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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-I-423. The grant was

monitored by Drs. J. P. Drummond 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-I-363; this grant was monitored by Mr. Robert L. Yang, As-

sistant University Affairs Officer, NASA Langley Research Center, Hampton, Virginia

23681-0001.





RADIATIVE INTERACTIONS IN MOLECULAR GASES UNDER LOCAL AND

NONLOCAL THERMODYNAMIC EQUILIBRIUM CONDITIONS

By

M. K. Jha'P and S. N. Tiwari:_

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, COz, Hz O, and CH4. The temperature and pressure range considered are

300-2000 K and 0.1-10 atmosphere, respectively. In general, results demonstrate that the

t Graduate Research Assistant, Department of Mechanical Engineering and Mechanics
Eminent Professor, Deparlment of Mechanical Engineering and Mechanics
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graygasapproximationoverestimatesthe effectof 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 nonequilibfium phenomena.
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Chapter I

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

6

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 thegasesunderconsideration.Oneshouldbethoroughlyconversantwith differentnu-

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, CO2,

H20, and CH4. 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,

2



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.

3





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.

as

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

00
a--?+V.(o u) = 0

For an incompressible fluid, this reduces to

(2.1a)

V. u = 0 (2.1b)

The equation for conservation of momentum, in most general form, is given as

Du O Ou i Ouj Ou k
(2.2a)

where 6ij 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

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

4





Du VP d- v V 2 ub-7 -- f-Y (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

where

DT aQ
oCp(__)=mat + V " ( xVT ) - V " qR + fl T ( DP-_ ) + _ (2.3)

aU )2 igV )2 aW )2 aV aU )2 aw _ )2
_=_ [2(_-- d + 2 ( _-_ + 2 ( --_ + ( _-_+_-_ + ( '_- + -a'z

aU aW )2 2 aU aV aW )2- ]

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

[3is 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 aE OF aG
-_- + _-- + --_-+ -_- = 0 (2.4)

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

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



E

Qu

Ou 2 + P - lrxz

our - r_
0 uw - _az

( Et + P ) u - urxx - vr_y - wr= + q= + qgx

F gig

_v

our -

Ov2+ P - _.,

Ovw - r_

( Et + P ) v-urn,- v'tyy- wr_ + q_ + qRy

G

QI4t

Ouw -- rx_

Ovw -- r_

Ow2 + P - _..

( Et + P ) w - ur..- vryz- wr= + qa + qm

where

E,-o (e+_-); v"2-

r_ = 2/, (20u Ovox

t. = 2_, ( 2or ouoy ox

= 2--!_(2_ Oug2Z 3 Oz ax

u2 + v2 + w 2

8w
Oz )

8w
Oz )

Ov
Oy )



Ou Ov
-- ( + ) -

Ow Ou

Ov aw
• ( )

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]

v 8T _y x 8TOT u OT + ) = ( ) + fl T u _ + ( Ou )2_div (2.5)OCP( "_+ OX O-y -_ B # _-_ qR

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 a large 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

O__T.T+ u ST + vST = a 82T 1 8qR (2.6)
Ot OX Oy Oy 2 OCp Oy

7



wherea=k:/pCpis 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.

8



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.

9



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

= (3.1)
4_

where t<w 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]

r S(/3 = To S(ro) F(Z) (3.2)

where To 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 SOpor the modified Planck mean absorption coeffi-

cient t¢m. For a single-band gas, these are defined as [6]

xp(:r) = e(_

d_

(3.3)

x_T) e_rl) d_
a _ (3.4)

10



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

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

written as

x_.T) -- e_(T)--j-p-s(r)

X,n(T, T1) e_c(T1) xp(T1) T1

--1

(3.5)

(3.6)

The definition of K:pand rm can be extended to multiband gases, and by combining Eqs.

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

n

E e_i (rl) Si (To) Fi (T)
T u,,, (T, T1) ift

T 1Xn (T 1)

i=1

e_i (rl) S i (To) F i (Zl)

(3.7)

where n is the number of bands. By including the contributions from overtone and combina-

tion bands, calculations performed for CO, CO2, and H20 [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 F.,q. (3.7).

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

as

xg r)=

n

P_,[ eb( ¢aci,T) Si( T) ]
i=1

(3.8)

11



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

xp(Z)-
j iml

[ eb(_ci,T) st(r) ] }

a/,,

where j is the number of species and Pj 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 commonly 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) have 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



dEv dE,, dEv
-- ( _ )_ou+ ( -7i- ),_d (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

dgv dgr

- div qR = "( -_- ),_d + ( _ )rad
(3.11)

where Ev and Er 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 Iv, and for one--dimensional

case, it is given as

_R dr= dad,,
di_ qR =--_-----

0 0 0

(3.12)

Combining Eqs. (3.10) -(3.12), one obtains

d---i-=( -7i- )_u- "-dda_ (3.13)
0 o

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]

13



dE,, = E; - Ev (3.14)
dt qc

where Ev* is the equilibrium value of the vibrational energy and tic 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 coUisional relaxation time.

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

yields

Ev - = (E o - E; ) exp( - ) (3.15)

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

expressions available in literature to calculate tic. Some of them are briefly discussed here.

An explicit relation for tic is given by the Landau-Teller relation [31]

tic = K1P-1 exp (K2 T-1/3) (3.16)

where K1 and K2 are positive constants and depend on the physical properties of the mole-

cule. For diatomic gases, an empirical relation for _c is given by [36, 37]

P Tlc - exp [ A ( T -1/3 - O. 015 _1/4 ) _ 18. 42 ] (3.17)

where A is a constant and is related to the molecular constants of the colliding species and

tt is the reduced mass of the colliding pairs. Values of A and tt for some gases are available

in the references. For CO2, the relation for tic is given by [31]

qc _ _[ exp ( AT -1/3 - B ) × 10 -6 ] (3.18)
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For CH4, _lc is given by [31]

r/c - 1[ -5.4+40 T -113 ] X 10 -6 (3.19)

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

by Millikan and White [36, 37]

P 37c = exp [ ( 1.16 X 10 -3 ) /Z 1/2 0 4/3 ( T -1/2 - O. 15/w 1/4 ) - 18.42 ] (3.20)

where 0 is the characteristic temperature (K) and is given as 0 = hc/kk, and h is the Planck's

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

In all the expressions for 1"1oP is the total pressure in atmosphere, Vie is in seconds, and

T is the temperature in degrees Kelvin. Although these relations show a strong dependency

of tie 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 Martian [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

Iv. 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



totheBoltzmanndistribution.The rotational energy is characterized by equilibrium temper-

ature T whereas the vibrational energy is characterized by the the nonequilibrium tempera-

ture Tv. 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 Boltzraann distribution func-

tion f0) such that _ if.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-l,j) is given as n(v-1) if,j). Number of molecules that actually

make a transition from state (v-l,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), b0',j ) B(v,v-1), and b0,j') B(v-l,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

J 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

d_y
= n(v)f0")a(j',j (v,v -

16



- [n(v - l)f(.l')b(.j,j')B(v- I,v) - n(v)f

- n(v)f(j')b(j',l)B(v,v - l)]_d.O (3.21)

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',j') A(v, v - 1) -- t$_, b(j',f) B(v, v - 1) (3.22a)

b(j',j') B(v,v- 1) - gO)b(j,j') B(v- 1, v) (3.22b)
gO")

where 8v = 8_t v2/c 3 and g(j) is the statistical weight ofj th rotational level. The following

relation is obtained for a simple harmonic oscillator from quantum mechanics

B (v, v - 1) = v B(0, 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

Ev -- _'_v n(v) (3.24)

v--1

where Ev is written in the normalized form, and

such that [31]

hv o

ev" = n [exp( 11-1 (3.25a)

ev [ exp( _ox-,y ) -- 1 ]

Ev * [ exp( m,o (3.25b)x-f_ ) - 1 ]

where Tv is the nonequilibrium temperature.

17



By using Eqs. (3.22) through (3.25) in Eq. (3.21), the transfer equation can be written

in the form

= n B(o, 1) vd, j')/(1)
ds c[1 - exp(- hvo;-_ ) ]

2hv v o v - v o }--_-exp[- h( _ + _ ) ] _ I_ + 1,exp[- h_(_ v - vU Tv + ___0)] (3.26)

where n is the total number of molecules.

Equation (3.26) is written in an alternative form as

d/,
= uv ( Sv - Iv ) (3.27)

where rv and Sv are net absorption coefficient and source function respectively, and are giv-

en as

_¢v (n, T, Tv) --_ ( }-,_'o 1-exp[-h(V° v-v o
c[ 1 - exp ( x--it7 ) ] T_ + T ) ] (3.27a)

2hv3 {exp[h TvV° v-u°'T ) ] }$v (r, lv) "- ( ) ,_ ( + - 1

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

u:(n,T) nB(O, 1) {1 - exp ( -_ _)= _ _',J') fO_ - e_p (

s_ = B, (7)=
[ exp ( h,,_)-:]

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

18
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Using Eqs. (3.25) through (3.28), radiation transfer equation can be given as

dI,, x; Ev Ev xv Iv ) (3.29)
-_ = _, (_ s, e_ -/" )= x;(B, E; x_

Comparing Eq. (3.29) with Eq. (3.27), it is seen that the quantity .._v.* By _ is the source
Kv Ev*

function S(T, Tv). 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 Eqs. (3.13),

(3.14), and (3.29) results in

 ,ff ff( E; ) [ ( _ ) + do _" Bydr ] = ( E;-- 07 ) + an xv I,,m, (3.30)

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

angle from 0 to 4n. If one introduces a time constant 1"1r as

E;

 r:ff  31,dO xv Bv dv

then combining Eqs. (3.29) and (3.30), one can write the radiative transfer equation as

alL.
-" = x,(1, - I,,)
ds

(3.32a)

where

( ti, + ticX )
•Iv = By ( qr + tic ) (3.32b)

19



and

I clO f x_/_dv
x - (3.32¢)

I_fx.B. dv

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

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

first vibrational level.

where

A combination of Eqs. (3.12) and (3.32) yields an alternative expression for Jv

{Tl,,+Tlc[(K+IdDfxvJvdv)]}
Jv = By (3.33a)

dQ xv By dv

(3._b)

By noting that By and Jv are isotropic, Jv can be expressed as

where

(3.34a)

(3.34b)
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and Jvc and Bvc are the values evaluated at the band center. This is because Jv and By are slow-

ly varying functions of v and for narrow bands, they can be assumed to be independent of

v. In Eqs. (3.32) and (3.33), By is called blackbody intensity of radiation and is related to

the Planck function of radiation ebv by ebv- _ By. This relation is true for isotropic radiation.

For very low pressures, the collisional relaxation time rI c is large compared to TI r [31].

Therefore, the right hand side of Eq. (3.32b) reduces to By X. On the other hand, for high

pressures,_ c approaches zero and the right hand side of Eq. (3.32b) becomes By 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 r I which is expressed

as r I - r I c / rl r. When rI is unity or greater than unity, NLTE effect usually prevails; whereas

for 11 being less than unity, LTE effect usually prevails.

A combination of Eqs. (3.25a), (3.28b), and (3.31) results in an expression for TI r [31]

)2f f ,,°_rl = 8_ ( "_" ( "-_- ) du -- 8 _ c cac2( P ) ( --ff.. ) dea (3.35)

where n is the number density of the molecules, and toe = (v0 / c) is the wave number corre-

sponding to v0. In the derivation of Eq. (3.35), it has been assumed that By is independent

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

1771 - ( 8 _¢ co2) ( 4.08 × 10 -12 )ToS (To) (3.36)
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where S is the integrated band intensity as defined in the earlier section and T0 is the refer-

ence temperature. The radiative life time 11r has the units of seconds, and for fundamental

bands of some important molecules values of vI r 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

qR_ ----2 Blm E3(ge_) - 2 B2mE 3 (go_ - lrw) + 2sf [ "iJm(t) E2(g m - t) dt -

lip

0

gob

where

I J_(t)E2(t- _) dt ]
(3.37)

•:_ = xmy, ro_ = x_L (3.38a)

J,,(O edt) ½ ,_c=-w-+ _H(t), '_ =,l-;

-- div qR (Y) 0

2 _ e s(z) 2 _ P S03

(3.38b)

(3.38c)
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In Eq. (3.37), xoo is the optical path length and t is a dummy variable for'to. The quantities

BI_ and B2_ are surface radiosities, and En(t) are exponential integral functions. It has been

assumed that the spectral absorption coefficient _:to 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 ]

I'0a

Blo J -" elojela_ + 2 (1 i gla_ [ B_E3(toa) + at I Jo(O E2(t) dt ] (3.39a)

0

'lrt_

B_ = _2_e2_ + 2 (1 - e2a) [ BloE3(,o_ ) + _t I Jo(O E2 (_0_

0

-Oat] (3.39b)

For black surfaces, Blto = eko and B2,o = e2o. This is obvious from Eq. (3.39) because in

that case elo = _2_ = 1. Under the assumptions of LTE,

Jo(0 = eo(0
0_

The total radiative flux is given by

glD

qR = I qR_ dto

0

(3.40)

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

qRo(l'o) = e xo -- e2_ + 2 [ Fla,(t) E2(l'a_ - t) dt - F2(t) E2(t - _oJ) dt ]

0 I'm

(3.41)
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where

Fx,,(t) - e.(t) - e_®; F_,(t) = e.,(t) - e_,

A direct differentiation of Eq. (3.41) gives

= - 2 [ _x.(r®) + r2.(_®)] + 2 [ f Floe(t) El(_'at- t) d/

o

f_

+ f F_(t)E_(t-r.,)gt] (3.42)
fm

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

En (t) by an exponential function. The exponential integrals E2 (t) and E3 (t) in Eq. (3.37)

are approximated as follows

3 - 3t) -- - f Ez(t )dt -- (- 3t) (3.43)E2(t ) "_- exp ( ,_ ; E3(t ) 1 exp
J

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

Eq. (3.37), one obtains

q_..- 8_. expt - 23-_v I - B_.e_p[- 3 ,,. (L- y)]
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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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+ J_z) x.exp[- xa_) _ - z)] dz- J_z) x.exp[-

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 Non_may Formulation

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

for nongray gases

qR _ el -- e2 + 3f I 3[ _ J_z) - el,_] x,,exp[- _x,,(y - z) ] a.a,az
0 A_

L

y Ao_

(3.45)

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

independent of wave number within the band.

By defining the following nondimensional independent variables

y 1"..._ U . U w Z
$ = r - _o. Us ' _w= Us = E (3.46)
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where u is the dimensionless path length and uo = ( S/Ao ) PL, the radiative flux equation

is expressed in it's final form as

qR(_ =el-e2

f/ / uo0}3 ,--, 3 _ F2a_cA/[3+ _Aou o Flo_cA [_Uo( _ - _")d/j'] - _j)]d_j'

3 dqR _-, 3_. _ t_uo_-_1_- _-_t}.o<_- _ (3.47)

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(/j) = e 1 - e 2

+ 3 -, 3 __ Ao/u 0 - _')a_']

Fa_iAi[_u0,(_i=1 L_ -- _ --

3 _R-,3 _qR ,3 ,
- g _ _ _')]d_'(-_)A i [_u0,(_ -- -- -- (3.48)

"' t_ _ (-_-_' [_uo,_ _d_'

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

LYE case, the last two terms, i.e., the terms involving Vl, 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

q,_(_)

where

= F(r) + T4(t) exp[ - b(_ - t) ]dt- T4(t) exp[ - b(t - r) ]

g

F(_) - _ exp(- br) - o_ exp[- b(_0- _)]

b=3; F=bo

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

d2qm. d2F d_dr'---"_ - dr---_ + 2F--+

(3.49a)

{! : }/'bz T4(0exp[- b(r - t)]dt- T4(0exp[- b(t- r)]d

(3.49b)

(3.49c)

(3.50)

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

d2qRL 2F_ d2F b2F(r)-- b2qs(r) -- _ + --_ --

28
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Equation (3.51) is the general differential equation for radiative flux for gray gases under

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

d2F b2F(lr) = 0
dg 2

Consequently, Eq. (3.51) reduces to

d2qm.

dr2 qR = 3trdT4 (3.52)dr

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

of the present physical problem.

3.4.3 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

qmt = - KS exp[- b(r - t)]dt - exp[- b(t - r)] (3.53a)

where

KS__3 r/
8PS(T) (3.53b)
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Differentiating Eq. (3.53a) twice by using Leibnitz formula, one obtains

d2qRN ,,,, d'ZqR {f._ lrf._ tt-- -- z,_ _ KSb 2 exp[- b(z" - t)]dt - exp[- b(t - r)]d

(3.54)

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

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

h d2qR 9qR----30-_ (3.55a)

where

M 2 -- (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, and 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 iseasilyshownthatfully developedheattransfercanbeobtainedwiththesubsequentresult

thattherewill 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

v 8T a2T 1 aqR (4.1)
ay2 ocp ay

where the parabolic velocity profile is given by

Vx -- 6Vm[LY-- (LY-)2] (4.2a)

The mean velocity is given by the expression

A¢

(4.2b)

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

heat flux and fully developed heat transfer, OT/Ox is a constant and is given by the expression

aT_ 2aqw (4.2c)
ax v ,n Lx

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

where

d20p 1 dqR (4.3a)
12(/j - _2) = d_ 2 q,,' d_

_=Y ; Op-_ (T-T1)
( _ ) (4.3b)
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Uponintegratingthis equation once, and by noting that d0p/d_ = 0 and qR = 0 at _ = 1/2, one

finds

qR (4.4)dO_,_ 2(3_2 _ 2_3) + 1 -- q.,

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, 0p.

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 _p (T1). For convenience, attention will be di-

rected only to black bounding surfaces. Replacing ro by rp in Eq. (3.44), integrating over

the wave number, and utilizing the linearized expression T 4-T14 = 4 T 3 ( T-T1 ), following

expression is obtained for the present problem

qR =

6o,,¢pT31 [T(z) - T1]exp[- 3xt,(y - z)ldz - [T(z) - Tllexp[- -_p(z - y)ld2

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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d2qR 9 2 dOp

d_ 2 _ r qR --- Ylqw'_ (4.6a)

where

3r2 ,V- xxp
yx = _ , _xx ' ,o = x,_

The boundary conditions for this equation are

q (½):0.

_4.6b7

(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 Eqs. (4.4) and (4.6) is straight-

forward and the final expression for the dimensionless bulk temperature, 0bp, is expressed

as [311

Obp = C1124 - 12M 1 + M_ + (Mal - 12341 - 24)exp(- M:) ]

12 7: + 17Y: 17

5M14 70M_1 70 (4.7a)

where

48 - 3roM_x + 36r o_'1
C1 ] (4.7b_

The governing parameters for this equation are _ and TO.Note that _ 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

d2qR 2 _ 4_ 4
d_ 2 _ qR -- _ qw (6_ 2 -I- 1) (4.8a)

where

M1 Yl. 3 r/

t_1 ="_Z._IM2 ;-'_ _ "M22' M2 -- 1 + 4PS(T) (4.8b)

The quantities M1 and _/1 are defined in the same way as discussed in the preceding section.

The solution of Eq. (4.8) is given as

0be -- C1124 - 12._1 + 1_/_-i3 + (j_/'_'l3 - 12_1- 24)e-_/7 l

17 Yl 17

70/_12 70

where

(4.9a)

C1 -_ _'1.._..._[ 48 - 3l'0_1 2 + 36l" 0
M1 31ro(1 - e -BT) + 2/IT1(1 + e -g;'0 l

(4.9b)

Thus it is obvious that v! is the driving force for NLTE. For rl = 0, M2 = 1, and the solution

for 0bp reduces to that under LTE.
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Chapter 5

NONGRAY RADIATIVE TRANSFER IN

I_AM/NAR 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)

qR(_) -----el -- e2

3 7", 3 7--, 3 ,
"1"_ _ AoiU 0 _')d/j'] _)]d/j'F_,./ti[_-Uo,(_- - F_,,,ai[_Uo,(_-

(5.1)
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Using the following relations

demi
Floi -- eoi(_') - eloi = ( _ )T_ (r- T1)

de_i
F2_ i -- e.,(_') - e2a_i = ( _ )72 (r- T2)

deoi
nli = Ao,(T) ( _ )Tt

dea_i
n_ = AO,(T ) ( -_- )72

(5.2a)

(5.2b)

(5.2c)

(5.2d)

01p(_) = (T- T1)
(.q£.._ (5.2e)

(T- r2)
0_(_) ffi (_._ (5.2/)

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

qR(!_) 3 L _"
qa_ ---- el -- e2 + 2_ U0i li 01p(_w)_(a)d_ t - H2i 02p(_l)_(lI)d_ I

• L 0

(5.3a)

where

3 3 ,
a'(o ffiX'[ _Uol(_ - _') ] ; Z'(IO = _'[ _Uoi(_ - _3 ] (5.3b)

If, at any x-location, the two plates have the same temperature, then T1 = T2 and el = e2, and

Eq. (5.3a) becomes

q:o. i t
iffil t_
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Combining Eqs. (4.4)and (5.4),one obtains

dOp 2( 2_ + I -

(5.5)

The temperature profile within the gas, 0p (_j), is thus described by Eq. (5.5). The boundary

condition for this equation follows to be 0p ( 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

Tb-- u-_ f u T dA (5.6)

Ac

The bulk temperature can be expressed in dimensionless form as

T b - T 1 f- -< - 6
0

(5.7)

The heat transfer qw is given by the expression qw = hc ( Tz -Tb), where hc is the equivalent

heat transfer coefficient in Watts / m2-K. The heat transfer results are expressed usually in

terms of the Nusselt number, Nu, defined in terms of the hydraulic diameter Dh. For the pres-

ent geometry, Dh = 2L. Eliminating the effective heat transfer coefficient hc from the expres-

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

tained as
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2L qw _ -2 (5.8)
Nu -. x(T1 - Tb) Obp

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

parameters. For this case, a polynomial solution for 0p ( _ ) is assumed as

(5.9)

After employing the conditions 0p ( 0 ) = 0, 0p ' (1/2) = 0, and 0p' (0) = - 0p' (1), Eq. (5.9)

becomes

Op(_ - al( _ - 2/j 3 -t- _4) -I- a2(_ 2- 2/j 3 -!- _4) (5.10)

The constants a 1 and a2 are obtained by satisfying the governing integro--differential equa-

tion at two convenient locations _ = 0, and _ - 1/4. A combination of Eq. (5.7) and (5.10)

results in

0bj , - 7_6(17al + 3a2) (5.11)

Thus, with al and a2 known, the bulk temperature ( or the Nusselt number) is obtained from

Eq. (5.11). The procedure for evaluating the constants al and a2 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 Eqs. (5.2) and (5.3b), Eq. (3.48) can be expressed in an alternative

form as
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qR(Offie_ - e2 + _ (r- r_-7(0d_' - n2_ (T-

0

For black plateswith Tt = T2, el = e2,and Eq. (5.12)becomes

qR(_) " _. uo/H (T- Tl_i(/)d_' - (T- Tl_i(ll)dl_'

-_2.,'_,1/-_, ,_o - xTw)_'t

(5.12)

(5.13)

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

i2(_- _2)]
d20v

=q4 _-T

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

dOp
-_--2<3_2- 2_3)+ 1 =

3L {!/ }

(5.14)

- [,_,_-_' - _'_)]_(o_' - [._• :_- 12(_" -/f2)] _'_{(I/)d_'

(5.1S)
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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, 0bp is given by Eq. (5.11). Note that the constants al and a2 in this case

are different. The entire procedure of evaluating the constants al and a2 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, CO2, H20, 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
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(300K, 500 K, 1000 K, and 2000 I0. 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 seen to 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 almost negligible radiative contribu-

tion. Radiative interaction increases with increasing plate spacing. Figure 6.1(b) illustrates

the results at a fixed temperature of 500 Kand 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 500 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 Kto 2000 K and one atmospheric pressure. The results illustrate that bulk tempera-

ture decreases with increasing temperature. In Fig. S(b), LTE results are shown at different

pressures between 0.1 and 10 atm. and at a temperature ofS00 K. It is seen that bulk tempera-

ture decreases, in general, with increasing pressure. At higher pressures, bulk temperature

decreases smoothly for low plate spacings, but at higher plate spacings, it becomes uniform.

