.2063E+00
0.1425E+00
0.6442E-01
0.1390E-01
0.3937E-02
0.1173E-02
0.2994E-03
0.1873E-03
0.1426E-03
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0.1793E+00
0.1009E+00
0.2535E-01
0.7157E-02
0.1986E-02
0.4087E-03
0.2212E-03
0.1500E-03
0.2411E+00
0.2063E+00
0.1425E+00
0.6442E-01
0.1390E-01
0.3937E-02
0.1173E-02
0.2994E-03
0.1873E-03
0.1426E-03



c This program solves for bulk temperature for CO_2
c under gray gas assumption. The program calculates bulk
c temperature under both LTE and NLTE condition.
ctttt.".‘l‘t"‘tt‘.‘l‘ttl‘“t‘t..!‘“t‘t““t‘l‘tll‘.‘.“t.
implicit double precision (a~h,0-z)
real 1 kfb
dimension u(10),press(4),temp(4)
data u/0.1,0.5,1.0,2.0,5.0,10.0,20.0,50.0,75.,100.0/
data press/0.1,1.,5.,10.0/
data temp/300.,500.,1000.0,2000.0/
open(unit=12, file="out12.dat’)
open(unit=11,file="nlp’)
open(10,file="1p’)
write(11,13)
write(11,*) 10,1
13 format(’3’,/,’x’/,’t’ /, "11’ /,id x,’1’)
write(12,111)
write(10,14)
write(10,*) 10,1
14 format(’2’,/,’x’,/,’t"/, /,i4,x,’1%)
do 10it=1,4
Tw=temp(it)
do 20 kk=1,4
P=press(kk)
do 30i=1,10
L=u(i)
Ctttllt.t**““"tlt.t'tl.tlll‘tt‘ttl“!t‘llt‘.#‘t‘t“‘l
Calculation of Plank’s function and it’s derivative
wnb Band Center
hck Constant
cce=cl*c2
pfbi Plank’s Function for the ith band
pfdbi Derivative of Plank’s Function for ith band
REEXENRNRIARERBEIER XA EE SR RI RSB E R ERE R RN AR R AR R BEER R KRR RS R R XX
tkl=tw**2
tk2=tw**0.5
tk3=tw/273.0
hck=1.439257246
ts=300.0/tw

Ctl‘t.i“““““#‘...t‘l‘.t..‘.“tl.ltt‘t“.‘.t.."“l‘t‘t‘lt

o 6 o0 0 6 o0 0

c Now we will consider the spectroscopic properties of co2
¢ We have considered only three bands(15,4.3&2.7 microns)
C*ttl‘l‘ttttt‘ll‘t.‘l...t‘.t“#ttttt...l.'t‘t'#‘ttttt#!tl'll'tt#.
wnb1=667.0
wnb2=2347.0
wnb3=3716.0
c2bl=hck*wnbl
c2b2=hck*wnb2
c2b3=hck*wnb3
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ccc=0.000053847734

ccb1=ccc®(wnb1**4)

ccb2=ccc®(wnb2**4)

ccb3=ccc*(wnb3**4)

tbl1=c2bl/tw

th2=c2b2Atw

th3=c2b3AW

tebl=exp(tbl)

teb2=exp(tb2)

teb3=cxp(tb3)

clbl=ccbl/c2bl

c1b2=ccb2/c2b2

c1b3=ccb3/c2b3

pfbl=cibl/(tcb1-1.0)

pfb2=c1b2/(teb2-1.0)

pfb3=c1b3/(teb3-1.0)

devi=tk1*((teb1-1.0)**2.0)

dev2=tk1*((tcb2-1.0)**2.0)

dev3=tk1*((tcb3-1.0)**2.0)

pfdbl=(ccbl*tcbl)/devl

pfdb2=(ccb2*teb2)/dev2

pfdb3=(ccb3*1eb3)/dev3
C‘.".Ott.‘t‘..l't.."l.l‘..‘.t-.‘.‘“.‘....“l.‘t‘.“.t‘.“tlt“‘t.‘
Band Model Correlations(Tien & Lowder wide band model)
azi aoi is band width parameter
czsi=coi**2 coi is correlation parameter
bsi=b**2 is non dimensional quantity
omegi is wave number

si is integrated band intensity
ctt‘tlttt#tlt"t.‘t‘t‘t‘tltltt....‘.'"Ot“‘.qt‘.#t‘!t‘l.‘.t“...""

o nHn 0O 0 60

ak1=(tw/300.0)**0.5
ak2=(300.0/tw)**1.5
az1=1.29*tk2
az2=1.15*1k2
az3=2.4*tk2
Kfb=(1488.365171)*(tk3**1.23)
omegl=1351.0
omeg2=667.0
omeg3=2396.0
tx=—(hck/tw)
tx1=x*omegl
ox2=tx*omeg2
x3=tx*omeg3
etx1=exp(tx1)
etx2=exp(tx2)
ctx3=exp(tx3)
cl=1.0-cetx1
c2=1.0-etx2
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c3=1.0-ex3

brkt=tx*(omeg1+omeg3)

phi2=(1.0—exp(brkt))/(c1*c3)

ts=300.0/tw

51=339.685%ts

§2=2702.7*ts

$3=71.497*ts *phi2

ETC1=((36.5*(TW**(-1/3.)))+3.9)
ETC2=EXP(ETC1)*(1.E-6)

ETAC=ETC2/P
ETR11=8.*3.14*(667.%*(2.))*4.08*(1.E~12)*300.*339.685
ETAR1=1./ETR11
ETR12=8.*3.14*(2347.**(2.))*4.08*(1.E-12)*300.*2702.7
ETAR2=1./ETR12

ETR13=8.°3.14%(3716.%*(2.))*4.08*(1.E~12)*300.*71.497*PHI2

ETAR3=1./ETR13 '

ETA11=ETAC/ETAR1

ETA12=ETAC/ETAR2

ETA13=ETAC/ETAR3

aapl=ctall/sl

aap2=etal2/s2

aap3=ctal3/s3

aapx1=(3./4.)*(aap1)/p

aapx2=(3./4.)*(aap2)/p

aapx3=(3./4.)*(aap3)/p

am2=1.+(aapx1+aapx2+aapx3)
tin=p*1**2.0/kfb*(s1*pfdbl+s2*pfdb2+s3*pfdb3)
tn=exp(—(3.0*tin)**0.5)

anexp=(1.0—n)/(1.0+tn)
tem=l/kfb*(pfdb1*az1+pfdb2*az2+pfdb3*az3)
ala=0.00005668
akp=p/(ala*tw**4.0)*(s1*pfb1+s2*pfb2+s3*pfb3)
tao=akp*l

anba=kfb*akp/(4.0*ala*tw**3.0)
r=3.0*ta0**2.0/anba
aim=3.0*ta0**2.0*(0.75+1.0/anba)

am=sqrt(aim)

em=exp(—am)
ad=3.0*ta0*(1.0-em)+2.0*am*(1.0+em)
ac=r/am**8.0*(48.0-3.0*tao*am**2.0+36.0*tac)/ad

pal=24.0-12.0*am+am**3.0+(am**3.0~12.0*am-24.0)*em
pa2=—12.0*r/(5.0*am**4.0)+17.0*1/(70.0*am**2.0)
ambar=am/(sqri(am?2))

rbar=r/am2

embar=exp(—ambar)
adbar=3.0*ta0*(1.0-embar)+2.0*ambar*(1.0+embar)
acbar=(rbar/(ambar**8.))*(48.-3.*tao*(ambar**
2.0)+36.0*tao)/adbar
palbar=24.0-12.0*ambar+ambar**3.0
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. +(mbu“3.0—12.0‘ambat—24.0)‘embar
paZbar-—lZ.O‘rbar/(S.O‘ambar“4.0)+
. 17.0‘rb|r/(70.0‘ambu"2.0)
tbulk=ac*pal+pa2-17.0/70.0
tbulkn-acbar‘palbar+p12bu—17.0ﬂ0.0
write(lZ,ZOO)tw,p,l,—tbulk,—tbulkn
writc(ll,202)l,—tbulk,—tbulkn
write(10,203)1,~tbulkn
111 formn(4x,’tw’,8x,’p’,6x,’l’,9x,’tbulk’,9x,’tbulkn’)
30 continue :
20 continue
10 continue
202 formn(lx,f9.2,2(3x,e10.4))
203  format(1x,£9.2,3x,¢10.4)
200 format(8x,t'7.2,3x,f6.2,3x,f6.2,3x,e10.4,3x,cl0.4)
stop -
end
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GRAY GAS RESULTS FOR CO,

tbulk (LTE)

tbulkn (NLTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10

0.10
050
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
050
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00

0.2428E+00
0.2403E+00
0.2331E+00
0.2087E+00
0.1242E+00
0.5514E-01
0.2053E-01
0.6530E-02
0.4521E-02
0.3687E-02
0.2418E+00
0.2217E+00
0.1810E+00
0.1158E+00
0.5112E-01
0.3134E-01
0.2355E-01
0.1982E-01
0.1910E-01
0.1875E-01
0.2383E+00
0.1854E+00
0.1376E+00
0.1014E+00
0.7995E-01
0.7389E-01
0.7119E-01
0.6970E-01
0.6939E-01
0.6923E-01
0.2348E+00
0.1755E+00
0.1426E+00
0.1234E+00
0.1129E+400
0.1099E+00
0.1085E+00
0.1077E+00
0.1075E+00
0.1074E+00

0.2428E+00
0.2412E+00
0.2364E+00
0.2193E+00
0.1492E+00
0.7461E-01
0.2913E-01
0.8836E-02
0.5834E-02
0.4583E-02
0.2418E+00
0.2218E+00
0.1813E+00
0.1161E+00
0.5127E-01
0.3140E-01
0.2357E-01
0.1983E-01
0.1910E-01
0.1876E-01
0.2383E+00
0.1855E+00
0.1377E+00
0.1015E+00
0.7995E-01
0.7389E-01
0.7120E-01
0.6970E-01
0.6939E-01
0.6923E-01
0.2348E+00
0.1755E+00
0.1426E+00
0.1234E+00
0.1129E+00
0.1099E+00
0.1085E+00
0.1077E+00
0.1075E+00
0.1074E+00

0.10 0.2426E+00 0.2427E+00
0.50 0.2369E+00 0.2385E+00
1.00 0.2210E+00 0.2265E+00
2.00 0.1751E+00 0.1894E+00
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500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00

5.00 0.7442E-01 0.9157E-01

10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
050
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00

0.2671E-01
0.9026E-02
0.2722E-02
0.1854E-02
0.1497E-02
0.2405E+00
0.1980E+00
0.1340E+00
0.6695E-01
0.2407E-01
0.1378E-01
0.9968E-02
0.8174E-02
0.7828E-02
0.7663E-02
0.2323E+00
0.1391E+00
0.8487E-01
0.5473E-01
0.3961E-01
0.3557E-01
0.3378E-01
0.3279E-01
0.3258E-01
0.3248E-01
0.2246E+00
0.1254E+00
0.8858E-01
0.707SE-01
0.6172E-01
0.5914E-01
0.5794E-01
0.5726E-01
0.5711E-01
0.5703E-01
0.2423E+00
0.2290E+00
0.1957E+00
0.1247E+00
0.3655E-01
0.1113E-01
0.3381E-02
0.8649E-03
0.5404E-03

100.00 0.4109E-03

0.10
0.50

0.2371E+00
0.1552E+00

0.3500E-01
0.1195E-01
0.3442E-02
0.2260E-02
0.1773E-02
0.2405E+00
0.1981E+00
0.1342E+00
0.6711E-01
0.2413E-01
0.1380E-01
0.9978E-02
0.8178E-02
0.7831E-02
0.7665E-02
0.2323E+00
0.1391E+00
0.8487E-01
0.5474E-01
0.3961E-01
0.3557E-01
0.3378E-01
0.3279E-01
0.3258E-01
0.3248E-01
0.2246E+00
0.1254E+00
0.8858E-01
0.7075E-01
0.6172E-01
0.5914E-01
0.5794E-01
0.5726E-01
0.5711E-01
0.5703E-01
0.2424E+00
0.2319E+00
0.2046E+00
0.1399E+00
0.4510E-01
0.1411E-01
0.4294E-02
0.1068E-02
0.6509E-03
0.4844E-03
0.2372E+00
0.1553E+00

1.00 0.7859E-01 0.7874E-01

158



1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00

2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
050
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00

0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00

0.2981E-01
0.8251E-02
0.3977E-02
0.2516E-02
0.1867E-02
0.1746E-02
0.1689E-02
0.2182E+00
0.7878E-01
0.3574E-01
0.1824E-01
0.1078E-01
0.8946E-02
0.8161E-02
0.7733E-02
0.7643E-02
0.7598E-02
0.2008E+00
0.6196E-01
0.3354E-01
0.2230E-01
0.1713E-01
0.1573E-01
0.1509E-01
0.1472E-01
0.1464E-01
0.1460E-01
0.2424E+00
0.2330E+00
0.2077E+00
0.1450E+00
0.4695E-01
0.1395E-01
0.3767E-02
0.6748E-03
0.3264E-03
0.1995E-03
0.2388E+00
0.1713E+00
0.9190E-01
0.3301E-01
0.6569E-02
0.1974E-02
0.6813E-03
0.2422E-03
0.1794E-03
0.1527E-03

0.2988E-01
0.8270E-02
0.3984E-02
0.2518E-02
0.1868E-02
0.1747E-02
0.1690E-02
0.2182E+00
0.7879E-01
0.3575E-01
0.1824E-01
0.1078E-01
0.8946E-02
0.8161E-02
0.7733E-02
0.7643E-02
0.7598E-02
0.2008E+00
0.6196E-01
0.3354E-01
0.2230E-01
0.1713E-01
0.1573E-01
0.1509E-01
0.1472E-01
0.1464E-01
0.1460E-01
0.2425E+00
0.2350E+00
0.2144E+00
0.1587E+00
0.5673E-01
0.1747E-01
0.4768E-02
0.8551E-03
0.4125E-03
0.2512E-03
0.2388E+00
0.1715E+00
0.9205E-01
0.3308E-01
0.6586E-02
0.1980E-02
0.6829E-03
0.2426E-03
0.1796E-03
0.1529E-03

0.10 0.2241E+00 0.2241E+00
0.50 0.8214E-01 0.8215E-01
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2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

2000.00
2000.00

2000.00
2000.00

5.00 1.00
500 200
5.00 5.00
5.00 10.00
5.00 20.00
5.00 50.00
5.00 75.00
5.00 100.00
10.00 0.10
10.00 0.50
1000 1.00
10.00 2.00
10.00 5.00
10.00 10.00
10.00 20.00
10.00 50.00
10.00 75.00

10.00 100.00 0.9611E-03

0.2956E-01
0.9516E-02
0.2492E-02
0.1196E-02
0.7565E-03
0.5606E-03
0.5241E-03
0.5067E-03
0.2086E+00
0.5266E~-01
0.1826E-01
0.6567E-02
0.2366E-02
0.1501E-02
0.1173E-02
0.1010E-02
0.9770E-03
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0.2957E-01
0.9516E-02
0.2493E-02
0.1196E-02
0.7566E-03
0.5606E-03
0.5241E-03
0.5067E-03
0.2086E+00
0.5266E-01
0.1826E-01
0.6567TE-02
0.2367E-02
0.1501E-02
0.1173E-02
0.1010E-02
0.9770E-03
0.9611E-03



C Program to calculate LTE and NLTE bulk temp. under gray
¢ gas assumption for H_20
implicit double precision (a-h,0-2z)
real Lkfb
dimension u(10),press(4), Temp(4)
data v/0.1,0.5,1.0,2.0,5.0,10.0,20.0,50.0,75.,100.0/
data press/0.1,1.0,5.,10.0/
data temp/300.,500.,1000.0,2000.0/
open(unit=25, file="nlp’)
open(unit=26, file="lp")
open(unit=27, file="out27.dat’)
write(27,230)
write(25,13)
write(25,*) 10,1
13 format(’3’,/,’x’/,’t’/, 't1° /,idx,’1’)
write(26,14)
write(26,*) 10,1
14 format("2’/,’x’,/,’t’/, /,idx,’'1’)
do 101 it=1,4
tw=temp(it)
do 202 kk=1,4
p=press(kk)
do 303 i=1,10

1=u(i)

c
¢ Calculation of Plank’s Function and it’s derivative
¢ wnb Band Center

¢ hck Constant

cccc cl*c2 (erg_k_cm™*3/sec)

c pfdbi Plank’s Function’s derivative for ith band

c
tkl=tw**2
tk2=tw**0.5
tk3=tw/273.0
hck=1.439257246
ts=300.0/tw

c

¢ Spectroscopic Properties of H20
c Five Bands of H20 are cosidered(I.R,6.3,2.7,1.87,1.38 microns)
¢ wnbi Band Center (1/cm)

c
wnb1=500.
wnb2=1600.
wnb3=3750.
wnb4=5350.
wnb5=7250.
c¢2bl=hck*wnbl
c¢2b2=hck*wnb2
¢c2b3=hck*wnb3
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cZb4=hck*wnb4
c2b5=hck*wnb5
coc=0.000053847734
ccbl=coc*(wnbl**4)
cch2=ccc*(wnb2**4)
ccb3=cec*(wnb3°*4)
ccbd=ccc*(wnb4**4)
ccbS=ccc*(wnb5**4)
tb1=c2bl/tw

th2=c2b2/tw

th3=c2b3iw

tbd=c2bd/tw

th5=c2bS/tw

tebl= exp(tb1)

teb2= exp(tb2)

teb3= exp(tb3)

teb4= exp(tb4)

teb5= exp(tb5)
clbl=ccbl/c2bl
c1b2=ccb2/c2b2
clb3=ccb3/c2b3
clbd=ccb4/cZb4
c1b5=ccb5/c2b5
pfbl=c1b1/(tcb1-1.0)
pib2=c1b2/(1eb2-1.0)
pfb3=c1b3/(teb3-1.0)
pfbd=c1b4/(teb4-1.0)
pfbS5=c1b5/(teb5-1.0)
devl=tk1*((1cb1-1.0)**2.0)
dev2=tk1*((teb2-1.0)**2.0)
dev3=tk1*((teb3-1.0)**2.0)
devd=tk1*((tcb4-1.0)**2.0)
devS=tk1*((1cb5-1.0)**2.0)
pfdbl=(ccb1*tebl)/dev1
pfdb2=(ccb2*teb2)/dev2
pfdb3=(ccb3*teb3)/dev3
pfdbd=(ccb4*teb4)/dev4
pfdbS=(ccb5*tebS)/dev5

c
¢ Band Model Correlations (Tien & Lowder Wide Band Model)
c azi aoi (1/cm)

¢ czsi coi**2 (1/atm-cm)

¢ bsi b**2 (Nondimensional)

c omegi Wave Number (1/cm)

c si Integrated Band Intensity (1/atm cm**2)

—
ak1=(tw/300.)**05
ak2=(300./tw)**15
az1=49.4%k1
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272=90.1"*ak1
az3=112.6*ak1
az4=79.7*ak1
325=79.7%ak1

¢

¢ dkf Thermal Conductivity (Erg/cm—sec—k)

C

kfb=(1488.365171)*(tk3**1.23)

omeg1=3652.

omeg2=1595.

omeg3=3756.

tx=—(hck/tw)

tx1=tx*omegl

x2=tx*omeg?2

tx3=tx*omeg3

etx1= exp(tx1)

etx2= exp(tx2)

etx3= exp(tx3)

cl=1.0-etxl

c2=1.0-ex2

c3=1.0-etx3

brkt=tx*(omeg1+omeg3)
ph101=(1.0—exp(brkt))/c1*c2*c3
ts1=(tw/100.)**(-0.5)

phi7=exp(-17.6*ts1)

col=771.*ak2*phi7

c02=3.35%ak2

co3=1.52%ak2

c04=0.276*ak2*ph101

c05=0.230*ak2*ph101

sl=azl*col

s2=az2%co2

s3=az3*co3

s4=az4*co4

s5=az5*%co5

ETC1=((36.5*(TW**(-1/3.)))+3.9)
ETC2=EXP(ETC1)*(1.E-6)

ETAC=ETC2/P
ETR11=8.*3.14*(500.%*(2.))*4.08*(1.E-12)*s1 *tw
ETAR1=1./ETR11
ETR12=8.*3.14*(1600.**(2.))*4.08*(1.E-12)*s2*tw
ETAR2=1./ETR12
ETR13=8.*3.14*(3750.**(2.))*4.08*(1.E-12)*s3*tw
ETAR3=1./ETR13
ETR14=8.*3.14*(5350.**%(2.))*4.08*(1.E-12)*s4*tw
ETAR4=1./ETR14
ETR15=8.*3.14%(7250.**(2.))*4.08*(1.E~12)*s5*tw
ETARS=1./ETR15

ETA11=ETAC/ETARI1
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ETA12=ETAC/ETAR2
ETA13=ETAC/ETAR3
ETA14=ETAC/ETAR4
ETA15=ETAC/ETARS
aapl=etall/sl
aap2=ctal2/s2
aap3=ctalld/s3
aspd=ctald/fsd
aapS5=ctal5/s5
aap6=cta16/s6
aapx1=(3./4.)*(aapl)/p
aapx2=(3./4.)*(aap2)/p
aapx3=(3./4.)*(aap3)/p
aapxd=(3./4.)*(aapd)/p
aapx5=(3./4.)*(aapS)/p
am2=1.+(aapxl+upx2+upx3+upx4+aapx5)
tin=p*1**2./kfb*(s1*pfdb1+s2*pfdb2+s3 *pfdb3+s4*pfdb4+sS *pfdb5)
tn= exp(—(3.*tin)**0.5)
2la=0.00005668
akp=p/(ala*tw**4.)*(s1 *pfbl+s2*pfb2+s3 *pfb3+s4*pfb4+sS5°*pLbS)
tao=akp*l
anba=kfb*akp/(4.*ala*tw**3.)
r=3.*ta0**2./anba
alm=3.*ta0**2.%(0.75+1./anba)
am= sqrt(alm)
em= exp(—am)
ad=3.*ta0*(1.—em)+2.*am*(1.+em)
ac=r/am**8.%(48.-3.*1a0*am**2.+36.*tac)/ad
pal=24.—12.‘am+am"3.+(am"‘3.—12.‘am—-24.)‘em
pa2=—12.*r/(5.*am**4.)+17.*1/(70.*am"® *2)
ambar=am/(sqrt(am2))
rbar=r/am2
embar=cxp(—ambar)
ndbar=3.0'tao‘(1.0—cmbn)+2.0"ambar’(1.0+cmbar)
acbar=(rbar/(ambar* *8.))*(48.-3.*tao*(ambar**
* 2.0)+36.0*tao)/adbar
palbar=24.0-12.0‘ambat+ambar"3.0
* +(ambar"‘3.0—12.0‘:mbar—24.0)‘embar
pa2bar=—12.0*rbar/(5.0*ambar* *4.0)+
* 17.0*rbar/(70.0*ambar**2.0)
tbulk=ac*pal+pa2-17./70.
tbulkn=acbar*palbar+pa2bar-17.0/70.0
write(25,100) 1,-tbulk,~tbulkn
write(26,104) 1,~tbulkn
write(27,1000)tw, p, 1, —tbulk, —tbulkn
100 format(1x,19.2,2(3x,10.4))
104 format (1x,f9.2,3x,e10.4)
303 continue
202 continue
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101 continue