The reasons for this behavior of CO2 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 results are compared at various pressures and a temperature of 500

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

differences are negligible at higher pressures.

The results for H20 are presented in Figs. 6.6. The trend of the results are more of less

the same as observed in the case of CO2. 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 CO2. 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 Kand 0.1 atm. The variation is more than that observed for CO2.

The results for CH4 are presented in Figs. 6.7. In Figs. 6.7(a) and 6.7(b), LTE results are

presented at different pressures and temperatures. The trend of results is similar to that exhib-

ited by CO2 and H20. 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 CH4.

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 CO2. This implies that OH is the least radiating gas whereas CO2 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 results 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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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, CO2, H20, and CH4, 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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interactionatatemperature 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 CO2. 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 H20 at different pressures and

temperatures. The trend is almost similar to that observed for CO2. 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 2. Figures

6.14(a) and 6.14(b) present LTE results for CH 4 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 CHa 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 CH4. 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, CO2, CH4, and H20. This implies that among
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the gases H20 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 do 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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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, CO2, H20, and CH4, 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 any 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.
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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

r I. For r I = O(1), NLTE prevails and for r I = 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 H20 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 a gas 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

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

is expressed as

u+2 1 }A = A01n uf(t)[u + 2f(O' + 1 (a.la)

C 2

[( 2 )]p = n2e,U = C_PY ; t = 4C1C 3 e
(a.l b)

f(t) = 2. 9411 -- exp(-- 2.60 0] (A.I c)

The quantities u, t, B 2, and Pe are all dimensionless. The band width parameter A0 = C3, and

it is a function of temperature only. The correlation quantity C02 is proportional to (Ct/Ca).

It can be shown [33] that
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AO C2 = S(T) (A.2)

The quantity t is the line structure parameter, and Pe is the equivalent (effective) broadening

pressure and is given by

p, [(PB+ bP2 ,,-- Po ], Po-- latm (A.3)

where PA is the partial pressure of the absorbing gas, PB 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

( N2 in all cases here ). The pressure 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 C1, C2, and C3, the quantities Ao, C02, and B 2 were evaluated

and expressed in the units employed here. These are given in Table A.1. The procedure for

converting the correlation constants C1, C2, and (23 from the data of Edwards et al. [35] into

the relations and units of quantities Ao, Co 2, and B 2 is discussed in [31].
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Table A.1 Exponential Band Model Correlation Quantities *

IMolecule

CO

NO

Band

tt

4.7

2.35

5.3

2.7

Band

Center
cm -1

(O c

2143

4260

Pressure

Parameters

b n

1.1 0.8

1.0 0.8
II

1.0 0.65

1.0 0.65

OH

H20

CH4

CO2

2.8

1.4

15

4.3

2.7

I.R

6.3

2.7

1.87

1.38

7.6

3.3

1876

3724

3570

6974

667

2350

3715

5OO

1600

3750

5350

7250

1310

3020

*lit S*

1.3 0.7

1.3 0.8

1.3 0.65

5.0

5.0

5.0

5.0

5.0

1.0

1.0

1.0

1.0

1.0

38.1 kl(T)

38.1 kl(T)

36.0 k1(T)

36.0 k1(T)

117 kl('I")

117 kl(T)

22.3 kICl')

19.9 k1(T)

41.6 kl(T)

49.4 kl(T)

90.1 kt(T)

112.6 k1(T)

79.7 kl(T)

79.7 klCT)

39.8 kl(T)

95.3 kl(T)

6.24 k2(T)

o.024 k2(T)

ss

15.2 k2(T)

!98.7 k2(T)

1.72k2(T)
_2(T)

771 k2(T)
'_7('0

3.35 k2(T)

1.52k2(T)

0.276 k2(T)
toll(T)

0.230 k2(T)
tlol(T)

4.58 k2(T)

3.15 k2(T)

B2(T)

!dimensionless

0.084 klCr)

0.329 kl(T)

0.111 620")

O.073/k1(T)

0.130/k1(T)

0.145/k1(T)

0.118/kl(T)

0.201/kl(T)

0.067 kl(T)

0.036 kl(T)
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* Notes on table A.I:

1. Notations: kt(T) = (T/300) 1/2, k2(T) = (300/1") 1/2, 61 = [ _12(T)/klcr) ] x 10 -3,

= 132(T)/[ 2C0 kl(T) ]

h = 6.625 x 10 -27 erg-sec, c = 2.998 x 10 l° cm/sec, K = 1.380 x 10 -16 erg/K,

hc/_: -" 1.44 cm-K

2. For CO: to = 2143 cm -1, _I(T) = [ 15.15 + 0.22 (T/To) 3/2 ] [ 1- exp (-hcta/_:T) ],

To = 100 K, S(Tol) = 289 4- 30 cm-2--atm -1, Tot = 300 K, Vlr= 0.0297 seconds.

3. For NO: to = 1876 cm -1, S(Tol) = 132 cm-2--atm -1, To1 = 300 K, Vlr= 0.07 secs.

4. For OH: to = 3570 cm -1, S(Tol) = 110 cm-2-atm -1, To1 = 300 K, vlr = 0.0232 secs.

5. For CO2: ¢ol = 1351 cm -1, ¢02 = 667 cm -1, to3 = 2396 cm -1

_p2(T) = ( 1--exp [ ( - hc/x:T ) ( OJl + ¢o3 ) ] } x { [ 1--exp ( - hc ¢OlhCT ) ] [ 1--exp

(-hc oy3/_:T ) ] }-1, _3(T ) = 1+0.053 (T/300) 3/2, SI(Tol ) = 362 4- 90, S2(ToI ) = 2970, S3(To1 )

= 67 cm-2-atm -1, To1 = 300 K, vii r = 0.215 secs., v12t = 0.0022 secs., _q3r = 0.0846 secs.

6. For H20: ¢Ol = 3652 cm -1, oy2 = 1595 cm -1, ta3 = 3756 cm -1, _bvlv2v3 (T) = { 1- exp

[ --hc (rico I +v2oo2+v3ta3)/KT ] } x { [ 1- exp ( --hcto2/x:T ) ] [ 1- exp ( ---hcto3/_:T ] }-1,

_7(T) = exp [ -17.6 (T/100) -1/2 ], SI(Tol) = 1840, S2(Tol) = 300 4- 60, $3(Tol) = 200 4- 20

cm-2-atm -1, To1 = 300 K, _12r = 0.0468 secs., TI3r = 0.0127 secs.

6. For CH4:¢01 = 1310 cm -1, o02 = 3020 cm -1, SI(Tol) = 185, $2(To1) = 320, cm-2-atm -1,

To1 = 300 K, Vltr = 0.113 secs., Vl2r = 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

f Bl¢dOJ --B 1 - e 1 - oT14

0

m

f B2_d00 -- B 2 --- e 2 - _ 724

eD

f J_z)_ = JCz) _(z) ½=-_-+ _/7(z)
0

(B.1)

(B.2)

where
dq_

_r(z)= --z-
2_PS(T)

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

qR "- OTI4exp(- br) - oT24exp[( - br0 -- t')]

(3.4)
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+ e(t)exp[- b(t"- t)]dt- e(t)exp[- b(t - r)]

x 1
P$(T) (B.5)

Equation (B.5) can be rewritten as

where qRL(X) and qRN(X) are defined as in Eqs. (3.49a) and (3.53a) respectively. Differentiat-

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

dZqR deF __dr 2 = dr---5- + 2/" + Fb2(/) - 2KS

ar2qR

d_ 2
gSb2(II) (B.7a)

f •o

where I = f T4(t)exp[- b(lr - t)]dt - l T4(t)exp[- b(t - t']dt (B.7b)

0 •

lr _o

II-- f- exp[-b(t-r)]at
0 •

and F(x), b, F, and KS are defined as in Eqs. (3.49b), (3.49c), and (3.53b) respectively, the

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

I = qm(r) - F(_) (B.8a)
F

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

H= qt_v
KS

(B.8b)
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Substituting Eqs. (B.8a) and (B.8b) in Eq. (B.7a), there is obtained

_2d'ZqR 9 qR = 3od_____

which is Eq. (3.55a), and M2 is defined as in Eq. (3.55b).

(B.9)
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APPENDIX C

SOLUTION PROCEDURE FOR NONGRAY
NLTE FORMIB_,ATION

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

a1(1 -- 6_ 2+4_ 3) +a2(2 _- 6_ "2 +4_ 3)-2(3_22_ 2- 2_ 3) + 1 -----

3L{f }_(#Huo 0(_'W(0d_'- 0(_'W(10d_'

fl 1

I d'ZOT' ' S d207' '- 3_t (_ + _-_A (0_ - (_ + _A (_0_ I
o

(c1)

where _,'(I) and A'(II) are defined as Eq. (5.3b).

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

ala I + a2a 2 ---- a 0 (C2)
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where

ao = (3_lcRo- 1) (C3)

a I = 1 + [(L)HI(¢_ 1 - 2c-_e3 4- c4R4)] - [(9)n(c3R 2 - c2R1)] (C4)

a 2 -- [(L)Hx(c2R 2 - 2_R 3 + c4R4)] - [(_3)qCcRo - 6c2RI + 6c3R2)] (C5)

where c = 2/(3 uo), b = l/u, and Rfs are integral functions defined as

b

f ::
Ro = X'(u),_

O

b

0

b

0
b

o

b

R4 -" I u4_'(u)du

o

(C6)

(C7)

(C8)

(CO)

(C10)

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

where

altz 3 +a2a 4 ffi a 5 (Cll)

a 3 --'_ {(L)H1[(2_6)S 1 + (11---_)C(S2 + $3>- ('_)C2_4- c3(S5 "l"86) + ¢4S7] ) "i"
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a4

(_ } - (c,4,a s= ( ticS 1-1--6

and Si's are integral functions defined as

3b/4

hi4

hi4

3b/4

s3 = I u X'(u)du

3b/4
1"

= I u3 A'(u)du$4
J

b/4

b/4

S5 = I u3 X'(u)du
0

(c15)

(C16)

(c17)

(C18)

(C19)

129



3614

S6 = I u3X'(u)du

3b/4

s7 = I u4X'(u)du

b/4

(c2o)

(c2D

Thus, the constants al and a2 can be evaluated by solving Eqs. (C2) and (Cll)

aoa 4 -- a2as

al = DEN
(C22a)

where

aoa3 - a_s (C22b)
a2 = - DEN

DEN - a_t I - a_t 3 (C22c)

Once al and a2 are evaluated, the solution for bulk temperature, Obp 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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c program to calculate LTE and NLTE bulk temp. under gray

c gas assumpt/on for CO

implicit double precision (a-h,o-z)

real l,ldb

dimemonu(10),preu(4),Temp(4)
datau/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, fileffi'nlp')

open(unit=22, file='lp')

open(unit=23, file='ou123.dat')

write(23_o)
w_it_(21,13)
write(21,*) 10,1

13 format('y ,/,'x' J,'t' J, 'li '4,i4_x,'l ')

write(22,14)

write(22,*)to,1
14 format('2'J,'x'J,'t'4,/,i4,x,'1')

do 101 it=l,4

tw=temp(it)

do 202 kk=l,4

p=pr_(kk)
do 303 i---l,10

l=n(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-

tkl=tw**2

tk2-tw**O.5

tk3=tw/273.0

hck=1.439257246

ts=3OO.O/tw

c Spectroscopic Properties of CO

c Two Bands of CO are cosidered(4.7 and 2.35 microns)

c wnbi Band Center (1/cm)

C-

wnb1=2143.

wnb2=4260.

c2bl=hck*wnbl

c2b2.=bck*wnb2

ccc=0.000053847734

ccbl =ccc*(wnbl**4.)

ccb2=ccc*(wnb2**4.)

tbl=c2bl/tw
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tb2=c2b2/tw

teb1= exp(tbl)

teb2ffi exp(tb2)

clblfccbl/c2bl

clb2fccb2/c2b2

piblfficlbl/(tebl-L0)

ptb2=c Ib2/(teb2--1.0)

devlflkl*((tebl-l.0)**2.0)

dev2ftkl*((teb2-1.0)**2.0)

pfdbl =(cc.bl *tel>l)/devl

pfdb2=(ccb2*teb2)/dev2

c

c Band Model Correlations(Tien & Lowder Wide Band Model)

e azi aoi (1/cm)

e czsi coi**2 (1/alm--cm)

c bsi b**2 (Nondimensional)

c omegi Wave Number (1/cm)

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

akl =(tw/300.)**0.5

ak2=(300./tw)**15

azl =38.1 *akl

az2fazl

c dkfThermal Conductivity (Erg/cm--sec--k)

c.

kfb=(1488.365171)*(tk3**l.23)

omegl=2143.

tx=--(hck/tw)
txlftx*omegl

etxl= exp(txl)
cl=l.0--etxl

c01=6.24"ak2

c02=0.042"ak2

sl=azl*c01

s2=az2*c02

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

ETC2f0.015*ETCI

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

ETCA=ETC3-ETC2

ETC5= 175.*ETC4

ETC6=(E'I'C5-18.42)

ETC7=EXP(ETC6)

ETAC=ETC7/P

etarl 1=8.*3.14*((wnb1**2.))*4.08*(1.e-12)*tw*s 1

ETAR1 =I/ETARll

etar22=8.*3.14*((wnb2**2.))*4.08*(1.e--12)*tw*s2

etar2=l/etar22

ETA11 =ETAC/ETAR1
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100

109

303

202

101

1000

230

eta12-_tac/etar2

aapl_etall/sl

aap2=etal2/s2

aapxlz(3./4.)*(aapl)/p

aapx2_3./4.) *(aap2)/p

am2_l.+(aapxl+aapx2)

if(am2.1e.O.)then
am2_.79

endif

tinfp *! **2./k£b *(s l*pfdbl+s2*pfdb2)

m= _(-(3..e_)**o.5)
ala=O.O0005668

akpfp/(ala*tw**4.)*(sl*ptbl+s2*pfo2)

tao_kp*l

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

r=3.*tao**2./anba

a lm=3.*tao**2. *((0.75)+(1./anba))

am= sqrt(alm)

era= exp(-4m)

ad=3.*tao*(1.--em)+2.*am*(1.+em)

ac_(r/(am* *8.))*(48.-3. *tao *am* *2.+36. *tao)/ad

palf24.-12.*am+am**3.+(am**3.-12.*am-24.)*©m

pa2=-I2.*r/(5.*am**4.)+17.*r/(70.*am**2.)

ambar_sqrt(alm/am2)

write(*,*) alm,am2

rbar=rlam2

emba_exp(-ambar)

adbar_3.0*tao*(1.O-embar)+2.0*ambar*(1.O+embar)

acba_(rbar/(ambar**8.)) *(48.-3.*tao *(ambar **

* 2.0)+36.0*tao)/adbar

pa lbarf24.0-12.0*ambar+ambar **3.0

* +(ambar *'3.0--12. O*ambar-24.0)* embar

pa2bar=--12.0 *rbar/(5.0 *ambar**4.0)+

* 17.0 *rbar/(70.O*ambar *'2.0)

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

tbuikn=acbar*pa lbar+pa2bar-17.0/70.0

write(21,109) 1,--tbulk,-tbulkn

write(22,100) l,--tbuilm

write(23,1000)tw, p, 1, -tbulk, -.tbulkn

form,t(1 x, tg.2,3x,clO.4)

format(lx,19.2,2(3x,elO.4))

continue

continue

continue

format (Ix,fT.2, 3x,f6.2, 3x,f6.2, 3x,elO.4, 3x,elO.4)

format (4x,'tw',8x,'p',6x, T ,9x,'tbuik',9x,'tbulkn ')

stop
end
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GRAY GAS RESULTSFOR CO

tw p 1 tbutk (LTE) tbunm (NLTE)

300.00 0.10

300.00 0.10

300.00 0.10

300.00 0.10

300.00 0.10

0.10 0.1649E+02 0.2468E+08

0.50 0.2430E+00 -.9185E+06

1.00 0.2427E+00 0.8417E+04

2.00 0.2422E+00 -.8730E+02

5.00 0.2385E+00 0.1610E+00

300.00 0.10 10.00 0.2264E+00 0.2435E+00

300.00 0.10 20.00 0.1885E+00 0.2428E+00

300.00 0.10 50.00 0.8728E-01 0.2423E+00

300.00 0.10 75.00 0.4887E-01 0.2416E+00

300.00 0.10 100.00 0.3041E-4}1 0.2406E+00

300.00 1.00

300.00 1.00

300.00 1.00

300.00 1.00

300.00 1.00

300.00

300.00

300.00

300.00

300.00

300.00 5.00

300.00 5.00

300.00 5.00

300.00 5.00

3000.00 5.00

0.10 0.2450E+00 0.6133E+01

0.50 0.2424E+00 0.2428E+00

1.00 0.2411E+00 0.2426E+00

2.00 0.2360E+00 0.2420E+00

5.00 0.2061E+00 0.2378E+00

1.00 10.00 0.1429E+00 0.2241E+00

1.00 20.00 0.6587F.,4}1 0.1837E+00

1.00 50.00 0.1530E,--01 0.8624E-01

1.00 75.00 0.7767E-02 0.5082E-01

1.00 100.00 0.4886E-02 0.3353E-01

0.10 0.2428E+00 0.2428E+00

0.50 0.2407E+00 0.2412E+00

1.00 0.2345E+00 0.2363E+00

2.00 0.2131E+00 0.2192E+00

5.00 0.1332E+00 0.1484E+00

300.00 5.00 10.00 0.6092F_,-01 0.7320E-01

300.00 5.00 20.00 0.2244E-01 0.2788E,-01

3000.00 5.00 50.00 0.6654E--02 0.8075E--02

300.00 5.00 75.00 0.4423E-02 0.5221E-02

300.00 5.00 lo0.00 0.3510E--02 0.4049E--02

300.00 10.00 0.10 0.2427E+00 0.2427E+00

300.00 10.00 0.50 0.2386E+00 0.2389E+00

300.00 10.00 1.00 0.2270E+00 0.2280E+00

300.00 10.00 2.00 0.1914E+00 0.1942E+00

300.00 10.00 5.00 0.9734E-01 0.1014E+00

300.00 10.00 10.00 0.4095E-01 0.4325E-01

300.00 10.00 20.00 0.1661E-01 0.1753E-01

300.00 10.00 50.00 0.6857EM)2 0.7114E-02

300.00 10.00 75.00 0.5365E-02 0.5517E-02

300.00 10.00 100.00 0.4721E-432 0.4828E-02

500.00 0.10 0.10 0.2449E+00 -.5491E+02

500.00 0.10 0.50 0.2423E+00 0.2423E+00

500.00 0.10 1.00 0.2408E+00 0.2428E+00

500.00 0.10 2.00 0.2349E+00 0.2425E+00
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500.00

500.00

500.00

500.00

500.00

0.10 5.00 0.2004E+00 0.2405E,+_

0.10 10.00 0.1320E+00 0.2337E+00

0.10 20.00 0.5657F,,-4)1 0.2106E+00

0.10 50.00 0.1190E--01 0.1272E+00

0.10 75.00 0.5701E--02 0.8200E--01

500.00 0.10 100.00 0.3400E-02 0.5580E--01

500.00 1.00

500.00 1.00

500.00 1.00

500.00 1.00

500.00 1.00

0.10 0.2427F_,+00 0.2427E+00

0.50 0.2378E+00 0.2387FA-00

1.00 0.2241E+00 0.2270E+00

2.00 0.182713+00 0.1907E+00

5.00 0.8245E-.01 o.9284E-Ol

500.00

500.00

500.00

500.00

500.00

500.00

500.00

500.00

500.00

1.00 10.00 0.3007E-01 0.3523E-01

1.00 20.00 0.9946E-02 0.1176E--01

1.00 50.00 0.2786F,,-02 0.3220E-02

1.00 75.00 0.1821E--02 0.2061E-02

1.00 100.00 0.1429E,-02 0.1591EM}2

5.00 0.10 0.2418E+00 0.2418E+00

5.00 0.50 0.2204E+00 0.2205E+00

5.00 1.00 0.1748E+00 0.1752E÷00

5.00 2.00 0.1004E+00 0.1009E+00

500.00 5.00

500.00

500.00

500.00

500.00

500.00

5.00 0.3138F,-01 0.3158E-01

5.00 10.00 0.1311E-01 0.1318E-01

5.00 20.00 0.6858E--02 0.6888E,4)2

5.00 50.00 0.4280E--02 0.4290E--02

5.00 75.00 0.3836E-02 0.3842F.,-02

5.00 100.00 0.3632E,-432 0.3636E-02

500.00 10.00 0.10 0.2408E+00 0.2408E+00

500.00 10.00 0.50 0.2033E+00 0.2033E+00

500.00 10.00 1.00 0.1420E+00 0.1421E+00

500.00 10.00 2.00 0.7209E--01 0.7219E--01

500.00 10.00 5.00 0.2466E--01 0.2469E-01

500.00 10.00 10.00 0.1320E--01 0.1321E-01

500.00 10.00 20.00 0.9033E--02 0.9039E-02

500.00 10.00 50.00 0.7122E,-02 0.7124E-02

500.00 10.00 75.00 0.6760E--02 0.6762E--02

500.00 10.00 100.00 0.6588E-02 0.6589E--02

1000.00 0.10

1000.00 0.10

1000.00 0.10

1000.00 0.I0

1000.00 0.10

0.10 0.2428E+00 0.2429E+00

0.50 0.2416E+00 0.2420E+00

1.00 0.2379E+00 0.2394E+00

2.00 0.2242E+00 0.2295E+00

5.00 0.1599E+00 0.1784E+00

1000.00 0.10 10.00 0.7937B-01 0.9969E-4)1

1000.00 0.10 20.00 0.2662E-01 0.3644E-_1

1000.00 0.10 50.00 0.4890E-02 0.6945E-02

1000.00 0.10 75.00 0.2275E--02 0.3244E-02

1000.00 0.10 100.00 0.1331E-_2 0.1898E--02

1000.00 1.00 0.10 0.2424E+00 0.2424E+00

1000.00 1.00 0.50 0.2309E+00 0.2309E+00

1000.00 1.00 1.00 0.2014E+00 0.2015E+00
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1000.001.00 2.00 0.1340E+00 0.D42E+00

1000.00 1.00 5.00 0.4134E-01 0.4148E--01

1000.00 1.00 10.00 0.1265E-01 0.1271E--01

1000.00 1.00 20.00 0.3774E-02 0.3790E.-.02

1000.00 1.00 50.00 0.9107E-03 0.9141E--03

1000.00 1.00 75.00 0.5485E_3 0.5503E-03

1000.00 1.00 100.00 0.4057E--03 0.4069E-03

1000.00 5.00 0.10 0.2404E+00 0.2404E+00

1000.00 5.00 0.50 0.1939E+00 0.1939E+00

1000.00 5.00 1.00 0.1229E+00 0.1229E+00

1000.00 5.00 2.00 0.5226E-01 0.5226E--01

1000.00 5.00 5.00 0.1240E-01 0.1240E.-01

1000.00 5.00 10.00 0.4449E--02 0.4449E--02

1000.00 5.00 20.00 0.1995E--02 0.1995E--02

1000.00 5.00 50.00 0.105SE--O2 0.1055E--02

1000.00 5.00 75.00 0.9011E-03 0.9012E-03

1000.00 5.00 100.00 0.8321E--03 0.8321E-03

1000.00 10.00 0.10 0.2380E+00 0.2380E+00

1000.00 10.00 0.50 0.1632E+00 0.1632E+00

1000.00 10.00 1.00 0.8596E-01 0.8597E--01

1000.00 10.00 2.00 0.3290E-01 0.3290E--01

1000.00 10.00 5.00 0.8690E--02 0.8691E--02

1000.00 10.00 10.00 0.3931E--02 0.3931E--02

1000.00 10.00 20.00 0.2340E-432 0.2340E--02

1000.00 10.00 50.00 0.1653E-02 0.1653E-02

1000.00 10.00 75.00 0.1528E-02 0.1528E--02

1000.00 10.00 100.00 0.1469E.--02 0.1469E--02

2000.00 0.10 0.10 0.2434E+00 0.2423E+00

2000.00 0.10 0.50 0.2421E+00 0.2421E+00

2000.00 0.10 1.00 0.2398E+00 0.2399E+00

2000.00 0.10 2.00 0.2311E+00 0.2314E+00

2000.00 0.10 5.00 0.1843E+00 0.1853E+00

2000.00 0.10 10.00 0.1070E+00 0.1084E+00

0.10 20.00 0.4007E.-.-01 0.4085E--01

0.10 50.00 0.7500E-02 0.7670E-02

0.10 75.00 0.3413E-02 0.3492F,_2

0.10 100.00 0.1944E-02 0.1989E-02

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 0.10 0.2425E+00 0.2425E+00

1.00 0.50 0.2354E+00 0.2354E+00

1.00 1.00 0.2155E+00 0.2155E+00

1.00 2.00 0.1612E+00 0.1612E+00

1.00 5.00 0.5865E-O1 0.5866E,-01

1.00 10.00 0.1812E,4)1 0.1812F,_1

1.00 20.00 0.4918E,-02 0.4920E-02

1.00 50.00 0.8629E--03 0.8631F__3

1.00 75.00 0.4090E,-03 0.4091E_3

2000.00 1.00 100.00 0.2451E-03 0.2451E_3

2000.00 5.00 0.10 0.2413E+00 0.2413E+00

2000.00 5.00 0.50 0.2097E+00 0.2097E+00
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2000.00 5.00 1.00 0.1492E+00 0.1492E+00

2000.00 5.00 2.00 0.6974E--01 0.6974E--01

2000.00 5.00 5.00 0.1523E--01 0.1523B-O1

2000.00 5.00 10.00 0.4250E-02 0.4250E--02

2000.00 5.00 20.00 0.1219E--02 0.1219E--02

2000.00 5.00 50.00 0.281013-03 0.2810E--03

2000.00 5.00 75.00 0.1649F.,-03 0.1649E--03

2000.00 5.00 100.00 0.1196E-03 0.1196E--03

2000.00 10.00 0.10 0.2398E+00 0.2398E+00

2000.00 10.00 0.50 0.1848E+00 0.1848E+00

2000.00 10.00 1.00 0.1084E+00 0.1084E+00

2000.00 10.00 2.00 0.4156F_1 0.4156E--01

2000.00 10.00 5.00 0.8347E--02 0.8347E--02

2000.00 10.00 10.00 0.2423E,-02 0.2423E--02

2000.00 10.00 20.00 0.7780E-03 0.7780E--03

2000.00 10.00 50.00 0.2386E-03 0.2386E--03

2000.00 10.00 75.00 0.1651E-03 0.1651E--03

2000.00 10.00 100.130 0.1346E--03 0.1346E-03
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C Program to calculate LTE and NLTE bulk temp. under gray

c gas assumption for NO

IMPUCTrDOUBLEPRECISION(A-H,O-Z)
REALL,KFB
DIMENSION U(10),PRF__4),TEMP(4)

OPEN (1,FILE='outla')

OPEN (2,FILE='nlp')

OPEN (3,FILE='Ip')

DATA U/0.1,0.5,1.,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' 4,'tl',/,i4,x,'l ')

writc(3,14)

write(3,*) 10,1

14 format('2'J,'x',/,'t'J,/,i4,x,'l')

DO 4 1T=1,4

TW=T_MP(1T)

DO 5 KK=I,4

P=PRES(KK)

DO 6 I=1,10

L=U0)
TKI=TW**2.

TK2=TW**0.5

TK3=TW/273.

HCK=l.439257246

TS=300./TW

WNBl=1876.

wnb2=3724.

C2BI=HCK*WNBI

c2b2=hck*wnb2

CCC---0.000053847734

CCB 1=CCC*(WNB 1"'4.)

ccb2=ccc*(wnb2**4.)

TBI=C2B1/TW

tb2=c2b2/tw

TEBI=EXP(TB1)

teb2=exp(tb2)

C1B1--CCB1/C2B1

clb2=ccb2/c2b2

PFBI=C1BI/(TEBI-1.)

pfb2=clbZ/(teb2-1.)

DEVI=TKI*(0EBI-1.)**2.)

dcv2=tkl*((tcb2-1.)**2.)

PFDBI=(CCBI*TEBI)/DECl
pfdb2=(ccb2*teb2)/dev2

AKI=(TW/300.)**0.5
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AK2ffi(300.NW)**I.5
AZlffi36.*AK.1

az2=36.*akl

KFB=(TW/179.16)*0.01378 *(1.E+8) *(1./(36.'23.889))
OMEGffiI876.

S1ffi132.*TS

s2=2.2*ts

ETClf1.16*l.E--3*((15)**0_)*(2700.**(4./3.))

ETC2=TW**(-I./3.)-O.015 *((15.) **0.25)

ETC3=ETCl*ETCT_18.42

_C4ffiEXP(Er_)
ETACfETC4/P

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

Erc2ffi0.015*ETC1

ETC3fTW**(-1./3.)

ETCSf175.*_rcA

_rc6ffi_rcs-18.42)

_CV=F.XP(m'C6)

ETACffiETCT/P

ETARI--8 *3.14"(1876.**(2.)) "4.08"(1.E-12)'300.* 132.

ETAR2ffi8*3.14*(3724.**(2.))*4.08*(1.E-12)*300.*2.2

ETAR11= 1/ETAR1

etarl2fl/etar2

ETA1 _ETAC/ETARll

e),,2=cmc/et_rl2

aapl=cml/sl

aap2feta2/s2

aapx=(3./4.) *(aapl+aap2)

am2fl.+(aapx)

w._(*,*)am2
tinffip*l**2.0/kib*(s l*pfdbl+s2*pfdb2)

tn--exp(-(3.0* tin) **0.5)

anexpffi(1.0-4n)/(l.0+m)

tcm=l/kfl)*(pfdbl*azl+pfdb2*aZ2)

ala=0.00005668

akp=p/(ala*tw**4.0)*(sl*pfbl +s2*ptb2)

taoffiakp*l

anba =ktb *akp/(4.0*ala *tw* *3.0)
r=3.0*tao**2.0/anba

aimf3.0*tao**2.0*(0.75+1.0/anba)

am_qrt(aim)

cm=exp(--..am)

adf3.0*tao*(1.0--em)+2.0*am*(1.0+em)

ac=r/am**8.0*(48.0--3.0*tao*am**2.0+36.0*tao)/ad

palf24.0--12.0*am+am**3.0+(am**3.0-1Z0*am-24.0)*em

pa -2ffi-12.0*r/(5.0*am* *4.0)+ 17.0"r/(70.0 *am* *2.0)

ambar---am/(sqrt(am2))

rba_rlam2
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embar=exp(--ambar)

adbar=3.0*tao*(1.0--embar)+2.0 *ambar *(1.0+embar)

acbar=(rbar/(ambar* *8.))*(48.-3.*tao*(ambar **

* 2.0)+36.0*tao)/adbar

pa 1bar=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)

tbelk=ac*pa 1+pa2--17.0/70.0

tbulkn=acbar *pa lbar+pa2bar-17.0/70.0

WRITE (1,19) TW, P_,-TBULK,-TBULI_

WSr_ (2,2O) L,-TBULK,-4betkn

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,E 10.4)

11 FORMAT (4X, 'TW',gx,'P',6X,'L',gX,'TBULK',9X,'TBULKN')

STOP

END
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GRAY GAS RESULTS FOR NO

TW P L TBULK (LTE) TBULKN (NLTE)

300.00

3OO.OO

300.00

300.00

3OO.OO

3OO.OO

300.00

3OO.OO

3O0.O0

0.10 0.10 0.531413+01 0.1035E+07

0.10 0.50 0.2430E+OO-.3OO9E+01

0.10 1.OO 0.2427E+00 0.7631E--01

0.10 2.00 0.2423E+OO 0.2418E+OO

0.10 5.OO 0.2392E+00 0.2427E+OO

0.10 10.OO 0.2290E+OO 0.2423E+OO

0.10 20.00 0.1958E+OO 0.2406E+OO

0.10 50.00 0.9796E-01 0.2297E+OO

0.10 75.00 0.5670E-.01 0.2155E+OO

300.00 0.I0 loo.OO 0.3594E--01 0.1986E+OO

300.00 1.00

300.00 1.00

300.00 1.00

300.00 1,00

300.00 1.00

300.00

300.00

300.00

3OO.OO

300.00

300.00 5.00

300.00 5.00

300.00 5.OO

300.00 5.00

300.00 5.00

0.10 0.2451E+OO 0.8474E+OO

0.50 0.2425E+OO 0.2428E+00

1.00 0.2414E+OO 0.2424E+00

2.OO 0.2372E+00 0.2412E+00

5.00 0.2116E+OO 0.2330E+OO

1.00 10.00 0.1541E+00 0.2084E+00

1.00 20.00 0.7624E--01 0.1490E+OO

1.00 50.00 0.1922E,_1 0.5481E-.01

1.OO 75.00 0.1015E-01 0.3056E,-01

1.00 100.00 0.6604E--02 0.1994E-01

0.10 0.2427E+00 0.2427E+OO

0.50 0.2411E+00 0.2416E+OO

1.OO 0.2359E+00 0.2382E+00

2.00 0.2178E+00 0.2255E+00

5.00 0.1458E+00 0.1680E+00

300.00 5.00 I0.00 0.7275E--01 0.9412E-01

300.00 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+O0 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 0.9820F,,-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+OO

500.00 0.10 2.00 0.2383E+00 0.2403E+00
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500.00 0.10 5.00 0.2169E+00 0.2277E+00

500.00 0.10 10.00 0.1646E+00 0.1921E+00

500.00 0.10 20.00 0.8453E-01 0.1189E+00

500.00 0.10 50.00 0.1996E--01 0.3362F__1

500.00 0.10 75.00 0.9652E,--02 0.1676E-01

500.00 0.10 100.00 0.5741E--02 0.1007E--01

500.00 1.00 0.10 0.2427E+00 0.2428E+00

500.00 1.00 0.50 0.2400E+00 0.2402E+00

500.00 1.00 1.00 0.2318E+00 0.2326E+00

500.00 1.00 2.00 0.2045E+00 0.2069E+00

500.00 1.00 5.00 0.1146E+00 0.1193E+00

500.00 1.00 10.00 0.4719E--01 0.5014E-01

500.00 1.00 20.00 0.1594F__1 0.1707E-01

500.00 1.00 50.00 0.4164E--02 0.4432E--02

500.00 1.00 75.00 0.2588E--02 0.2734E-02

500.00 1.00 100.00 0.1958E--02 0.2055E--02

500.00 5.00 0.10 0.2423E+00 0.2423E+00

500.00 5.00 0.50 0.2295E+00 0.2297E+00

500.00 5.00 1.00 0.1984E+00 0.1990E+00

500.00 5.00 2.00 0.1327E+00 0.1336E+00

500.00 5.00 5.00 0.4708E-01 0.4765E-01

500.00 5.00 10.00 0.1920E-01 0.1943E.-01

500.00 5.00 20.00 0.9308E--02 0.9395E-02

500.00 5.00 50.00 0.5302E-02 0.5329E-.02

500.00 5.00 75.00 0.4633E-02 0.4650E--02

500.00 5.00 100.00 0.4330E--02 0.4342E-02

500.00 10.00 0.10 0.2417E+00 0.2417E+00

500.00 10.00 0.50 0.2184E+00 0.2186E+00

500.00 10.00 1.00 0.1716E+00 0.1720E+00

500.00 10.00 2.00 0.9975E-01 0.1002E+00

500.00 10.00 5.00 0.3534E--01 0.3553E--01

500.00 10.00 10.00 0.1773E--01 0.1781E-01

500.00 10.00 20.00 0.1132E-01 0.1135E-01

500.00 10.00 50.00 0.8457E-02 0.8468E-02

500.00 10.00 75.00 0.7929E-02 0.7936E-02

500.00 10.00 100.00 0.7681E-02 0.7686E-02

1000.00 0.10

1000.00 0.10

1000.00 0.10

1000.00 0.10

1000.00 0.10

0.10 0.2414E+00 0.2433E+00

0.50 0.2423E+00 0.2423E+00

1.00 0.2405E+00 0.2406E+00

2.00 0.2338E+00 0.2340E+00

5.00 0.1958E+00 0.1965E+00

1000.00 0.10 10.00 0.1240E+00 0.1252E+00

1000.00 0.10 20.00 0.5055E_1 0.5134E,4)1

1000.00 0.10 50.00 0.1003E-01 0.1022E_1

1000.00 0.10 75.00 0.4652E_2 0.4742E,-02

1000.00 0.10 100.00 0.2691E-4)2 0.2743F._2

1000.00 1.00 0.10 0.2426E+00 0.2426E+00

1000.00 1.00 0.50 0.2372E+00 0.237ZE+00

1000.00 1.00 1.00 0.2216E+00 0.2216E+00
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10OO.O0

IOOO.OO

IOOO.O0

1000.00

IOOO.O0

IO00.OO

1.00 Z00 0.1759E+OO 0.1760E+OO

1.OO 5.00 0.7306E-01 0.7316E-.01

1.OO 10.OO 0.2443E-01 0.2447E--01

1.OO 20.00 0.7130E--02 0.7143E-02

I.OO 50.00 0.1475E--02 0.1478E-02

1.OO 75.00 0.7930E--03 0.7944E_3

10OO.00 1.00 100.00 0.5342E--03 0.5350E-03

10OO.OO 5.00 0.10 0.2417E+OO 0.2417F,,+OO

loo0.OO 5.00 0.50 0.2171E+00 0.2171E+OO

1000.00 5.00 1.00 0.1658E+OO 0.1658E+00

1000.OO 5.00 2.00 0.8704E-.01 0.8706E-.01

1000.00 5.00 5.00 0.2214E--01 0.2215E,-4}1

1000.00 5.00 10.00 0.7161E--02 0.7163E-02

1000.00 5.OO 20.00 0.2628E--02 0.2628E--02

1000.00 5.00 50.00 0.1026E-02 0.1026E-02

1000.00 5.00 75.00 0.7898E-03 0.7899E-.03

10OO.00 5.00 100.OO 0.6881E--03 0.6882F._3

looO.O0 10.00 0.10 0.2406E+00 0.2406E+00

1000.00 10.00 0.50 0.1970E+OO 0.1971E+00

1000.OO 10.00 1.00 0.1281E+00 0.1281E+00

1000.00 10.OO 2.00 0.5623E-01 0.5624E-01

1000.00 10.00 5.00 0.1387E,-O1 0.1387E-01

10OO.OO 10.OO 10.OO 0.5173E--02 0.5173E--02

1000.00 10.00 20.00 0.2438E-02 0.2438E--02

1000.00 10.OO 50.00 0.1366E--02 0.1366E--02

1000.00 10.00 75.00 0.1188E-02 0.1188E--02

loo0.OO 10.OO 100.00 0.U07E-02 0.1107E--02

2000.00 0.10 0.10 0.2326E+OO 0.2513E+00

2000.00 0.10 0.50 0.2425E+00 0.2425E+00

2000.00 0.10 1.00 0.2414E+00 0.2414E+00

2000.00 0.10 2.00 0.237ZE+00 0.237ZE+00

2000.00 0.10 5.00 0.2113E+OO 0.2113E+00

2000.00 0.10 10.00 0.1521E+00 0.1522E+00

2000.00 0.10 20.00 0.7176E--01 0.7182E--01

2000.00 0.10 50.00 0.1533E-01 0.1535E-01

2000.00 0.10 75.00 0.7084E-02 0.7092E--02

2000.00 0.10 100.00 0.4049E--02 0.4053E-02

2000.00 1.00 0.10 0.2427E+00 0.2427E+00

2000.00 1.00 0.50 0.2393E+OO 0.2393E+00

2000.00 1.00 1.OO 0.2292E+OO 0.2292E+OO

2000.00 1.00 2.00 0.1961E+00 0.1961E+00

2000.00 1.OO 5.00 0.9773E-01 0.9774E-01

2000.00 1.00 10.00 0.3518E.-01 0.3519E-01

2000.00 1.OO 20.00 0.9987E-02 0.9988E--02

2000.00 1.OO 50.00 0.1717E-02 0.1717E-02

2000.00 1.OO 75.00 0.7896E-03 0.7897E-03

2000.00 I.OO 100.00 0.4586E-03 0.4586E-03

2000.00 5.00 0.10 0.2421E+OO 0.2421E+00

2000.00 5.00 0.50 0.2260E+00 0.2260E+00
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2000.00 5.00 1.00 0.1872E+00 0.1872E+00

2000.00 5.00 2.00 0.1114E+00 0.1114E+00

2000.00 5.00 5.00 0.2945E--01 0.2945E-01

2000.00 5.00 10.00 0.8342E-02 0.8342E--02

2000.00 5.00 20.00 0.2274E-02 0.2274E--02

2000.00 5.00 50.00 0.4399E--03 0.4399E-03

2000.00 5.00 75.00 0.2271E-03 0.2271E--03

2000.00 5.00 100.00 0.1476E-03 0.1476E-03

2000.00 10.00 0.10 0.2414E+00 0.2414E+00

2000.00 10.00 0.50 0.2115E+00 0.2115E+00

2000.00 10.00 1.00 0.1527E+00 0.1527E+00

2000.00 10.00 2.00 0.7285E-01 0.7285E-01

2000.00 10.00 5.00 0.1612E-_1 0.1612E-01

2000.00 10.00 I0.00 0.4504E--02 0.4504E---02

2000.00 10.00 20.00 0.1289E,4}2 0.1289F,_2

2000.00 10.00 50.00 0.2947F_,-O3 0.2947F_,_3

2000.00 10.00 75.00 0.1720E-03 0.1720E--03

2000.00 10.00 100.00 0.1242E,-_3 0.1242F_,--03

m
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c ProgramW calculate LTE and NLTE bulk temp. under gray

c gas assumpt/on for OH

IMPI.,ICIT DOUBLE PRECISION (A.-H,O--Z)

REAL I.,KFB
dimension .(10),lm_(4),tcmp(4)

OPEN (1,FK.E='outlls')

OPEN (2,FIL_'nlp')

oPEN (3_'n.e='ip')
DATA U/0.1,0.5,1.,2.,5.,10.,20.,50.,75.,100J

DATA PRF._/0.1,1.,5.,10J

DATA TF_,MP/300.,500.,1000.,2000./

WRITE (1,11)

write(2,13)
writ2,*)lO,1

13 format('Y4,'x'4,'t'j,'tl'4j4,x,'l')

wa_3,14)
write(3,*) 10,1

14 format('2',l,'x'J,'t',/,/,i4,x,'1')

DO 4 rr=l,4

TW=TEMP(IT)
DO 5 KK=I,4

P=PR_S0_
DO 6 I=l,10

t,=U(I)
TKI=TW**2.