1000 format (1x,£7.2, 3x,£6.2, 3x,£6.2, 3x,e10.4, 3x,¢10.4)

230 format (4x,’tw’,8x,’p’,6x,’I’,9x, tbulk’,9x, tbulkn’)
stop

end
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GRAY GAS RESULTS FOR H;0

p |1

wulk (LTE)  tbulkn (NLTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10

0.10 0.2411E+00
050 0.242SE+00
1.00 0.2416E+00
2.00 0.2378E+00
5.00 0.2145E+00
10.00 0.1596E+00
20.00 0.8027E-01
50.00 0.1931E-01
75.00 0.9650E-02
100.00 0.5941E-02
0.10 0.2427E+00
050 0.2397E+00
1.00 0.2308E+00
2.00 0.2019E+00
5.00 0.1124E+00
10.00 0.4836E-01
20.00 0.1849E-01
50.00 0.6534E-02
75.00 0.4775E-02
100.00 0.4032E-02
0.10 0.2422E+00
0.50 0.2286E+00
1.00 0.1971E+00
2.00 0.1344E+00
5.00 0.5559E-01
10.00 0.2880E-01
20.00 0.1846E-01
50.00 0.1379E-01
75.00 0.1294E-01
100.00 0.1254E-01
0.10 0.2416E+00
0.50 0.2176E+00
1.00 0.1730E+00
2.00 0.1087E+00
5.00 0.5097E-01
10.00 0.3390E-01
20.00 0.2708E-01
50.00 0.2373E-01
75.00 0.2307E-01
100.00 0.2275E-01
0.10 0.2428E+00
0.50 0.2415E+00
1.00 0.2374E+00
2.00 0.2225E+00
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—.6838E+00
0.2428E+00
0.2425E+00
0.2414E+00
0.2343E+00
0.2122E+00
0.1554E+00
0.5723E-01
0.3096E-01
0.1953E-01
0.2427E+00
0.2398E+00
0.2311E+00
0.2028E+00
0.1139E+00
0.4932E-01
0.1888E-01
0.6638E-02
0.4835E-02
0.4074E-02
0.2422E+00
0.2286E+00
0.1971E+00
0.1344E+00
0.5563E-01
0.2882E-01
0.1847E-01
0.1380E-01
0.1294E-01
0.1254E-01
0.2416E+00
0.2176E+00
0.1730E+00
0.1087E+00
0.5097E-01
0.3390E-01
0.2708E-01
0.2373E-01
0.2307E-01
0.2275E-01
0.2440E+00
0.2424E+00
0.2409E+00
0.2353E+00



500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

500

10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00

0.1555E+00
0.7613E-01
0.2607E-01
0.5344E-02
0.2731E-02
0.1750E-02
0.2423E+00
0.2299E+00
0.1992E+00
0.1325E+00
0.4434E-01
0.1623E-01
0.6705E-02
0.3095E-02
0.2531E-02
0.2284E-02
0.2402E+00
0.1937E+00
0.1279E+00
0.6349E-01
0.2389E-01
0.1439E-01
0.1082E-01
0.9109E-02
0.8775E-02
0.8615E-02
0.2377E+00
0.1676E+00
0.1005E+00
0.5236E-01
0.2684E-01
0.2052E-01
0.1794E-01
0.1659E-01
0.1632E-01
0.1618E-01
0.2428E+00
0.2407E+00
0.2343E+00
0.2120E+00
0.1275E+00
0.5309E-01
0.1624E-01
0.2962E-02
0.1409E-02
0.8444E03
0.2420E+00
0.2227E+00
0.1789E+00
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0.2029E+00
0.1373E+00
0.6176E-01
0.1431E-01
0.7301E-02
0.4598E-02
0.2423E+00
0.2302E+00
0.1999E+00
0.1336E+00
0.4499E-01
0.1648E-01
0.6794E-02
0.3120E-02
0.2547E-02
0.2294E~02
0.2402E+00
0.1937E+00
0.1280E+00
0.6352E-01
0.2390E-01
0.1440E-01
0.1082E-01
0.9110E-02
0.8776E-02
0.8615E-02
0.2377E+400
0.1676E+00
0.1005E+00
0.5236E-01
0.2684E-01
0.2052E-01
0.1794E-01
0.1659E-01
0.1632E-01
0.1618E-01
0.2432E+00
0.2419E+00
0.2393E+00
0.2291E+00
0.1770E+00
0.9832E-01
0.3602E-01
0.7045E-02
0.3364E-02
0.2009E-02
0.2420E+00
0.2230E+00
0.1796E+00



1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00

2.00 0.1013E+00
5.00 0.2663E-01
10.00 0.8157E-02
20.00 0.2648E-02
50.00 0.8082E-03
75.00 05571E-03
100.00 0.4535E-03
0.10 0.2385E+00
0.50 0.1697E+00
1.00 0.9245E-01
2.00 0.3581E-01
5.00 0.9158E-02
10.00 0.3939E-02
20.00 0.2225E-02
50.00 0.1501E-02
75.00 0.1371E-02
100.00 0.1311E-02
0.10 0.2345E+00
0.50 0.1339E+00
1.00 0.6233E-01
2.00 0.2382E-01
5.00 0.7691E-02
10.00 0.4375E-02
20.00 0.3171E-02
50.00 0.2600E-02
75.00 0.2489E-02
100.00 0.2436E-02
0.10 0.2428E+00
0.50 0.2411E+00
1.00 0.2358E+00
2.00 0.2169E+00
5.00 0.1390E+00
10.00 0.6106E-01
20.00 0.1892E-01
50.00 0.3297E-02
75.00 0.1498E-02
100.00 0.8576E-03
0.10 0.2421E+00
0.50 0.2260E+00
1.00 0.1871E+00
2.00 0.1112E+00
5.00 0.2936E-01
10.00 0.8305E-02
20.00 0.2259E-02
50.00 0.4344E-03
75.00 0.2232E-03
100.00 0.1444E-03
0.10 0.2393E+00
0.50 0.1774E+00
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0.1022E+00
0.2696E-01
0.8266E-02
0.2682E-02
0.8164E-03
0.5618E-03
0.4566E-03
0.2385E+00
0.1697E+00
0.9248E-01
0.3582E-01
0.9162E-02
0.3941E-02
0.2225E-02
0.1501E-02
0.1371E-02
0.1311E-02
0.2345E+00
0.1339E+00
0.6233E-01
0.2382E-01
0.7692E-02
0.4375E-02
0.3171E-02
0.2600E-02
0.2489E-02
0.2436E-02
0.2434E+00
0.2421E+00
0.2398E+00
0.2311E+00
0.1843E+00
0.1071E+00
0.4021E-01
0.7603E-02
0.3488E-02
0.2003E-02
0.2421E+00
0.2262E+00
0.1877E+00
0.1120E+00
0.2970E-01
0.8413E-02
0.2289E-02
0.4400E-03
0.2259E-03
0.1462E-03
0.2393E+00
0.1774E+00



2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

5.00 1.00
5.00 2.00
5.00 5.00
5.00 10.00
5.00 20.00
5.00 50.00
5.00 75.00
5.00 100.00
10.00 0.10
10,00 0.50
10.00 1.00
10.00 2.00
10.00 5.00
10.00 10.00
10.00 20.00
10.00 50.00
10.00 75.00
10.00 100.00

0.9891E-01
0.3650E-01
0.7279E-02
0.2152E-02
0.7182E-03
0.2391E-03
0.1721E-03
0.1439E-03
0.2358E+00
0.1406E+00
0.6344E-01
0.2080E-01
0.4259E-02
0.1429E-02
0.5954E-03
0.2870E-03
0.2381E-03
0.2164E-03

169

0.9894E-01
0.3651E-01
0.7283E-02
0.2153E-02
0.7185E-03
0.2392E-03
0.1721E-03
0.1439E-03
0.2358E+00
0.1406E+00
0.6344E-01
0.2081E-01
0.4259E-02
0.1429E-02
0.5954E-03
0.2870E-03
0.2381E-03
0.2164E-03



¢ Program to calculate LTE and NLTE bulk temp. under gray
c gas assumption for CH_4
implicit double precision (a-h,0-2)
real Lkfb
dimension u(10),press(4),Temp(4)
data v/0.1,0.5,1.0,2.0,5.0,10.0,20.0,50.0,75.,100.0/
data press/0.1,1.,5.,10.0/
data temp/300.,500.,1000.0,2000.0/
open(unit=29, file="nlp’)
open(unit=30, file="Ip’)
open(unit=31, file="out31.dat’)
write(31,230)
write(29,13)
write(29,*) 10,1
13 format(’3’/,’x’/,’t’J, ’t1°/,id x,’'1’)
write(30,14)
write(30,*) 10,1
14 format(’2’/,’x’/,"t"/, /,i4x,’1’)
do 101 it=1,4
tw=temp(it)
do 202 kk=1,4
p=press(kk)
do 303 i=1,10

1=u(i)

C
¢ Calculation of Plank’s Function and it’s derivative
¢ wnb Band Center

¢ bhck Constant

¢ ccc c1*c2 (erg_k_cm**3/sec)

¢ pfdbi Plank’s Function’s derivative for ith band

c
tki=tw**2
tk2=tw**0.5
tk3=tw/273.0
hck=1.439257246
ts=300.0Aw

c
¢ Spectroscopic Properties of CH4

¢ Two Bands of CH4 are cosidered(7.6 and 3.3 microns)
¢ wnbi Band Center (1/cm)

c
wnb1=1310.
wnb2=3020.
¢2bl=hck*wnbl
c2b2=hck*wnb2
ccc=0.000053847734
ccbl=ccc*(wnbl**4)
ccb2=ccc*(wnb2**4)
thb1=c2bl/tw
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th2=c2b2/tw

1ebl= exp(ibl)

teb2= exp(tb2)
clbl=ccbl/c2bl
clb2=ccb2/c2b2
pfbl=c1bl/(tcb1-1.0)
pfb2=c1b2/(tcb2-1.0)
dev1=tk1*((teb1-1.0)**2.0)
dev2=tk1*((teb2-1.0)**2.0)
pfdbl=(ccbl*tebl)/devl
pidb2=(ccb2*teb2)/dev2

[¢]

C
Band Model Correlations (Tien & Lowder wide band model)
c azi aoi (1/cm)

c czsi coi**2 (1/atm—cm)

c bsi b**2 (Nondimensional)

c omegi Wave Number (1/cm)

c si Integrated Band Intensity (1/atm cm**2)

&

akl=(tw/300.)**0.5
ak2=(300./tw)**1.5
az1=39.8*ak1
az2=95.3*akl

c
¢ dkf Thermal Conductivity (Erg/cm-sec—k)

C

kfb=(1488.365171)*(tk3**1.23)
c01=4.58*ak2

c02=3.15*ak2

sl=az1*c01

$2=az2*c02
ETC1=((40.*(TW**(-1/3.)))-5.4)
ETC2=EXP(ETC1)*(1.E-6)
ETAC=ETC2/P
ETR11=8.#3.14%(1310.**(2.))*4.08*(1.E-12)*s1 *tw
ETAR1=1./ETR11
ETR12=8.*3.14*(3020.**(2.))*4.08*(1.E~12)*s2*tw
ETAR2=1./ETR12
ETA11=ETAC/ETAR1
ETA12=ETAC/ETAR2

aapl=etall/sl

aap2=etal2/s2

aapx1=(3./4.)*(aapl)/p
aapx2=(3./4.)*(aap2)/p
am2=1.+(aapx1+aapx2)
tin=p*1**2./kfb*(s1*pfdbl+s2*pfdb2)
m= exp(—(3.*tin)**0.5)
anexp=(1.—n)/(1.+tn)
tem=1/kfb*(pfdbl *azl +pfdb2*az2)
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2la=0.00005668
akp:p/(lll‘tw"4.)‘(sl‘pfb1+52'pﬂ:2)
tao=akp*l
anba=kfb*akp/(4.*ala*tw**3.)
1=3.120**2./anba
21m=3.*ta0**2.%(0.75+1./anba)
am= sqri(alm)
em= exp(—am)
ad=3.*ta0*(1.—cm)+2.*am*(1.+cm)
ac=r/am**8.%(48.-3.*ta0*am**2.+36.*ta0)/ad
pal=24.-12.‘lm+lm"3.+(am“3.—12.‘|m—24.)‘cm
p12=—12.‘r/(5.‘am“4.)+17.‘r/(70.‘am“2.)
ambar=am/(sqrt(am2))
rbar=r/am2
embar=exp(—ambar)
adbar=3.0'tao‘(1.0—cmbar)+2.0‘ambar‘(l.0+cmbu)
acbam(rbat/(ambar"8.))‘(48.—3.‘&0‘(amb|r"
* 2.0)+36.0*tac)/adbar
palbar=24.0—12.0‘ambn+ambar"3.0
* +(ambar"3.0—12.0‘amb|r—24.0)‘embar
paZbar=—12.0'lbar/(S.O‘ambar’"4.0)+
* 17.0*rbar/(70.0*ambar**2.0)
tbulk=ac*pal+pa2-17./70.
tbulkn=acbar*palbar+pa2bar—17.0/70.0
write(29,104) 1,-tbulk,—tbulkn
write(30,100) |,~tbulkn
write(31,1000)tw, p, 1, ~tbulk, —tbulkn
100 fomat(lx,ﬁ.2,3x,c10.4)
104 format(1x,19.2,2(3x,¢10.4))

303 continue
202 continue
101 continue

1000 format (1x,{7.2, 3x,f6.2, 3x,16.2, 3x,¢10.4, 3x,¢10.4)
230 format (4x,’tw’,8x,’p’,6x,’l’,9x,’d)ulk’,9x,’tbulkn’)
stop

end
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GRAY GAS RESULTS FOR CH4

p 1

thulk (LTE)

tbulkn (NLTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10

0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
050
1.00
2.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
2.00
5.00

10.00
20.00
50.00
75.00
100.00

0.10
050
1.00
2.00

0.2490E+00
0.2424E+00
0.2412E+00
0.2363E+00
0.2074E+00
0.1452E+00
0.6771E-01
0.1578E-01
0.7989E-02
0.5008E-02
0.2427E+00
0.2388E+00
0.2276E+00
0.1929E+00
0.9929E-01
0.4184E-01
0.1681E-01
0.6791E-02
0.5267E-02
0.4611E-02
0.2420E+00
0.2250E+00
0.1883E+00
0.1235E+00
0.5240E-01
0.2976E-01
0.2095E-01
0.1683E-01
0.1605E-01
0.1568E-01
0.2412E+00
0.2121E+00
0.1637E+00
0.1022E+00
0.5243E-01
0.3813E-01
0.3230E-01
0.2935E-01
0.2876E-01
0.2847E-01
0.2426E+00
0.2417E+00
0.2383E+00
0.2256E+00
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0.2392E+00
0.2424E+00
0.2412E+00
0.2363E+00
0.2074E+00
0.1453E+00
0.6771E-01
0.1578E-01
0.7989E-02
0.5008E-02
0.2427E+00
0.2388E+00
0.2276E+00
0.1929E+00
0.9929E-01
0.4184E-01
0.1681E-01
0.6791E-02
0.5267E-02
0.4611E-02
0.2420E+00
0.2250E+00
0.1883E+00
0.1235E+00
0.5240E-01
0.2976E-01
0.2095E-01
0.1683E-01
0.1605E-01
0.1568E~-01
0.2412E+00
0.2121E+00
0.1637E+00
0.1022E+00
0.5243E-01
0.3813E-01
0.3230E-01
0.2935E-01
0.2876E-01
0.2847E-01
0.2427E+00
0.2417E+00
0.2383E+00
0.2256E+00



500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00
100.00

0.10

0.50

1.00

2.00

5.00
10.00
20.00
50.00
75.00
100.00

0.10

0.50

1.00

0.1651E+00
0.8540E-01
0.3012E-01
0.6114E-02
0.3067E-02
0.1929E-02
0.2424E+00
0.2319E+00
0.2050E+00
0.1422E+00
0.4962E-01
0.1782E-01
0.6949E-02
0.2911E-02
0.2299E-02
0.2034E-02
0.2406E+00
0.1996E+00
0.1364E+00
0.6842E-01
0.2421E-01
0.1358E-01
0.9666E-02
0.7838E-02
0.7488E-02
0.7321E-02
0.2385E+00
0.1746E+00
0.1066E+00
0.5407E-01
0.2541E-01
0.1840E-01
0.1560E-01
0.1417E-01
0.1388E-01
0.1374E-01
0.2428E+00
0.2408E+00
0.2349E+00
0.2141E+00
0.1324E+00
0.5646E-01
0.1746E-01
0.3180E-02
0.1506E-02
0.8987E-03
0.2420E+00
0.2241E+00
0.1826E+00
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0.1651E+00
0.8540E-01
0.3012E-01
0.6114E-02
0.3067E-02
0.1929E-02
0.2424E+00
0.2319E+00
0.2050E+00
0.1422E+00
0.4962E-01
0.1782E-01
0.6949E-02
0.2911E-02
0.2299E-02
0.2034E-02
0.2406E+00
0.1996E+00
0.1364E+00
0.6842E-01
0.2421E-01
0.1358E-01
0.9666E-02
0.7838E-02
0.7488E-02
0.7321E-02
0.2385E+00
0.1746E+00
0.1066E+00
0.5407E-01
0.2541E-01
0.1840E-01
0.1560E-01
0.1417E-01
0.1388E-01
0.1374E-01
0.2428E+00
0.2408E+00
0.2349E+00
0.2141E+00
0.1324E+00
0.5646E-01
0.1746E-01
0.3180E-02
0.1506E-02
0.8987E-03
0.2420E+00
0.2241E+00
0.1826E+00



1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00

2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
2.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10

0.50
1.00

2.00
5.00
10.00
20.00
50.00
75.00
100.00

0.10

0.1059E+00
0.2839E-01
0.8666E-02
0.2769E-02
0.8130E-03
0.5494E-03
0.4413E-03
0.2389E+00
0.1735E+00
0.9662E-01
0.3778E-01
0.9497E-02
0.3964E-02
0.2166E-02
0.1417E-02
0.1284E-02
0.1223E-02
0.2351E+00
0.1382E+00
0.6531E-01
0.2483E-01
0.7742E-02
0.4260E-02
0.3011E-02
0.2427E-02
0.2314E-02
0.2260E-02
0.2428E+00
0.2413E+00
0.2367E+00
0.2199E+00
0.1469E+00
0.6737E-01
0.2137E-01
0.3750E-02
0.1703E-02
0.9733E-03
0.2422E+00
0.2280E+00
0.1927E+00
0.1192E+00
0.3290E-01
0.9387E-02
0.2544E-02
0.4789E-03
0.2419E-03
0.1541E-03
0.2397E+00

0.1059E+00
0.2839E-01
0.8666E-02
0.2769E-02
0.8130E-03
0.5494E-03
0.4413E-03
0.2389E+00
0.1735E+00
0.9662E-01
0.3778E-01
0.9497E-02
0.3964E-02
0.2166E-02
0.1417E-02
0.1284E-02
0.1223E-02
0.2351E+00
0.1382E+00
0.6531E-01
0.2483E-01
0.7742E-02
0.4260E-02
0.3011E-02
0.2427E-02
0.2314E-02
0.2260E-02
0.2428E+00
0.2413E+00
0.2367E+00
0.2199E+00
0.1469E+00
0.6737E-01
0.2137E-01
0.3750E-02
0.1703E-02
0.9733E-03
0.2422E+00
0.2280E+00
0.1927E+00
0.1192E+00
0.3290E-01
0.9387E-02
0.2544E-02
0.4789E-03
0.2419E-03
0.1541E-03
0.2397E+00

5.00 0.50 0.1835E+00 0.1835E+00
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2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

500 1.00
500 200
500 5.00
5.00 10.00
5.00 20.00
5.00 50.00
5.00 75.00
5.00 100.00
10.00 0.10
1000 050
1000 1.00
10.00 2.00
10.00 5.00
10.00 10.00
10.00 20.00
10.00 50.00
10.00 75.00
10.00 100.00

0.1067E+00
0.4062E-01
0.8145E~02
0.2371E-02
0.7664E-03
0.2384E-03
0.1661E-03
0.1361E-03
0.2367E+00
0.1482E+00
0.6958E-01
0.2320E-01
0.4690E-02
0.1525E-02
0.6045E-03
0.2714E-03
0.2200E-03
0.1973E-03
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0.1067E+00
0.4062E-01
0.8145E-02
0.2371E-02
0.7664E-03
0.2384E-03
0.1661E-03
0.1361E-03
0.2367E+00
0.1482E+00
0.6958E-01
0.2320E-01
0.4690E-02
0.1525E-02
0.6045E-03
0.2714E-03
0.2200E-03
0.1973E-03



PROGRAM NLTE
THIS PROGRAM INVESTIGATES LTE and NLTE EFFECT IN CO (NONGRAY CASE)
THIS PROGRAM IS WRITTEN BY MANOJ K. JHA IN AUGUST 1992

oNoNoNe

IMPLICIT DOUBLE PRECISION (A-H,0-2)
DOUBLE PRECISION IERR
REAL L KFB
EXTERNAL F10,F11,F12,F13,F14
DIMENSION U(9),PRES(4), TEMP(4),EPS(2)
COMMON F
OPEN (1,FILE="out111a’)
OPEN (2,FILE="nlp’)
OPEN (3,FILE="Ip’)
DATA UN.1,05,1.,5.,10.,20.,50.,75.,100./
DATA PRES/0.1,1.,5.,10./
DATA TEMP/300.,500.,1000.,2000./
WRITE (1,11)
write(2,13)
write(2,*) 9,1
13 format(’3’ /%’ ), "t1’ /,id x,’1’)
write(3,14)
write(3,*) 9,1
14 format(’2’/,’x’ /", /i4x,'1")
DO 41T=1,4
TW=TEMP(IT)
DO 5 KK=1,4
P=PRES(KK)
DO61=1,9
L=U(I)
TK1=TW**2.
TK2=TW**0.5
TK3=TW/273.
HCK=1.439257246
TS=300.TW
WNB=2143,
C2B=HCK*WNB
CCC=0.000053847734
CCB=CCC*(WNB**4.)
TB=C2B/TW
TEB=EXP(TB)
C1B=CCB/C2B
PFB=C1B/(TEB-1.)
DEV=TK1*((TEB-1.)**2.)
PFDB=(CCB*TEB)/DEV
AK1=(TW/300.)**0.5
AK2=(300./TW)**1.5
AZ=38.1*AK1
KFB=2325.570579*(TK3**0.8)
OMEG=2143.
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TX=~(HCK/TW)

TX1=TX*OMEG

ETX1=EXP(TX1)

Cl=1.-ETX1
Pm1=(15.15+(0.22'((TWIIOO.)"1.5)))’C1
CZ=6.24*AK2

S=AZ*CZ

PL=P*L

UZ=CZ*PL

DEL1=((PHI1 *+2.)/AK1)*0.001

BS=0.314*DEL1

PE=(1.1*P)**0.8

BETA=BS*PE

F=2.94'(1.—ECP(—(2.6‘BETA)))

EPS(2)=1.E-03

EPS(1)=1.E-03

X1=0.