TK2=TW**0.5

TIO=TW/273.

HCK=l.439257246

TS=300./TW

WNBl=3570.

wnb2=6974.

C2BI=HCK*WNB1

c2b2=hck*wnb2

CCC--0.000053847734

CCBI--'CCC*(WNB I*'4.)

ccb2=ccc*(wnb2**4.)

TBI=C2B1/TW

tb2=c2b2/tw

TeBI=E(PfrB1)

tcb2=exp(tb2)
C1BI=CCB1/C2BI

clb2=ccb2/c2b2

PFBI=C1B1/(TEB1-L)

pfb2=clb2/(tcb2-1.)

DEVI =TKI*((TEBI-I.)**2.)

dcv2=tkl*((teb2-1.)**2.)

PFDBI=(CCB1 *TEB1)/DEV1

pfdb2=(ccb2*teb2)/dev2
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AKt=ffW/300.)**0.5
AK2=(300./TW)** 1.5

AZl=117.*AK1

az2=ll7.*akl

m (rw._.3oo.) THEN
KFB=4879.71

EtSEn = (TW._.500.)
KFB=6993.13

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

ELSEm (TW.F.O._00.)'rI-mN

KFB=20276.33

ENDIF

OMEG=3570.

SI=ll0.*TS

s2--4.4*ts

ETCI=I.16* 1.E--3"((9.)**0.5)*(2700.**(4./3.))

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

ETC3=ETC1*ETC2-18.42

_C4=EXPOZrc3 )

ETAC=ETC4/P

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

ETC2--0.015*ETCI

ETC3=TW**(-1./3.)
ETC4=ETC3--ETC2

ETCS=175.*ETC4

ETC6=(ETC5-18.42)

ETC7=EXP(ETC6)

ETAC=EFC7/P

ETAR1=8.*3.14*(3570.**(2.))*4.08*(I.E--12)*s l*tw

ETARI I= I./E'TARI

ETAR2=8.*3.14*(6974.**(2.))*4.08*(1.E-12)*s2*tw

etarl2=l./etar2

ETA1 -ETAC/ETAR11

eta2=etac/etar12

aapl=etal/sl

aap2=eta2/s2

aapx=(3./4.)*(aapl +aap2)/p

am2=l.+aapx

write(*,*)am2
if(am2.1e.0.)then
am2=.97

endif

tin=p*l**2.0/klb*(sl *pfdbl+s2*pfdb2)

tn=exp(-(3.0*tin)**0.5)

anexp=(1.0-tn)/(1.0+tn)
ala=0.00005668

akp=p/(ala*tw**4.0)*(sl*pfbl+s2*ptb2)

tao=akp*!
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19

20

21

11

anba--kfo*akp/(4.0*ala*tw**3.0)

r=3.0*tao**2.0/snbs

aim=3,0*mo **2.0*(0.75+l.O/anba)

am=sqrt(aim)

em_exp(--.m)
ad=3.0*tao*(1.0.-em)+Z0 *am*(1.0+em)

ac=rlam**8.0 *(48.0--3.0*tao*am**2.0+36.0 *tao)/ad

pal =24.0--12.0"am+am **3.0+(am" "3.0-12,0"am-24.0) *era

pa -2=-12.0*r/(5.0*am" "4.0)+17.0"r/(70.0 *am* *2.0)

ambarr-am/(sqrt(am2))

rbar=r/am2

embsr=exp(--.mbar)
adbar=3.0"tao "(1.0-embar)+ZO *ambar*(1.0+embar)

acbar=(rbar/(ambar**8.))*(48.-3.*tao*(ambar**

* 2.0)+36.0*tao)/adbar

pa lbar=-24.0-12.0*ambar+ambar**3.0

* +(ambar * "3.0--12.0*ambar-24.0)*embar

pa2bar--_12.0 *d>ar/(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

WRrTE (2,20) L,-TBUt.K,-tbuUm
(3,2t) t.,- TBUt,I_

CONTINUE

CONTINUE

CONTINUE

write(*,*) etac,etar, eta

FORMAT ( 1X,F'7.2,2(3X,F6.2),2(3X,EI 0.4))

FORMAT (3X,F6.2,2(3X,E 10.4))

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

FORMAT (4X, 'TW',8X,'P',6X,'L',9X,'TBULK',9X,'TBULKN')

STOP

END
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TW

GRAY GAS RESULTS FOR OH

P L 'I'BULK (LTE) TBULKN (NLTE)

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

0.10 0.10 -.1029E+13 0.6671E+09

0.10 0.50 0.1716E+07 0.2668E+08

0.10 1.00 0.1699E+05 0.6671E+07

0.10 2.00 0.9029E+03 -.1026E+08

0.10 5.00 0.1639E+01 0.1247E+05

0.10 10.00 0.2493E+00 -.3966E+02

0.10 20.00 0.2427E+00 0.1703E+00

0.10 50.00 0.2425E+00 0.2442E+00

0.10 75.00 0.2421E+00 0.2427E+00

300.00 0.10 100.00 0.2415E+00 0.2428E+00

300.00 1.00 0.10 0.4289E+07 -.5186E+09

300.00 1.00 0.50 0.5466E+03 0.1937E+04

300.00 1.00 1.00 -.8436E+01 -.2078E+02

300.00 1.00 2.00 0.1698E+00 -.2315E+00

300.00 1.00 5.00 0.2425E+00 0.2423E+00

300.00 1.00 10.00 0.2427E+00 0.2427E+00

300.00 1.00 20.00 0.2423E+00 0.2424E+00

300.00 1.00 50.00 0.2395E+00 0.2399E+00

300.00 1.00 75.00 0.2354E+00 0.2363E+00

300.00 1.00 100.00 0.2298E+00 0.2314E+00

300.00 5.00 0.10 -.3067E+06 -.1514E+07

300.00 5.00 0.50 0.3094E+01 0.2776E+01

300.00 5.00 1.00 0.2549E+00 0.1936E+00

300.00 5.00 2.00 0.2427E+00 0.2430E+00

300.00 5.00 5.00 0.2427E+00 0.2427E+00

300.00 5.00 I0.00 0.2422E+00 0.2422E+00

300.00 5.00 20.00 0.2401E+00 0.2402E+00

300.00 5.00 50.00 0.2268E+00 0.2269E+00

300.00 5.00 75.00 0.2096E+00 0.2097E+00

300.00 5.00 I00.00 0.1894E+00 0.1897E+00

300.00 I0.00 0.10 0.1707E+05 0.1560E+05

300.00 10.00 0.50 0.1120E+00 --.1176E+01

300.00 i0.00 1.00 0.2437E+00 0.2398E+00

300.00 I0.00 2.00 0.2427E+00 0.2428E+00

300.00 10.00 5.00 0.2425E+00 0.2425E+00

300.00 10.00 I0.00 0.2415E+00 0.2415E+00

300.00 10.00 20.00 0.2375E+00 0.2375E+00

300.00 10.00 50.00 0.2128E+00 0.2129E+00

300.00 10.00 75.00 0.1844E+00 0.1845E+00

300.00 10.00 100.00 0.1555E+00 0.1556E+00

500.00 0.10 0.10 0.5585E+04-.4203E+05

500.00 0.10 0.50 0.1946E+00 0.9841E+00

500.00 0.10 1.00 0.2431E+00 0.2345E+00

500.00 0.10 2.00 0.2427E+00 0.2428E+00
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500.00 0.10 5.00 0.2420E+00 0.2425E+00

500.00 0.10 10.00 0.2396E+00 0.2413E+00

500.00 0.10 20.00 0.2305E+00 0.2369E+00

500.00 0.10 50.00 0.1819E+_ 0.2099E+00

500.00 0.10 75.00 0.1385E+00 0.1796E+00

500.00 0.10 100.00 0.1040E+00 0.1494E+00

500.00 1.00 0.10 -.9847E+00 -.8765E+00

500.00 1.00 0.50 0.2428E+00 0.2428E+00

500.00 1.00 1.00 0.2425E+00 0.2425E+00

500.00 1.00 2.00 0.2416E+00 0.2416E+00

500.00 1.00 5.00 0.2350E+00 0.2351E+00

500.00 1.00 10.00 0.2142E+00 0.214518+00

500.00 1.00 20.00 0.1586E+00 0.1592E+00

500.00 1.00 50.00 0.5712E-01 0.5761E,-01

500.00 1.00 75.00 0.2964E-01 0.2994E-.01

500.00 1.00 100.00 0.1790E-01 0.1808E-.01

500.00 5.00 0.10 0.2399E+00 0.2429E+00

500.00 5.00 0.50 0.2425E+00 0.2425E+00

500.00 5.00 1.00 0.2412E+00 0.2412E+00

500.00 5.00 2.00 0.2365E+00 0.2365E+00

500.00 5.00 5.00 0.2084E+00 0.2084E+00

500.00 5.00 10.00 0.1471E+00 0.1472E+00

500.00 5.00 20.00 0.6905E-01 0.6908E-01

500.00 5.00 50.00 0.1596E-01 0,1597F_,.4}1

500.00 5.00 75.00 0.7992E-02 0.7996E-02

500.00 5.00 100.00 0.4953E.-02 0.4955E,-.02

500.00 10.00

500.00 10,00

500.00 10.00

500.00 10.00

500.00 10.00

0.10 0.2434E+00 0.2437E+00

0.50 0.2420E+00 0.2420E+00

1.00 0.2397E+00 0.2397E+00

2.00 0.2306E+00 0.2306E+00

5.00 0.1832E+00 0.1832E+00

500.00 10.00 10,00 0.1075E+00 0,1075E+00

500.00 10.00 20.00 0.4253E-.01 0.4253E-01

500.00 10.00 50.00 0.9684E-02 0.9685E--02

500.00 10.00 75.00 0.5169E-.432 0.5170E--02

500.00 10.00 100.00 0.3433E-02 0.3433E-432

1000.00 0.10

1000.00 0.10

1000.00 0.10

1000.00 0.10

1000.00 0.10

0.10 0.1860E+00 0.3166E+00

0.50 0.2426E+00 0.2427E+00

1.00 0.2420E+00 0.2421E+00

2.00 0.2395E+00 0.2397E+00

5.00 0.2233E+00 0.2246E+00

1000.00 0.10 10.00 0.1799E+00 0.1833E+00

1000.00 0.I0 20.00 0.1014E+00 0.I055E+00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

0.10 50.00 0.2525E-01 0.2695E-01

0.10 75.00 0.1202E-O1 0.1288E-01

0.10 100.00 0.6972E-02 0.7484E--02

1.00 0.10 0.2428E+00 0.2428E+00

1.00 0.50 0.2407E÷00 0.2407E+00

1.00 1.00 0.2346E+00 0.2347E+00
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1000.00
1000.00
1000.00
1000.00
1000.00
1000.00
1000.00

1.00 2.00 0.2131E+00 0.2132E+00

1.00 5.00 0.1304E+00 0.1305E+00

1.00 10.00 0.5536E--01 0.5539E-01

1.00 20.00 0.1727E-01 0.1729E,-01

1.00 50.00 0.3278E--02 0.3280E--02

1.00 75.00 0.1607E-02 0.1609E-02

1.00 100.00 0.9924E-03 0.9931E_3

1000.00 5.00

1000.00 5.00

1000.00 5.00

1000.00 5.00

1000.00

1000.00

1000.00

1000.00

1000.00

0.10 0.2424E+00 0.2424E+00

0.50 0.2327E+00 0.2327E+00

1.00 0.2071E+00 0.2071E+00

2.00 0.1448E+00 0.1448E+00

5.00 5.00 0.4844E-01 0.4844E--01

5.00 10.00 0.1551E--01 0.1551E--01

5.00 20.00 0.4862E--02 0.4862E-02

5.00 50.00 0.1309E-02 0.1309E--02

5.00 75.00 0.8419E,--03 0.8419E--03

1000.00 5.00 100.00 0.6534E-03 0.6534E-03

1000.00 10.00 0.10 0.2420E+00 0.2420E+00

1000.00 10.00 0.50 0.2236E+00 0.2236E+00

1000.00 10.00 1.00 0.1814E+00 0.1814E+00

1000.00 10.00 2.00 0.1052E+00 0.1052E+00

1000.00 10.00 5.00 0.2911E--01 0.2911E--01

1000.00 10.00 10.00 0.9507E,-02 0.9507E-02

1000.00 10.00 20.00 0.3438E-02 0.3438E-_2

1000.00 10.00 50.00 0.1297E--02 0.1297E_2

1000.00 10.00 75.00 0.9844E-03 0.9844F,--03

1000.00 10.00 100.00 0.8507E-03 0.8507E_3

2000.00 0.10

2000.00 0.10

2000.00 0.10

2000.00 0.10

2000.00 0.10

0.10 0.2411E+00 0.2444E+00

0.50 0.2424E+00 0.2424E+00

1.00 0.2411E+00 0.2411E+00

2.00 0.2361E+00 0.236ZE+00

5.00 0.2060E+00 0.2064E+00

2000.00 0.10 10.00 0.1417E+00 0.1423E+00

2000.00 0.10 20.00 0.6306E-01 0.6354E-01

2000.00 0.10 50.00 0.1297EM31 0.1310E-01

2000.00 0.10 75.00 0.5966E-02 0.6025E-02

2000.00 0.10 100.00 0.3406E-02 0.3441E-02

2000.00

2000.00

2000.00

2000.00

2000.00

2000.00

2000.00

2000.00

2000.00

2000.00

2000.00 5.00

2000.00 5.00

1.00 0.10 0.2427E+00 0.2427E+00

1.00 0.50 0.2386E+00 0.2386E+00

1.00 1.00 0.2267E+00 0.2267E+00

1.00 2.00 0.1890E+00 0.1890E+00

1.00 5.00 0.8756E-01 0.8757F¢-01

1.00 10.00 0.3023E--01 0.3023E-01

1.00 20.00 0.8471E-02 0.8472E-02

1.00 50.00 0.1467E,-02 0.1467E,-02

1.00 75.00 0.6819E-03 0.6819E-03

1.00 100.00 0.4002E-03 0.4003E-03

0.10 0.2420E+00 0.2420E+00

0.50 0.2230E+00 0.2230E+00
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2000.00 5.00 1.00 0.1793E+00 0.1793E+00

2000.00 5.00 2.00 0.1009E+00 0.1009E+00

2000.00 5.00 5.00 0.2535E_1 0.2535E.-01

2000.00 5.00 10.00 0.7157E--02 0.7157E--02

2000.00 5.00 20.00 0.1986E-02 0.1986E-02

2000.00 5.00 50.00 0.408'7E_3 0.4087E-_3

2000.00 5.00 75.00 0.221213--03 0.2212E,-03

2000.00 5.00 100.00 0.1500E-03 0.1500E-03

2000.00 10.00 0.10 0.2411E+00 0.2411E+00

2000.00 10.00 0.50 0.2063E+00 0.2063E+00

2000.00 10.00 1.00 0.1425E+00 0.1425E+00

2000.00 10.00 2.00 0.6442E-4)1 0.6442E--01

2000.00 10.00 5.00 0.1390E--01 0.1390E--01

2000.00 10.00 10.00 0.3937E--02 0.3937E--02

2000.00 10.00 20.00 0.II73E-02 0.1173E-02

2000.00 10.00 50.00 0.2994E-03 0.2994E,-03

2000.00 10.00 75.00 0.1873E--03 0.1873E--03
2000.00 10.00 100.00 0.1426E-03 0.1426E-03
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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.
C _ltSillllllllllleli@8@lllli_S_Si_SlllllllllllSllllillli illl

implicit double precision (a-h,o-z)

real l,ktb

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---'outl2.dat')

open(unit=ll,file--'nlp')

open(10,file='lp')

writ(n,13)
_te(ll,') 10,1

13 format('3',/,'x ',/,'t',/, 'tl ',/,i4,x,' 1 ')

write(12,m)
vm_(10,14)

wnt(iO,*) 10,1

14 fonna_'2'd,>X'J,'t'/,/,i4j,'l')
do 10 it=l,4

Tw=temp(it)

do 20 kk=l,4

P=press(kk)

do 30 i=l,10

U=u(i)
Cl i llii IIi i iillllllilllilllllillillllllllllli i i illlilill

c Calculation of Plank's function and it's derivative

c wnb Band Center

c hck Constant

c ccc=cl *c2

c pfbi Plank's Function for the ith band

c pfdbi Derivative of Plank's Function for ith band

tkl=tw**2

tk2=tw**0.5

tk3=tw/273.0

hck=l.439257246

ts=3OO.O/tw

c Now we will consider the spectroscopic properties of co2

c We have considered only three bands(15,4.3&2.7 microns)

wnbl=667.0

wnb2=2347.0

wnb3=3716.0

c2bl=hck*wnbl

c2b2=hck*wnb2

c2b3=hck*wnb3
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ccc_.000053847734

ccblfocc*(wabl**4)

ccb2fccc*(wab2**4)

ccb3fficcc*(wab3**4)
tbl'c2bl/tw

tb2=e2b2aw
tb3=c2b3/tw

teblffiexp(tbl)
 b2ffiexp(tb2)
teb3fexp(tb3)

clblfficcbl/c2bl

clb2fccb2/c2b2

clb3=ccb3/c2b3

ptblfclbl/(tebl-l.0)

ptb2=clb2/(teb2-1.0)

pib3fclb3/(teb3-1.0)

devlftkl*((tebl-l.0)**2.0)

dev2=tkl*((teb2-I.0)**2.0)

dev3=tkl*((teb3-1.0)**2.0)

pfdb 1=(ccbl*tebl)/dec 1

pfdb2f(ccb2 * teb2)/dev2

pfdb3 =(ccb3*teb3)/dev3
*********************************************************************

c Band Model Correlations(T|en & Lowder wide band model)

c azi aoi is band width parameter

c czsi=coi**2 col is correlation parameter

c bsi=b**2 is non dimensional quantity

c omegi is wave number

c si is integrated band intensity
*********************************************************************

akl=(tw/300.0)**0.5

ak2=(300.0/tw)'* 1.5

azl=l.29*tk2

az2=l.15*tk2

az3=2.4*tk2

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

omeg1=1351.0

omeg2=667.0

omeg3=2396.0

txffi--(hck/tw)
txl=tx*omegl

tx2=tx*omeg2

tx3=tx*omeg3

¢txlfexp(txl)

etx2fexpOx2)

etx3=exp(tx3)

el=l.0--etxl

e2=l.O-etx2
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c3--1.0--etx3

brkt=tx*(omegl+omeg3)

phi2=(1.0--exp(brkt))/(cl*c3)

ts=3_.0/xw

s1=339.685*ls

s2=2702.7*ts

s3=71.497*ts*phi2

ETCl=((36.5*(TW**(-1/3.)))+3.9)

 C2=FXP  I)*O.B-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= L/ETR12

ETR13--8.*3.14*(3716.**(2.))*4.08*(1.E-12)*300.*71.497*PHI2

ETAR3=l./ETR13

ETA 11=ETAC/ETAR1

ETA 12=ETAC/ETAR2

ETA13=ETAC/ETAR3

npl=eta11/sl

aap2=eta12/s2

aap3=eta13/s3

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

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

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

am2= 1.+(aapxl+aapx2+aapx3)

tin=p*l**2.0/kfb*(sl*pfdbl+s2*pfdb2+s3*pfdb3)

m=exp(-(3.O*tin)**0.5)

anexp=(1.0-tn)/(1.0+m)

tcm=l/k_*(pfdbl*azl+pfdb2*az2+pfdb3*az3)
ala--0.00005668

akp--p/(ala*tw**4.0)*(sl *pfol+s2*ptb2+s3*pfb3)

tao=-akp*l

anba=kfb*akp/(4.0*ala*tw**3.0)

r=3.0*tao**2.0/anba

aim=3.0*tao**2.0*(0.75+ 1.0/anba)

am=sqrt(aim)

em=exp(--am)

ad=3.0*tao*(1.0-em)+2.0*am*(1.0+em)

a_r/am**8.0*(48.0-3.0*tao*am**2.0+36.0*tao)/ad

pa 1=24.0--12.0*am+am**3.0+(am**3.O-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/(sqrt(am2))

rbar--r/am2

embar=exp(-ambar)

adbar=3.0*tao*(1.0--embar)+Z0*ambar*(1.0+embar)

acbar=(rbar/(ambar**8.))*(48.-3.*tao*(ambar**

* 2.0)+36.0*tao)/adbar

pa lbar=24.0-12.0*ambar+ambar **3.0
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* +(ambar*'3.0--12.0*ambar-24.0) *ember

pa2bar--_12.0"d_r/($.O*ambar* "4.0)+

* 17.0 *dmr/(70.O*ambar**2.0)

tbelk=ac*pa1+pa2--17.0/70.O

Ibullm=acbar*pa lbar+pa2bar-17.0/70.O

write(12,200)tw, p,l,-tbulk,-tbuikn

write(11,202)l,--tbeik,--tbulim

write(XO,203)l,--tbulkn

111 format(4x,'tw',8x,'p',6x,'l',9x,'tbelk',9x,'tbulkn ')
30 continue

20 continue

10 continue

202 format(1 x,f9_.,2(3x,el 0.4))

203 format(lx,/9.2,3x,¢ 10.4)

200 format(Sx,f7.2,3x, f6.2,3x,f6.2,3x,el 0.4,3x,el 0.4)

stop
end
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GRAY GAS RESULTS FOR CO2

tw p ! tbulk (L'_) e,uZkn(_'_)

300.00 0.10

300.00 0.10

300.00 0.10

300.00 0.10

300.00 0.10

300.00

300.00

300.00

300.00

300.00

300.00 1.00

300.00 1.00

300.00 1.00

300.00 1.00

300.00 1.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

0.10 0.2428E+00 0.2428E+00

0.50 0.2403E+00 0.2412E+00

1.00 0.2331E+00 0.2364E+00

2.00 0.2087E+00 0.2193E+00

5.00 0.1242E+00 0.1492E+00

0.10 10.00 0.5514E-01 0.7461E-01

0.10 20.00 0.2053E-01 0.2913E-01

0.10 50.00 0.6530E--02 0.8836E--02

0.10 75.00 0.4521E-02 0.5834E-02

0.10 100.00 0.3687E,-02 0.4583E-02

0.10 0.2418E+00 0.2418E+00

0.50 0.2217E+00 0.2218E+00

1.00 0.1810E+00 0.1813E+00

2.00 0.1158E+00 0.1161E+00

5.00 0.5112E,-01 0.5127E4)1

1.00 10.00 0.3134E-01 0.3140E-01

1.00 20.00 0.2355E,--010.2357F_,--01

1.00 50.00 0.1982E---010.1983E--01

1.00 75.00 0.1910E--01 0.1910E--01

1.00 I00.00 0.1875E---010.1876E-01

5.00 0.10 0.2383E+00 0.2383E+00

5.00 0.50 0.1854E+00 0.1855E+00

5.00 1.00 0.1376E+00 0.1377E+00

5.00 2.00 0.1014E+00 0.1015E+00

5.00 5.00 0.7995E-01 0.7995E,-01

5.00 10.00 0.7389E-01 0.7389E-01

300.00 5.00 20.00 0.7119E-01 0.7120E-01

300.00 5.00 50.00 0.6970E.-01 0.6970E-01

300.00 5.00 75.00 0.6939E-01 0.6939E-01

300.00 5.00 100.00 0.6923E-01 0.6923E-01

300.00 10.00 0.10 0.2348E+00 0.2348E+00

300.00 10.00 0.50 0.1755E+00 0.1755E+00

300.00 10.00 1.00 0.1426E+00 0.1426E+00

300.00 10.00 2.00 0.1234E+00 0.1234E+00

300.00 10.00 5.00 0.1129E+00 0.1129E+00

300.00 10.00 10.00 0.1099E+00 0.1099E+00

300.00 10.00 20.00 0.1085E+00 0.1085E+00

300.00 10.00 50.00 0.1077E+00 0.1077E+00

300.00 10.00 75.00 0.1075E+00 0.1075E+00

300.00 10.00 100.00 0.1074E+00 0.1074E+00

500.00 0.10 0.10 0.2426E+00 0.2427E+00

500.00 0.10 0.50 0.2369E+00 0.2385E+00

500.00 0.10 1.00 0.2210E+00 0.2265E+00

500.00 0.10 2.00 0.1751E+00 0.1894E+00
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500.00 0.I0 5.00 0.7442E--01 0.9157F,,-01

500.00 0.10 10.00 0.2671E--01 0.3500E-01

500.00 0.10 20.00 0.9026E-02 0.1195E,-01

500.00 0.10 50.00 0.272213-02 0.3442E--02

500.00 0.10 75.00 0.1&54E--02 0.2260E.-02

500.00 0.10 100.00 0.1497E-4F2 0.1773E--02

500.00 1.00 0.10 0.2405E+00 0.2405E+00

500.00 1.00 0.50 0.1980E+00 0.1981E+00

500.00 1.00 1.00 0.1340E+00 0.1342E+00

500.00 1.00 2.00 0.6695E-01 0.6711E--01

500.00 1.00 5.00 0.2407E--01 0.2413E--01

500.00 1.00 10.00 0.1378E-01 0.1380E,-01

500.00 1.00 20.00 0.9968E-02 0.9978E-02

500.00 1.00 50.00 0.8174E--02 0.8178E-02

500.00 1.00 75.00 0.7828E--02 0.7831E--02

500.00 1.00 100.00 0.7663E--02 0.7665E-4F2

500.00 5.00

500.00 5.00

500.00 5.00

500.00 5.00

500.00 5.00

500.00

500.00

500.00

500.00

500.00

0.10 0.2323E+00 0.2323E+00

0.50 0.1391E+00 0.1391E+00

1.00 0.8487E-01 0.8487E-01

2.00 0.5473E--01 0.5474E-01

5.00 0.3961E--01 0.3961E-01

5.00 10.00 0.3557E--01 0.3557E-01

5.00 20.00 0.3378E--01 0.3378E-01

5.00 50.00 0.3279E--01 0.3279E-01

5.00 75.00 0.3258E-01 0.3258E-01

5.00 100.00 0.3248E-01 0.3248E--01

500.00 10.00 0.10 0.2246E+00 0.2246E+00

500.00 10.00 0.50 0.1254E+00 0.1254E+00

500.00 10.00 1.00 0.8858E-01 0.8858E--01

500.00 10.00 2.00 0.7075E-01 0.7075E--4}1

500.00 10.00 5.00 0.6172E-01 0.6172E-01

500.00 10.00 10.00 0.5914E--01 0.5914E-01

500.00 10.00 20.00 0.5794E--01 0.5794E--01

500.00 10.00 50.00 0.5726E-01 0.5726E-4_1

500.00 10.00 75.00 0.5711E-01 0.5711E,-01

500.00 10.00 1000.00 0.5703E-01 0.5703E-01

1000.00 0.10 0.10 0.2423E+00 0.2424E+00

1000.00 0.10 0.50 0.2290E+00 0.2319E+00

1000.00 0.10 1.00 0.1957E+00 0.2046E+00

1000.00 0.10 2.00 0.1247E+00 0.1399E+00

1000.00 0.10 5.00 0.3655E--01 0.4510E--01

1000.00 0.10 10.00 0.1U3E--01 0.1411E--01

1000.00 0.10 20.00 0.3381E--02 0.4294E-02

1000.00 0.10 50.00 0.8649E--03 0.1068E-02

1000.00 0.10 75.00 0.5404E-_3 0.6509E--03

1000.00 0.10 100.00 0.4109E-03 0.4844E-03

1000.00 1.00 0.10 0.2371E+00 0.2372E+00

1000.00 1.00 0.50 0.1552E+00 0.1553E+00

1000.00 1.00 1.00 0.7859E-01 0.7874E--01
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1000.00 1.00 2.00 0.2981E-01 0.2988E-01

1000.00 1.00 5.00 0.8251E--02 0.8270E-02

1000.00 1.00 10.00 0.3977E_2 0.3984E--02

1000.00 1.00 20.00 0.2516E--02 0.2518E-02

1000.00 1.00 50.00 0.1867E--02 0.1868E-02

1000.00 1.00 75.00 0.1746E-02 0.1747E-02

1000.00 1.00 100.00 0.1689E,-02 0.1690E-02

1000.00 5.00 0.10 0.2182E+00 0.2182E+00

1000.00 5.00 0.50 0.7878E,-01 0.7879E--01

1000.00 5.00 1.00 0.3574E--01 0.3575E-01

1000.00 5.00 2.00 0.1824E-01 0.1824E--01

1000.00 5.00 5.00 0.1078E-01 0.1078E-01

1000.00 5.00 10.00 0.8946E--02 0.8946E-02

1000.00 5.00 20.00 0.8161E-02 0.8161E--02

1000.00 5.00 50.00 0.7733E--02 0.7733E-02

1000.00 5.00 75.00 0.7643E-02 0.7643E-02

1000.00 5.00 100.00 0.7598E-02 0.7598E-.02

1000.00 10.00

1000.00 10.00

1000.00 10.00

1000.00 10.00

1000.00 10.00

0.I0 0.2008E+00 0.2008E+00

0.50 0.6196E-01 0.6196E-01

1.00 0.3354E--O1 0.3354E--01

2.00 0.2230EM31 0.2230E-01

5.00 0.1713E--01 0.1713E--01

1000.00 10.00 10.00 0.1573E---010.1573E,--01

1000.00 10.00 20.00 0.1509E--01 0.1509E--01

I000.00 I0.00 50.00 0.1472E-01 0.1472E-01

1000.00 10.00 75.00 0.1464E--01 0.1464E--01

1000.00 I0.00 100.00 0.1460EM31 0.1460EM)I

2000.00 0.10 0.10 0.2424E+00 0.2425E+00

2000.00 0.10 0.50 0.2330E+00 0.2350E+00

2000.00 0.I0 1.00 0.2077E+00 0.2144E+00

2000.00 0.I0 2.00 0.1450E+00 0.1587E+00

2000.00 0.10 5.00 0.4695E--01 0.5673E--01

2000.00 0.10 10.00 0.1395E--01 0.1747E.4}1

2000.00 0.10 20.00 0.3767E--02 0.4768E,--02

2000.00 0.10 50.00 0.6748E--03 0.8551E-03

2000.00 0.10 75.00 0.3264E,-03 0.4125E-03

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

0.10 100.00 0.1995E-03 0.2512E,-03

1.00 0.10 0.2388E+00 0.2388E+00

1.00 0.50 0.1713E+00 0.1715E+00

1.00 1.00 0.9190E-01 0.9205E-01

1.00 2.00 0.3301E-01 0.3308E-01

1.00 5.00 0.6569E-02 0.6586E-02

1.00 10.00 0.1974E-02 0.1980E--02

1.00 20.00 0.6813E,-03 0.6829E-03

1.00 50.00 0.2422E,-03 0.2426F_,-_3

1.00 75.00 0.1794E-03 0.1796F¢-03

1.00 100.00 0.1527E,4)3 0.1529E-03

5.00 0.10 0.2241E+00 0.2241E+00

0.50 0.8214E-01 0.8215E-01

159



2000.00 5.00 1.00 0.2956E-01 0.2957E--01

2000.00 5.00 2.00 0.9516E-4)2 0.9516E-02

2000.00 5.00 5.00 0.2492E-02 0.2493E--02

2000.00 5.00 10.00 0.1196E-02 0.1196E-02

2000.00 5.00 20.00 0.7565E-.03 0.7566E-.03

2000.00 5.00 50.00 0.5606F,,_3 0.5606F,,-_

2000.00 5.00 75.00 0.5241E-03 0.5241E-03

2000.00 5.00 100.00 0.5067E.-03 0.5067E-03

2000.00 10.00 0.10 0.2086E+00 0.2086E+00

2000.00 10.00 0.50 0.5266F_,-01 0.5266B_1

2000.00 10.00 L00 0.1826E--01 0.1826E-01

2000.00 10.00 2.00 0.6567E...02 0.6567E-02
2000.00 10.00 5.00 0.2366F.,-02 0.2367E-02

2000.00 10.00 10.00 0.1501E-02 0.1501F._2

2000.00 10.00 20.00 0.1173E-02 0.1173E-02

2000.00 10.00 50.00 0.1010E.-02 0.1010E--02

2000.00 10.00 75.00 0.9770E-03 0.9770E--03

2000.00 10.00 100.00 0.9611E--03 0.9611E--03
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C Program to calculate LTE and NLTE bulk temp. under gray

c gas assumption for H_20

implicit double precision (a--h,o--z)

real l,kfo

dimension u(10),press(4),Temp(4)

data u/0.1,0.5,1.0,2.0,5.0,10.0_.0.0,50.0,75.,100.0/

data press/0.1,1.O,5.,lO.O/

data temp/300.,500.,1000.0,2000.0/

open(unit=25, filef'nlp')

open(unit=26, filef'lp')

open(unit=27, file='out27.dat')

write(27,230)

write( ,13)
write(25,*) 10,1

13 format('3'4,'x'J,'t'J, 't1',/,i4_,'l')

write(26,14)

write(26,*) 10,1

14 format('2',/,'x' J,'t' 4, /,i4,x,'1')

do 101 it=l,4

tw=temp(it)

do 202 kk=l,4

p=press(kk)

do 303 i=l,10

I=u(i)

C

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

tkl=tw**2

tk2=tw**0.5

tk3=tw/273.0

hek=l.439257246

ts=300.0/tw

C

c Spectroscopic Properties of H20

c Five Bands of H20 are cosidered(I.R,6.3,2.7,1.87,1.38 microns)

c wnbi Band Center (1/cm)

wnbl=500.

wnb2=1600.

wnb3=3750.

wnb4=5350.

wnb5=7250.

c2bl=hck*wnbl

c2b2=hck*wnb2

c2b3=hck*wnb3
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c2b4=hck'wnb4

c2b5_-hck*wnb5

ccc=0.000053847734

ccbl=ccc*(wnbl**4)

ccb2=ccc*(wnb2**4)

ccb3=ccc*(wnb3**4)

ccb4=ccc*(wnb4**4)

ccb5=ccc*(wnbS**4)

tbl=c2bl/tw

Ib2=c2b2/tw

tb3=c2b3/tw

Ib4=c2b4/tw

tb5=c2b5/tw

tebl= exp(tbl)

teb2= exp(tb2)

teb3- exp(tb3)

_b4= exp(tb4)

teb5= exp(tb5)

clbl=ccbl/c2bl

clb2=ccb2/c2b2

clb3=ccb3/c2b3

clb4=ccb4/c2b4

clb5=ccb5/c2b5

ptb1=clbl/(teb1-1.0)

ptb2=clb2/(teb2--1.0)

ptb3=clb3/(teb3---l.O)

pfb4=clb4/(teb4-1,O)

ptb5=clb5/(teb5-1.0)

devl =tkl*((tebl-l.0)**2.0)

dev2=tkl *((teb2-1.0)**2.0)

dev3=tkl*((teb3-1.0)**2.0)

dev4=tkl *((teb4-1.0)**2.0)

devS=tkl*((teb5-1.0)**2.0)

pfdb 1=(cob I *teb 1 )/dev 1

pfdb2=(ccb2*teb2)/dev2

p fdb3=(ccb3 *teb3)/dev3

pfdb4=(ccb4 *teb4)/dev4

pfdbS=(ccb5*teb5)/dev5

v..

c Band Model Correlations (Tien & Lowder Wide Band Model)

c azi aoi (1/cm)

c czsi col**2 (1/atm--cm)

c bsi b**2 (Nondimensional)

c omegi Wave Number (l/cm)

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

G

ak1=(tw/300.)**0.5

ak2=(3OO./tw)** 1.5

azl=49.4*akl
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az2=90.1 *akl

az3--ll2.6*akl

az4=79.7*akl

azS--79.7*akl

G

c dkfThermal Conductivity (Erg/cm--sec.-k)

c

ktb=(14SS.365171)*(tk3**l.23)
omcg1=3652.

omcg2=1595.

omcg3=3756.

tx=-(hckaw)
txl=tx*omcgl

tx2=tx*omeg2

tx3=tx*omeg3

etxl= exp(txl)

etx2=exp(tx2)

ctx3= cxp(tx3)
cl=l.0--¢txl

c2=l.0--etx2

c3=l.0-ctx3

brkt=tx*(omegl+omcg3)

phl01=(1.0--exp(brkt))/cl*c2*c3

tsl=(tw/100.)**(--0.5)

phiT=cxp(-17.6*tsl)

co1=771.*ak2*phi7

co2=3.35"ak2

co3=1.52"ak2

co4=0.276*ak2*ph101

co5=0.230*ak2*ph101

sl=az1*col

s2=az2*co2

s3=az3*co3

s4=az4*co4

s5=az5*co5

ETCI=((36.5*(TW**(-1/3.)))+3.9)

ETC2=EXP(ETCI)*(1.E-6)

ETAC=ETC2/P

ETRll --8. *3.14"(500. **(2.))'4.08"(1 .E-12) *s 1*tw
ETARI=I./ETRll

ETR12=S.*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=S.*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/ETAR1

163



E'FA12=_C/ET/_

ETAI3--ETAC/HfAR3

ET_ 4=ETAC/ETAR4

ETA15 =HTAC/HrA_

aapl=clall/sl

aap2_ta12/s2

aap3=etal3/s3

aapd_ta14/s4

aap5=eta15/s5

aap6=eta16/s6

aapx 1=(3./4.)*(aapl)/p

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

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

aapx4=(3./4.) *(aap4)/p

aapx5 =(3./4.) * (aap5)/p

am2= 1.+(aapxl+aapx2+aapx3+aapx4+aapx5)

tin=p *1**2./k/b* (sl *pfdb l+s2*pfdb2+s3*pfdb3+s4*pfdb4+sS*pfdb5)

m= exp(-(3.*_n)**0.5)
ala=O.O0005668

akp=p/(ala *tw **4.) *(sl*ptbl +s2 *pfo2+s3*ptb3+s4*p/b4+s5*ptb5)

tao=akp*i

anba--ktb*akp/(4.*ala*tw**3.)

r=3.*tao**2./anba

al m=3.*tao**2.*(0.75+l./anba)

am= sqr_alm)

era= exp(-em)

ad=3.*tao*(1.-em)+2.*am*(1.+em)

a_r/am**8. *(48.-3.*tao*am**2.+36.*ta o)/a d

pa1=24.-12. *am+am**3. +(am**3.-12.*am-24.)*em

pa2=-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-embar)+2.0 *ambar*(1 .O+cmbar)

acbar=(rbar/(ambar**8.))*(48.-3.* tao*(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

pa2ba_---12.0 *rbar/(5.0 *ambar **4.0)+

• 17.0 *rbar/(70.O *ambar**2.0)

tbulk=ac*pal+pa2-17.f70.

tbulkn=acbar*imlbar+pa2bar-17.0/70.0

write(25,100) l,-tbulk,--tbulkn

• l,. uUm
write(27,1000)tw, p, 1, --tbulk, -tbulkn

100 format(1 x,f9.2,2(3x,elO.4))

104 format (1x,19.2,3x,e10.4)

303 continue

202 continue
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101 continue

1000 format (Ix,f7.2, 3x,f6_., 3x,f6.2, 3x,elO.4, 3x,e10.4)

230 format (4x,'tw',8x,'p',6x,T,9x,'tbulk',9x,'tbulkn')

stop
end
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GRAY GAS RESULTS FOR t120

tw p i ,buik(L're) ,b_ 0_'re)

300.00 0.10 0.10 0.2411E+00 -.6838E+00

300.00 0.10 0.50 0.2425E+00 0.2428F,+00

300.00 0.10 1.00 0.2416E+00 0.2425E+00

300.00 0.10 2.00 0.2378E+00 0.2414F,+00

300.00 0.10 5.00 0.2145E+00 0.2343E+00

300.00 0.10 10.00 0.1596E+00 0.2122E+00

300.00 0.10 20.00 0.8027E--01 0.1554E+00

300.00 0.10 50.00 0.1931E-01 0.5723E--01

300.00 0.10 75.00 0.9650E-02 0.3096F__1

300.00 0.10 100.00 0.5941E-02 0.1953E-01

300.00 1.00 0.10 0.2427E+00 0.2427E+00

300.00 1.00 0.50 0.2397E+00 0.2398E+00

300.00 1.00 1.00 0.2308E+00 0.2311E+00

300.00 1.00 2.00 0.2019E+00 0.2028E+00

300.00 1.00 5.00 0.1124E+00 0.1139E+00

300.00 1.00 10.00 0.4836E--01 0.4932E-01

300.00 1.00 20.00 0.1849E,-01 0.1888E-01

300.00 1.00 50.00 0.6534E--02 0.6638E--02

300.00 1.00 75.00 0.4775E-02 0.4835E-02

300.00 1.00 100.00 0.4032E--02 0.4074E-02

300.00 5.00 0.10 0.2422E+00 0.2422E+00

300.00 5.00 0.50 0.2286E+00 0.2286E+00

300.00 5.00 1.00 0.197115+00 0.1971E+00

300.00 5.00 2.00 0.1344E+00 0.1344E+00

300.00 5.00 5.00 0.5559E--01 0.5563E-01

300.00 5.00 10.00 0.2880E--O1 0.2882E-01

300.00 5.00 20.00 0.1846E-01 0.1847E-01

300.00 5.00 50.00 0.1379E_1 0.1380E-01

300.00 5.00 75.00 0.1294E-.01 0.1294E-01

300.00 5.00 100.00 0.1254E-01 0.1254E-01

300.00 10.00

300.00 10.00

300.00 10.00

30O.0O 10.00

300.00 10.00

0.10 0.2416E+00 0.2416E+00

0.50 0.2176E+00 0.2176E+00

1.00 0.1730E+00 0.1730E+00

2.00 0.1087E+00 0.1087E+00

5.00 0.5097E-.01 0.5097E,-01

300.00 10.00 10.00 0.3390E,4)1 0.3390E-01

300.00 10.00 20.00 0.2708F_,--01 0.2708E-01

300.00 10.00 50.00 0.2373F_,-01 0.2373F.,-01

300.00 10.00 75.00 0.2307E,-01 0.2307E-01

300.00 10.00 100.00 0.2275E-01 0.2275F_.,-01

500.00 0.10 0.10 0.2428E+00 0.2440E+00

500.00 0.10 0.50 0.2415E+00 0.2424E+00

500.00 0.10 1.00 0.2374E+00 0.2409E+00

500.00 0.10 2.00 0.2225E+00 0.2353E+00

166



500.00 0.10 5.00 0.155FE+00 0.2029E+00

500.00 0.10 10.00 0.7613E-01 0.1373E+00

500.00 0.10 20.00 0.2607E-01 0.6176E--01

500.00 0.10 50.00 0.5344E--02 0.1431E-01

500.00 0.10 75.00 0.2731E-02 0.7301E--02

500.00 0.10 100.00 0.1750E-02 0.4598E--02

500.00 1.00 0.10 0.2423E+00 0.2423E+00

500.00 1.00 0.50 0.2299E+00 0.2302E+00

500.00 1.00 1.00 0.1992E+00 0.1999E+00

500.00 1.00 2.00 0.1325E+00 0.1336E+00

500.00 1.00 5.00 0.4434E--01 0.4499E-01

500.00 1.00 10.00 0.1623E--01 0.1648E--01

500.00 1.00 20.00 0.6705E-02 0.6794E-02

500.00 1.00 50.00 0.3095E--02 0.3120E-02

500.00 1.00 75.00 0.2531E-02 0.2547E--02

500.00 1.00 100.00 0.2284E-02 0.2294E-02

500.00 5.00 0.10 0.2402E+00 0.2402E+00

500.00 5.00 0.50 0.1937E+00 0.1937E+00

500.00 5.00 1.00 0.1279E+00 0.1280E+00

500.00 5.00 2.00 0.6349E-01 0.6352E_1

500.00 5.00 5.00 0.2389E--01 0.2390E--01

500.00 5.00 10.00 0.1439E--01 0.1440E--01

500.00 5.00 20.00 0.1082E-01 0.1082E-01

500.00 5.00 50.00 0.9109E--02 0.9110E-02

500.00 5.00 75.00 0.8775E-02 0.8776E-_2

500.00 5.00 100.00 0.8615E--02 0.8615E-02

500.00 10.00

500.00 10.00

500.00 I0.00

500.00 10.00

500.00 10.00

0.10 0.2377E+00 0.2377E+00

0.50 0.1676E+00 0.1676E+00

1.00 0.1005E+00 0.1005E+00

2.00 0.5236E-01 0.5236E-01

5.00 0.2684E-01 0.2684E_1

500.00 I0.00 I0.00 0.2052E,--010.2052E,--01

500.00 I0.00 20.00 0.1794E,--O10.1794E,-O1

500.00 I0.00 50.00 0.1659E,-4)I0.1659E-01

500.00 10.00 75.00 0.1632E--01 0.1632E,-£}1

500.00 10.00 I00.00 0.1618E--01 0.1618E--01

I000.00 0.10 0.i0 0.2428E+00 0.2432E+00

1000.00 0.10 0.50 0.2407E+00 0.2419E+00

1000.00 0.10 1.00 0.2343E+00 0.2393E+00

1000.00 0.10 2.00 0.2120E+00 0.2291E+00

1000.00 0.10 5.00 0.1275E+00 0.1770E+00

1000.00 0.10 10.00 0.5309E-01 0.9832F_,_1

1000.00 0.10 20.00 0.1624E,-01 0.3602E,-01

1000.00 0.10 50.00 0.2962E-02 0.7045E-02

1000.00 0.10 75.00 0.1409E-.02 0.3364E-02

1000.00 0.10 100.00 0.8444E-03 0.2009E,4}2

1000.00 1.00 0.10 0.2420E+00 0.2420E+00

1000.00 1.00 0.50 0.2227E+00 0.2230E+00

1000.00 1.00 1.00 0.1789E+00 0.1796E+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