X2=(3./8.)*UZ

Y1=1.5*UZ

Y2=3.*X2

CALL QDAGS (F IO,XI,YI,EPS(Z),EPS(I),RO,IERR)
CALL QDAGS (F ll,Xl,Yl,EPS(Z),BPS(I),Rl,IERR)
CALL QDAGS (F1 Z,XI,YI,EPS(Z),EPS(l),RZJERR)
CALL QDAGS (F 13,X1,Y1,EPS(2),EPS(1),R3,]ERR)
CALL QDAGS (F l4,x1,Yl,EPS(2),EPS(1),R4,IERR)
CALL QDAGS (F IO,XZ,YZ,EPS(Z),EPS(I),SI,IERR)
CALL QDAGS (F 11,X1,X2,EPS(2),EPS(1),SZ,IERR)
CALL QDAGS (F 11,X1,Y2,EPS(2),EPS(1),S3,IERR)
CALL QDAGS (F 12,x2,Y2,EPS(2),EPS(l),S4,IERR)
CALL QDAGS (F13,X1 ,X2,EPS(2),EPS(1),S5,JERR)
CALL QDAGS (F 13,X1,Y2,EPS(2),EPS(1),S6,IERR)
CALL QDAGS (F1 4,X2,Y2,EPS(2),EPS(1),S7,IERR)
H=AZ*PFDB

AM=(H*L)/KFB

CU=2./(3.*UZ)

BU=1./CU
BR1A=(CU'R1)—(2.‘(CU"3.)‘R3)+((CU"4.)‘R4)
BR1 B=((CU"2.)‘R2)—(CU‘R1)
ETC1=(14.)**(1./4.)

ETC2=0.015*ETC1

ETC3=TW**(-1./3.)

ETC4=ETC3-ETC2

ETC5=175.*ETC4

ETC6=(ETC5-18.42)

ETC7=EXP(ETC6)

ETAC=ETC7/P

ETAR=0.0297

ETA=ETAC/ETAR

SUMA=H*BR1A
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AL1L=1.+((L/KFB)*SUMA)
ALPH1=AL1L~((9./2)*ETA*CU*BR1B)
BR2A=((CU**2.)*R2)(2 *(CU**3.)*R3)+((CU**4.)*R4)
BR2B=R0-(6.*CU*R1)+(6.(CU**2.)*R2)

SUMB=H*BR2A

AL2L=(L/KFB)*SUMB
ALPH2=AL2L~((3./4.)*ETA*CU*BR2B)

ALPHO = (9./2.)*ETA*(CU**2.)*(CU*R2-R1)1.
BR3A=((57./256.)*S1)+((11./16.)*CU*(S2+53))
*_((9./8.)*(CU**2.)*S4)((CU**3.)*(S5+56))+((CU**4.)*ST)
BR3B=((9./4.)*CU*S1)}4(6.4(CU**2.)*(S2+53))
*_(12%(CU**3.)*S4)

SUMC=H*BR3A

AL3L=((L/KFB)*SUMC)+(11./16.)

ALPH3 =AL3L+((3./8.)*ETA*BR3B)
BR4A=((9./256.)*S1)+((3./16.)*CU*(S2+53))
*_((1./8.)*(CU**2.)*S4)((CU**3.)*(S5+S6))+((CU**4.)*S7)
BR4B=((1./4.)*CU*S1)+(6.*(CU**2.)*(S2+S3))(12.(CU**3.)*S4)
SUMD=H*BR4A

ALAL=((L/KFB)*SUMD)+(3./16.)

ALPH4 =ALAL+((3./8.)*ETA*BR4B)
BRKS=(3./16.)*(CU*S1)+(1./22.)*(CU**2.)*(S2+S3)«(CU**3.)*S4
ALPHS = —((9./2.)*ETA*BRK5+(11./16.))

DENA = (ALPH1*ALPH4)(ALPH2*ALPH3)
Al=((ALPHO*ALPH4)(ALPH2*ALPHS))/DENA
A2=((ALPH1*ALPHS)(ALPHO*ALPH3))/DENA

TBULK = (1./70.)*((17.*A1)+(3.*A2))
CONST=1./(16.*(AL1L*AL4L-AL2L*AL3L))
all=(11.*al2l-16.*al4l)*CONST
A2L=(16.*AL3L-11.*AL1L)*CONST
TBULKL=(1/70.)*(17.*A1L+3.*A2L)
BETO0=—(3./8.)*(ETA*CU)*(LOG((BU+EPS(1))/EPS(1)))
BET1=1+AM*(7./12.)+((9./4.)*ETA*CU)
BET2=(AM/12.)3./4.)*ETA*CU*(LOG((BU+EPS(1))/EPS(1))-3.)
BET3=AM*((57./256.)*LOG(3.)+(65./192.))+(11./16.)
*+(3./8.)*ETA*CU*((9./4.)*LOG(3.)+3.)
BET4=AM*((9./256.)*LOG(3.)+(17./192.))+(3./16.)
*+(3./8.)*ETA*CU*((LOG(3.)/4.)+3.)
BET5=((3./8.)*ETA*CU*LOG(3.))(11./16.)
DENB=BET1*BET4-BET2*BET3
B1=—(BET4+(BET0*BET4)+(BET2*BETS5))/DENB
B2=(BET3+(BET0*BET3)+(BET1*BETS))/DENB
TTHIC=(1./70.)*(17.*B1+3.*B2)

AN=PL*CZ*H

ANBA=AN/(1.+(3./4.)*ETA)

ANBA1=SQRT(3.*ANBA)
BRKT=(1.-EXP(-ANBA1))/(1.+EXP(~ANBA1))
BRKT1=576.*BRKT/ANBA1
BRKT2=BRKT1~21.6*(ANBA**2.))+(72.*ANBA)-288.

179



wn

19
20
21
11

TTHIN=BRKT2/(3.*ANBA)**3.)
WRITE (1,19) TW,P.L,-TBULK,-TBULKL
WRITE (2,20) L,-TBULKL,-TBULK
WRITE (3,21) L,- TBULK

CONTINUE

CONTINUE

CONTINUE
write(*,*) etac,ctar,cta

FORMAT (1X,F7.2,2(3X F6.2),2(3X E10.4))

FORMAT (3X,F6.2,2(3XE10.4))

FORMAT (3X,F6.2,3X,E10.4)

FORMAT (4X, "TW’ 8X,’P’,6X,’L’,9X, TBULK",9X,"TBULKL))
STOP
END

FUNCTION F10(U)

COMMON F
DEN=(F*((U**2)+2.*Up2.+U)*(U+2*F)
AUD=(F*((U**2.)+{4.*U*F)+(4.°F))y DEN
F10=AUD

RETURN

END

FUNCTION F11(U)

COMMONF
DEN=(F*((U**2)+(2.*Up+2+U)*(U+(2*F))
AUD=(F*((U**2y+(4.*U*F)+(4.°F)))/DEN
F11=AUD*U

RETURN

END

FUNCTION F12(U)

COMMONF
DEN=(F*((U**2.H(2.*Up+2.)+U)*(U+(2*F))
AUD=(F*((U**2.)H4.*U*F)+(4.°F))) DEN
F12=AUD*(U**2.)

RETURN

END

FUNCTION F13(U)

COMMON F
DEN=(F*((U**2)H(2.*Up+2.)+U)*(U+(2-"F))
AUD=(F*((U**2.)+{4.*U*F)+(4.*F))yDEN
F13=AUD*(U**3.)

RETURN

END

FUNCTION F14(U)

COMMON F
DEN=(F*((U**2.)+(2.*Up+2)+U)*(U+(2-*F))
AUD=(F*((U**2.)+{4.*U*F)+(4.°F)) DEN
F14=AUD*(U**4.)
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RETURN
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NONGRAY RESULTS FOR CO

TBULK (NLTE)

TBULKL (LTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

0.2429E+00
0.2429E+00
0.2429E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2426E+00
0.2424E+00

100.00 0.2420E+00

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

0.2429E+00
0.2429E+00
0.2428E+00
0.2427E+00
0.2421E+00
0.2399E+00
0.2280E+00
0.2149E+00

100.00 0.2010E+00

0.10
050
1.00
5.00
10.00
20.00
50.00
75.00

0.2429E+00
0.2428E+00
0.2427E+00
0.2400E+00
0.2352E+00
0.2250E+00
0.1979E+00
0.1798E+00

100.00 0.1648E+00

0.10
0.50
1.00
5.00

0.2428E+00
0.2427E+00
0.2423E+00
0.2381E+00

10.00 0.2324E+00
20.00 0.2218E+00
50.00 0.1953E+00
75.00 0.1778E+00
100.00 0.1632E+00

0.10
0.50
1.00
5.00
10.00
20.00
50.00

0.2429E+00
0.2428E+00
0.2428E+00
0.2419E+00
0.2391E+00
0.2290E+00
0.1799E+00

75.00 0.1389E+00

182
CF
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0.2429E+00
0.2428E+00
0.2428E+00
0.2421E+00
0.2406E+00
0.2361E+400
0.2176E+00
0.2016E+00
0.1868E+00
0.2428E+00
0.2426E+00
0.2422E+00
0.2383E+00
0.2330E+00
0.2228E+00
0.1966E+00
0.1791E+00
0.1644E+00
0.2428E+00
0.2423E+00
0.2417E+00
0.2370E+00
0.2314E+00
0.2209E+00
0.1948E+00
0.1774E+00
0.1629E+00
0.2428E+00
0.2422E+00
0.2416E+00
0.2369E+00
0.2312E+00
0.2208E+00
0.1947E+00
0.1773E+00
0.1629E+00
0.2428E+00
0.2425E+00
0.2419E+00
0.2347E+00
0.2208E+00
0.1851E+00
0.1013E+00
0.6731E-01

SLENA SOT FILMED



500.00 0.10 100.00 0.1069E+00 0.4877E-01
0.10 0.2428E+00 0.2427E+00
0.50 0.2420E+00 0.2399E+00

500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00

1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
050
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00

0.2400E+00
0.2056E+00
0.1614E+00
0.1068E+00
0.509SE-01
0.3537E-01
0.2709E-01
0.2424E+00
0.2365E+00
0.2272E+00
0.1688E+00
0.1279E+00
0.8678E-01
0.4480E-01
0.3208E-01
0.2502E-01
0.2418E+00
0.2335E+00
0.2229E+00
0.1651E+00
0.1256E+00
0.8572E-01
0.4450E-01
0.3193E-01
0.2493E-01
0.2428E+00
0.2423E+00
0.2409E+00
0.2206E+00
0.1913E+00
0.1383E+00
0.5584E-01
0.3210E-01
0.2110E-01
0.242SE+00
0.2357E+00
0.2217E+00
0.1197E+00
0.6795E-01
0.3450E-01
0.1329E-01
0.8684E-02
0.6425E-02
0.2410E+00
0.2175E+00
0.1853E+00
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0.2348E+00
0.1869E+00
0.1433E+00
0.9607E-01
0.4798E-01
0.3388E-01
0.2619E-01
0.2420E+00
0.2345E+00
0.2245E+00
0.1668E+00
0.1269E+00
0.8636E-01
0.4470E-01
0.3203E-01
0.2499E-01
0.2415E+00
0.2325E+00
0.2220E+00
0.1646E+00
0.1254E+00
0.8563E-01
0.4448E-01
0.3191E-01
0.2492E-01
0.2428E+00
0.2420E+00
0.2401E+00
0.2173E+00
0.1873E+00
0.1344E+00
0.5395E-01
0.3104E-01
0.2044E-01
0.2424E+00
0.2354E+00
0.2211E+00
0.1188E+00
0.6753E-01
0.3436E-01
0.1327E-01
0.8671E-02
0.6417E-02
0.2410E+00
0.2173E+00
0.1851E+00



1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

2000.00

2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00

5.00 0.7958E-01
10.00 0.4681E-01
20.00 0.2591E-01
50.00 0.1116E-01
75.00 0.7580B-02
100.00 0.5740E-02
0.10 0.2395E+00
0.50 0.2076E+00
1.00 0.1728E+00
5.00 0.7488E-01
10.00 0.4486E-01
20.00 0.2521E-01
50.00 0.1100E-01
75.00 0.7502E-02
100.00 0.5694E-02

0.10
0.50
1.00
5.00

0.2428E+00
0.2423E+00
0.2410E+00
0.2168E+00

10.00 0.1826E+00
20.00 0.1316E+00
50.00 0.6003E-01
75.00 0.3659E-01
100.00 0.2459E-01

0.10
0.50
1.00
5.00

0.2426E+00
0.2381E+00
0.2267E+00
0.1214E+00

10.00 0.6542E-01
20.00 0.3108E-01
50.00 0.1102E-01
75.00 0.6983E~02
100.00 0.S070E-02

0.10
0.50
1.00
5.00

0.2418E+00
0.2232E+00
0.1898E+00
0.6823E-01

10.00 0.3700E-01
20.00 0.1946E-01
50.00 0.8102E-02
75.00 0.5463E-02
100.00 0.4124E-02
0.10 0.2408E+00
0.50 0.211SE+00
1.00 0.1705E+00
5.00 0.6040E-01
10.00 0.3399E-01
20.00 0.1844E-01
50.00 0.7886E-02
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0.7952E-01
0.4679E-01
0.2590E-01
0.1116E-01
0.7579E-02
0.5740E-02
0.2394E+00
0.2075E+00
0.1727E+00
0.7487E-01
0.4486E-01
0.2521E-01
0.1100E-01
0.7502E-02
0.5694E-02
0.2428E+00
0.2423E+00
0.2410E+00
0.2166E+00
0.1824E+00
0.1314E400
0.5993E-01
0.3653E-01
0.2456E-01
0.2426E+00
0.2381E+00
0.2267E+00
0.1213E+00
0.6540E-01
0.3108E-01
0.1102E-01
0.6983E-02
0.5070E-02
0.2418E+00
0.2232E+00
0.1898E+00
0.6823E-01
0.3700E-01
0.1946E-01
0.8102E-02
0.5463E-02
0.4124E-02
0.2408E+00
0.2115E+00
0.1705E+00
0.6040E-01
0.3399E-01
0.1844E-01
0.7886E-02



~

2000.00 10.00 75.00 0.5358E-02 0.5358E-02
2000.00 10.00 100.00 0.4061E-02 0.4061E-02
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PROGRAM NLTE
C THIS PROGRAM INVESTIGATES LTE and NLTE EFFECT IN NO (NONGRAY CASE)
C THIS PROGRAM IS WRITTEN BY MANOJ K. JHA IN SEPTEMBER 1992

C—
C IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DOUBLE PRECISION IERR
REAL LKFB
EXTERNAL F10,F11,F12F13F14
DIMENSION U(9),PRES(4),TEMP(4),EPS(2)
COMMON F
OPEN (1,FILE="out11ba’)
OPEN (2,FILE="nlp")
OPEN (3,FILE="Ip")
DATA U/0.1,05,1.,5.,10.,20.,50.,75.,100./
DATA PRES/0.1,1.,5.,10./
DATA TEMP/300.,500.,1000.,2000./
WRITE (1,11)
write(2,13)
write(2,*) 9,1
13 format(’3’/,’x’J,’t ), 11’ /;i4x,’'1’)
write(3,14)
write(3,%) 9,1
14 format(’2’ /X’ ./, v, /idx,’1")
DO 41T=1,4
TW=TEMP(IT)
DO 5 KK=1,4
=PRES(KK)
DO61=1,9
L=U)
TK1=TW**2.
TK2=TW**0.5
TK3=TW/273.
HCK=1.439257246
TS=300./TW
WNB=1876.
C2B=HCK*WNB
CCC=0.000053847734
CCB=CCC*(WNB**4.)
TB=C2B/TW
TEB=EXP(TB)
C1B=CCB/C2B
PFB=C1B/(TEB-1.)
DEV=TK1*((TEB-1.)**2.)
PFDB=(CCB*TEB)/DEV
AK1=(TW/300.)**0.5
AK2=(300./TW)**1.5
AZ=36.*AK1
KFB=(TW/179.16)*0.01378*(1.E+8)*(1./(36.%23.889))
OMEG=1876.
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TX=—(HCK/TW)

TX1=TX*OMEG

ETX1=EXP(TX1)

C1=1.-ETX1

S=132.°TS

CZ=S/AZ

PL=P'L

UZ=CZ*PL

PE=P**.65

BS=0.1042117/ak1

BETA=BS*PE

F=2.94*(1.-EXP(~(2.6*BETA)))

EPS(2)=1.E-03

EPS(1)=1.E-03

X1=0.

X2=(3./8.)*UZ

Y1=1.5*UZ

Y2=3.5X2

CALL QDAGS (F10,X1,Y1,EPS(2),EPS(1),R0,IERR)
CALL QDAGS (F11,X1,Y1,EPS(2),EPS(1),R1,JERR)
CALL QDAGS (F12,X1,Y1,EPS(2),EPS(1),R2,JERR)
CALL QDAGS (F13,X1,Y1,EPS(2),EPS(1),R3,IERR)
CALL QDAGS (F14,X1,Y1,EPS(2),EPS(1),R4,IERR)
CALL QDAGS (F10,X2,Y2,EPS(2),EPS(1),S1,IERR)
CALL QDAGS (F11,X1,X2,EPS(2),EPS(1),S2,JERR)
CALL QDAGS (F11,X1,Y2,EPS(2),EPS(1),53,[ERR)
CALL QDAGS (F12,X2,Y2,EPS(2),EPS(1),54,IERR)
CALL QDAGS (F13,X1,X2,EPS(2),EPS(1),55,IERR)
CALL QDAGS (F13,X1,Y2,EPS(2),EPS(1),S6,IERR)
CALL QDAGS (F14,X2,Y2,EPS(2),EPS(1),S7,IERR)
H=AZ*PFDB

AM=(H*L)/KFB

CU=2./(3.*UZ)

BU=1./CU
BR1A=(CU*R1)~(2.*(CU**3.)*R3)+{((CU**4.)*R4)
BR1B=((CU**2.)*R2)~(CU*R1)
ETC1=1.16*1.E-3*((15)**0.5)*(2700.**(4./3.))
ETC2=TW*#(-1./3.)-0.015*%((15.)**0.25)
ETC3=ETC1*ETC2-18.42

ETC4=EXP(ETC3)

ETAC=ETC4/P
ETAR1=8%3.14*(1876.%%(2.))*4.08*(1.E-12)*300*132
ETAR=1/ETAR1

ETA=ETAC/ETAR

SUMA=H*BR1A

ALI1L=1.+((L/KFB)*SUMA)
ALPH1=ALI1L~((9.2.)*ETA*CU*BR1B)
BR2A=((CU**2.)*R2)—(2. *(CU**3.)*R3)+((CU**4.)*R4)
BR2B=R0(6.*CU*R1)+(6.*(CU**2.)*R2)
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SUMB=H*BR2A
AL2L=(L/KFB)*SUMB
ALPH2=AL2L~((3./4.)*ETA*CU*BR2B)
ALPHO = (9./2.)*ETA*(CU**2.)*(CU*R2-R1)-1.
BR3A=((57./256.)*S1)+((11./16.)*CU*(S2+53))
*((9./8.)*(CU**2.)*S4)~«(CU* *3,)%(S5+S6))+{((CU**4.)*S7)
BR3B=((9./4.)*CU*S1)#(6.*(CU**2.)*(52+53))
*(12*(CU**3.)*S4)
SUMC=H*BR3A
AL3L=((L/KFB)*SUMC)+(11./16.)
ALPH3 =AL3L+((3./8.)*ETA*BR3B)
BR4A=((9./256.)*S1)+((3./16.)*CU*(S2+53))
*((1./8.)*(CU**2.)*S4)((CU *+43,)%(S5+S6))+((CU**4.)*S7)
BR4B=((1./4.)*CU*S1)+(6.*(CU* *2.)*(S2+53))-(12.%(CU**3.)*S4)
SUMD=H*BR4A
ALAL=((L/KFB)*SUMD)+(3./16.)
ALPH4 =ALA4L+((3./8.)*ETA*BR4B)
BRKS=(3./16.)*(CU*S1)+(1./2.)*(CU**2.)*(S2+S83)(CU* *3.)*S4
ALPHS = -((9./2.)*ETA*BRK5+(11./16.))
DENA = (ALPH1*ALPH4)(ALPH2*ALPH3)
Al=((ALPHO*ALPH4)(ALPH2*ALPHS5))/DENA
A2=((ALPH1*ALPHS)-(ALPHO*ALPH3))/DENA
TBULK = (1./70.)*((17.*A1)+(3.*A2))
CONST=1./(16.*(AL1L*ALAL-AL2L*AL3L))
all=(11.*al21-16.*al4l)*CONST
A21=(16.*AL3L-11.*AL1L)*CONST
TBULKL=(1/70.)*(17.*A1L+3.*A2L)
WRITE (1,19) TW,P,L,-TBULK,-TBULKL
WRITE (2,20) L,-TBULKL,-TBULK
WRITE (3,21) L,- TBULK
6 CONTINUE
5 CONTINUE
4 CONTINUE
write(*,*) etac,clar,cta
19 FORMAT (1X,F7.2,2(3X F6.2),2(3X,E10.4))
20 FORMAT (3X,F6.2,2(3X,E10.4))
21 FORMAT (3X,F6.2,3X E10.4)
11 FORMAT (4X, 'TW’ 8X,’P’,6X,’L" 9X, *TBULK’,9X,"TBULKL’)
STOP
END

FUNCTION F10(U)

COMMON F
DEN=(F*((U**2.)+(2.*Up+2.)+U)*(U+(2*F))
AUD=(F*((U**2.yH(4.*U*F)+(4.°F))/DEN
F10=AUD

RETURN

END

FUNCTION F11(U)
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COMMON F
DEN=(F*((U**2.)2.*U)+2.)+U)*(U+(2.*F))
AUD=(F*((U**2.)+(4.*U*F)+(4.*F)))/DEN
F11=AUD*U

RETURN

END

FUNCTION F12(U)

COMMON F
DEN=(F*((U**2.)+(2.*U)+2.)+U)*(U+(2.*F))
AUD=(F*((U**2.)H4.*U*F)+(4.*F)))/DEN
F12=AUD*(U**2.)

RETURN

END

FUNCTION F13(U)

COMMON F
DEN=(F*((U**2.)+2.*U)+2.1U)*(U+2.*F))
AUD=(F*((U**2.)+(4.*U*F)+(4.*F)))/DEN
F13=AUD*(U**3.)