1.00 2.00 0.1013E+00 0.1022E+00
1.00 5.00 0.2663E-01 0.2696E-01

1.00 10.00 0.8157E-02 0.8266E--02

1.00 20.00 0.2648E-02 0.2682E--02

1.00 50.00 0.8082E-03 0.8164E--03

1.00 75.00 0.5571E-03 0.561&n.,-03
1.00 100.00 0.4535E--03 0.4566E-.03

5.00 0.10 0.2385E+00 0.2385E,+00

5.00 0.50 0.1697E+00 0.1697E+00

5.00 1.00 0.9245E--01 0.9248E-01

5.00 2.00 0.3581E-01 0.3582E,-01

5.00 5.00 0.9158F.,-02 0.9162E_2

1000.00 5.00 10.00 0.3939E-02 0.3941E--02

1000.00 5.00 20.00 0.2225E-02 0.2225E-02

1000.00 5.00 50.00 0.1501E--02 0.1501E-02

1000.00 5.00 75.00 0.1371E-.02 0.1371E--02

1000.00 5.00 100.00 0.1311E--02 0.1311E--02

1000.00 10.00 0.10 0.2345E+00 0.2345E+00

1000.00 10.00 0.50 0.1339E+00 0.1339E+00

1000.00 10.00 1.00 0.6233E--01 0.6233E-01

1000.00 10.00 2.00 0.2382E--01 0.2382E-01

1000.00 10.00 5.00 0.7691E--02 0.7692E--02

1000.00 10.00 10.00 0.4375E--02 0.4375E--02

1000.00 I0.00 20.00 0.3171E,-02 0.3171E-02

1000.00 10.00 50.00 0.2600E-_2 0.2600E-.02

1000.00 10.00 75.00 0.2489E--02 0.2489E--02

1000.00 10.00 100.00 0.2436F.,--02 0.2436E-02

2000.00 0.10

2000.00 0.10

2000.00 0.10

2000.00 0.10

2000.00 0.10

0.10 0.2428E+00 0.2434E+00

0.50 0.2411E+00 0.2421E+00

1.00 0.2358E+00 0.2398E+00

2.00 0.2169E+00 0.2311E+00

5.00 0.1390E+00 0.1843E+00

2000.00 0.10 10.00 0.6106E-01 0.1071E+00

2000.00 0.10 20.00 0.1892E--01 0.4021E--01

2000.00 0.10 50.00 0.3297E-02 0.7603E--02

2000.00 0.10 75.00 0.1498E--02 0.3488E-02

2000.00 0.10 100.00 0.8576E-03 0.2003E-02

2000.00 1.00

2000.00 1.00

2000.00 1.00

2000.00 1.00

2000.00 1.00

0.10 0.2421E+00 0.2421E+00

0.50 0.2260E+00 0.2262E+00

1.00 0.1871E+00 0.1877E+00

ZOO 0.1112E+O0 0.1120E+00

5.00 0.2936E--01 0.2970E-01

2000.00
2000.00

2000.00

2000.00

2000.00

2000.00

2000.00

1.00 10.00 0.8305E--02 0.8413E.-02
1.00 20.00 0.2259E--02 0.2289E--02

1.00 50.00 0.4344E-03 0.4400E--03

1.00 75.00 0.2232E-03 0.2259E-03

1.00 100.00 0.1444E--03 0.1462E-03

5.00 0.10 0.2393E+00 0.2393E+00

5.00 0.50 0.1774E+00 0.1774E+00
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2000.00 5.00 1.00 0.9891E--01 0.9894E--01

2000.00 5.00 2.00 0.3650E--01 0.3651E--01

2000.00 5.00 5.00 0.7279E--02 0.7283E--02

2000.00 5.00 10.00 0.2152F_2 0.2153E--02

2000.00 5.00 20.00 0.7182F__3 0.7185E--03

2000.00 5.00 50.00 0.2391E--03 0.2392E--03

2000.00 5.00 75.00 0.1721E-03 0.1721E--03

2000.00 5.00 100.00 0.1439E--03 0.1439E--03

2000.00 10.00 0.10 0.2358E+00 0.2358E+00

2000.00 10.00 0.50 0.1406E+00 0.1406E+00

2000.00 10.00 1.00 0.6344E--01 0.6344E--01

2000.00 10.00 2.00 0.2080E-01 0.2081E-01

2000.00 10.00 5.00 0.4259E--02 0.4259E-02

2000.00 10.00 10.00 0.1429E--02 0.1429E--02

2000.00 10.00 20.00 0.5954E--03 0.5954E-03

2000.00 10.00 50.00 0.2870E-03 0.2870E--03

2000.00 10.00 75.00 0.2381E--03 0.2381E-03

2000.00 10.00 100.00 0.2164E-03 0.2164E-03
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c Program to calculate LTE and NLTE bulk temp. under gray

c gas assumption for CH4

implicit double precision (a-h,o-z)

real l,ktb

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 presslO.l,l.5.,lO.OI

data temp/300.,500.,1000.0,2000.0/

open(unit=29, file='nlp')

open(unit=30, fide= 'ip')

open(unit=31, file='out31.dat')

write(31,230)

write(29,13)

write(29,*) 10,1

13 format('3'J,'x'J,'t'J,'tl'J,i4,x,'l')

write(30,14)

write(30,*) 10,1

14 format('2'J,'x'J,'t'J,/,i4,x,'l')

do 101 it=l,4

tw=temp(it)

do 202 kk=l,4

p=press(kk)

do 303 i=1,10

I--u(i)
C

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

tkl=lw**2

tk2=tw**0.5

tk3=twf273.0

hck=l.439257246

ts=3OO.O/tw

c Spectroscopic Properties of CH4

c Two Bands of CH4 are cosidered(7.6 and 3.3 microns)

c wnbi Band Center (1/cm)

wnbl=1310.

wnb2=3020.

c2bl=hck*wnbl

c2b2=hck*wnb2

ccc=0.000053847734

ccbl=ccc*(wnbl **4)

ccb2=ccc*(wnb2**4)
tblfc2bl/tw
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tb2=c2b2/tw
 bX= exp(tbX)
 b2= exp( 2)
clbl=ccbl/c2bl

clb2_ccb2/c2b2

pfbl=clbl/(tebl-l.0)

pfb2=clb2/(teb2-1.0)

devl=tkl*((tebl-l.0)**2.0)

dev2=tkl*((teb2-!.0)**2.0)

pfdbl=(ccbl*tebl)/dec 1

pfdb2=(ccb2*teb2)/dev2

Band Model Correlations (Tien & Lowder wide band model)

c azi aoi (1/cm)

c czsi col**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

akl =(tw/300.)**0.5

ak2=(300./tw)**l.5
azl =39.8"akl

az2=95.3*akl

c dkfThermal Conductivity (Erg/cm-sec--k)
C

kfb=(1488.365171)*(tlO* "1.23)
c01=4.58"ak2

c02=3.15"ak2

sl=azl*cO1

s2=az2*c02

ETCI=((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)*sl *tw
ETARI=I./ETRll

ETR12=8. "3.14"(3020.* *(2.))'4.08" (1.E.-12)*s2*tw
ETAR2=I./ETR12

ETA 11=ETAC/ETAR1

ETA 12=ETAC/ETAR2

aapl=etall/sl

aap2=eta12/s2

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

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

am2=l.+(aapxl+aapx2)

tin=p*l**2./kfb*(s l*pfdb l+s2*pfdb2)

m= exp(-(3.*tin)**0.5)

anexp=(1.-tn)/(1.+In)

tcm=l/kfb*(pfdbl *azl+pfdb2*az2)
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ala=O.O0005668

.kv,.'p/(al.*_**4.)'(sl*p_bl,,,._.*pfb2)
tao=akp*l

anba=l_o*alml(4.*.l.*_**3.)

r=3.*tao**2./anba

a lm=3.*tao *"2. *(0.75+l./anba)

am= sqt1(alm)

am= exp(--am)

ad=3.*tao*(l.--em)+2.*am*(1.+em)

a_r/am**8.*(48.-3.*tao*am**2.+36.*tao)/ad

pa 1=24.-12. *am+am* *3.+(am* "3.-12. *am-24.)*em

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

ambr-am/(.qrt(.-_2))
rbar=-r/am2

emb.r--exp(-ambar)

adbar=-3.0 *tao *(1.O-embar)+2.0*ambar*(LO+embar)

acbar=(d>ar/(ambar**8.))*(48.-3.*tao*(ambar**

• 2.0)+36.0*tao)/adbar

pal bar=-24.0--12.0*ambar+ambar**3.0

• +(ambar**3.0..12.0*ambar_24.0)*embar

pa2ba_---12.0 *rbar/(5.0 *ambar**4.0)+

• 17.0 *rbar/(70.O *ambar**2.0)

tbulk=ac*pa 1+pa2-17./70.

tbulim=acbar *pa lbar+pa2bar-17.0/'70.O

write(29,104) l,-tbulk,--tbulkn

write(30,100) l,--tbutkn
write(31,1000)tw, p, 1, -tbuik, -tbulkn

100 format( lxj9.2,3x,e 10.4)

104 format(1x,f9.2,2(3x,elO.4))
303 continue

202 continue

101 continue

1000 format (Ix,f7.2, 3x,f6.2, 3x,f6.2, 3x,elO.4, 3x,e10.4)

230 format (4x,'tw',8x,'p',6x,'l',9x,'tbuik',9x,'tbulkn')

stop
end
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GRAY GAS RESULTS FOR CH4

tw p ! tbulk (LTE) tbulkn (NLTE)

300.00 0.10 0.10 0.2490E+00 0.2392E+00

300.00 0.10 0.50 0.2424E+00 0.2424E+00

300.00 0.10 1.00 0.2412E+00 0.2412E+00

300.00 0.10 2.00 0.2363E+00 0.2363E+00

300.00 0.10 5.00 0.2074E+00 0.2074E+00

300.00 0.10 10.00 0.1452E+00 0.1453E+00

300.00 0.I0 20.00 0.6771E--01 0.6771E-4}I

300.00 0.I0 50.00 0.1578E-01 0.1578E,4}I

300.00 0.10 75.00 0.7989E,4)2 0.7989E--02

300.00 0.10 100.00 05008E-02 0.5008E-02

1.00 0.10 0.2427E+00 0.2427E+00

1.00 0.50 0.2388E+00 0.2388E+00

1.00 1.00 0.2276E+00 0.2276E+00

1.00 2.00 0.1929E+00 0.1929E+00

1.00 5.00 0.9929E-01 0.9929E-01

1.00 10.00 0.4184E-01 0.4184E-01

1.00 20.00 0.1681E_1 0.1681E-01

1.00 50.00 0.6791E-02 0.6791E-02

1.00 75.00 0.5267E_2 0.5267E-O2

1.00 100.00 0.4611E,-02 0.4611E-02

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00 5.00

300.00 5.00

300.00 5.00

300.00 5.00

300.00 5.00

0.10 0.2420E+00 0.2420E+00

0.50 0.2250E+00 0.2250E+00

1.00 0.1883E+00 0.1883E+00

2.00 0.1235E+00 0.1235E+00

5.00 0.5240E-01 0.5240E-01

300.00 5.00 10.00 0.2976E,-01 0.2976E-01

300.00 5.00 20.00 0.2095E--01 0.2095E--01

300.00 5.00 50.00 0.1683E,--01 0.1683E-01

300.00 5.00 75.00 0.1605E-01 0.1605E--01

300.00 5.00 100.00 0.1568E-431 0.1568E,-O1

300.00 10.00

300.00 10.00

300.00 10.00

300.00 10.00

300.00 10.00

0.10 0.2412E+00 0.2412E+00

0.50 0.2121E+00 0.2121E+00

1.00 0.1637E+00 0.1637E+00

2.00 0.1022E+00 0.1022E+00

5.00 0_5243E-01 0.5243E-01

300.00 10.00 10.00 0.3813E-01 0.3813E-01

300.00 10.00 20.00 0.3230E-01 0.3230_01

300.00 10.00 50.00 0.2935E-01 0.2935E-01

300.00 10.00 75.00 0.2876E-01 0.2876E-01

300.00 10.00 100.00 0.2847E--01 0.2847E-01

500.00 0.10 0.10 0.2426E+00 0.2427E+00

500.00 0.10 0.50 0.2417E+00 0.2417E+00

500.00 0.10 1.00 0.2383E+00 0.2383E+00

500.00 0.10 2.00 0.2256E+00 0.2256E+00
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500.00 0.10 5.00 0.1651E+00 0.1651E+00

500.00 0.10 10.00 0.8540E--01 0.8540E--01

500.00 0.10 20.00 0.3012E--01 0.3012E--01

500.00 0.10 50.00 0.6114E--02 0.6114E--02

500.00 0.10 75.00 0.3067E-02 0.3067E--02

500.00 0.10 100.00 0.1929E--02 0.1929E-02

500.00 1.00 0.10 0.2424E+00 0.2424E+00

500.00 1.00 0.50 0.2319E+00 0.2319E.-v00

500.00 1.00 1.00 0.2050F.,+00 0.2050E+00

500.00 1.00 2.00 0.1422E+00 0.1422E+00

500.00 1.00 5.00 0.4962E-01 0.4962E--01

500.00 1.00 10.00 0.178213--01 0.1782E-01

500.00 1.00 20.00 0.6949E--02 0.6949E--02

500.00 1.00 50.00 0.2911E--02 0.2911E--02

500.00 1.00 75.00 0.2299F.,-O2 0.2299F.,-02

500.00 1.00 100.00 0.2034E--02 0.2034E-02

500.00 5.00 0.10 0.2406E+00 0.2406F.,+00

500.00 5.00 0.50 0.1996E+00 0.1996E+00

500.00 5.00 1.00 0.1364E+00 0.1364E+00

500.00 5.00 2.00 0.6842E--01 0.6842E--01

500.00 5.00 5.00 0.2421E--01 0.2421E-01

500.00 5.00 10.00 0.1358E--01 0.1358E-01

500.00 5.00 20.00 0.9666E--02 0.9666F_,-02

500.00 5.00 50.00 0.7838E--02 0.7838E--02

500.00 5.00 75.00 0.7488E--02 0.7488E--02

500.00 5.00 100.00 0.7321E--02 0.7321E-02

500.00 I0.00 0.10 0.2385E,4-00 0.2385E+00

500.00 10.00 0.50 0.1746E+00 0.1746E+00

500.00 10.00 1.00 0.1066F_,+00 0.1066E+00

500.00 10.00 2.00 0.5407F_1 0.5407E-01

500.00 10.00 5.00 0.2541E--01 0.2541E-01

500.00 10.00 10.00 0.1840E--01 0.1840E--01

500.00 10.00 20.00 0.1560E.-01 0.1560E-01

500.00 10.00 50.00 0.1417E--01 0.1417E-01

500.00 10.00 75.00 0.1388E-01 0.1388E-01

500.00 10.00 100.00 0.1374E--01 0.1374E-01

1000.00 0.10 0.10 0.2428E+00 0.2428E+00

1000.00 0.10 0.50 0.2408E+00 0.2408E+00

1000.00 0.10 1.00 0.2349E+00 0.2349E+00

1000.00 0.10 2.00 0.2141E+00 0.2141E+00

1000.00 0.10 5.00 0.1324E+00 0.1324E+00

1000.00 0.10 10.00 0.5646E-4}1 0.5646E-O1

1000.00 0.10 20.00 0.1746EM}1 0.1746E--01

1000.00 0.10 50.00 0.3180E-02 0.3180E--02

1000.00 0.10 75.00 0.1506E-02 0.1506E--02

1000.00 0.10 100.00 0.8987E-4}3 0.8987E--03

1000.00 1.00 0.10 0.2420E+00 0.2420E+00

1000.00 1.00 0.50 0.2241E+00 0.2241E+00

1000.00 1.00 1.00 0.1826E+00 0.1826F.,+00
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1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1.00 2.00 0.1059E+00 0.1059E+00

1.00 5.00 0.2839E-01 0.2839E,-01

1.00 10.00 0.8666E--02 0.8666E,-4}2

1.00 20.00 0.2769E--02 0.2769E-02

1.00 50.00 0.8130E-.03 0.8130E-03

1.00 75.00 0.5494E-4}3 0.5494E--03

1000.00 1.00 100.00 0.4413E--03 0.4413E--03

1000.00 5.00 0.10 0.2389E+00 0.2389E+00

1000.00 5.00 0.50 0.1735E+00 0.1735E+00

1000.00 5.00 1.00 0.9662F__1 0.9662E,-01

1000.00 5.00 2.00 0.3778E--01 0.3778E--01

1000.00 5.00 5.00 0.9497E-02 0.9497E-02

1000.00 5.00 10.00 0.3964E-02 0.3964E-02

1000.00 5.00 20.00 0.2166E-02 0.2166E--02

1000.00 5.00 50.00 0.1417E-4)2 0.1417E-02

1000.00 5.00 75.00 0.1284E--02 0.I284E--02

1000.00 5.00 100.00 0.1223E--02 0.1223E-02

1000.00 10.00 0.10 0.2351E+00 0.2351E+00

1000.00 10.00 0.50 0.1382E+00 0.1382E+00

1000.00 10.00 1.00 0.6531E-01 0.6531E-01

1000.00 10.00 2.00 0.2483E--01 0.2483E-.01

1000.00 10.00 5.00 0.7742E-02 0.7742F__2

1000.00 10.00 10.00 0.4260E-02 0.4260E-4}2

1000.00 10.00 20.00 0.3011E--02 0.3011E-02

1000.00 10.00 50.00 0.2427E-02 0.2427E-02

1000.00 10.00 75.00 0.2314E-02 0.2314E--02

1000.00 10.00 100.00 0.2260E-02 0.2260E-432

2000.00 0.10

2000.00 0.10

2000.00 0.10

2000.00 0.10

2000.00 0.10

0.10 0.2428E+00 0.2428E+00

0.50 0.2413E+00 0.2413E+00

1.00 0.236715+00 0.2367E+00

2.00 0.2199E+00 0.2199E+00

5.00 0.1469E+00 0.1469E+00

2000.00 0.10 10.00 0.6737E_1 0.6737E-01

2000.00 0.10 20.00 0.2137E-01 0.2137E-01

2000.00 0.10 50.00 0.3750E-02 0.3750E-02

2000.00 0.10 75.00 0.1703E-02 0.1703F_,-02

2000.00 0.10 100.00 0.9733E-03 0.9733E-03

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 0.10 0.2422E+00 0.2422E+00

1.00 0.50 0.2280E+00 0.2280E+00

1.00 1.00 0.1927E+00 0.1927E+00

1.00 2.00 0.1192E+00 0.1192E+00

1.00 5.00 0.3290E-01 0.3290E-01

1.00 10.00 0.9387E_2 0.9387E-02

1.00 20.00 0.2544F_,-_2 0.2544E-4)2

1.00 50.00 0.4789F_._3 0.4789E-03

1.00 75.00 0.2419E-03 0.2419E-03

1.00 100.00 0.1541E-03 0.1541E-433

5.00 0.10 0.2397E+00 0.2397E+00

5.00 0.50 0.1835E+00 0.1835E+00
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2000.00 5.00 1.00 0.1067E,+00 0.1067E+00

2000.00 5.00 2.00 0.4062E-01 0.4062E-.01

2000.00 5.00 5.00 0.8145E--02 0.8145B-02

2000.00 5.00 10.00 0.2371E--02 0.2371E-02

2000.00 5.00 20.00 0.7664B-03 0.7664E-03

2000.00 5.00 50.00 0.2384E-03 0.2384E.-03

2000.00 5.00 75.00 0.166113-03 0.1661E-03

2000.00 5,00 100.00 0.1361E--03 0.1361E-03

2000.00 10.00

2000.00 10.00

2000.00 10.00

2000.00 10.00
2000.00 10.00

0.10 0.2367E+00 0.236713+00

0.50 0.1482E+00 0.1482E+00

1.00 0.6958E--01 0.6958E--01

2.00 0.2320E--01 0.2320E-01

5.00 0.4690E-02 0.4690E-02

2000.00 10.00 10.00 0.1525E-02 0.1525E-02

2000.00 10.00 20.00 0.6045E-03 0.6045E-03

2000.00 10.00 50.00 0.2714E--03 0,2714E-03
2000.00 10.00 75.00 0.2200E--03 0.2200E-03

2000.00 10.00 100.00 0.1973E-03 0.1973E--03
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C

C

C

C

PROGRAM NLTE

THIS PROGRAM _TIGATF.S LIE and N'LIE EFFECr IN CO (NONGRAY CASE)

THIS PROGRAM IS WRITTEN BY MANOJ IC JHA IN AUGUST 1992

13

14

IMPLICIT DOUBLE PRF__SION (A-H,O-Z)

DOUBLE PRECISION IERR

]_,AL LKFB

EXTERNAL F10,Fll,F12,F13,F14

DIMENSION U(9),PRES(4),TEMP(4),EPS(2)
COMMON F

OPEN (I/ILE='out111a')

OPEN (2,HLE='nlp')

OPEN (3,FILE='lp')

DATA U/0.1,0.5,1.,5.,10.,20.,50.,75.,I00./

DATA PRES/0.1,1.,5.,10./

DATA TEMP/300.,500.,1000.,2000./

wRrm (1,11)
write(2,13)

write(2,*) 9,1

format('3',/,'x'4,'t',l, 'tl ',/,i4,x,'l ')

writc(3,14)

write(3,*) 9,1

format('2' J,'x' J,'t',/, /,i4,x,'l ')

DO 4 IT=I,4

TW=IEMP(IT)

DO 5 KK=I,4

P=PRES(KK)

DO 6 I=1,9

L=U(I)
TKI=TW**2.

TK2=TW**05

TK3=TW/273.

HCK=I.439257246

TS=300./TW

%VNB=2143.

C2B=HCK*WNB

CCC=0.000053847734

CCB=CCC*(WNB**4.)
TB=C2B/TW

TEB=EXP(TB)

CIB=CCB/C2B

PFB--CIB/(TEB-1.)

DEV=TIQ *((TEB--1.)**2.)

PFDB=(CCB*TEB)/DEV

Am=(rW/300.)**0.5
AK2=(300./TW)** 1.5

AZ=38.1*AK1

KFB=2325.570579 *(TIC3 **0.8)
O_2143.
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TX=-(nCr_)
TXI=TX*OMEG

]_CXI=EXP(rx1)

C1--lo--ETX1

PHII=(15.15+(O.22*(CfW/IO0.)**I.5)))*Cl

CZ=6.24 *AK2

S=AZ *CZ

PL=P*L

UZ=CZ*PL

DELI=((PHII**2.)/Am)*0.001

BS=0.314*DEL1

PE=(1.1*P)**0.8

BETA=BS*PE

F=2.94 *(1._(-(2.6 *BErA)))

EPS(2)=I.E--03

EPS(I)=I.E-03

XI=0.

x2--(3.rs.)*uz
YI=I.5*UZ

Y2=3.*X2

CALL QDAGS (F10_I,VlJ_PS(2),ePS(1),R0,mRR)

CALL C)DAGS ffn,Xl,YIJZPS(2),m'SO)_IJ_RR)

CALL QDAGS (F12,X1,Y1,EPS(2),EPS(1),R2,IERR)

CALL QDAGS (F13,X1,Y1,EPS(2),EPS(1),R3JERR)

CALL QDAGS (F14,X1,Y1,EPS(2),EPS(1),R4,IERR)

CALL QDAGS (FIO,X2,Y2,EPS(2),EPS(I),SI,IERR)

CALL QDAGS (F11_X,X2_S(2),r_PS(1),SZmRR)
CALL QDAGS (Fn,Xl,Y_S(2),FeSO),S3,mRR)

CALL QDAGS (F12,X2,Y2,EPS(2),EPS(1),S4jERR)

CALL QDAGS (F13,X1,X2,EPS(2),EPS(1),S5,1ERR)

CALL QDAGS (F13,X1,Y2,EPS(2),EPS(1),S6jERR)

CALL QDAGS (F14,X2,Y2,EPS(2),EPS(1),S7jERR)

H=AZ*PFDB

AM=(H*L)/KFB
CU=2./(3.*UZ)

BU=I./CU

BR1A-(CU*R1)--(2.*(CU**3.)*R3)+((CU**4.)* R4)

BRIB=((CU**2.)*R2)--(CU*R1)

ETCl =(14.)**(1./4.)
ETC2=0.015*ETC1

ETC3=TW**(-1./3.)
ETC4=ETC3--ETC2

ETC5=175.*ETC4

ETC6=(ETCS-18.42)

E-rc7=_xP(_-rc6)
ETAC=ETCT/P

ETAR=0.0297

ETA=ErAC/ETAR

SUMA=H*BRIA
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ALII._I.+((L/KFB)*SUMA)
ALPHI=ALIL-((9./'2.)*ETA*CU*BRIB)
BR2A=((CU**2.)*R2)--(2`*(CU**3.)*R3)+((CU**4")*R4)
BR2B=R0-(6.*CU*R1)+(6.*(CU**2-)*R2)
SUMB=H*BR2A

AL2L=0.dKFB)*$UMB

ALPH2=ALZL-{(3./4.) *ETA* CU*BR2B)

ALPH0 = (9./'2.)*ETA*(CU**2`)*(CU*R2-R1)--1.

BR3A=((57./'256.)*S 1)+((11./16.)*CU*(S2+S3))

*_((9./8.)*(CU**2.)*S4)--((CU**3.)*(S5+S6))+((CU**4.)*S7)

BR3B=((9./4.)*CU*SI)+(6.*(CU**2.)*(S2+S3))

*-(12"(CU*'3.)*$4)

SUMC=H*BR3A

AI.2L=((L/KFB)*SUMC)+(11./16.)

ALPH3 =AL3L+((3./8.) *ETA *BR3B)

BR4A=((9./256.)*SI )+((3./16.)*CU*(S2+S3))
*-((1./8.)*(CU**2.)*S4)--((CU**3.)*(S5+S6))+((CU**4")*S7)

BR 4B=((1./4. )*CU*S1)+(6.*( CU**2.)*(S2 +S3))-(12.*(CU* *3.)*S4)

SUMD=H*BR4A

AL4L=((L/KFB)* SUMD)+(3.n6.)

ALPH4 =AL4L+((3./8.)*ETA*BR4B)

BRKS=(3./I 6.)*(CU*SI)+(1./2.)*(CU**2.)*(S2+S3)--(CU**3.)*S4

ALPH5 = -((9./2.)*ETA*BRK5+(11./16.))

DENA = (ALPHI*ALPH4)--(ALPH2*ALPI-I3)

A1 =((ALPH0*ALPH4)-(ALPH2*ALPH5))/DENA

A2=((ALPHI *ALPHS)-(ALPH0 *ALPH3))/DENA

TBULK = (1./"/0.)*((17.*AI)+(3.*A2))

CONST= I./(16.*(ALIL*AL4_2L*AL3L))

all=(ll.*al2.1-16.*al41)*CONST

A2L=(16.*AL3L--11.*ALl L)*CONST

TBULKL=(1/70.)*(17.*A1L+3.*A2L)

BET0=--(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*(I.,OG((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.,r256.)*LOG(3.)+(17J192.))+(3./16.)

• +(3./8.)* ETA *CU*((LOG(3.)/4.)+3.)

BET5 =((3./8.)*ETA*CU*LOG(3.))-(II./16.)

DENB=BET1 *BET4-BET2*BET3

BI=---(BET4+(BET0*BET4)+0BKIR*BETS))/DENB

B2=(BET3 +(BET0*BET3)+(BET 1*BET5))/DENB

Trt-IIC=(1./70.)*(17.*B1 +3.*B2)
AN=PL*CZ*H

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

ANBA1-SQRT(3.*ANBA)

BRK'r=(I.--EXP(--ASBAI))/(I.+EXP(-ASBAI))
BRKT I=576.*BRKT/ANBAI

BRKT2=BRKTI -(21.6 *(ANBA* *2. ))+(72. *ANBA)--288.
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TrmN=Bmcr_0.'ANBA)"3.)
wRrm 0,_9)TW.P,L-TBUt_-TBULm.
wRrm (2,2o)L-TBVLKL,-TSVLK
WRITE 0,21) L,- TBULK

6 CONTINI.m

5 CON'rINIrB

4 CONTINUE

write(*,*)emc,emr,em

19 l_O_ (lX_._2(3Xt6.2),2(3X_Z10.4))

20 Fomo_ (SX_e2_2(3X_10.4))

2_ FORMAT(3X_6.2_X_10.4)
n FORMAT(4X,'Z_V',SX,'P',6X,'L',9X,'_ULK',9X,'TBULKI:)

STOP

END

C

IgJNC_ON FIO(U)
COMMON F

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 Fn(U)
COMMON F

DIZ_=(F* (CO*"_-)+(Z *U)+Z)+U)*CO+(Z*F))

AUD=(F*((U"2.)+(4.'U'F)+(4.*F)))/DEN
Fll=AUD*U

RETURN

END

_cnoN F,2_
COMMON F

DEN=(F*((U**Z)+(Z*U)+2.)+U)*(U+(2.*F))

AUD=ff'((U""Z)+(4.'U*Ig+(4.'I9))/DEN
F12=AUD*(U**2.)
RETURN

END

FUNCnONF_3(U)
COMMON F

DEN=(F*((U* *2.)+(2.*U)+2.)+U) *(U+(Z *F))

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

F13=AUD*(U**3.)
RETURN

END

_NcrIoN n4(U)
COMMON F

DEN._(F*((U**2.)+(2.*U)+2.)+U)*(U+(2.*F))

AUD=(F*((U"Z)+(4 "u'D+(4*D))/Dm'_
F14=AUD*(U**4.)
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RETURN

END
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NONGRAY RESULTS FOR CO

TW P L TBULK (NLTE) TBULKL (LTE)

300.00

300.00

300.00

300.00

300.00

300.00

300.00

300.00

0.10 0.10 0.2429E+00 0.2429E+00

0.10 0.50 0.2429E+00 0.2428E+00

0.10 1.00 0.2429E+00 0.2428E+00

0.10 5.00 0.2429E+00 0.2421E+00

0.10 10.00 0.2428E+00 0.2406E+00

0.10 20.00 0.2428E+00 0.2361E+00

0.10 50.00 0.2426E+00 0.2176E+00

0.10 75.00 0.2424E+00 0.2016E+00

300.00 0.10 100.00 0.2420E+00 0.1868E+00

300.00 1.00 0.10 0.2429E+00 0.2428E+00

300.00 1.00 0.50 0.2429E+00 0.2426E+00

300.00 1.00 1.00 0.2428E+00 0.2422E+00

300.00 1.00 5.00 0.2427E+00 0.2383E+00

300.00 1.00 10.00 0.2421E+00 0.2330E+00

300.00 1.00 20.00 0.2399E+00 0.2228E+00

300.00 1.00 50.00 0.2280E+00 0.1966E+00

300.00 1.00 75.00 0.2149E+00 0.1791E+00

300.00 1.00 100.00 0.2010E+00 0.1644E+00

300.00 5.00 0.10 0.2429E+00 0.2428E+00

300.00 5.00 0.50 0.2428E+00 0.2423E+00

300.00 5.00 1.00 0.2427E+00 0.2417E+00

300.00 5.00 5.00 0.2400E+00 0.2370E+00

300.00 5.00 10.00 0.2352E+00 0.2314E+00

300.00 5.00 20.00 0.2250E+00 0.2209E+00

300.00 5.00 50.00 0.1979E+00 0.1948E+00

300.00 5.00 75.00 0.1798E+00 0.1774E+00

300.00 5.00 100.00 0.1648E+00 0.1629E+00

300.00 10.00 0.10 0.2428E+00 0.2428E+00

300.00 10.00 0.50 0.2427E+00 0.2422E+00

300.00 10.00 1.00 0.2423E+00 0.2416E+00

300.00 10.00 5.00 0.2381E+00 0.2369E+00
300.00 10.00 10.00 0.2324E+00 0.2312E+00

300.00 10.00 20.00 0.2218E+00 0.2208E+00

300.00 10.00 50.00 0.1953E+00 0.1947E+00

300.00 10.00 75.00 0.1778E+00 0.1773E+00

300.00 10.00 100.00 0.1632E+00 0.1629E+00

500.00 0.10 0.10 0.2429E+00 0.2428E+00

500.00 0.10 0.50 0.2428E+00 0.2425E+00

500.00 0.10 1.00 0.2428E+00 0.2419E+00

500.00 0.I0 5.00 0.2419E+00 0.2347E+00

500.00 0.10 10.00 0.2391E+00 0.2208E+00

500.00 0.10 20.00 0.2290E+00 0.1851E+00

500.00 0.10 50.00 0.1799E+00 0.1013E+00

500.00 0.10 75.00 0.1389E+00 0.6731E-01
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500.00 0.I0 I00.00 0.I069E+00 0.4877E--01

500.00 1.00 0.I0 0.2428E+00 0.2427E+00

500.00 1.00 0.50 0.2420E+00 0.2399E+00

500.00 1.00 1.00 0.2400E+00 0.2348E+00

500.00 1.00 5.00 0.2056E+00 0.1869E+00

500.00 1.00 10.00 0.1614E+00 0.1433E+00

500.00 1.00 20.00 0.1068E+00 0.9607E--01

500.00 1.00 50.00 0.5095E--01 0.4798E,--01

500.00 1.00 75.00 0.3537E--01 0.3388E--01

500.00 1.00 100.00 0.2709E-01 0.2619E-01

500.00 5.00 0.10 0.2424E+00 0.2420E+00

500.00 5.00 0.50 0.236SE+00 0.2345E+00

500.00 5.00 1.00 0.22721/+00 0.2245E+00

500.00 5.00 5.00 0.1688E+00 0.1668E+00

500.00 5.00 10.00 0.1279E+00 0.1269E+00

500.00 5.00 20.00 0.8678E-01 0.8636E--01

500.00 5.00 50.00 0.4480E-01 0.4470E--01

500.00 5.00 75.00 0.3208E--01 0.3203E-01

500.00 5.00 I00.00 0.2502E-01 0.2499E,-431

500.00 10.00 0.10 0.2418E+00 0.2415E+00

500.00 10.00 0.50 0.2335E+00 0.2325E+00

500.00 10.00 1.00 0.2229E+00 0.2220E+00

500.00 10.00 5.00 0.1651E+00 0.1646E+00

500.00 10.00 10.00 0.1256E+00 0.1254E+00

500.00 10.00 20.00 0.8572E.-01 0.8563E-01

500.00 I0.00 50.00 0.4450E--01 0.4448E--01

500.00 I0.00 75.00 0.3193E,-01 0.3191E--01

500.00 10.00 100.00 0.2493E,--010.2492F_,q}1

I000.00 0.10 0.I0 0.2428E+00 0.2428E+00

I000.00 0.10 0.50 0.2423E+00 0.2420E+00

1000.00 0.10 1.00 0.2409E+00 0.2401E+00

1000.00 0.10 5.00 0.2206E+00 0.2173E+00

1000.00 0.10 10.00 0.1913E+00 0.1873E+00

I000.00 0.10 20.00 0.1383E+00 0.1344E+00

1000.00 0.10 50.00 0.5584E--01 0.5395E,--01

1000.00 0.10 75.00 0.3210E--01 0.3104E--01

I000.00 0.I0 I00.00 0.2110E,--010.2044E,--01

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 0.I0 0.2425E+00 0.2424E+00

1.00 0.50 0.2357E+00 0.2354E+00

1.00 1.00 0.2217E+00 0.2211E+00

1.00 5.00 0.1197E+00 0.1188E+00

1.00 10.00 0.6795E,--010.6753E--01

1.00 20.00 0.3450E,-01 0.3436E-01

1.00 50.00 0.1329E,--010.1327E,-_I

1.00 75.00 0.8684E-_2 0.8671E,--02

1.00 I00.00 0.6425E-02 0.6417F_,-02

5.00 0.10 0.2410E+00 0.2410E+00

5.00 0.50 0.2175E+00 0.2173E+00

5.00 1.00 0.1853E+00 0.1851E+00
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1000.00 5.00 5.00 0.7958E--01 0.7952E--01

1000.00 5.00 10.00 0.4681E--01 0.4679E-.01

1000.00 5.00 20.00 0.2591E-01 0.2590E--01

1000.00 5.00 50.00 0.1116E--01 0.1116E--01

1000.00 5.00 75.00 0.7580E-02 0.7579E-02

1000.00 5.00 100.00 0.5740K-02 0.5740E-02

1000.00 10.00 0.10 0.2395F,+00 0.2394E+00

1000.00 10.00 0.50 0.2076E+00 0.2075E+00

1000.00 10.00 1.00 0.1728E+(X) 0.1727E+00

1000.00 10.00 5.00 0.7488E-01 0.7487E-01

1000.00 10.00 10.00 0.4486F_,-_1 0.4486E--01

1000.00 10.00 20.00 0.2521E-.01 0.2521E--01

1000.00 10.00 50.00 0.1100E--01 0.1100E--01

1000.00 10.00 75.00 0.7502E--02 0.7502E--02

1000.00 10.00 100.00 0.5694E--02 0.5694E-02

2000.00 0.10 0.10 0.2428E+00 0.2428E+00

2000.00 0.10 0.50 0.2423E+00 0.2423E+00

2000.00 0.10 1.00 0.2410E+00 0.2410E+00

2000.00 0.10 5.00 0.2168E+00 0.2166E+00

2000.00 0.10 I0.00 0.1826E+00 0.1824E+00

2000.00 0.10 20.00 0.1316E+00 0.1314E+00

2000.00 0.10 $0.00 0.6003E--01 0.5993E--01

2000.00 0.10 75.00 0.3659E--01 0.3653E--01

2000.00 0.10 100.00 0.2459E--01 0.2456E--01

200(}.00 1.00 0.10 0.2426E+00 0.2426E+00

2000.00 1.00 0.50 0.2381E+00 0.2381E+00

2000.00 1.00 1.00 0.2267E+00 0.2267E+00

2000.00 1.00 5.00 0.1214E+00 0.1213E+00

2000.00 1.00 10.00 0.0542E-01 0.6540E-01

2000.00 1.00 20.00 0.3108E-01 0.3108E-01

2000.00 1.00 50.00 0.1102E--01 0.1102E-01

2000.00 1.00 75.00 0.6983E,-02 0.6983E-02

2000.00 1.00 100.00 0.5070E-02 0.5070E-02

2000.00 5.00 0.10 0.2418E+00 0.2418E+00

2000.00 5.00 0.50 0.2232E+00 0.2232E+00

2000.00 5.00 1.00 0.1898E+00 0.1898E+00

2000.00 5.00 5.00 0.6823E-01 0.6823E-01

2000.00 5.00 10.00 0.3700E--01 0.3700E-01

2000.00 5.00 20.00 0.1946E-01 0.1946E--01

2000.00 5.00 50.00 0.8102E--02 0.8102E-02

2000.00 5.00 75.00 0.5463E--02 0.5463E-02

2000.00 5.00 100.00 0.4124E--02 0.4124E--02

2000.00 10.00 0.10 0.2408E+00 0.2408E+00

2000.00 10.00 0.50 0.2115E+00 0.2115E+00

2000.00 10.00 1.00 0.1705E+00 0.1705E+00

2000.00 10.00 5.00 0.6040E-01 0.6040E-4}1

2000.00 10.00 I0.00 0.3399E-01 0.3399E-01

2000.00 10.00 20.00 0.1844E-.01 0.1844E--01

2000.00 10.00 50.00 0.7886E--02 0.7886E-02
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2000.00 I0.00 75.00 0.5358E,--020.5358E--02

2000.00 I0.00 I00.000.4061F_,--020.4061E--02
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C
C

C

PROGRAM NLTE

THIS PROGRAM INVESTIGATES LTE and NLTE EFFECT IN NO (NONGRAY CASE)
THIS PROGRAM IS WRITYEN BY MANOJ IC YHA IN SEPTEMBER 1992

C IMPLICIT DOUBI._ PRECISION (A-H,O-Z)
DOUBI._ PRECISION mRR

REAL L,KFB

EXTERNAL F10,F11,F12,F13,F14

DIMENSION
COMMON F

OPEN (1,FILF_'om111m')

OPEN (2,FILE='nlp')

OPEN O,FII.,F_'ip')

DATA U/0.1,0.5,1.j.,10.,20.,S0.,75.,100./

DATA PRF__/0.1,1.,5.,10./

DATA TEMP/300.,500.,1000.,2000./

WRITE (1,11)
wri=(2,13)
wriU_(2,*) 9,1

13 format('Y,/,'x' J,'t',/, 'fl' J,i4,x,'l')

writcO,* ) 9,1

14 format('2' 4,'x' 4,'t' 4, /,i4,x,'l ')
DO 4 1T=1,4

TW=TEMP(1T)

DO 5 KK=I,4

P=PRES(KK)

DO 6 I=1,9

L=U0)
TKI=TW**2.
TK2=TW**0.5

TIO=TW/273.
HCK=l.439257246

TS=300./TW
WNB=1876.

C2B=HCK*WNB

CCC=0.000053847734

CCB----CCC*(WNB**4.)