RETURN

END

FUNCTION F14(U)

COMMON F
DEN=(F*((U**2)+(2.*Uy+2.)+U)*(U+(2-*F))
AUD=(F*((U**2.)+(4.*U*F)+(4.*F)))/DEN
F14=AUD*(U**4.)

RETURN

END
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™

NONGRAY RESULTS FOR NO

P

L

TBULK (NLTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

0.2429E+00 0.2429E+00
0.2429E+00 0.2428E+00
0.2429E+00 0.2427E+00
0.2428E+00 0.2413E+00
0.2428E+00 0.2386E+00
0.2427E+00 0.2307E+00
0.2416E+00 0.2010E+00
0.2401E+00 0.1776E+00
0.2381E+00 0.1576E+00
0.2429E+00 0.2428E+00
0.2428E+00 0.2425E+00
0.2428E+00 0.2419E+00
0.2418E+00 0.2350E+00
0.2390E+00 0.22S8E+00
0.2301E+00 0.2089E+00
0.1961E+00 0.1698E+00
0.1703E+00 0.1469E+00
0.1491E+00 0.1295E+00
0.2428E+00 0.2428E+00
0.2426E+00 0.2420E+00
0.2421E+00 0.2409E+00
0.2349E+00 0.2323E+00
0.2251E+00 0.2224E+00
0.2074E+00 0.2051E+00
0.1679E+00 0.1666E+00
0.1451E+00 0.1442E+00
0.1279E+00 0.1273E+00
0.2428E+00 0.2427E+00
0.2423E+00 0.2418E+00
0.2413E+00 0.2406E+00
0.2327E+00 0.2319E+00
0.2228E+00 0.2221E+00
0.2053E+00 0.2048E+00
0.1666E+00 0.1663E+00
0.1442E+00 0.1440E+00

100.00 0.1273E+00 0.1272E+00

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

0.2429E+00 0.2428E+00
0.2428E+00 0.2426E+00
0.2427E+00 0.2419E+00
0.2405E+00 0.2339E+00
0.2348E+00 0.2203E+00
0.2166E+00 0.1877E+00
0.1483E+00 0.1074E+00
0.1054E+00 0.7215E-01
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500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10 100.00 0.7741E-01 0.5235E-01

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00

0.10
050
1.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
050
1.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
5.00

10.00
20.00
50.00
75.00
100.00

0.10
0.50
1.00
5.00

10.00

20.00

50.00
75.00
100.00

0.10
0.50
1.00
5.00

10.00
20.00

50.00
75.00

100.00

0.10
0.50
1.00

0.2428E+00
0.2416E+00
0.2387E+00
0.1999E+00
0.1558E+00
0.1037E+00
0.5015E-01
0.3494E-01
0.2680E-01
0.2424E+00
0.2366E+00
0.2276E+00
0.1694E+00
0.1281E+00
0.8663E-01
0.4450E-01
0.3181E-01
0.2478E-01
0.2420E+00
0.2340E+00
0.2236E+00
0.1652E+00
0.1253E+00
0.8520E-01
0.4406E-01
0.3157E-01
0.2463E-01
0.2428E+00
0.2425E+00
0.2418E+00
0.2297E+00
0.2118E+00
0.1762E+00
0.9652E-01
0.6162E-01
0.4234E01
0.2427E+00
0.2399E+00
0.233BE+00
0.1686E+00
0.1116E+00
0.6075E-01
0.2337E-01
0.1508E-01
0.1105E-01
0.2421E+00
0.2317E+00
0.2136E+00
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0.2427E+00
0.2407E+00
0.2365E+00
0.1927E+00
0.1490E+00
0.9970E-01
0.4905E-01
0.3439E-01
0.2647E-01
0.2423E+00
0.2360E+00
0.2267E+00
0.1686E+00
0.1277E+00
0.8647E-01
0.4446E-01
0.3179E-01
0.2477E-01
0.2419E+00
0.2337E+00
0.2233E+00
0.1650E+00
0.1252E+00
0.8516E~-01
0.4406E-01
0.3157E-01
0.2463E-01
0.2428E+00
0.2425E+00
0.2416E+00
0.2290E+00
0.2108E+00
0.1751E+00
0.9572E-01
0.6108E-01
0.4196E-01
0.2427E+00
0.2399E+00
0.2338E+00
0.1684E+00
0.1114E+00
0.6067E-01
0.2335E-01
0.1507E-01
0.1104E-01
0.2421E+00
0.2317E+00
0.2136E+00



1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00

5.00 0.1163E+00 0.1162E+00
10.00 0.7215E-01
20.00 0.4096E-01
50.00 0.1786E-01
75.00 0.1215E-01
100.00 0.9207E-02

0.10
0.50
1.00
5.00

0.2415E+00
0.2255E+00
0.2026E+00
0.1062E+00

10.00 0.6688E-01
20.00 0.3876E-01
50.00 0.1730E-01
75.00 0.1186E-01
100.00 0.9024E-02

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

0.2429E+00
0.2427E+00
0.2423E+00
0.2349E+00
0.2228E+00
0.1993E+00
0.1420E+00
0.1070E+00

100.00 0.8165E-01

0.10
0.50
1.00
5.00
10.00

20.00
50.00
75.00
100.00

0.10
0.50
1.00
5.00

10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00

0.2428E+00
0.2415E+00
0.2384E+00
0.1958E+00
0.1460E+00
0.8603E-01
0.3156E-01
0.1932E-01
0.1362E-01
0.2426E+00
0.2372E+00
0.2256E+00
0.1337E+00
0.8147E-01
0.4419E-01
0.1815E-01
0.1209E-01
0.9046E-02
0.2423E+00
0.2329E+00
0.2150E+00
0.1141E+00
0.6943E-01
0.3881E-01
0.1671E-01
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0.7214E-01
0.4095E-01
0.1786E-01
0.1215E-01
0.9206E-02
0.2415E+00
0.2255E+00
0.2025E+00
0.1062E+00
0.6687E-01
0.3875E-01
0.1730E-01
0.1186E-01
0.9024E-02
0.2429E+00
0.2427E+00
0.2423E+00
0.2349E+00
0.2228E+00
0.1992E+00
0.1419E+00
0.1070E+00
0.8163E-01
0.2428E+00
0.2415E+00
0.2384E+00
0.1958E+00
0.1460E+00
0.8602E-01
0.3156E-01
0.1932E-01
0.1362E-01
0.2426E+00
0.2372E+00
0.2256E+00
0.1337E+00
0.8146E-01
0.4419E-01
0.1815E-01
0.1209E-01
0.9046E-02
0.2423E+00
0.2329E+00
0.2150E+00
0.1141E+00
0.6943E-01
0.3881E-01
0.1671E-01



2000.00 10.00 75.00 0.1133E-01 0.1133E-01
2000.00 10.00 100.00 0.8569E-02 0.8569E-02
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PROGRAM NLTE
C THIS PROGRAM INVESTIGATES LTE and NLTE EFFECT IN OH (NONGRAY CASE)
C THIS PROGRAM IS WRITTEN BY MANOIJ K. JHA IN OCTOBER 1992
C—
C IMPLICIT DOUBLE PRECISION (A-H,0-Z)
DOUBLE PRECISION IERR
REAL L, KFB
EXTERNAL F10,F11,F12,F13,F14
DIMENSION U(9),PRES(4),TEMP(4),EPS(2)
COMMON F
OPEN (1,FILE="outl1ca’)
OPEN (2,FILE="nlp’)
OPEN (3,FILE=lp’)
DATA U/0.1,0.5,1.,5.,10.,20.,50.,75.,100./
DATA PRES/0.1,1.,5.,10./
DATA TEMP/300.,500.,1000.,2000./
WRITE (1,11)
write(2,13)
write(2,*) 9,1
13 format(’3’/,’x’/,’t"/, ’t1’/,i4x,’1’)
write(3,14)
write(3,%) 9,1
14 format('2’/,’x’/,’t'J, /,idx,’1%)
DO 41T=1,4
TW=TEMP(IT)
DO 5 KK=1,4
P=PRES(KK)
DO61=19
=U()
TK1=TW**2.
TK2=TW**0.5
TK3=TW/273.
HCK=1.439257246
TS=300./TW
WNB=3570.
C2B=HCK*WNB
CCC=0.000053847734
CCB=CCC*(WNB**4.)
TB=C2B/TW
TEB=EXP(TB)
C1B=CCB/C2B
PFB=C1B/(TEB-1.)
DEV=TK1*((TEB-1.)**2.)
PFDB=(CCB*TEB)/DEV
AK1=(TW/300.)**0.5
AK2=(300./TW)**1.5
AZ=117.*AKl1
IF (TW.EQ.300.) THEN
KFB=4879.71

194



ELSEIF (TW.EQ.500.) THEN
KFB=6993.13

ELSEIF (TW.EQ.1000.) THEN
KFB=11504.56
KFB=20276.33

ENDIF

AMB=H/KFB

OMEG=3570.
TX=-HCK/TW)
TX1=TX*OMEG
ETX1=EXP(TX1)
C1=1.-ETXl1

S=110.*TS

CZ=S/AZ

PL=P*L

UZ=CZ*PL

We assume BS and PE as defined for NO

o o0 o0 o0 0000

PHI1=(15.15+(0.22*((TW/100.)**1.5)))*C1
DEL1=((PHI1**2.)/AK1)*0.001
BS=0.314*DELI1
PE=(1.1*P)**0.8
PE=P**0.65
BS=0.1042117/ak1
BETA=BS*PE
F=2.94*(1.-EXP((2.6*BETA)))
EPS(2)=1.E-04
EPS(1)=1.E-04
X1=0.
X2=(3./8.)*UZ
Y1=1.5*UZ
Y2=3.4X2
CALL QDAGS (F10,X1,Y1,EPS(2),EPS(1),R0,IERR)
CALL QDAGS (F11,X1,Y1,EPS(2),EPS(1),R1,IERR)
CALL QDAGS (F12,X1,Y1,EPS(2),EPS(1),R2,[ERR)
CALL QDAGS (F13,X1,Y1,EPS(2),EPS(1),R3,IERR)
CALL QDAGS (F14,X1,Y1,EPS(2),EPS(1),R4,[ERR)
CALL QDAGS (F10,X2,Y2,EPS(2),EPS(1),51,JERR)
CALL QDAGS (F11,X1,X2,EPS(2),EPS(1),52,IERR)
CALL QDAGS (F11,X1,Y2,EPS(2),EPS(1),S3,JERR)
CALL QDAGS (F12,X2,Y2,EPS(2),EPS(1),54,JERR)
CALL QDAGS (F13,X1,X2,EPS(2),EPS(1),S5,IERR)
CALL QDAGS (F13,X1,Y2,EPS(2),EPS(1),S6,IERR)
CALL QDAGS (F14,X2,Y2,EPS(2),EPS(1),S7,JERR)
H=AZ*PFDB
AM=(H*L)/KFB
CU=2./(3.*UZ)

195



O 60 0 60 o0 6 06 0

BU=1./CU
BR1A=(CU*R1)~(2.*(CU**3.)*R3)H{(CU**4.) *R4)
BR1B=((CU**2.)*R2)-(CU*R1)
ETC1=1.16*1.E-3*%((9.)**0.5)*(2700.**(4.3.))
ETC2=TW**(-1./3.)-0.015%((9.)**0.25)
ETC3=ETC1*ETC2-18.42
ETAC=ETC4/P

ETC1=(8.5)**(1./4.)
ETC2=0.015*ETC1
ETC3=TW**(-1./3.)
ETCA4A=ETC3-ETC2
ETC5=175.*ETC4
ETC6=(ETC5-18.42)

ETC7=EXP(ETC6)

ETAC=ETC7/P
ETAR1=8.%3.14%(3570.**(2.))*4.08*(1.E-12)*s*tw
ETAR=1./ETAR1
ETA=ETAC/ETAR
SUMA=H*BRIA
AL1L=1.+((L/KFB)*SUMA)
ALPH1=AL1L—~((9./2.)*ETA*CU*BR1B)
BR2A=((CU**2.)*R2)~(2.*(CU* *3.)*R3)+((CU**4.)*R4)
BR2B=R0~(6.*CU*R1}+(6.%(CU**2.)*R2)
SUMB=H*BR2A
AL2L =(L/KFB)*SUMB
ALPH2=AL21~((3./4.)*ETA*CU*BR2B)

ALPHO = (9./2.)*ETA*(CU**2.)*(CU*R2-R1)-1.
BR3A=((57./256.)*S1)+((11./16.)*CU*(S2+53))
*((9./8.)*(CU**2.)*S4){(CU**3.)*(S5 +56))+((CU**4.)*S7)
BR3B=((9./4.)* CU*S1)+(6.*(CU**2.)*(S2+53))
*_(12%(CU**3.)*S4)

SUMC=H*BR3A

AL3L=((L/KFB)*SUMC)+(11./16.)

ALPH3 =AL3L+((3./8.)*ETA*BR3B)
BRAA=((9./256.)*S1)+((3./16.)*CU*(S2+53))
*{((1/8.*(CU**2.)*S4)((CU*3.)*(S5+S6)+(CU**4)*ST)
BR4B=((1./4.)*CU*S1)+(6.*(CU* *2.)*(S2+S3))(12.%(CU**3.)*S4)
SUMD=H*BR4A

ALAL=((L/KFB)*SUMD)+(3./16.)

ALPH4 =ALAL+((3./8.)*ETA*BR4B)
BRKS=(3./16.)*(CU*S1)+(1./2.)*(CU* *2.)*(S2+4S3){(CU**3.)*S4
ALPHS = «{(9.22.)*ETA*BRK5+(11./16.))

DENA = (ALPH1*ALPH4)(ALPH2*ALPH3)
Al=((ALPHO*ALPH4)-(ALPH2 *ALPHS))/DENA
A2=((ALPH1*ALPHS5)ALPHO *ALPH3))/DENA

TBULK = (1./70.)*((17.*A1)+(3.*A2))
CONST=1./(16.*(AL1L*ALAL-AL2L*AL3L))
alL=(11.*L2L—16.%aLAL)*CONST
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6
5
4

19
20
21
1

A21 =(16.*AL3L-11.*AL1L)*CONST
TBULKL=(1/70.)*(17.*A1L+3.*A2L)
WRITE (1,19) TW,P,L,-TBULK,-TBULKL
WRITE (2,20) L,-TBULKL,-TBULK
WRITE (3,21) L,- TBULK
CONTINUE
CONTINUE
CONTINUE
write(*,*) etac,etareta
FORMAT (1X,F7.2,2(3X,F6.2),2(3X,E10.4))
FORMAT (3X,F6.2,2(3X,E10.4))
FORMAT (3X,F6.2,3X E10.4)
FORMAT (4X, 'TW’,8X,’P’,6X,’L’,9X,’"TBULK’,9X,"TBULKL’)
STOP
END

FUNCTION F10(U)

COMMONF
DEN=(F*((U**2.)+(2.*U)+2.)+U)*(U+(2.*F))
AUD=(F*((U**2.)+(4.*U*F)+(4.*F)))/DEN
F10=AUD

RETURN

END

FUNCTION F11(U)

COMMONF
DEN=(F*((U**2.)+(2.*U)+2.)+U)*(U+(2.*F))
AUD=(F*((U**2.)+(4.*U*F)+(4.*F)))/DEN
F11=AUD*U

RETURN

END

FUNCTION F12(U)

COMMON F
DEN=(F*((U**2.)+(2.*U)+2.)+U)*(U+(2.*F))
AUD=(F*((U**2.)+(4.*U*F)+(4.*F)))/DEN
F12=AUD*(U**2.)

RETURN

END

FUNCTION F13(U)

COMMONF
DEN=(F*((U**2.)+(2.*U)+2.)+U)*(U+(2.*F))
AUD=(F*((U**2.)+(4.*U*F)+(4.*F)))/DEN
F13=AUD*(U**3.)

RETURN

END

FUNCTION F14(U)

COMMON F
DEN=(F*((U**2.)+(2.*U)+2.)+U)*(U+(2.*F))
AUD=(F*((U**2.)+(4.*U*F)+(4.*F)))/DEN
F14=AUD*(U**4.)
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RETURN
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NONGRAY RESULTS FOR OH

T™W P

L

TBULK (NLTE)

TBULKL (LTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

PRECEDING FPAGE DILANK NOT FILMED

0.10
050
1.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
050
1.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
5.00

10.00
20.00
50.00
75.00
100.00

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

0.2429E+00
0.2429E+00
0.2429E+00
0.2429E+00
0.2429E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2427E+00
0.2429E+00
0.2429E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2427E+00
0.2423E+00
0.2419E+00
0.2416E+00
0.2429E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2427E+00
0.2426E+00
0.2421E+00
0.2417E+00
0.2413E+00
0.2429E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2427E+00
0.2425E+00
0.2421E+00
0.2417E+00
0.2413E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2423E+00
0.2410E+00
0.2373E+00
0.2212E+00
0.2043E+00
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0.2429E+00
0.2429E+00
0.2429E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2427E+00
0.2425E+00
0.2424E+00
0.2429E+00
0.2429E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2426E+00
0.2422E+00
0.2418E+00
0.2415E+00
0.2429E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2427E+00
0.2426E+00
0.2421E+00
0.2417E+00
0.2413E+00
0.2429E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2427E+00
0.2425E+00
0.2421E+00
0.2417E+00
0.2413E+00
0.2429E+00
0.2428E+00
0.2428E+00
0.2418E+00
0.2399E+00
0.2353E+00
0.2170E+00
0.1987E+00



500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00

10.00

10.00

10.00

10.00

10.00

10.00

10.00

10.00

10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00

100.00 0.1864E+00 0.1799E+00

0.10
0.50
1.00
5.00
10.00
20.00
50.00

75.00
100.00

0.10
050
1.00
5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
5.00

10.00
20.00
50.00
75.00
100.00

0.10
0.50
1.00
5.00

10.00
20.00
50.00
75.00
100.00

0.10
0.50

1.00

5.00

10.00
20.00
50.00
75.00
100.00

0.2429E+00
0.2427E+00
0.2423E+00
0.2359E+00
0.2246E+00
0.2006E+00
0.1448E+00
0.1158E+00
0.9615E-01
0.2428E+00
0.2422E+00
0.2408E+00
0.2255E+00
0.2073E+00
0.1782E+00
0.1256E+00
0.1010E+00
0.8468E-01
0.2428B+00
0.2417E+00
0.2397E+00
0.2223E+00
0.2037E+00
0.1748E+00
0.1235E+00
0.9959E-01
0.8361E-01
0.2428E+00
0.2426E+00
0.2419E+00
0.2262E+00
0.1985E+00
0.1512E+00
0.7990E-01
0.5358E-01
0.3841E-01
0.2427E+00
0.2404E+00
0.2342E+00
0.1547E+00
0.9228E-01
0.4460E-01
0.1441E-01
0.8609E-02
0.5995E-02

0.2428E+00
0.2427E+00
0.2423E+00
0.2355E+00
0.2239E+00
0.1997E+00
0.1441E+00
0.1153E+00
0.9576E-01
0.2428E+00
0.2422E+00
0.2407E+00
0.2254E+00
0.2072E+00
0.1781E+00
0.1255E+00
0.1010E+00
0.8466E-01
0.2428E+00
0.2417E+00
0.2397E+00
0.2223E+00
0.2036E+00
0.1748E+00
0.1235E+00
0.9959E-01
0.8360E-01
0.2428E+00
0.2426E+00
0.2419E+00
0.2256E+00
0.1975E+00
0.1501E+00
0.7940E-01
0.5329E-01
0.3821E-01
0.2427E+00
0.2404E+00
0.2342E+00
0.1545E+00
0.9217E-01
0.4455E-01
0.1440E-01
0.8605E-02
0.5992E-02

0.10 0.2423E+00 0.2423E+00
0.50 0.2321E+00 0.2321E+00
1.00 0.2096E+00 0.2096E+00
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1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

5.00 5.00
5.00 10.00
5.00 20.00
5.00 50.00
5.00 75.00
5.00 100.00
10.00 0.10
10.00 0.50
10.00 1.00
10.00 5.00
10.00 10.00
10.00 20.00
10.00 50.00
10.00 75.00
10.00 100.00
0.10 0.10
0.10 0.50
0.10 1.00
0.10 5.00
0.10 10.00
0.10 20.00
0.10 50.00
0.10 75.00
0.10 100.00
1.00 0.10
1.00 0.50
1.00 1.00
1.00 5.00
1.00 10.00
1.00 20.00
1.00 50.00
1.00 75.00
1.00 100.00
5.00 0.10
500 0.50
5.00 1.00
5.00 5.00
5.00 10.00
5.00 20.00
5.00 50.00
5.00 75.00
5.00 100.00
10.00 0.10
10.00 0.50
10.00 1.00
10.00 5.00
10.00 10.00
10.00 20.00
10.00 50.00

0.8363E-01
0.4284E-01
0.2094E-01
0.8028E-02
0.5265E-02
0.3908E-02
0.2418E+00
0.2237E+00
0.1905E+00
0.6669E-01
0.3526E-01
0.1810E-01
0.7351E-02
0.4917E-02
0.3694E-02
0.2428E+00
0.2426E+00
0.2417E+400
0.2212E+00
0.1832E+00
0.1232E+00
0.5555E-01
0.3701E-01
0.2721E-01
0.2427E+00
0.2401E+400
0.2327E+00
0.1353E+00
0.7122E-01
0.3131E-01
0.9162E-02
0.5161E-02
0.3423E-02
0.2423E+00
0.2302E+00
0.2021E+00
0.5888E-01
0.2506E-01
0.1043E-01
0.3394E-02
0.2108E-02
0.1515E-02
0.2417E+00
0.2195E+00
0.1762E+00
0.3993E-01
0.1742E-01
0.7739E-02
0.2778E-02
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0.8361E-01
0.4283E-01
0.2093E-01
0.8028E-02
0.5264E-02
0.3908E-02
0.2418E+00
0.2237E+00
0.1905E+00
0.6668E-01
0.3526E-01
0.1810E-01
0.7351E-02
0.4917E-02
0.3694E-02
0.2428E+00
0.2426E+00
0.2417E+00
0.2212E+00
0.1831E+00
0.1231E+00
0.5551E-01
0.3698E-01
0.2720E-01
0.2427E+00
0.2401E+00
0.2327E+00
0.1353E+00
0.7122E-01
0.3131E-01
0.9162E-02
0.5161E-02
0.3423E-02
0.2423E+00
0.2302E+00
0.2021E+00
0.5888E-01
0.2506E-01
0.1043E-01
0.3394E-02
0.2108E-02
0.1515E-02
0.2417E+00
0.2195E+00
0.1762E+00
0.3993E-01
0.1742E-01
0.7739E-02
0.2778E-02



2000.00 10.00 75.00 0.1793E-02 0.1793E-02
2000.00 10.00 100.00 0.1320E-02 0.1320E-02
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o000

THIS PROGRAM SOLVES FOR BULK TEMPERATURE FOR CO_2
UNDER NONGRAY ASSUMPTION. THE PROGRAM CAN CALCULATE BULK
TEMPERATURE UNDER BOTH LTE AND NLTE CONDITIONS.
IMPLICIT DOUBLE PRECISION (A-H,0-Z)

DOUBLE PRECISION IERR

REAL L, KFB

EXTERNAL F101,F102,F103,F111,F112,F113,F121 F122 F123 F131,F132,

*F133,F141,F142,F143

DIMENSION U(9),PRES(4), TEMP(4),EPS(3)

COMMON F1,F2 F3

OPEN(6,file="output1*)

open(7,file=’nlp’)

open(8,file="lp")

DATA UN.1,0.5,1.0,5.0,10.0,20.0,50.0,75.,100.0/

DATA PRESN.1,1..5.,10.0/

DATA TEMP/300.,500.,1000.0,2000.0/

WRITE(6,111)

write(7,13)

write(7,*) 9,1

13 format(’3’/,’x’,/,’t"/, *t1’ /,id x,’1")

write(8,14)
write(8,*) 9,1

14 fonnat('Z’,/,’x’,/,’t’,/, /,i4,x,’1’)

DO 41T = 1,4
TW = TEMP(IT)
DO 55 KK = 1,4
P = PRES(KK)
DO661=1,9
L=U(Ql)

CALCULATION OF PLANK’S FUNCTION IT’S DERIVATIVES

WNB BAND CENTER (1/CM)
HCK CONSTANT (K CM)

CCC C1*C2 (ERG-K-CM**3?7SEC)

PFDBI PLANCK FUNCTION DERIVATIVE FOR I BAND

OO0O0O0O0000O0

CESS = TW**2
STU = TW**0.5

SNT = TW/273.

HCK = 1.439257246
AK1 = (TW/300.)**0.5
TS = 300./TW

O0O00n0n

SPECTROSCOPIC PROPERTIES OF CO2
HERE WE HAVE CONSIDERED ONLY THREE BANDS(15,4.3 & 2.7 MICRONS)
WNBI BAND CENTER (1/CM)

WNBI1 = 667.
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WNB2 = 2347.

WNB3 = 3716.

C2B1 = HCK*WNB1
C2B2 = HCK*WNB2
C2B3 = HCK*WNB3

CCC = 0.000053847734
CCBl1 = CCC‘(WNBI“4)
CCB2 = CCC*(WNB2**4)
CCB3 = CCC*(WNB3**4)
TB1 = C2B1/TW

TB2 = C2BYTW

TB3 = C2B3/TW

TEB1 = EXP(TB1)

TEB2 = EXP(TB2)

TEB3 = EXP(TB3)

SNTBI = CESS*((TEB1-1.)**2.)
SNTB2 = CESS*((TEB2-1.)**2)
SNTB3 = CESS*((TEB3-1.)**2.)
PFDBI = (CCB1*TEB1)/SNTB1
PFDB2 = (CCB2*TEB2)/SNTB2
PFDB3 = (CCB3*TEB3)/SNTB3

|

cNeNeNeNeN®

BAND MODEL CORRELATIONS (TIEN & LOWDER WIDE BAND MODEL)

AZI AOI(1/CM)

CZSI COI**2 (1/(ATM-CM))
BSI B**2 (NON DIMENSIONAL)
OMGI WAVE NUMBER (1/CM)

SI INTEGRATED BAND TNTENSITY (1(ATM CM**2))

i

AK1 = (TW/300.)**0.5
AK2 = (300./TW)**1.5
AZ1 =1.29*STU

AZ2 =1.15*STU

AZ3 = 2.4*STU

OO0

DKF THERMAL CONDUCTIVITY (ERG/CM-SECK)

KFB = (1488.365171)*(SNT**1.23)

AMB = H/KFB
OMG1 = 1351.0
OMG2 = 667.0
OMGS3 = 2396.0
TX =—(HCK/TW)
TX1 = TX*OMG1
TX2 = TX*OMG2
TX3 = TX*OMG3
ETX1 = EXP(TX1)
ETX2 = EXP(TX2)
ETX3 = EXP(TX3)
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CI = 1.0-ETX1
C2 = 1.0-ETX2

C3 = 1.0-ETX3

BRKT = TX*(OMG1+OMG3)
PHI2 = (1.0- EXP(BRKT))/(C1*C3)
TS = 300.0/TW

S1 = 339.685*TS

S2 = 2702.7*TS

S3 = 71.497*TS*PHI2

CZS1 = S1/AZ1

CZS2 = S2/AZ2

CZS3 = S3/AZ3

OO0

PL PRESSURE PATH LENGTH (ATM-CM)

PL=P*L
UZ1 = CZS1*PL

UZ2 = CZS2*PL

UZ3 = CZS3*PL

BS1 = 0.0841*AK1

BS2 = 0.32895*AK1

PHI3 = 1.0+0.053*((TW/100.0)**1.5)
DEL2 = (PHI3**2.0)/(PHI2 *AK1)
BS3 = 0.1112*DEL2

000

PEI EFFECTIVE PRESSURE FOR EACH BAND (NON DIMENSIONAL)

PE1 = (1.3*P)**0.7
PE2 = (1.3*P)**0.8
PE3 = (1.3*P)**0.65

oNoNe!

BETAI LINE STRUCTURE PARAMETR

BETA1 = BS1*PE1
BETA2 = BS2*PE2
BETA3 = BS3*PE3

CORRELATION FOR EACH BAND

a0

F1 = 2.94*(1.0- EXP(—-(2.6*BETAL1)))
F2 = 2.94*(1.0- EXP(«2.6*BETA2)))
F3 = 2.94*(1.0- EXP(<2.6*BETA3)))

OO0

NUMERICAL INTEGRATION

EPS(2) = 1IE-04
EPS(1) = 1E-04
EP = 1.E-5
X1=0.0
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X21 = (3./8.)*UZ1

X22 = (3./8.)*UZ2

X23 =(3./8.)*UZ3

Y11 =1.5*UZ1

Y12 = 1.5*UZ2

Y13 =15*UZ3

Y21 = 3.0*X21

Y22 = 3.0°X22

Y23 = 3.0*X23

CALL QDAGS (FlOl,Xl,Yll,BPS(Z),EPS(l),ROl,IERR)

CALL QDAGS (F 102,X1,Y12,EPS(2),EPS(1),ROZ,IERR)

CALL QDAGS (F 103,X1,Y13,BPS(2),BPS(1),RO3,IERR)

CALL QDAGS(Flll,Xl,Yll,EPS(Z),EPS(l),Rll,IERR)

CALL QDAGS(F112,X1,Y12,EPS(2),EPS(1),RIZ,IERR)

CALL QDAGS(F113,XI,Y13,EPS(2),EPS(1),RI3,IERR)

CALL QDAGS(FIZI,XI,Yll,EPS(Z),EPS(l),RZl,IBRR)

CALL QDAGS(F122,X1,Y12,EPS(2),EPS(1),R22,IERR)

CALL QDAGS(FIZ3,X1,Y13,EPS(2),EPS(1),R23,IERR)

CALL QDAGS(F131,x1,Y11,EPS(2),EPS(1),R31,IERR)

CALL QDAGS(FI32,X1,Y12,EPS(2),EPS(1),R32,IERR)

CALL QDAGS(F133,X1,Y13,EPS(2),EPS(1),P33,IERR)

CALL QDAGS(FMIJ(l,Yll,BPS(Z),EPS(l),RM,IBRR)

CALL QDAGS(F142,X1 ,Y12,EPS(2),EPS(1),R42,IERR)

CALL QDAGS(F 143,x1,Y13,EPS(2),EPS(1),R43,IERR)

CALL QDAGS(FIO1,X21,Y21,EPS(2),EPS(1),SII,IERR)
CALL QDAGS(F102,X22,Y22,EPS(2),BPS(1),SIZ,IERR)
CALL QDAGS(F 103,X23,Y23,EPS(2),EPS(1),SI3,IERR)
CALL QDAGS(F 111J(IXZI,EPS(Z),EPS(I),SZI,IERR)

CALL QDAGS(FII2,X1,X22,EPS(2),EPS(1),522,IBRR)

CALL QDAGS(F 113,X1,X23,EPS(2),EPS(1),SZS,IERR)

CALL QDAGS(F 111,X1,Y21,EPS(2),EPS(1),S31,IERR)

CALL QDAGS(Fllz,Xl,Y22,EPS(2),EPS(1),S32,IERR)

CALL QDAGS(F113,X1,Y23,EPS(2),EPS(1),S33,IERR)

CALL QDAGS(F 121,X21,Y21,EPS(2),EPS(1),S41,1ERR)
CALL QDAGS(FIZZ,XZZ,YZZ,EPS(Z),EPS(I),MZ,IERR)
CALL QDAGS(FI23,x23,Y23,EPS(2),EPS(l),S43,IERR)
CALL QDAGS(F131,X1,X21,EPS(2),EPS(1),SSI,IERR)

CALL QDAGS(F 132,X1,X22,EPS(2),EPS(1),552,IERR)

CALL QDAGS(FI33,X1,X23,EPS(2),EPS(1),553,IERR)

CALL QDAGS(F131,X1,Y21,EPS(Z),EPS(I),S61,IERR)

CALL QDAGS(FI32,x1,Y22,EPS(2),EPS(1),S62,IERR)

CALL QDAGS(F 133,X1,Y23,EPS(2),EPS(1),S63,IERR)

CALL QDAGS(F141,X21,Y21,EPS(2),EPS(1),S71,IERR)
CALL QDAGS(F 142,X22,Y22,EPS(2),EPS(1),S72,IERR)
CALL QDAGS(FI43,X23,Y23,EPS(Z),EPS(I),S73,IERR)
H1=AZ1*PFDB1

H2=AZ2*PFDB2

H3=AZ3*PFDB3

H=H1+H2+H3
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AM=(H*L)/KFB

CU1 = 2./(3.*UZ1)

CU2 = 2./(3.*UZ2)

CU3 = 2./(3.*UZ3)

BR1A1 = (CU1*R11)-2.*(CU1**3.)*R31+(CU1**4.)*R41
BR1A2 = (CU2*R12)-2.%(CU2**3.)*R32+(CU2**4.)*R42
BR1A3 = (CU3*R13)-2.%(CU3**3.)*R33+(CU3**4.)*R43
BR1B1=((CU1**2.)*R21)(CU1*R11)
BR1B2=((CU2**2.)*R22)-(CU2*R12)
BR1B3=((CU3**2.)*R23)(CU3*R13)
ETC1=((36.5*(TW**(~1/3.)))+3.9)
ETC2=EXP(ETC1)*(1.E-6)

ETAC=ETC2/P
ETR11=8.*3.14*(667.**(2.))*4.08*(1.E-12)*300.*339.685
ETAR1=1./ETR11
ETR12=8.3.14%(2347.**(2.))*4.08*(1.E~12)*300.*2702.7
ETAR2=1./ETR12
ETR13=8.%3.14*(3716.**(2.))*4.08*(1.E-12)*300.*71.497*PHI2
ETAR3=1./ETR13

ETA11=ETAC/ETAR1

ETA12=ETAC/ETAR2

ETA13=ETAC/ETAR3

SUMAI1 =H1*BR1A1l

SUMA2 = H2*BR1A2

SUMA3 = H3*BR1A3
SUMAL=SUMA1+SUMA2+SUMA3

ALIL = 1.+(L/KFB)*SUMAL
SUMANI1=ETA11*CU1*BR1B1
SUMAN2=ETA12*CU2*BR1B2
SUMAN3=ETA13*CU3*BR1B3
SUMAN=(9./2.)*(SUMAN1+SUMAN2+SUMAN3)
ALPH1=AIL11.-SUMAN

BR2A1 = (CU1**2.)*R21-2.%(CU1**3,)*R31+(CU1**4.)*R41
BR2A2 = (CU2**2.)*R22-2.*(CU2**3.)*R32+(CU2**4.)*R42
BR2A3 = (CU3**2.)*R23-2.4(CU3**3.)*R33+(CU3**4.)*R43
BR2B1=R01(6.*CU1*R11)4+(6.%(CU1**2.)*R21)
BR2B2=R026.*CU2°R12)+(6.*(CU2**2.)*R22)
BR2B3=R03—(6.*CU3*R13)+(6.*(CU3**2.)*R23)
SUMBI1 = H1*BR2A1

SUMB?2 = H2*BR2A2

SUMB3 = H3*BR2A3
SUMBL=SUMB1+SUMB2+SUMBS3
SUMBNI1=ETA11*CU1*BR2B1
SUMBN2=ETA12*CU2*BR2B2
SUMBN3=ETA13*CU3*BR2B3
SUMBN=(3./4.)*(SUMBN1+SUMBN2+SUMBN3)

AL2L = (L/KFB)*SUMBL

ALPH2=A1.2L-SUMBN
ALPHO1=ETA11*(CU1**2.)%(CU1*R21-R11)
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ALPH02=ETA12#(CU2°**2.)*(CU2*R22-R12)
ALPH03=ETA13*(CU3**2.)*(CU3*R23-R13)
ALPHO=(9./2.)*(ALPHO1+ALPH02+ALPHO03)-1.

BR3AI = (57./256.)*S114(11./16.)*CU1*(S214531)
o_(9./8.%(CU17*2)*S41-(CU1**3.)%(S51+S61)+(CU1**4)*ST1
BR3A2 = (57./256.)*S124(11./16.)*CU2%(S22+532)
*_(9./8.)*(CU2°*2.)*S42(CU2°*3.)*(S52+S62)+(CU2**4)*S72
BR3A3 = (57./256.)*S13+(11./16.)*CU3*(523+533)

o (9.18.)*(CU3**2)*S43-(CU3**3.)*(S53+S63)HCU3**4)*S73
BR3B1=((9./4.)*CU1*S11)+(6.%(CU1**2.)*(S214531)) |
*_(12%(CU1**3.)*S41)
BR3B2=((9./4.)*CU2*S12)4(6.*(CU2**2.)*(522+532))
*_(124(CU2**3.)°S42)
BR3B3=((9./4.)°CU3*S13)#(6.%(CU3**2.)*(§23+533))
*(12%(CU3%*3.)*S43)

SUMCI = H1*BR3Al

SUMC2 = H2*BR3A2

SUMC3 = H3*BR3A3

SUMCL=SUMC1+SUMC2+SUMC3

SUMCN1=ETA11*BR3B1

SUMCN2=ETA12*BR3B2

SUMCN3=ETA13*BR3B3
SUMCN=(3./8.)*(SUMCN1+SUMCN2+SUMCN3)

ALS3L =(11./16.)+ L/KFB)*SUMCL

ALPH3=AL3L+SUMCN

BR4AL = (9.0/256.)*S11+(3.0/16.)*CU1%(S21+531)
*(1./8.)*(CU1**2))*S41(CU1°*3.)*(S514S61)+(CU1°*4)*S71
BRAA2 = (9.0/256.)*S12+(3.0/16.)*CU2*(S22+532)
«(1/8.)*(CU2**2.)*S42-(CU2**3.)*(S52+S62+(CU2**4)*ST2
BR4A3 = (9.0/256.)*S13+(3.0/16.)*CU3*(S23+533)
*(1./8.)*(CU3**2.)*S43(CU3**3.)*(S53+563)+(CU3**4.)"ST3
BR4B1=((1./4.)*CU1*S11)+{(6.4(CU1**2.)*(S21+831))-
*(12.4(CU1**3.)°541)
BRAB2=((1./4.)*CU2*S12)+(6.*(CU2**2.)*(S22+532))-
*(12.9(CU2°*3.)°542)
BR4B3=((1./4.)*CU3*S13)4(6.%(CU3**2.)*(S23+533))-
*(12.4(CU3**3.)*543)

SUMDI = H1*BR4A1

SUMD2 = H2*BR4A2

SUMD3 = H3*BR4A3

SUMDL=SUMD1+SUMD2+SUMD3

SUMDN1=ETA11*BR4B1

SUMDN2=ETA12*BR4B2

SUMDN3=ETA13*BR4B3
SUMDN=(3./8.)*(SUMDN1+SUMDN2+SUMDN3)

ALAL = (3.0/16.+(L/KFB)*SUMDL

ALPH4=ALAL+SUMDN
BRSB1=(3./16.)*(CU1*S11}#(1./2.)*(CU1**2.)*(S214531)-(CU1**3,)*S41
BRSB2=(3./16.)*(CU2*S12)#(1.72.)*(CU2**2.)*(S224532)-(CU2**3.)*S42
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BR5B3=(3./16.)*(CU3*S13)+(1./2.)*(CU3**2.)*(S23+533)(CU3**3.)*S43
SUMEN1=ETA11*BRSB1
SUMEN2=ETA12*BR5B2
SUMEN3=ETA13*BR5B3
SUMEN=SUMEN1+SUMEN2+SUMEN3
ALPHS=-(9./2.)*SUMEN+(11./16.))
DENA = (ALPH1*ALPH4)(ALPH2*ALPH3)
Al=((ALPHO*ALPH4)(ALPH2*ALPHS))/DENA
A2=((ALPH1*ALPHS)(ALPHO*ALPH3))/DENA
TBULK =(1./70.)*((17.*A1)+(3.*A2))
CONST=1./(16.*(AL1L*ALAL-AL2L*AL3L))
all=(11.*al21-16.*al41)*CONST
A2] =(16.*AL3L-11.*AL1L)*CONST
TBULKL=(1/70.)*(17.*A1L+3.*A2L)
WRITE(6,200) TW,P.L ~-TBULK,-TBULKL
write(7,202)1,—tbulkl ,—tbulk
write(8,201)1,—tbulk
66 CONTINUE
55 CONTINUE
44 CONTINUE
200 FORMAT(8X,F7.2, 3X,F6.2, 3X F6.2, 2(3X,E10.4))
111 FORMAT(8X, TW’,8X,’P’,6X,’L’,9X,"TBULK’,7X,"TBULKL")
201 format (1x,19.2,3x,e10.4)
202 format (1x,19.2,2(3x,10.4))
STOP
END

FUNCTION F101(U1)
COMMON F1,F2,F3

DENTI = (F1*((U1**2)+(2.*U1)+2.)+U1)*(U1+(2.*F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1)))/DEN1
F101 = AUD1

RETURN

END

FUNCTION F102(U2)

COMMON F1,F2,F3

DEN2 = (F2*((U2**2.)+(2.*U2)+2.)+U2)*(U2+(2.*F2))
AUD2 = F2*((U2**2.)+(4.*U2*F2)+(4.*F2))/DEN2
F102 = AUD2

RETURN

END

FUNCTION F103(U3)

COMMON F1,F2F3

DEN3 =((F3*((U3**2.)+2.*U3)+2.)+U3)*(U3+(2.*F3))
AUD3 = (F3*((U3*2.)+(4.*U3*F3)+(4.*F3)))/DEN3
F103 = AUD3

RETURN

END

FUNCTION F111(U1)
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COMMON F1,F2F3

DEN1 = (F1*((U1**2.}+(2.*U1)+2.+U1)*(U1+(2.*F1))
AUDI = (F1#((U1**2.)+(4.*U1*F1)+(4.°F1))/DEN1
F111 = AUD1*U1

RETURN

END

FUNCTION F112(U2)

COMMON F1,F2,F3

DEN2 = (F2*((U2*U2 }+(2. *U2)+2.+U2)*(U2+(2.*F2))
AUD2 = (F2*((U2*U2 }+{4.*U2*F2)+(4.*F2)))/DEN2
F112 = AUD2*U2

RETURN

END

FUNCTION F113(U3)

COMMON F1,F2F3

DEN3 = (F3*((U3°*2)+(2.*U3)+2.}+U3)* (U3+(2.°F3))
AUD3 = (F3%((U3**2.)+(4.*U3*F3)+(4.°F3))YDEN3
F113 = AUD3*U3

RETURN

END

FUNCTION F121(U1)

COMMON F1,F2F3

DEN1 = (F1°((U1**2)+(2.*U1)+2.)+U1)*(U1+(2.°F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1))YDEN1
F121 = AUD1*U1°U1

RETURN

END

FUNCTION F122(U2)

COMMON F1,F2,F3

DEN2 = (F2*((U2**2)+(2.*U2)+2.+U2)*(U2+(2.*F2))
AUD2 = (F2*((U2**2.)+(4.*U2*F2)+(4.°F2))/DEN2
F122 = AUD2*U2**2.

RETURN

END

FUNCTION F123(U3)

COMMON F1,F2,F3

DEN3 = (F3%((U3**2)+(2.*U3)+2.)+U3)*(U3+(2.°F3))
AUD3 = (F3*((U3**2.)+(4.°U3*F3)+(4.°F3))yYDEN3
F123 = AUD3*U3*U3

RETURN

END

FUNCTION F131(U1)

COMMON F1,F2,F3

DENI = (F1°((U1°*2)+(2-*U1)+2.)+U1)*(U1+(2."F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1))yDEN1
F131 = AUD1°U1**3,

RETURN

END

FUNCTION F132(U2)
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COMMON F1,F2,F3

DEN2 = (F2*4((U2**2)}+(2.*U2)+2.)+U2)*(U2+(2.*F2))
AUD2 = (F2*((U2**2.)4(4.°U2°*F2)+(4.*F2))yDEN2
F132 = AUD2*U2**3.

RETURN

END

FUNCTION F133(U3)

COMMON F1,F2,F3

DEN3 = (F3*((U3**2.)+(2.*U3)+2.}+U3)*(U3+(2.*F3))
AUD3 = (F3%((U3**2.)+(4.*U3*F3)+(4.*F3))/DEN3
F133 = AUD3*U3**3.

RETURN

END

FUNCTION F141(U1)

COMMON F1,F2F3

DENI = (F1*((U1**2.)+(2.*U1)+2.)+U1)*(U1+(2.*F1))
AUDI = (F1*((U1**2.)+(4.°U1*F1)+(4.*F1))yDEN1
F141 = AUDI*U1**4,

RETURN

END

FUNCTION F142(U2)

COMMON F1,F2,F3

DEN2 = (F2*((U2**2.}+(2.5U2)+2.)+U2)*(U2+(2.*F2))
AUD2 = (F2*((U2**2.)+(4.*U2*F2)+(4.*F2)))/DEN2
F142 = AUD2*U2*U2*U2*U2

RETURN

END

FUNCTION F143(U3)

COMMON F1,F2,F3

DEN3 = (F3*%((U3**2.)4+(2.*U3)+2.)+U3)*(U3+(2.*F3))
AUD3 = (F3*((U3**2.)+(4.*U3*F3)+(4.*F3)))/DEN3
F143 = AUD3*U3**4,

RETURN

END
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NONGRAY RESULTS FOR CO;

™ P

L

TBULK (NLTE)

TBULKL (LTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.10
050
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
050
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

0.2429E+00
0.2428E+00
0.2426E+00
0.2372E+00
0.2226E+00
0.1847E+00
0.1044E+00
0.7297E-01
0.5527E-01
0.2426E+00
0.2400E+00
0.2355E+00
0.1979E+00
0.1631E+00
0.1205E+00
0.6807E-01
0.5018E-01
0.3980E-01
0.2419E+00
0.2367E+00
0.2305E+00
0.1908E+00
0.1574E+00
0.1170E+00
0.6680E-01
0.4945E-01
0.3933E-01
0.2416E+00
0.2362E+00
0.2300E+00
0.1904E+00
0.1570E+00
0.1168E+00
0.6674E-01
0.4942E-01
0.3931E-01
0.2428E+00
0.2425E+00
0.2415E+00
0.2227E+00
0.1899E+00
0.1338E+00
0.6055E-01
0.3971E-01
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0.2428E+00
0.2422E+00
0.2411E+00
0.2250E+00
0.1985E+00
0.1525E+00
0.8367E-01
0.5980E-01
0.4636E-01
0.2424E+00
0.2390E+00
0.2338E+00
0.1954E+00
0.1612E+00
0.1194E+00
0.6774E-01
0.5000E-01
0.3970E-01
0.2418E+00
0.2366E+00
0.2303E+00
0.1907E+00
0.1573E+00
0.1169E+00
0.6679E-01
0.4945E-01
0.3933E-01
0.2416E+00
0.2362E+00
0.2299E+00
0.1903E+00
0.1570E+00
0.1168E+00
0.6674E-01
0.4942E-01
0.3931E-01
0.2426E+00
0.2402E+00
0.2359E+00
0.1949E+00
0.1528E+00
0.1020E+00
0.4815E-01
0.3290E-01

T



500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10 100.00 0.2915E-01 0.2486E-01

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00

0.2421E+00
0.2355E+00
0.2258E+00
0.1625E+00
0.1189E+00
0.7753E-01
0.3832E-01
0.2705E-01
0.2092E-01
0.2408E+00
0.2302E+00
0.2178E+00
0.1535E+00
0.1131E+00
0.7470E-01
0.3752E-01
0.2662E-01
0.2065E-01
0.2404E+00
0.2293E+00
0.2168E+00
0.1532E+00
0.1130E+00
0.7474E-01
0.3754E-01
0.2664E-01
0.2066E-01
0.2428E+00
0.2414E+00
0.2378E+00
0.1782E+00
0.1151E+00
0.5783E-01
0.1878E-01
0.1121E-01
0.7800E-02
0.2407E+00
0.2194E+00
0.1907E+00
0.7829E-01
0.4208E-01
0.2148E-01
0.8727E-02
0.5866E-02
0.4428E-02

0.2417E+00
0.2337E+00
0.2232E+00
0.1596E+00
0.1171E+00
0.7672E-01
0.3813E-01
0.2696E-01
* 0.2087E-01
0.2407E+00
0.2299E+00
0.2176E+00
0.1533E+00
0.1130E+00
0.7467E-01
0.3751E-01
0.2662E-01
0.2065E-01
0.2403E+00
0.2292E+00
0.2168E+00
0.1531E+00
0.1130E+00
0.7473E-01
0.3754E-01
0.2664E-01
0.2066E-01
0.2424E+00
0.2357E+00
0.2226E+00
0.1296E+00
0.7718E-01
0.3942E-01
0.1430E-01
0.9001E-02
0.6491E-02
0.2397E+00
0.2151E+00
0.1854E+00
0.7591E-01
0.4112E-01
0.2117E-01
0.8667E-02
0.5839E-02
0.4412E-02

0.10 0.2366E+00 0.2363E+00
0.50 0.2018E+00 0.2012E+00
1.00 0.1647E+00 0.1642E+00
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1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

5.00
10.00
20.00
50.00
75.00

100.00
0.10
0.50
1.00

5.00

10.00
20.00
50.00

0.6204E-01
0.3539E-01
0.1943E-01
0.8438E-02
0.576TE-02
0.4387E-02
0.2351E+00
0.1957E+00
0.1571E+00
0.6082E-01
0.3551E-01
0.1973E-01
0.8580E-02
0.5853E-02
0.4446E-02
0.2428E+00
0.2417E+00
0.2385E+00
0.1783E+00
0.1098E+00
0.4990E-01
0.1373E-01
0.7604E-02
0.5028E-02
0.2414E+00
0.2202E+00
0.1864E+00
0.6093E-01
0.2865E-01
0.1292E-01
0.466TE-02
0.3050E-02
0.2275E-02
0.2371E+00
0.1939E+00
0.1471E+00
0.4069E-01
0.2075E-01
0.1063E-01
0.4458E-02
0.3040E-02
0.2315E-02
0.2346E+00
0.1828E+00
0.1334E+400
0.3777E-01
0.2022E-01
0.1073E-01
0.4581E-02
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0.6190E-01
0.3535E-01
0.1942E-01
0.8436E-02
0.5766E-02
0.4387E-02
0.2350E+00
0.1955E+00
0.1569E+00
0.6078E-01
0.3550E-01
0.1972E-01
0.8579E-02
05853E-02
0.4445E-02
0.2426E+00
0.2384E+00
0.2279E+00
0.1286E+00
0.7039E-01
0.3214E-01
0.9842E-02
0.5750E-02
0.3948E-02
0.2409E+00
0.2162E+00
0.1807E+00
0.5875E-01
0.2786E-01
0.1267E-01
0.4623E-02
0.3030E-02
0.2264E-02
0.2369E+00
0.1932E+00
0.1465E+00
0.4057E-01
0.2072E-01
0.1062E-01
0.4457E-02
0.3039E-02
0.2314E-02
0.2345E+00
0.1826E+00
0.1332E+00
0.3774E-01
0.2021E-01
0.1073E-01
0.4580E-02



2000.00 10.00 75.00 0.3124E-02 0.3124E-02
2000.00 10.00 100.00 0.2375E-02 0.2375E-02
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¢ This program calcultes LTE and NLTE bulk temp. under nongray.
c gas assumption for H_20

[

IMPLICIT DOUBLE PRECISION (A-H,0-7)
REAL L KFB
EXTERNAL F101,F102,F103,F104,F105 F111 F112,F113,
* F114,F115,F121,F122 F123,F124,F125 F131 F132,
*F133,F134,F135 F141,F142,F143,F144 F145
DIMENSION U(9),PRES(4),TEMP(4)
COMMON F1,F2,F3,F4F5
OPEN(4,file="output4’)
open(5,file="nlp’)
open(6,file="1p’)
DATA U0.1,0.5,1.0,5.0,10.0,20.0,50.0,75.,100.0/
DATA PRES/.1,1.,5.,10.0/
DATA TEMP/300.,500.,1000.0,2000.0/
WRITE(4,111)
write(5,13)
write(5,*) 11,1

13 format(’3’/,’x’)/,'t’ )/, "t’,i4x,’1’)

write(6,14)
write(6,*) 11,1

14 formst(*2’,,’x’./,'t’/, /,i4x,’1’)

DO44IT=14
TW = TEMP(IT)
DOS5KK=14
P = PRES(KK)
DO661=19
L=UQD)

OO0 00On0

CALCULATION OF PLANK’S FUNCTIONIT’S DERIVATIVES

WNB BAND CENTER (1/CM)

HCK CONSTANT (K CM)

CCC C1*C2 (ERG-K-CM?**37SEC)

PFDBI PLANCK FUNCTION DERIVATIVE FOR I BAND

CESS = TW**2

STU = TW**0.5

SNT = TW/273.

HCK = 1.439257246
AK1 = (TW/300.)**0.5
TS = 300./TW

aoaon0oan

SPECTROSCOPIC PROPERTIES OF H20

HERE WE HAVE CONSIDERED FIVE BANDS(I.R.,6.3,2.7,1.87,1.38 MICRONS)

WNBI BAND CENTER (1/CM)

WNBI1 = 500.
WNB?2 = 1600.
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aOOO000000n

WNB3 = 3750.

WNB4 = 5350.

WNBS = 7250.

C2B1 = HCK*WNBI1

C2B2 = HCK*WNB2

C2B3 = HCK*WNB3

C2B4 = HCK*WNB4

C2BS = HCK*WNBS

CCC = 0.000053847734

CCB1 = CCC*(WNB1**4)
CCB2 = CCC*(WNB2**4)
CCB3 = CCC*(WNB3**4)
CCB4 = CCC*(WNB4**4)

CCBS = CCC*(WNB5**4)

TB1 = C2B1/TW

TB2 = C2B2/TW

TB3 = C2B3/TW

TB4 = C2B4/TW

TBS = C2BS/TW

TEB1 = EXP(TBI)

TEB2 = EXP(TB2)

TEB3 = EXP(TB3)

TEB4 = EXP(TBA4)

TEBS = EXP(TBS)

SNTB1 = CESS*((TEB1-1.)**2.)
SNTB2 = CESS*((TEB2-1.)**2.)
SNTB3 = CESS*((TEB3-1.)**2.)
SNTB4 = CESS*((TEB4-1.)**2.)
SNTBS = CESS*((TEbS—1.)**2.)
PFDBI = (CCB1*TEB1)/SNTB1
PFDB2 = (CCB2*TEB2)/SNTB2
PFDB3 = (CCB3*TEB3)/SNTB3
PFDB4 = (CCB4*TEB4)/SNTB4
PFDBS = (CCBS*TEBS)/SNTBS

BAND MODEL CORRELATIONS (TIEN & LOWDER WIDE BAND MODEL)
AZI AOI (1/CM)

CZSI COI**2 (1/(ATM-CM))

BSI B**2 (NON DIMENSIONAL)

OMGI WAVE NUMBER (1/CM)

SI INTEGRATED BAND TNTENSITY (1/(ATM CM**2))

AK1 = (TW/300.)**0.5
AK2 = (300./TW)**1.5
AZ1 = 49.4*AK1

AZ2 = 90.1*AK1

AZ3 = 112.6°AK1
AZ4 = 79.7*AK1

AZS = 79.7*AK1
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C
C DKF THERMAL CONDUCTIVITY (ERG/CM-SECK)
C-

KFB = (1488.365171)'(SNT"1.23)
AMB = H/KFB

OMGT1 = 3652.0

OMG2 = 1595.0

OMG3 = 3756.0

TX1 = TX*"OMG1

TX2 = TX*OMG2

TX3 = TX*OMG3

ETX1 = EXP(TX1)

ETX2 = EXP(TX2)

ETX3 = EXP(TX3)

C1 =1.0-ETX1

C2=1.0-ETX2

C3=1.0-ETX3

BRKT1 = TX*(OMG1+OMG3)
BRKT2 = TX*(OMG2+OMG3)
PH101 = (1.-EXP(BRKT1))/C1 *C2*C3
PHO11 = (1.-EXP(BRKT2))/C1 *C2*C3
TS11 = (TW/100.)**(-0.5)

PHI7 = EXP(-17.6*TS11)

CZS1 = 771.*AK2*PHI7

CZS2 = 3.35*AK2

CZS3 =1.52*AK2

CZS4 = 0.276*AK2*PH011

CZSS = 0.230*AK2*PH101

S1 = AZ1*CZS1

S2 = AZ2*CZS2

S3 = AZ3*CZS3

S4 = AZ4*CZ54

S5 = AZ5*CZSS

PL PRESSURE PATH LENGTH (ATM-CM)

O00

PL=P*L

UZ1 = CZS1*PL

UZ2 = CZS2*PL

UZ3 = CZS3*PL

UZ4 = CZS4°PL

UZS = CZS5*PL

BS1 = 0.073/AK1
BS2 = 0.130/AK1
BS3 = 0.145/AK1
BS4 = 0.118/AK1
BS5 =0.201/AK1
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PEI EFFECTIVE PRESSURE FOR EACH BAND (NON DIMENSIONAL)

PE = 5.0*P

BETAI LINE STRUCTURE PARAMETR

oNeNe]

BETA1 = BS1*PE
BETA2 = BS2*PE
BETA3 = BS3*PE
BETA4 = BS4*PE
BETAS = BS5*PE

Q00

CORRELATION FOR EACH BAND

F1 = 2.94*(1.0- EXP(<(2.6*BETAL1)))
F2 = 2.94*(1.0- EXP(~(2.6*BETA2)))
F3 = 2.94*(1.0- EXP(~(2.6*BETA3)))
F4 = 2.94*(1.0- EXP((2.6*BETA4)))
FS = 2.94*(1.0- EXP(~(2.6*BETAS)))
H1 = AZ1*PFDB1

H2 = AZ2*PFDB2

H3 = AZ3*PFDB3

H4 = AZ4*PFDB4

HS = AZS*PFDBS

H = H1+H2+H3+H4+HS5

AM = H*L/KFB

NUMERICAL INTEGRATION

Q00

EP =1.E-3
X1=0.0

X21 = (3./8.)*UZ1

X22 = (3./8.)*UZ2

X23 = (3./8.)*UZ3

X24 = (3./8.)*UZ4

X25 = (3.8.)*UZS

Y11 = 1.5*UZ1

Y12 = 1.5°UZ2

Y13 = 1.5*UZ3

Y14 = 1.5*UZ4

Y15 = 1.5*UZ5

Y21 = 3.0°X21

Y22 = 3.0*X22

Y23 = 3.0°X23

Y24 = 3.0°X24

Y25 = 3.0*X25

CALL RHBINT(F101,X1,Y11,R01,100,5,EP,KE)
CALL RHBINT(F102,X1,Y12,R02,100,5,EPKE)
CALL RHBINT(F103X1,Y13,R03,100,5,EPKE)
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CALL RHBINT(F104,X1,Y14,R04,100,5,EPKE)
CALL RHBINT(F105,X1,Y15,R05,100,5,EPKE)
CALL RHBINT(F111,X1,Y11,R11,100,5,EP,KE)
CALL RHBINT(F112,X1,Y12,R12,100,5,EP.KE)
CALL RHBINT(F113,X1,Y13,R13,100,5 EP,KE)
CALL RHBINT(F114,X1,Y14,R14,100,5,EPKE)
CALL RHBINT(F115,X1,Y15,R15,100,5,EP.KE)
CALL RHBINT(F121,X1,Y11,R21,100,5,EPKE)
CALL RHBINT(F122,X1,Y12,R22,100,5,EP,KE)
CALL RHBINT(F123,X1,Y13,R23,100,5,EPKE)
CALL RHBINT(F124,X1,Y14,R24,100,5,EPKE)
CALL RHBINT(F125,X1,Y15,R25,100,5,EPKE)
CALL RHBINT(F131,X1,Y11,R31,100,5,EP,KE)
CALL RHBINT(F132,X1,Y12,R32,100,5,EP.KE)
CALL RHBINT(F133,X1,Y13,R33,100,5,EPKE)
CALL RHBINT(F134,X1,Y14,R34,100,5,EPKE)
CALL RHBINT(F135X1,Y15,R35,100,5,EP,KE)
CALL RHBINT(F141,X1,Y11,R41,100,5,EP,KE)
CALL RHBINT(F142,X1,Y12,R42,100,5,EPKE)
CALL RHBINT(F143,X1,Y13,R43,100,5,EP,KE)
CALL RHBINT(F144,X1,Y14,R44,100,5,EP,KE)
CALL RHBINT(F145X1,Y15,R45,100,5,EP.KE)
CALL RHBINT(F101,X21,Y21,511,100,5,ERKE)
CALL RHBINT(F102,X22,Y22,512,100,5, EPKE)
CALL RHBINT(F103,X23,Y23,513,100,5,EPKE)
CALL RHBINT(F104,X24,Y24,514,100,5 EPKE)
CALL RHBINT(F105,X25,Y25,515,100,5,EPKE)
CALL RHBINT(F111,X1,X21,521,100,5,EPKE)
CALL RHBINT(F112,X1,X22,522,100,5,EPKE)
CALL RHBINT(F113,X1,X23,523,100,5,EPKE)
CALL RHBINT(F114,X1,X24,524,100,5,EP.KE)
CALL RHBINT(F115,X1,X25,825,100,5,EPKE)
CALL RHBINT(F111,X1,Y21,531,100,5,EPKE)
CALL RHBINT(F112,X1,Y22,532,100,5 EPKE)
CALL RHBINT(F113,X1,Y23,833,100,5 EPKE)
CALL RHBINT(F114,X1,Y24,534,100,5,EPKE)
CALL RHBINT(F115,X1,Y25,535,100,5 EPKE)
CALL RHBINT(F121,X21,Y21,541,100,5 EP.KE)
CALL RHBINT(F122,X22,Y22,542,100,5, EPKE)
CALL RHBINT(F123,X23,Y23,543,100,5,EPKE)
CALL RHBINT(F124,X24,Y24,544,100,5 EPKE)
CALL RHBINT(F125,X25,Y25,545,100,5, EPKE)
CALL RHBINT(F131,X1,X21,551,100,5,EP,KE)
CALL RHBINT(F132,X1,X22,552,100,5,EPKE)
CALL RHBINT(F133,X1,X23,853,100,5,EP,KE)
CALL RHBINT(F134,X1,X24,554,100,5,EP,KE)
CALL RHBINT(F135,X1,X25,855,100,5 EP,KE)
CALL RHBINT(F131,X1,Y21,561,100,5,EPKE)
CALL RHBINT(F132,X1,Y22,562,100,5,EPKE)
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CALL RHBINT(F133,X1,Y23,563,100,5 EPKE)
CALL RHBINT(F134,X1,Y24,564,100,5 EPKE)

CALL RHBINT(F135X1,Y25,565,100,5,EPKE)

CALL RHBINT(F141,X21,Y21,571,100,5,EP.KE)

CALL RHBINT(F142,X22,Y22,572,100,5,EPKE)

CALL RHBINT(F143,X23,Y23,573,100,5,EPKE)

CALL RHBINT(F144,X24,Y24,574,100,5,EPKE)

CALL RHBINT(F145,X25,Y25,575,100,5,EPKE)

CU1 = 2./(3.*UZ1)

CU2 = 2./(3.*UZ2)

CU3 = 2./(3.4UZ3)

CU4 = 2.(3.*UZ4)

CUS = 2./(3.*UZS5)

BRI1A1 = (CUI*R11)-2.%(CU1**3.)*R31+(CU1**4.)*R41
BRI1A2 = (CU2*R12)-2.*(CU2**3.)*R32+(CU2**4.)*R42
BR1A3 = (CU3*R13)-2.%(CU3**3.)*R33+(CU3**4.)*R43
BR1A4 = (CU4*R14)-2.%(CU4**3.)*R344(CU4**4.)*R44
BRIAS = (CU5*R15)-2.%(CUS**3.)*R35+(CUS5**4.)*R45
BR1B1=((CU1**2.)*R21)(CU1*R11)
BR1B2=((CU2**2.)*R22)(CU2*R12)
BR1B3=((CU3**2.)*R23)-(CU3*R13)
BR1B4=((CU4**2.)*R24)-(CU4*R14)
BR1B5=((CU5**2.)*R25)(CU5*R15)
ETC1=((36.5*(TW**(=1/3.))}+3.9)
ETC2=EXP(ETC1)*(1.E-6)

ETAC=ETC2/P
ETR11=8.*3.14%(500.**(2.))*4.08*(1.E-12) *s1*tw
ETAR1=1./ETR11
ETR12=8.%3.14*(1600.**(2.))*4.08*(1.E-12)*s2*tw
ETAR2=1./ETR12
ETR13=8.%3.14%(3750.**(2.))*4.08*(1.E~12)*s3*tw
ETAR3=1./ETR13
ETR14=8.3.14%(5350.**(2.))*4.08*(1.E-12)*s4*tw
ETAR4=1/ETR14
ETR15=8.73.14%(7250.%%(2.))*4.08*(1.E~12)*s5*tw
ETARS=1./ETR15

ETA11=ETAC/ETARI

ETA12=ETAC/ETAR2

ETA13=ETAC/ETAR3

ETA14=ETAC/ETAR4

ETA15=ETAC/ETARS

SUMALI = H1*BR1Al1

SUMA2 = H2*BR1A2

SUMA3 = H3*BR1A3

SUMA4 = H4*BR1A4

SUMAS = HS*BR1AS

ALIL = 1.+(L/KFB)*(SUMA1+SUMA2+SUMA3+SUMA4+SUMA5)
SUMAN1=ETA11*CU1*BR1B1
SUMAN2=ETA12*CU2*BR1B2
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SUMAN3=ETA13*CU3*BR1B3
SUMAN4=ETA14°CU4*BR1B4
SUMANS=ETA15°CU5*BR1B5
SUMAN=(9./2.)*(SUMAN1+SUMAN2+SUMAN3+SUMAN4+SUMANS)
ALPH1=AL1L-SUMAN

BR2A1 = (CU1**2.)*R21-2.%(CU1**3.)*R31+(CU1**4.)*Rd1
BR2A2 = (CU2°*2.)*R22-2.%(CU2**3.)°R32+{(CU2**4)*R42
BR2A3 = (CU3**2.)*R23-2.%(CU3**3.)*R334(CU3**4)°Rd3
BR2A4 = (CU4**2.)°R24-2.%(CU4**3.)*R34+(CU4**4.)*Ra4
BR2AS = (CUS**2.)*R25-2.#(CU5**3.)*R35+(CU5**4.)*R45
BR2B1=R01~(6.*CU1*R11)+(6.*(CU1**2.)*R21)
BR2B2=R02-(6.*CU2*R12)+(6.%(CU2**2.)*R22)
BR2B3=R03—(6.*CU3*R13)+(6.(CU3**2.)*R23)
BR2B3=R04(6.*CU4*R14)+(6.*(CU4**2.)*R24)
BR2B3=R03—(6.*CU5*R15)+(6.%(CUS5**2.)*R25)

SUMBI1 = H1*BR2A1

SUMB2 = H2*BR2A2

SUMBS3 = H3*BR2A3

SUMBA4 = H4*BR2A4

SUMBS = H5*BR2AS
SUMBL=SUMB1+SUMB2+SUMB3+SUMB4+SUMBS
SUMBN1=ETA11*CU1*BR2B1
SUMBN2=ETA12*CU2°*BR2B2
SUMBN3=ETA13*CU3*BR2B3
SUMBN4=ETA14*CU4*BR2B4
SUMBN5=ETA15*CU5*BR25B
SUMBN=(3./4.)*(SUMBN1+SUMBN2+SUMBN3+SUMBN4+SUMBNS)
AL2L = (L/KFB)*SUMBL

ALPH2=AL2L-SUMBN
ALPHO1=ETA11*(CU1**2.)%(CU1*R21-R11)
ALPH02=ETA12*(CU2**2.)*(CU2*R22-R12)
ALPH03=ETA13%(CU3**2.)*(CU3*R23-R13)
ALPHO4=ETA14°*(CU4**2.)*(CU4*R24-R14)
ALPHO5=ETA15*(CU5**2.)*(CUS*R25-R15)
ALPHO=(9./2.)*(ALPHO1 + ALPHO2+ ALPHO3 +ALPHO4+ ALPHO05)-1.
BR3A1 = (57./256.)*S11+(11./16.)*CU1%(S21+531)
o_(9./8.)*(CU1**2))*S41-(CU1**3.)*(S51+S61)+(CU1**4)*S71
BR3A2 = (57./256.)*S12+(11./16.)*CU2%(S22+532)
*_(9.B.)*(CU2*%2.)*S42-(CU2°**3.)*(S52+562)+(CU2**4.)*S T2
BR3A3 = (57./256.)*S13+(11./16.)*CU3*(S23+533)
*_(9./8.)*(CU3**2.)*S43(CU3**3.)*(S53+563)+(CU3**4.*S73
BR3A4 = (57./256.)*S14+(11./16.)*CU4*(524+534)
o—(9./8)*(CUA4**2.)*S44(CU4**3.)%(S54+564)+(CU4**4)*S74
BR3AS = (57./256.)*S154(11./16.)*CU5*(S25+535)
*_(9./8.)*(CUS**2)*S45—(CUS5**3.)*(S55+865)+(CUS5**4.)*S75
BR3B1=((9./4.)*CU1*S11)#(6.%(CU1**2.)*(S21+531))
*_(124(CU1**3.)°S41)
BR3B2=((9./4.)*CU2*S12)#(6.4(CU2**2.)*(S22+532))
«(12%(CU2%*3.)*S42)
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BR3B3=((9./4.)*CU3*S13)+(6.%(CU3**2.)*(S23+533))
*_(12%(CU3**3.)*S43)
BR3B4=((9./4.)*CU4*S14)+(6.*(CU4**2.)*(S24+534))
*(12%(CU4**3,)*S44)
BR3B5=((9./4.)*CUS*S15)+(6.*(CUS5**2.)*(S25+535))
*(12%(CU5**3.)*S45)

SUMC1 = H1*BR3A1

SUMC?2 = H2*BR3A2

SUMC3 = H3*BR3A3

SUMC4 = H4*BR3A4

SUMCS = H5*BR3AS
SUMCL=SUMC1+SUMC2+SUMC3+SUMC4+SUMCS
SUMCN1=ETA11*BR3B1

SUMCN2=ETA12*BR3B2

SUMCN3=ETA13*BR3B3

SUMCN4=ETA14*BR3B4

SUMCNS5=ETA15°BR3BS
SUMCN=(3./8.)*(SUMCN1+SUMCN2+SUMCN3+SUMCN4+SUMCN5)
AL3L =(11./16.)+( L/KFB)*SUMCL

ALPH3=AL3L+SUMCN

BR4AL = (9.0/256.)*S11+(3.0/16.)*CU1*(S21+S31)
*—(1./8.)%(CU1**2.)*S41(CU1**3.)*(S514S61)+(CU1 **4.)*ST1
BR4A2 = (9.0/256.)*S12+(3.0/16.)*CU2*(S22+532)
*—(1./8.)%(CU2**2.)*S42(CU2**3.)*(S52+S62)+(CU2**4.)*S72
BR4A3 = (9.0/256.)*S13+(3.0/16.)*CU3*(S23+533)
*~(1./8.)*(CU3**2.)*S43—(CU3**3,)*(S53+563)+(CU3**4.)*S73
BR4A4 = (9.0/256.)*S14+(3.0/16.)*CU4*(S24+534)
*—(1./8.)*(CU4* *2.)*S44—(CU4**3.)*(S54+564)+(CU4**4.)*S74
BR4AS = (9.0/256.)*S15+(3.0/16.)*CUS5 *(S25+535)
*—(1./8.)*(CUS**2.)*S45—(CU5**3.)*(S55+565)+(CUS **4.)*S75
BR4B1=((1./4.)*CU1*S11)+(6.%(CU1**2.)*(S21+531))—
*(12.%(CU1**3.)*S41)
BRAB2=((1./4.)*CU2*S12)4+(6.*(CU2**2.)*(S22+532))
*(12.%(CU2**3.)*S42)
BR4B3=((1./4.)*CU3*S13)+(6.*(CU3**2.)*(S23+533))
*(12.%(CU3**3,)*S43)

BR4B4=((1./4.)*CU4*S14)+(6.*(CU4* *2.)*(S24+S534))
*(12.%(CU4**3.)*S44)
BRABS=((1./4.)*CUS*S15)+(6.*(CUS**2.)*(S25+535))
*(12.4(CUS5**3.)*545)

SUMDI = H1*BR4A1

SUMD?2 = H2*BR4A2

SUMD3 = H3*BR4A3

SUMD4 = H4*BR4A4

SUMDS = HS*BR4AS
SUMDL=SUMD1+SUMD2+SUMD3+SUMD4+SUMD5
SUMDN1=ETA11*BR4B1

SUMDN2=ETA12*BR4B2

SUMDN3=ETA13*BR4B3
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SUMDN4=ETA14*BR4B4
SUMDNS=ETA15*BR4B5
SUMDN=(3./8.)‘(SUMDN1+SUMDN2+SUMDN3+SUMDN4+SUMDN5)
AlLAL = (3.0/16.)+(IJKFB)'SUMDL
ALPH4=ALA4L+SUMDN
BRSBI:(3./16.)‘(CUI"Sll)+(1./2.)‘(CUl“2.)‘(821+S31)—(CU1“3.)‘S41
BR532=(3./16.)‘(CUZ'512)+(1./2.)‘(CU2"2.)‘(822+S32)—(CU2“3.)‘S42
BIGBS=(3./16.)‘(CU3‘Sl3)+(1.fZ.)‘(CU3“2.)‘(SZ3+833)-(CU3“3.)“843
BRSB4=(3./16.)‘(CU4‘SI4)+(1.R.)‘(CU4"2.)'(S24+S34)—(CU4"3.)‘S44
BIUB5=(3./16.)'(CUS‘SIS)+(1./Z.)‘(CU5 #22)%(S25+535)(CU5**3.)*545
SUMEN1=ETA11*BR5B1
SUMEN2=ETA12*BR5B2
SUMEN3=ETA13*BR5B3
SUMEN4=ETA14*BR5B4
SUMENS=ETA15*BR5B5
SW=SUMEN1+SUMEN2+SUMEN3+SUMEN4+SUMENS
ALPHS5=—(9./2.)*SUMEN+(11./16.))
DENA = (ALPH1 * AL PH4)-(ALPH2*ALPH3)
A1=((ALPHO‘ALPH4)—(ALPH2‘ALPH5))/DBNA
A2=((ALPH1 + ALPHS)(ALPHO*ALPH3))/DENA
TBULK = (1./70.)*((17.*A1)+(3.*A2))
CONST=1./(16.‘(ALIL'AI.AL-ALZL‘ALSL))
all=(11.%al21-16.*al4l)*CONST
A2L=(l6.‘AL3L—11.‘AL1L)‘CONST
TBULKL=(1/70.)*(17.*A1L+3.*A2L)
WRITE(4,200) TW,P.L,-TBULK,-TBULKL
write(5,202)1,~tbulkl,~tbulk
write(6,201)1,—tbulk
66 CONTINUE
55 CONTINUE
44 CONTINUE
200 FORMAT(1X,F7.2, 3XF6.2, 3X F6.2, 2(3X,E10.4))
111 FORMAT(4X,"I'W’,8X,’P’,6X,’L’,9X,’TBULK’,7X,’TBULKL’)
201 format (1x,19.2,3x,¢10.4)
202 format (1x,19.2,2(3x,610.4))
STOP
END

C
subroutine rhbint(fct,a Jb,romb,nsd ko,ep.ke)
dimension 1(20)
ke=0.
xnsd=nsd
dix=(b-a)/xnsd
romb=0.
xul=a
templ=fci(xul)
do 4 i=1,nsd
xli=xul
xul=xul+dix
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tempu=fct(xul)
(1)=(templ+tempu)/2.
n=1
xn=1.
do 3 nh=] ko
n2m=2*n-1
u=0.
em=dIx/(2.*xn)
xn=-1,
do 1j=1,n2m,2
xn=txn+2.
u=u+fct(xll+txn*em)
continue
nhl=nh+1
t(nh1)=(u/xn+t(nh})/2.
ef=1.
do2j=1,nh
ef=4.%ef
jm=nh1-
temp=t(jm+1)+(t(jm+1)-t(jm))/(ef-1.)
if (abs ((1(jm)—(jm+1))/amax1(t(jm),t(jm+1)))—ep)10,10,2
jm)=temp
XDN=Xn+xn
n=n+n
continue
ke=ke+1
goto 11
t(1)=temp
romb=romb+t(1)
templ=tempu
continue
romb=romb*dIx
return
end

FUNCTION F101(U1)
COMMON F1,F2,F3 F4 F5

DEN1 = (F1*((U1**2)+(2.*U1)+2.)+U1)*(U1+(2.*F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1)))/DEN1
F101 = AUD1

RETURN

END

FUNCTION F102(U2)

COMMON F1,F2,F3,F4 F5

DEN2 = (F2*((U2**2.)+(2.*U2)+2.)+U2)*(U2+(2.*F2))
AUD2 = F2%((U2**2.)+(4.*U2*F2)+(4.*F2))/DEN2
F102 = AUD2

RETURN

END
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FUNCTION F103(U3)

COMMON F1,F2,F3,F4F5

dEN3 =(F3*((U3°*2)+(2. *U3)+ 2+U3)* (U3 H2.°F3))
AUDS3 = (F3%((U3**2.}+(4.°U3*F3)+(4.°F3))y/DEN3
F103 = AUD3

RETURN

END

FUNCTION F104(U4)

COMMON F1,F2,F3,F4F5

DEN4 =(F4*((U4°*2.}+(2.°U4)+2.)+Ud)*(U4+(2-*F4))
AUD4 = (F4*((U4**2.)+(4.*U4*F4)+(4.*F4)))/DEN4
F104 =AUD4

RETURN

END

FUNCTION F105(US)

COMMON F1,F2,F3,F4F5

DENS = (F5*((US**2.)+(2.*U5)+2.)+U5)*(U5+(2.*F5))
AUDS = (F5°*((US**2.)+(4.*US*F5)+(4."F5)))/DENS
F105 = AUDS

RETURN

END

FUNCTION F111(U1)

COMMON F1,F2,F3,F4F5

DENI = (F1*((U1°*2)+(2.*U1)+2.)+U1)*(U1+(2-*F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.°F1))/DEN1
F111 = AUD1*U1

RETURN

END

FUNCTION F112(U2)

COMMON F1,F2,F3,F4F5

DEN2 = (F2*((U2*U2 }+(2.*U2)+2)+U2)*(U2+(2."F2))
AUD?2 = (F2*((U2*U2 )+(4.*U2*F2)+(4.*F2)))/DEN2
F112 = AUD2°U2

RETURN

END

FUNCTION F113(U3)

COMMON F1,F2,F3,F4F5

DEN3 = (F3*((U3**2)+(2.*U3)+2.)+U3)* (U3+(2.°F3))
AUDS3 = (F3%((U3**2.)+(4.°U3*F3)+(4."F3))y/DEN3
F113 = AUD3*U3

RETURN

END

FUNCTION F114(U4)

COMMON F1,F2,F3,F4F5

DEN4 = (F4*((U4°*2.)+(2.*U4)+2.)+U4)* (U4+(2.*F4)
AUDA = (F4*((U4**2.)+(4.*U4*F4)+(4."F4)))/DEN4
F114 = AUD4*U4

RETURN

END
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FUNCTION F115(U5)
COMMON F1,F2,F3,F4F5

DENS = (F5*((US**2.)4+(2.*U5)+2.)+U5)* (U5+(2.*F5))
AUDS = (F5*((U5**2.)+(4.*U5*F5)+(4.*F5)))/DENS
F115 = AUD*US

RETURN

END

FUNCTION F121(U1)

COMMON F1,F2,F3 FAFS

DENI = (F1*((U1**2.)+(2.*U1)+2.)+U1)*(U1+(2.*F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1)))/DEN1
F121 = AUD1*U1*U1

RETURN

END

FUNCTION F122(U2)

COMMON F1,F2,F3,F4F5

DEN2 = (F2*((U2**2.)+(2.*U2)+2.)+U2)*(U2+(2.*F2))
AUD2 = (F2*((U2**2.)+(4.*U2*F2)+(4.*F2)))/DEN2
F122 = AUD2*U2*U2

RETURN

END

FUNCTION F123(U3)

COMMON F1,F2,F3 F4 FS

DEN3 = (F3*((U3**2.)+(2.*U3)+2.}+U3)*(U3+(2.*F3))
AUD3 = (F3*((U3**2.)4+(4.*U3*F3)+(4.*F3)))/DEN3
F123 = AUD3*U3*U3

RETURN

END

FUNCTION F124(U4)

COMMON F1,F2,F3,F4F5

DEN4 = (F4*((U4**2.)+(2.*U4)+2.)+U4)*(U4+(2.*F4))
AUDA = (F4*((U4**2.)+(4.*U4*F4)+(4.*F4)))/DEN4
F124 = AUD4*U4*U4

RETURN

END

FUNCTION F125(US)

COMMON F1,F2,F3,F4 F5

DENS = (F5*((U5**2.)}+(2.*US)+2.)+US)*(U5+(2.*F5))
AUDS = (F5*((U5**2.)+(4.*U5 *F5)+(4.*F5)))/DENS
F125 = AUD5*US*US

RETURN

END

FUNCTION F131(U1)

COMMON F1,F2,F3,F4 F5

DENI = (F1*((U1**2.)+(2.*U1)+2.)+U1)*(U1+(2.*F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1)))/DEN1
F131 = AUD1*U1**3,

RETURN

END
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FUNCTION F132(U2)

COMMON F1,F2,F3,F4F5

DEN2 = (F2*((U2**2.)#(2-*U2)+2.4U2)"*(U2+(2-"F2))
AUD?2 = (F2*((U2**2.)+(4.*U2°F2)+(4.°F2)))DEN2
F132 = AUD2*U2**3.

RETURN

END

FUNCTION F133(U3)

COMMON F1,F2F3,F4,F5

DEN3 = (F3%((U3**2)+(2.*U3)+2.)+U3)*(U3+(2."F3))
AUD3 = (F3*((U3**2.)+(4.*U3*F3)+(4.*F3))yDEN3
F133 = AUD3*U3**3.

RETURN

END

FUNCTION F134(U4)

COMMON F1,F2,F3,F4FS

DEN4 = (F4*((U4**2.)+(2.*Ud)+2)+U4)*(U4+(2.*F4))
AUD4 = (F4*((U4**2.)+(4.*U4*F4)+(4.*F4)))/DEN4
F134 = AUD4*U4**3

RETURN

END

FUNCTION F135(US)

COMMON F1,F2,F3,F4,F5

DENS = (FS*((US**2.)+{2.*US)+2.)+US)*(U5+(2.*F5))
AUDS = (F5*((US**2.)+(4.*U5*F5)+(4.°F5)))/DENS
F135 = AUDS*U5**3

RETURN

END

FUNCTION F141(U1)

COMMON F1,F2,F3,F4F5

DEN1 = (F1*((U1**2)#(2.*U1)+2.+U1)*(U1+(2."F1))
AUDI = (F1#((U1**2.)+(4.*U1*F1)+(4.*F1)))/DEN1
F141 = AUD1*U1"*4.

RETURN

END

FUNCTION F142(U2)

COMMON F1,F2,F3,F4,F5

DEN2 = (F2*((U2**2)+(2.*U2)+2.)+U2)*(U2+(2-*F2))
AUD?2 = (F2*((U2**2.)+(4.°U2*F2)+(4."F2))/DEN2
F142 = AUD2*U2*U2*U2°U2

RETURN

END

FUNCTION F143(U3)

COMMON F1,F2,F3,F4,F5

DEN3 = (F3*((U3**2)+(2.*U3)+2.)+U3)*(U3+(2.*F3))
AUD3 = (F3*((U3**2.)+(4.*U3*F3)+(4.*F3)))/DEN3
F143 = AUD3*U3**4.

RETURN

END
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FUNCTION F144(U4)

COMMON F1,F2,F3,F4F5

DEN4 = (F4*((U4**2.)+(2.*Ud)+2.)+U4)*(U4+(2.*F4))
AUDA4 = (F4*((U4**2.)+(4.*U4*F4)+(4.*F4)))/DEN4
F144 = AUD4*U4**4.

RETURN

END

FUNCTION F145(U5)

COMMON F1,F2,F3,F4F5

DENS = (F5*((U5**2.)+(2.*U5)+2.)+US)*(US+2.*F5))
AUDS = (FS*((US**2.)+(4.*US*F5)+(4.*F5)))/DENS
F145 = AUD5*U5**4,

RETURN

END
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NONGRAY RESULTS FOR H,0

TBULK (NLTE)

TBULKL (LTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.10 0.2429E+00
0.50 0.2428E+00
1.00 0.2427E+00
5.00 0.2393E+00
10.00 0.2309E+00
20.00 0.2062E+00
50.00 0.1263E+00
75.00 0.8345E-01
100.00 0.5821E-01
0.10 0.2427E+00
0.50 0.2404E+00
1.00 0.2352E+00
5.00 0.1819E+00
10.00 0.1352E+00
20.00 0.8646E-01
50.00 0.3852E-01
75.00 0.2545E-01
100.00 0.1876E-01
0.10 0.2421E+00
0.50 0.2348E+00
1.00 0.2247E+00
5.00 0.1611E+00
10.00 0.1130E+00
20.00 0.6707E-01
50.00 0.2890E-01
75.00 0.1953E-01
100.00 0.1476E-01
0.10 0.2417E+00
0.50 0.2334E+00
1.00 0.2229E+00
5.00 0.1537E+00
10.00 0.1043E+00
20.00 0.6151E-01
50.00 0.2745E-01
75.00 0.1889E-01
100.00 0.1445E-01
0.10 0.2428E+00
0.50 0.2426E+00
1.00 0.2417E+00
5.00 0.2226E+00
10.00 0.1855E+00
20.00 0.1187E+00
50.00 0.3785E-01
75.00 0.2009E-01

230

0.2428E+00
0.2423E+00
0.2411E+00
0.2215E+00
0.1916E+00
0.1414E+400
0.7024E-01
0.4758E-01
0.3550E-01
0.2426E+00
0.2389E+00
0.2315E+400
0.1749E+00
0.1312E+00
0.8498E-01
0.3821E-01
0.2530E-01
0.1866E-01
0.2420E+00
0.2345E+00
0.2245E+00
0.1610E+00
0.1129E+00
0.6703E-01
0.2889E-01
0.1953E-01
0.1476E-01
0.2416E+00
0.2333E+00
0.2229E+00
0.1537E+00
0.1043E+00
0.6150E-01
0.2745E-01
0.1889E-01
0.1445E-01
0.2428E+00
0.2414E+00
0.2377E+00
0.1833E+00
0.1257E+00
0.6809E-01
0.2349E-01
0.1415E-01



500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10 100.00 0.1280E-01

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00

0.2424E+00
0.2332E+00
0.2125E+00
0.8986E-01
0.4797E-01
0.2471E-01
0.1012E-01
0.6790E-02
0.5109E-02
0.2403E+00
0.2104E+00
0.1735E+00
0.6908E-01
0.3999E-01
0.2200E-01
0.9510E-02
0.6484E-02
0.4925E-02
0.2384E+00
0.2020E+00
0.1653E+00
0.6768E-01
0.3973E-01
0.2207E-01
0.9587E-02
0.6537E-02
0.4964E-02
0.2428E+00
0.2422E+00
0.2403E+00
0.1975E+00
0.1341E+00
0.6480E-01
0.1700E-01
0.8955E-02
0.5706E-02
0.2423E+00
0.2294E+00
0.1989E+00
0.5104E-01
0.2090E-01
0.8783E-02
0.3025E-02
0.1934E-02
0.1418E-02

0.9859E-02
0.2422E+00
0.2304E+00
0.2059E+00
0.8524E-01
0.4674E-01
0.2446E-01
0.1006E-01
0.6752E-02
0.5083E-02
0.2402E+00
0.2097E+00
0.1729E+00
0.6907E-01
0.3997E-01
0.2199E-01
0.9506E-02
0.6481E-02
0.4923E-02
0.2384E+00
0.2019E+00
0.1652E+00
0.6768E-01
0.3972E-01
0.2206E-01
0.9585E-02
0.6536E-02
0.4963E-02
0.2428E+00
0.2412E+00
0.2368E+00
0.1635E+00
0.9611E-01
0.4469E-01
0.1350E-01
0.7653E-02
0.5078E-02
0.2422E+00
0.2279E+00
0.1950E+00
0.4876E-01
0.2032E-01
0.8667E-02
0.3012E-02
0.1929E-02
0.1415E-02

0.10 0.2397E+00 0.2396E+00
0.50 0.1911E+00 0.1904E+00
1.00 0.1295E+00 0.1288E+00
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1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00

10.00
10.00
10.00
10.00
10.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

1.00

1.00

1.00

1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00

5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

5.00

10.00
20.00
50.00
75.00
100.00

0.10

0.50

1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10

0.50

1.00

5.00
10.00
20.00
50.00
75.00

100.00
0.10
0.50
1.00

5.00

10.00

20.00
50.00

0.2636E-01
0.1272E-01
0.6249E-02
0.2492E-02
0.1668E-02
0.1255E-02
0.2369E+00
0.1684E+00
0.1070E+00
0.2373E-01
0.1202E-01
0.6095E-02
0.2488E-02
0.1674E-02
0.1263E-02
0.2428E+00
0.2423E+00
0.2407E+00
0.2015E+00
0.1385E+00
0.6686E-01
0.1909E-01
0.7382E-02
0.5626E-02
0.242SE+00
0.2345E+00
0.2133E+00
0.6285E-01
0.2424E-01
—9451E-03
0.1477E-02
0.8948E-03
0.6293E-03
0.2410E+00
0.2064E+00
0.1473E+00
0.2678E-01
0.3265E-02
0.2381E-02
0.8647E-03
0.5466E-03
0.3947E-03
0.2392E+00
0.1830E+00
0.1143E+00
—~.4760E+00
0.4333E-02
0.2160E-02
0.7773E-03
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0.2632E-01
0.1272E-01
0.6246E-02
0.2491E-02
0.1667E-02
0.1255E-02
0.2368E+00
0.1681E+00
0.1068E+00
0.2373E-01
0.1202E-01
0.6094E-02
0.2488E-02
0.1674E-02
0.1263E-02
0.2428E+00
0.2419E+00
0.2393E+00
0.1845E+00
0.1160E+00
0.5490E-01
—1867E-01
0.5546E-02
0.4192E-02
0.242SE+00
0.2340E+00
0.2118E+00
0.6126E-01
0.2444E-01
0.7439E-03
0.1416E-02
0.8675E-03
0.6142E-03
0.2410E+00
0.2061E+00
0.1469E+00
0.2708E-01
0.3264E-02
0.2365E-02
0.8621E-03
0.5455E-03
0.3941E-03
0.2392E+00
0.1828E+00
0.1141E+00
-2229E+00
0.4318E-02
0.2157E-02
0.7767TE-03



2000.00 10.00 75.00 0.4927E-03 0.4924E-03
2000.00 10.00 100.00 0.3569E-03 0.3567E-03

233



¢ Computer Code to calculate Radiative Heat Interaction between two
¢ Parallel Plates(Flow is assumed to be fully developed)
¢ CH4 is the participating gas and two bands of CH4 are considered
¢ This proram is written on the basis of NonGray Gas approximation and can
¢ calculate both LTE and NLTE bulk temp.
c This program is written by Manoj K. Jha in September 1991
l.‘l‘.‘““.“.‘.““-‘l‘.“....‘.‘...“““‘.‘.l.“.lll..#“.““t..“..‘l“‘t
[
¢ implicit double precision (a—h,0-Z)
real Lkfb
EXTERNAL F101,F102,F111,F112,F121 F122,F131,F132,
*F141,F142
dimension w(9),pres(4), Temp(4),eps(3)
data u/0.1,0.5,1.0,5.0,10.0,20.0,50.0,75.,100.0/
DATA PRES/0.1,1.,5.,10.0/
DATA TEMP/300.,500.,1000.0,2000.0/
COMMON F1,F2
OPEN(6, file="output5’)
open(7,file="nlp’)
open(8,file="lp’)
WRITE(6,111)
write(7,13)
write(7,*) 11,1
13 format(’3’/,’x’/,’t’/, °t1’/,idx,’1’)
write(8,14)
write(8,*) 11,1
14 format(’2’,/,’x’/,'t"/, ,i4.x,’1’)
do 101 it=1,4
tw=temp(it)
do 202 kk=1,4
p=pres(kk)
do 303 i=1,9
1=u(i)

c
¢ Calculation of Plank’s Function and it’s derivative
c wnb Band Center

c hck Constant

c ccc c1*c2 (erg_k_cm**3/sec)

c pfdbi Plank’s Function’s derivative for ith band

c

tki=tw**2
tk2=tw**0.5
k3=tw/273.0
hck=1.439257246
ts=300.0w
o—
¢ Spectroscopic Properties of CH4
¢ Two Bands of CH4 are cosidered(7.6 and 3.3 microns)
¢ wnbi Band Center (1/cm)
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wnb1=1310.

wnb2=3020.
c2bi=hck*wnbl
¢2b2=hck*wnb2
ccc=0.000053847734
ccbl=ccc*(wnbl**4)
ccb2=ccc*(wnb2**4)
thl=c2bl/tw

tb2=c2b2/tw

tebl= exp(tb1)

teb2= exp(tb2)
clbl=ccbl/c2bl
c1b2=ccb2/c2b2
pfb1=c1b1/(eb1-1.0)
pib2=c1b2/(teb2-1.0)
devl=tk1*((tcb1-1.0)*+2.0)
dev2=tk1*((1eb2-1.0)**2.0)
pfdbl=(ccbl*tebl)/devl
pfdb2=(ccb2*teb2)/dev2

C
¢ Band Model Correlations (Tien & Lowder wide band model)
c azi aoi (1/cm)

c czsi coi**2 (1/atm-cm)

c bsi b**2 (Nondimensional)

c omegi Wave Number (1/cm)

c si Integrated Band Intensity (1/atm cm**2)

c
ak1l=(tw/300.)**0.5
ak2=(300./tw)**1.5
az1=39.8*akl
az2=95.3*akl

c
¢ dkf Thermal Conductivity (Erg/cm-sec—k)

c
kfb=(1488.365171)*(k3**1.23)
czs1=4.58*ak2
czs2=3.15%ak2
sl=azl*czl
s2=az2*cz2

C PL PRESSURE PATH LENGTH (ATM-CM)

PL=P*L

UZ1 = CZS1*PL
UZ2 = CZS2*PL
bsl = 0.067*akl
BS2 = 0.036*AK1
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C PEI EFFECTIVE PRESSURE FOR EACH BAND (NON DIMENSIONAL)
C

PE1 = (1.3°P)**0.8

PE2 = (1.3*P)**0.8
C—
C BETAI LINE STRUCTURE PARAMETR
C—

BETAL1 = BS1*PEl
BETA2 = BS2*PE2

C—o

C CORRELATION FOR EACH BAND

C—
F1 = 2.94*(1.0- EXP(~(2.6*BETAL1)))
F2 = 2.94*%(1.0- EXP(—(2.6*BETA2)))

C—

C NUMERICAL INTEGRATION

Cm—
EPS(2) = 1B-04
EPS(1) = 1E-04
EP = 1.E-S
X1=00
X21 = (3.8.)*UZ1
X22 = (3.8.)*UZ2
Y11 = 1.5*UZ1
Y12 = 1.5°UZ2
Y21 = 3.0*X21
Y22 =3.0°X22
CALL QDAGS (F101,X1,Y11,EPS(2),EPS(1),R01,[ERR)
CALL QDAGS (F102,X1,Y12,EPS(2),EPS(1),R02,IERR)
CALL QDAGS(F111,X1,Y11,EPS(2),EPS(1),R11,JERR)
CALL QDAGS(F112,X1,Y12,EPS(2),EPS(1),R12,JERR)
CALL QDAGS(F121,X1,Y11,EPS(2),EPS(1),R21,IERR)
CALL QDAGS(F122,X1,Y12,EPS(2),EPS(1),R22,IERR)
CALL QDAGS(F131,X1,Y11,EPS(2),EPS(1),R3LIERR)
CALL QDAGS(F132X1,Y12,EPS(2),EPS(1),R32,IERR)
CALL QDAGS(F141,X1,Y11,EPS(2),EPS(1),R41,[ERR)
CALL QDAGS(F142,X1,Y12,EPS(2),EPS(1),R42IERR)
CALL QDAGS(F101,X21,Y21,EPS(2),EPS(1),S11,IERR)
CALL QDAGS(F102,X22,Y22,EPS(2),EPS(1),S12,JERR)
CALL QDAGS(F111,X1,X21,EPS(2),EPS(1),S21,JERR)
CALL QDAGS(F112,X1,X22,EPS(2),EPS(1),S22,[ERR)
CALL QDAGS(F111,X1,Y21,EPS(2),EPS(1),S31,IERR)
CALL QDAGS(F112,X1,Y22,EPS(2),EPS(1),S32,JERR)
CALL QDAGS(F121,X21,Y21,EPS(2),EPS(1),S41,IERR)
CALL QDAGS(F122,X22,Y22,EPS(2),EPS(1),542,JERR)
CALL QDAGS(F131,X1,X21,EPS(2)EPS(1),S51,IERR)
CALL QDAGS(F132,X1,X22,EPS(2),EPS(1),S52,JERR)
CALL QDAGS(F131,X1,Y21,EPS(2),EPS(1),S61,JERR)
CALL QDAGS(F132,X1,Y22,EPS(2)EPS(1),S62,JERR)
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CALL QDAGS(F141,X21,Y21,EPS(2),EPS(1),S71,JERR)
CALL QDAGS(F142,X22,Y22,EPS(2),EPS(1),S72,JERR)
H1=AZ1*PFDB1

H2=AZ2*PFDB2

H=H1+H2+H3

AM=(H*L)/KFB

CU1 = 2./(3.*UZ1)

CU2=2/3.*UZ2)

BR1Al = (CU1*R11)-2.*%(CU1**3.)*R31+(CU1**4.)*R41
BR1A2 = (CU2*R12)-2.*(CU2**3.)*R32+(CU2**4.)*R42 '
BR1B1=((CU1**2.)*R21){CU1*R11)
BR1B2=((CU2**2.)*R22){CU2*R12)
ETC1=((40.*(TW**(-1/3.)))-5.4)
ETC2=EXP(ETC1)*(1.E-6)

ETAC=ETC2/P
ETR11=8.73.14*%(1310.**(2.))*4.08*(1.E-12)*s1*tw
ETAR1=1./ETR11
ETR12=8.3.14*(3020.**(2.))*4.08*(1.E-12)*s2*w
ETAR2=1./ETR12

ETA11=ETAC/ETAR1

ETA12=ETAC/ETAR2

SUMA1 = H1*BR1Al1l

SUMA2 =H2*BR1A2

SUMAL=SUMA1+SUMA2

AL1L = 1.+(L/KFB)*SUMAL
SUMAN1=ETA11*CU1*BR1B1
SUMAN2=ETA12*CU2*BR1B2
SUMAN=(9./2.)*(SUMAN1+SUMAN?2)
ALPH1=AL1L-SUMAN

BR2A1 = (CU1**2.)*R21-2.*(CU1**3.)*R31+(CU1**4.)*R41
BR2A2 = (CU2**2.)*R22-2.*(CU2**3.)*R32+(CU2**4.)*R42
BR2B1=R01-(6.*CU1*R11)+(6.*(CU1**2.)*R21)
BR2B2=R02~6.*CU2*R12)+(6.*(CU2**2.)*R22)

SUMBI1 = H1*BR2A1

SUMB2 = H2*BR2A2

SUMBL=SUMBI1+SUMB2

SUMBN1=ETA11*CU1*BR2B1
SUMBN2=ETA12*CU2*BR2B2
SUMBN=(3./4.)*(SUMBN1+SUMBN2)

AL2L = (L/KFB)*SUMBL

ALPH2=AL2L~-SUMBN
ALPHO01=ETA11*(CU1**2.)*(CU1*R21-R11)
ALPHO02=ETA12*(CU2**2.)*(CU2*R22-R12)
ALPHO0=(9./2.)*(ALPHO1+ALPH02)-1.

BR3A1 = (57./256.)*S11+4(11./16.)*CU1*(S21+S31)
*(9./8.)*(CU1**2.)*S41(CU1**3.)*(S51+S61)+(CU1**4.)*S71
BR3A2 = (57./256.)*S12+(11./16.)*CU2*(S22+532)
*_(9./8.)*(CU2**2.)*S42(CU2**3.)*(S52+562)+(CU2**4.)*S72
BR3B1=((9./4.)*CU1*S11)+(6.*(CU1**2.)*(S21+S31))
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*(12%(CU1**3.)*S41)
BR3B2=((9./4.)*CU2*S12)+(6.*(CU2**2.)*%(S22+532))
*(12%(CU2**3.)*S42)
SUMC1 = H1*BR3A1
SUMC2 = H2*BR3A2
SUMCL=SUMC1+SUMC2
SUMCN1=ETA11*BR3B1
SUMCN2=ETA12*BR3B2
SUMCN=(3./8.)*(SUMCN1+SUMCN2)
AL3L =(11./16.)+ L/IKFB)*SUMCL
ALPH3=AL3L+SUMCN
BR4A1 = (9.0/256.)*S11+(3.0/16.)*CU1*(S21+S31)
*_(1.8.)%(CU1**2.)*S41-(CU1**3.)%(S51+S61)+(CU1**4.)*S71
BR4A2 = (9.0/256.)*S12+(3.0/16.)*CU2*(S22+S32)
*_(1./8.)*(CU2**2.)*S42-(CU2**3.)*(S52+562)+(CU2**4.)*S72
BR4B1=((1./4.)*CU1*S11)+(6.%(CU1°*2.)*(S21+S31))~
*(12.%(CU1**3.)*S41)
BR4B2=((1./4.)*CU2*S12)+(6.%(CU2**2.)*(522+532))-
*(12.%(CU2**3.)*S42)
SUMDI1 = H1*BR4A1
SUMD?2 = H2*BR4A2
SUMDL=SUMD1+SUMD2
SUMDN1=ETA11*BR4B1
SUMDN2=ETA12*BR4B2
SUMDN=(3./8.)*(SUMDN1+SUMDN2)
ALAL = (3.0/16.)+(L/KFB)*SUMDL
ALPH4=ALAL+SUMDN
BRSB1=(3./16.)*(CU1*S11)+(1./2.)*(CU1**2.)*(S21+531)(CU1**3.)*S41
BRSB2=(3./16.)*(CU2*S12)+(1./2.)*(CU2**2.)*(S22+532)(CU2**3.)*542
SUMEN1=ETA11*BR5B1
SUMEN2=ETA12*BR5B2
SUMEN=SUMEN1+SUMEN2
ALPHS5=—((9./2.)*SUMEN+(11./16.))
DENA = (ALPH1*ALPH4)(ALPH2*ALPH3)
Al=((ALPHO*ALPH4)-(ALPH2*ALPHS))/DENA
A2=((ALPH1*ALPHS5)(ALPHO*ALPH3))/DENA
TBULK = (1./70.)*((17.*A1)+(3.*A2))
CONST=1./(16.*(ALIL*ALAL-AL2L*AL3L))
ali=(11.%al2l-16.*al4l)*CONST
A2L=(16.*AL3L-11.*AL1L)*CONST
TBULKL=(1/70.)*(17.*A1L+3.*A2L)
WRITE(6,200) TW,P,L,.-TBULK,-TBULKL
write(7,203)l,~tbulkl,~tbulk
write(8,201)],—tbulk

303 CONTINUE

202 CONTINUE

101 CONTINUE

200 FORMAT(1X,F7.2, 3X,F6.2, 3X,F6.2, 2(3X,E10.4))

111 FORMAT(4X,"TW’,8X,’P’,6X,’L’ 9X,"TBULK’,7X," TBULKL")
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201 format (1x,9.2,3x,¢10.4)
203 format (1x,19.2,2(3x,e10.4))
STOP
END

FUNCTION F101(U1)

COMMON F1,F2

DEN1 = (F1*((U1**2.)+(2.°U1)+2.)+U1)*(U1+(2.*F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1)))/DEN1
F101 = AUD1

RETURN

END

FUNCTION F102(U2)

COMMON F1,F2

DEN2 = (F2*((U2**2.)4+(2.*U2)+2.)+U2)*(U2+(2.*F2))
AUD2 = F2*((U2**2.)+(4.*U2*F2)+(4.*F2))/DEN2 -
F102 = AUD2

RETURN

END

FUNCTION F111(U1)

COMMON F1,F2

DENI = (F1*((U1**2.)+(2.*U1)+2.)+U1)*(U1+2.*F1))
AUD1 = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1)))/DEN1
F111 = AUD1*U1

RETURN

END

FUNCTION F112(U2)

COMMON F1,F2

DEN2 = (F2*((U2*U2 )+(2.*U2)+2.)+U2)*(U2+(2.*F2))
AUD2 = (F2*((U2*U2 )+(4.*U2*F2)+(4.*F2)))/DEN2
F112 = AUD2*U2

RETURN

END

FUNCTION F121(U1)

COMMON F1,F2

DEN1 = (F1*((U1**2.)+(2.*U1)+2.)+U1)*(U1+(2.*F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1)))/DEN1
F121 = AUD1*U1*U1

RETURN

END

FUNCTION F122(U2)

COMMON F1,F2

DEN2 = (F2*((U2**2.)+(2.*U2)+2.)+U2)*(U2+(2.*F2))
AUD2 = (F2*((U2**2.)+(4.*U2*F2)+(4.*F2)))/DEN2
F122 = AUD2*U2**2.

RETURN

END

FUNCTION F131(U1)

COMMON F1,F2
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DEN1 = (F1*((U1**2.)+2.°U1)+2.)+U1)*(U1+2.*F1))
AUD1 = (F1*((U1**2.)+4.*U1*F1)+{(4.°F1)))/DEN1
F131 = AUD1*U1**3.

RETURN

END

FUNCTION F132(U2)

COMMON F1,F2

DEN2 = (F2*((U2**2.)}+(2.*U2)+2.)+U2)*(U2+(2.*F2))
AUD2 = (F2*((U2**2.)+(4.*U2*F2)+(4.°F2)))/DEN2
F132 = AUD2*U2**3.

RETURN

END

FUNCTION F141(U1)

COMMON F1,F2

DENI = (F1*((U1**2.)+(2.*U1)+2.)+U1)*(U1+(2.*F1))
AUDI = (F1*((U1**2.)+(4.*U1*F1)+(4.*F1)))/DEN1
F141 = AUD1*U1**4.

RETURN

END

FUNCTION F142(U2)

COMMON F1,F2

DEN2 = (F2*((U2**2.)4(2.*U2)+2.)+U2)*(U2+(2.°F2))
AUD2 = (F2*((U2**2.)+{(4.*U2*F2)+(4.*F2)))/DEN2
F142 = AUD2*U2°U2*U2*U2

RETURN

END
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NONGRAY RESULTS FOR CH4

TBULK (NLTE)

TBULKL (LTE)

300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
300.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00

0.2428E+00
0.2426E+00
0.2421E+00
0.2362E+00
0.2236E+00
0.1909E+00
0.1126E+00
0.7865E-01
0.5912E-01
0.2427E+00
0.2405E+00
0.2366E+00
0.2000E+00
0.1638E+00
0.1192E+00
0.6551E-01
0.4776E-01
0.3762E-01
0.2421E+00
0.2369E+00
0.2301E+00
0.1873E+00
0.1524E+00
0.1116E+00
0.6256E-01
0.4603E-01
0.3647E-01
0.2418E+00
0.2358E+00
0.2288E+00
0.1860E+00
0.1515E+00
0.1110E+00
0.6237E-01
0.4592E-01
0.3640E-01
0.2428E+00
0.2420E+00
0.2403E+00
0.2214E+00
0.1925E+00
0.1370E+00
0.5533E-01
0.3292E-01
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0.2428E+00
0.2426E+00
0.2421E+00
0.2362E+00
0.2236E+00
0.1909E+00
0.1126E+00
0.7865E-01
0.5912E-01
0.2427E+00
0.2405E+00
0.2366E+00
0.2000E+00
0.1638E+00
0.1192E+00
0.6551E-01
0.4776E-01
0.3762E-01
0.2421E+00
0.2369E+00
0.2301E+00
0.1873E+00
0.1524E+00
0.1116E+00
0.6256E-01
0.4603E-01
0.3647E-01
0.2418E+00
0.2358E+00
0.2288E+00
0.1860E+00
0.1515E+00
0.1110E+00
0.6237E-01
0.4592E-01
0.3640E-01
0.2428E+00
0.2420E+00
0.2403E+00
0.2214E+00
0.1925E+00
0.1370E+00
0.5533E-01
0.3292E-01



500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
500.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00

100.00 0.2243E-01
0.10 0.2424E+00
0.50 0.2358E+00
1.00 0.2235E+00
5.00 0.1348E+00
10.00 0.8414E-01
20.00 0.4670E-01
50.00 0.1961E-01
75.00 0.1315E-01
100.00 0.9874E-02
0.10 0.2410E+00
0.50 0.2220E+00
1.00 0.1981E+00
5.00 0.1049E+00
10.00 0.6676E-01
20.00 0.3906E-01
50.00 0.1758E-01
75.00 0.1208E-01
100.00 0.9208E-02
0.10 0.2397E+00
0.50 0.2163E+00
1.00 0.1912E+00
5.00 0.1016E+00
10.00 0.6527E-01
20.00 0.3849E-01
50.00 0.1745E-01
75.00 0.1201E-01
100.00 0.9167E-02
0.10 0.2428E+00
0.50 0.2413E+00
1.00 0.2374E+00
5.00 0.1870E+00
10.00 0.1370E+00
20.00 0.8174E-01
50.00 0.2821E-01
75.00 0.1570E-01
100.00 0.1013E-01
0.10 0.2422E+00
0.50 0.2292E+00
1.00 0.2023E+00
5.00 0.7068E-01
10.00 0.3343E-01
20.00 0.1501E-01
50.00 0.5215E-02
75.00 0.3305E-02

0.2243E-01
0.2424E+00
0.2358E+00
0.2235E+00
0.1348E+00
0.8414E-01
0.4670E-01
0.1961E-01
0.1315E-01
0.9874E-02
0.2410E+00
0.2220E+00
0.1981E+00
0.1049E+00
0.6676E-01
0.3906E-01
0.1758E-01
0.1208E-01
0.9208E-02
0.2397E+00
0.2163E+00
0.1912E+00
0.1016E+00
0.6527E-01
0.3849E-01
0.1745E-01
0.1201E-01
0.9167E-02
0.2428E+00
0.2413E+00
0.2374E+00
0.1870E+00
0.1370E+00
0.8174E-01
0.2821E-01
0.1570E-01
0.1013E-01
0.2422E+00
0.2292E+00
0.2023E+00
0.7068E-01
0.3343E-01
0.1501E-01
0.5215E-02
0.3305E-02

100.00 0.2403E-02 0.2403E-02

0.10 0.2396E+00
0.50 0.1955E+00
1.00 0.1418E+00
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0.2396E+00
0.1955E+00
0.1418E+00



1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00
2000.00

5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00

10.00
10.00
10.00
10.00
10.00

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

1.00

1.00

1.00

1.00
1.00
1.00
1.00
1.00
1.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
5.00
10.00
10.00
10.00
10.00

10.00
10.00
10.00

5.00

10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00
75.00
100.00

0.10
0.50
1.00
5.00

10.00
20.00
50.00
75.00
100.00

0.10
0.50
1.00

5.00
10.00
20.00
50.00
75.00

100.00

0.10
0.50
1.00
5.00

10.00
20.00
50.00
75.00
100.00
0.10
0.50
1.00
5.00
10.00
20.00
50.00

0.3756E-01
0.1943E-01
0.9923E-02
0.4036E-02
0.2704E-02
0.2033E-02
0.2368E+00
0.1755E+00
0.1211E+00
0.3371E-01
0.1809E-01
0.9493E-02
0.3948E-02
0.2661E-02
0.2008E-02
0.2428E+00
0.2420E+00
0.2395E+00
0.1915E+00
0.1320E+00
0.7231E-01
0.2597E01
0.1540E-01
0.1035E-01
0.2425E+00
0.2347E+00
0.2147E+00
0.7459E-01
0.3195E-01
0.1307E-01
0.4140E-02
0.2542E-02
0.1813E-02
0.2411E+00
0.2091E+00
0.1553E+00
0.3194E-01
0.1475E-01
0.7026E-02
0.2743E-02
0.182SE-02
0.1369E-02
0.2395E+00
0.1880E+00
0.1255E+00
0.2607E-01
0.1288E-01
0.6470E-02
0.2640E-02
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0.3756E-01
0.1943E-01
0.9923E-02
0.4036E-02
0.2704E-02
0.2033E-02
0.2368E+00
0.1755E+00
0.1211E+00
0.3371E-01
0.1809E-01
0.9493E-02
0.3948E-02
0.2661E-02
0.2008E-02
0.2428E+00
0.2420E+00
0.2395E+00
0.1915E+00
0.1320E+00
0.7231E-01
0.2597E-01
0.1540E-01
0.1035E-01
0.2425E+00
0.2347E+00
0.2147E+00
0.7459E-01
0.3195E-01
0.1307E-01
0.4140E-02
0.2542E-02
0.1813E-02
0.2411E+00
0.2091E+00
0.1553E+00
0.3194E-01
0.1475E-01
0.7026E-02
0.2743E-02
0.1825E-02
0.1369E-02
0.239SE+00
0.1880E+00
0.1255E+00
0.2607E-01
0.1288E-01
0.6470E-02
0.2640E-02



2000.00 10.00 75.00 0.1778E-02 0.1778E-02
2000.00 10.00 100.00 0.1342E-02 0.1342E-02

244