TB--C2B/TW

TEB=FXP(rB)
CI B=CCB/CRB

P_---ClB/('mB-L)

DEV=TKI *(/I_B--1.)*'2.)

PFDB=(CCB*TEB)/DEV

AIO=(TW/300.)**0.5

AK2=(300./I3V)**l.5
AZ=36.*AK1

KFB=(TW/179.16)*0.01378*(I.E+8)*(L/(36.*23.889))
OMF_,G=1876.
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CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

H=AZ*PFDB

TX 'HCK/TW)
TXI=TX*OME_

E1"_1=_('1_1)

C1=1._1

S=132.*TS

CZ=SIAZ

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)=I.E-03

EPS(1)=I.E--03

X1---O.

X2=(3.rs.)*uz
YI=I.5*UZ

Y2=3.*X2

CALL QDAGS (F10,X1,Y1,EPS(2),EPS(1),R0,IERR)

CALL QDAGS (FI1,X1,Y1,EPS(2),EPS(1),RI,IERR)

CALL QDAGS (FI2,XI,YI,EPS(2),EPS(1),R2,1ERR)

CALL QDAGS (F13_l,Y1,EPS(2),EPS(1),R3_IERR)

CALL QDAGS (F14_1,Y1,EPS(2),EPS(1),R4,IERR)

CALL QDAGS (F10)(2,Y2,EPS(2),EPS(1),SI_ERR)

(Fl1_ 1,X2,EPS(2),EPS(I),s2,mRR)

(Fl1_ 1,Y2,EPS(2),EPS(1),S3,IERR)

(F 12)_2,YE_PS(2),EPS(1),S4,IERR)

(F13,3(l_2_EPS(E),EPS(1),S5_ERR)

(F13,X1 ,YE,EPS(2),EPS(1),S6_IERR)

(F14)(2,YE_EPS(2),EPS(1),s7_rERR)

AM=(H'L)/KI 
CU=2./(3.*UZ)
BU=I./CU

BRIA=(CU*R1)-(2.*(CU**3.)*R3)+((CU**4.)*R4)

BRIB=((CU**2.)*R2)-(CU*RA)

ETCI=l.16*l.E--3*((15)**05)*(2700.**(4./3.))

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

ETC3=ETC1*ETC2-18.42

_C4=EXP(eTC3)
ETAC=ETC4/P

ETAR1--8*3.14*(1876.**(2.))*4.08*(1.E-12)*300* 132

ETAR=I/ETAR1

ETA=ETAC/ETAR

SUMA=H*BRIA

ALI L= 1.+((L/KFB)* SUMA)

ALPH I =ALIL--((9./2.) *ETA*CU*BRIB)

BR2A=((CU**2.)*R2)-(2.* (CU** 3.)*R3)+((CU**4.)*R4)

BR2B=R0--(6.*CU*RI)+(6.*(CU**2.)*R2)
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6

5

4

19

20

21

11

C

SUM_H*BR2A

AL2L-(L  )*SUMB
ALPH2=AL2L-((3./4.) "ETA*CU "BR2B)

ALPH0 = (9./'2.)'ETA*(CU**2.)'(CU*R2-R1)-I.

BR3A=((57J256.)*S1)+((I1./16.)*CU *($2+$3))

*-((9./8.)*(CU**2.)*S4)-((CU**3.)*(SS+S6))+((CU'*4.)*ST)

BR3B=((9./4.)*CU*S1)+(6.*(CU*'2.)*(S2+S3))

*-(12"(CU*'3.)*$4)
SUMC=H*BR3A

AL3L-((L/KF_)*SUMC)+(n./16.)

ALPH3 =AL3L+((3./S.)'B'rA*BR3B)

BR4A=((9J256.)*S1)+((3./16.)*CU *($2+$3))

*-((L/8.)*(CU *"2.) *S4)--((CU**3.)*(S5+S6))+((CU *'4.)*$7)

BR4B=((1./4.)*CU*S1)+(6.*(CU**2.)*(S2+S3))-(12.*(CU**3.)*S4)
SUMD=H*BR4A

AL4I..=(0.JKFB), SUMD)+(3 j16. )

ALPH4 =AL4L+((3./8.) *ETA *BR4B)

BRK5=(3./16.) *(CU* S1 )+(1.:2.)'(CU* "2.)*($2+$3)-(CU* "3.)*$4

ALPH5 = -((9./2.)*ETA*BRKS+(IL/16.))

DENA = (ALPHI*ALPH4)--(ALPH2*ALPH3)

A1 =((ALPH0*ALPH4)--(ALPH2 *AI_))/DENA

A2f((ALPH1 *ALPH5)-(ALPH0 *ALPH3))/DENA

TBULK = (1./70.)*((17.*A1)+(3.'A2))

CONST= I./(16.*(ALIL*AL4L--ALZL*AL3L))

a1I=(11.*a121-16.*a141)*CONST

A2L=(16.*AL3L-11.*ALIL)*CONST

TBULKJ._(I f/0.)*(17.*A1L+3.*A2L)

WRITE (1,19) TW, P,L,-TBULK,-TBUI.J_

WRITE (2,20)L,-TBULKL,-TBULK

WRITE (3,21) L,- TBULK
CONTINUE

CONTINUE

CONTINUE

write(*,*) etac,etar,eta

FORMAT (1Xj_/.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',SX,'P',6X,'L',9X,'TBULK',9X,'TBULKL')
STOP

END

FVNCnONF10(V)
COMMON F

DEN=(F*(C0**2.)+(2.*U)+2.)+U)*(U+(Z*F))

AUD=(F*(C0*'2.)+(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+(P-*F))

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

FII=ALrD*U

RETURN

END

FUNCTION F12(U)

COMMON F

DEN=(F*((U**2.)+(2.*U)+2.)+U)*(U+(?-*F))

F12=AUD*(U**2.)

RETURN

END

FUNCTION FI3(U)

COMMON F

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)*CU+(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

TW P L TBULK (NLTE) TBULKL (NLTE)

300.00 0.10 0.10 0.2429E+00 0.2429E+00

300.00 0.10 0.50 0.2429E+00 0.2428E+00

300.00 0.10 1.00 0.2429E+00 0.2427E+00

300.00 0.10 5.00 0.2428E+00 0.2413E+00

300.00 0.10 10.00 0.2428E+00 0.2386E+00

300.00 0.10 20.00 0.2427E+00 0.2307E+00

300.00 0.10 50.00 0.2416E+00 0.2010E+00

300.00 0.10 75.00 0.2401E+00 0.1776E+00

300.00 0.10 100.00 0.2381E+00 0.1576E+00

300.00 1.00 0.10 0.2429E+00 0.2428E+00

300.00 1.00 0.50 0.2428E+00 0.2425E+00

300.00 1.00 1.00 0.2428E+00 0.2419E+00

300.00 1.00 5.00 0.2418E+00 0.2350E+00

300.00 1.00 10.00 0.2390E+00 0.2258E+00

300.00 1.00 20.00 0.2301E+00 0.2089E+00

300.00 1.00 50.00 0.1961E+00 0.1698E+00

300.00 1.00 75.00 0.1703E+00 0.1469E+00

300.00 1.00 100.00 0.1491E+00 0.1295E+00

300.00 5.00 0.10 0.2428E+00 0.2428E+00

300.00 5.00 0.50 0.2426E+00 0.2420E+00

300.00 5.00 1.00 0.2421E+00 0.2409E+00

300.00 5.00 5.00 0.2349E+00 0.2323E+00

300.00 5.00 10.00 0.2251E+00 0.2224E+00

300.00 5.00 20.00 0.2074E+00 0.2051E+00

300.00 5.00 50.00 0.1679E+00 0.1666E+00

300.00 5.00 75.00 0.1451E+00 0.1442E+00

300.00 5.00 100.00 0.1279E+00 0.1273E+00

300.00 10.00 0.10 0.2428E+00 0.2427E+00

300.00 10.00 0.50 0.2423E+00 0.2418E+00

300.00 10.00 1.00 0.2413E+00 0.2406E+00

300.00 10.00 5.00 0.2327E+00 0.2319E+00

300.00 10.00 10.00 0.2228E+00 0.2221E+00

300.00 10.00 20.00 0.2053E+00 0.2048E+00

300.00 10.00 50.00 0.1666E+00 0.1663E+00

300.00 I0.00 75.00 0.1442E+00 0.1440E+00

300.00 10.00 100.00 0.1273E+00 0.1272E+00

500.00 0.10 0.10 0.2429E+00 0.2428E+00

500.00 0.10 0.50 0.2428E+00 0.2426E+00

500.00 0.10 1.00 0.2427E+00 0.2419E+00

500.00 0.10 5.00 0.2405E+00 0.2339E+00

500.00 0.10 10.00 0.2348E+00 0.2203E+00

500.00 0.10 20.00 0.2166E+00 0.1877E+00

500.00 0.10 50.00 0.1483E+00 0.1074E+00

500.00 0.10 75.00 0.1054E+00 0.7215E--01
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500.00

500.O0

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

0.I0 I00.00 0.7741E--01 0.5235E--01

1.00 0.I0 0.2428E+00 0.242715+00

1.00 0.50 0.2416E+00 0.2407E+00

1.00 1.00 0.2387E+00 0.2365E+00

1.00 5.00 0.1999E+00 0.1927E+00

1.00 10.00 0.1558E+00 0.1490E+00

1.00 20.00 0.1037E+00 0.9970E-01

1.00 50.00 0.5015E-01 0.4905E-01

1.00 75.00 0.3494E-01 0.3439E-01

1.00 I00.00 0.2680E,-4}I0.2647E-01

5.00 0.10 0.2424E+00 0.2423E+00

5.00 0.50 0.2366E+00 0.2360E+00

5.00 1.00 0.2276E+00 0.2267E+00

5.00 5.00 0.1694E+00 0.1686E+00

5.00 10.00 0.1281E+00 0.1277E+00

500.00 5.00 20.00 0.8663E--01 0.8647E--01

500.00 5.00 50.00 0.4450E--01 0.4446E,--01

500.00 5.00 75.00 0.3181E--01 0.3179E-01

500.00 5.00 I00.00 0.2478E,-_I 0.2477F_,--01

500.00 10.00 0.10 0.2420E+00 0.2419E+00

500.00 I0.00 0.50 0.2340E+00 0.23371/+00

500.00 10.00 1.00 0.2236E+00 0.2233E+00

500.00 10.00 5.00 0.1652E+00 0.1650E+00

500.00 10.00 10.00 0.1253E+00 0.1252E+00

500.00 10.00 20.00 0.8520E,-01 0.8516E-O1

500.00 10.00 50.00 0.4406F_,-4310.4406E--01

500.00 I0.00 75.00 0.3157F_,--010.3157E,--01

500.00 10.00 100.00 0.2463E,-01 0.2463E-.01

1000.00 0.10 0.10 0.2428E+00 0.2428E+00

1000.00 0.10 0.50 0.2425E+00 0.2425E+00

1000.00 0.10 1.00 0.2418E+00 0.2416E+00

1000.00 0.10 5.00 0.2297E+00 0.2290E+00

1000.00 0.10 10.00 0.2118E+00 0.2108E+00

1000.00 0.10 20.00 0.1762E+00 0.1751E+00

1000.00 0.10 50.00 0.9652E-01 0.9572E-01

1000.00 0.10 75.00 0.6162E-01 0.6108E-O1

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00 5.00

1000,00 5.00

1000.00 5.00

0.10 I00.00 0.4234E-01 0.4196E-01

1.00 0.10 0.2427E+00 0.2427E+00

1.00 0.50 0.2399E+00 0.2399E+00

1.00 1.00 0.2338E+00 0.2338E+00

1.00 5.00 0.1686E+00 0.1684E+00

1.00 10.00 0.1116E+00 0.1114E+00

1.00 20.00 0.6075E--01 0.6067E--01

1.00 50.00 0.2337E-01 0.2335E-01

1.00 75.00 0.1508E-01 0.1507E-01

1.00 100.00 0.1105E-01 0.1104E-01

0.10 0.2421E+00 0.2421E+00

0.50 0.2317E+00 0.2317E+00

1.00 0.2136E+00 0.2136E+00
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1000.00 5.00 5.00 0.1163E+00 0.1162E+00

1000.00 5.00 10.00 0.7215E-01 0.7214E--01

1000.00 5.00 20.00 0.4096E.-01 0.4095E-01

1000.00 5.00 50.00 0.1786E-.01 0.1786E-.01

1000.00 5.00 75.00 0.1215E--01 0.1215E-01

1000.00 5.00 100.00 0.9207E-02 0.9206E-02

1000.00 I0.00 0.10 0.2415E+00 0.2415E+00

1000.00 10.00 0.50 0.2255E+00 0.2255E+00

1000.00 10.00 1.00 0.2026E+00 0.2025E+00

1000.00 10.00 5.00 0.1062E+00 0.1062E+00

1000.00 10.00 10.00 0.6688E-01 0.6687F,.,-01

1000.00 10.00 20.00 0.3876E-01 0.3875E--01

1000.00 10.00 50.00 0.1730E-01 0.1730E--01

1000.00 10.00 75.00 0.1186E,-01 0.1186E--01

1000.00 10.00 100.00 0.9024E--02 0.9024E-02

2000.00 0.10 0.10 0.2429E+00 0.2429E+00

2000.00 0.10 0.50 0.2427E+00 0.2427E+00

2000.00 0.10 1.00 0.2423E+00 0.2423E+00

2000.00 0.10 5.00 0.2349E+00 0.2349E+00

2000.00 0.10 10.00 0.2228E+00 0.2228E+00

2000.00 0.10 20.00 0.1993E400 0.1992E+00

2000.00 0.10 50.00 0.1420E+00 0.1419E+00

2000.00 0.10 75.00 0.1070E+00 0.1070E+00

2000.00 0.10 100.00 0.8165E-01 0.8163E--01

2000.00 1.00 0.10 0.2428E+00 0.2428E+00

2000.00 1.00 0.50 0.2415E+00 0.2415E+00

2000.00 1.00 1.00 0.2384E+00 0.2384E+00

2000.00 1.00 5.00 0.1958E+00 0.1958E+00

2000.00 1.00 I0.00 0.1460E+00 0.1460E+00

2000.00 1.00 20.00 0.8603E4J1 0.8602E-01

2000.00 1.00 50.00 0.3156E-01 0.3156E--01

2000.00 1.00 75.00 0.1932E-01 0.1932E-4)1

2000.00 1.00 100.00 0.1362B-01 0.1362E-01

2000.00 5.00 0.10 0.2426E+00 0.2426E+00

2000.00 5.00 0.50 0.2372E+00 0.2372E+00

2000.00 5.00 1.00 0.2256E+00 0.2256E+00

2000.00 5.00 5.00 0.1337E+00 0.1337E+00

2000.00 5.00 10.00 0.8147E-01 0.8146E-01

2000.00 5.00 20.00 0.4419E--01 0.4419E-01

2000.00 5.00 50.00 0.1815E-01 0.1815E-01

2000.00 5.00 75.00 0.1209E--01 0.1209E--01

2000.00 5.00 100.00 0.9046E--02 0.9046E-_2

2000.00 10.00 0.10 0.2423E+00 0.2423E+00

2000.00 10.00 0.50 0.2329E+00 0.2329E+00

2000.00 10.00 1.00 0.2150E+00 0.2150E+00

2000.00 10.00 5.00 0.1141E+00 0.1141E+00

2000.00 10.00 10.00 0.6943E-.01 0.6943E-01

2000.00 10.00 20.00 0.3881Fs-01 0_881H-01

2000.00 10.00 50.00 0.1671F.,-01 0.1671E,4)1
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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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C

C

C

PROGRAM NLTE

THIS PROGRAM INVESTIGATBS LTE and NLTE P2FECr IN OH (NONGRAY CASE)
THIS PROGRAM IS wRrrrEN BY MANOJ K. _ IN OCTOBER 1992

C IMPLICIT DOUBLE PRECISION (A-H,O-Z)

DOUBLE PRECISION IERR

REAL L,KFB

EXTERNAL F10,FI1,FI2,FI3,FI4

DIMENSIONU(9).PRZS(4),TBMP(4),EPS(2)
COMMON F

OPEN (1,FILF__'outllca')

OPEN (2/R2.=
OPEN (3_'Ip')

DATA U/0.1,0.5,1.,5., 10.,20.,50.,75.,100./

DATA PRES/0.1,1.,5.,10./

DATA r300.,S00.,1000.,2000./
(1,11)

write(2,13)

write(2,*) 9,1

13 format('3',/,'x' J,'t',/, 'tl'J,i4,x,' 1')

write(3,14)

write(3,*) 9,1

14 format('2"J,'x'J,'t'4,/,i4,x,'1')

DO 4 IT=1,4

TW=T_MP(rr)

DO 5 KK= 1,4

P=PRES(KK)

DO 6 I=1,9

L=U(1)

TK1 =TW**2.

TK2=TW**05

TK3=TW/273.

HCK=1.439257246

TS=300./TW

WNB=3570.

C2B=HCK*WNB

CCC=0.000_3947734

CCB=CCC*(WNB**4.)

TB=C2B/T'W

TEB=EXP(TB)

CIB=CCB/C2B

PFB=CIB/(TEB-I.)

DEV=TK1 "((TEB-1.)**2.)

PFDB-(CCB'TEB)/DEV

AKI=(TW/300.)**0.5

AK2=(300./TW)*'l.5

AZ=ll7.*AK1

IF (TW.EQ.300.) TItaN
KFB=4879.71
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C ¸

C

C

C

C

C

C

ELSEW 0"W._.500.)
KFB=6993.13

ELSEIF O"W.EQ.1000.)

KFB=11504.56

ELSeW (TW.r_.2000.)'mF_
KFB=20276.33

ENDIF

AMB--H/KFB

OMEG=-3570.

TX=--(HCKrrW)

TXI=TX*OMEG

E'rx I=EXPO'X 1)
Cl=I.-ETX1

S=ll0.*TS

CZ=S/AZ

PL=P*L

UZ=CZ*PL

We assume BS and PE as defined for NO

PHI1 =(15.15+(0.22"((TW/100.)**1.5)))*C1

DELl =(0'ttI1"'2.)/AK1)*0.001
BS=0.314*DEL1

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)=I.E-04

EPS(1)=I.E-04

Xl=0.

X2=(3./8.)*UZ
YI=I.5*UZ

Y2=3.*X2

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

CALL QDAGS

H=AZ*PFDB

(F10.XI,Y1,EPS(2),EPS(1),R0,IERR)
(Fll _X1,Y1,EPS(2),EPS(1),RI.rERR)
(F12)¢ 1,Y1,EPS(2),EPS(1),R2,IERR)
(F13.X1,Y1,EPS(2),EPS(1),R3,IERR)

(F14,X1,Y1,EPS(2),EPS(1),R4,IERR)
(F10XE,Y2.EPS(2),EPS(1),S 1,IERR)
(F11.X1.X2,EPS(E),EPS(1),SE,IERR)
(Fll.X1,YE,EPS(E),EPS(1),S3,IERR)
(F12X2,YE,EPS(2),EPS(1),S4jERR)
(F13_1 .XE.EPS(2),EPS(1),S5jERR)
(F13X1,Y2_EPS(2),EPS(1),S6jERR)

(F14.XE,YE.EPS(E),EPS(1),S7,IERR)

AM=(H*L)/KFB

CU=2./(3.*UZ)
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BU=IJCU

BR1A=(CU'R1)-(2.*(CU**3.)*R3)+((CU**4.)*R4)

BlUB.--((CU.*Z)
ETC1 =1.16"1.E,--3"((9.)*'0.5)*(2700.**(4./3.))

_TW* *(-1J3.)-0.015 *((9.) * *0.25)

ETC3=ETCl*ETC2,-18.42

m'C4=eXp(m'C3)

ETAC=ETC4/P

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

Erc2=0.015*ETC1

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

ETC4=ETC3-ETC2

ETC5 =175.*ETCA

ETC6=(ETC5-18.42)

ETC7-EXPCErc6 )

ETAC=ETC'//P

ETARI --8. "3.14 *(3570. **(2,)) *4.08 *(1 .E--12) *s *tw
ETAR=I./ETAR1

ETA=ETAC/ETAR

SUMA=H*BRLA

AL1L= 1.+((L/KFB) *SLTMA)

ALPH I=ALIL-((9./2.)*ETA*CU*BRIB)

BR.2A=((CU**2.)*R2)--(2.*(CU**3.)*R3)+((CU**4.)*R4)

BR2B=R0-(6.*CU*R1)+(6.*(CU**2.)*R2)
SUMB=H*BR2A

AI2L=(L/KFB)*SUMB

ALPH2=AL2L-((3./4.) *ETA*CU*BR2B)

ALPH0 = (9./2.)*ETA*(CU**P_)*(CU*R2-R1)-I.

BR3A=((57./256.)*S 1)+((11./16.)*CU*($2+$3))

*-((9./8.)*(CU**2.)*S4)-((CU**3.)*(SS+S6))+((CU**4.)*S7)

BR3B=((9./4.)*CU*SI)+(6.*(CU**2.)*(S2+S3))

*-(12"(CU*'3.)*$4)
SUMC=H*BR3A

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

ALPI-I3 =AL3L+((3./8.) *ETA* BR3B)

BR4A=((9./256.)*S1)+((3./16.)*CU*(S2+S3))

•-((I./8.)*(CU*"2.)*S4)-((CU**3.)*(S5+S6))+((CU*"4.)*$7)

BR4B=((I./4.)*CU*SI)+(6.*(CU**2.)*(S2+S3))-(12.*(CU**3.)*S4)
SUMD=H*BR4A

AL41._.((L/KFB)*SUMD)+(3./16.)

ALPH4 =ALAL+((3./8.) *ETA* BR4B)

BRK5=(3./16.)*(CU*S1)+(I./2.)*(CU**2.)*(S2+S3)-(CU**3.)*S4

AINI-I5 = --((9./'2.)*ETA*BRK5+(II./16.))

DENA = (ALPHI*ALPH4)--(ALPH2*ALPH3)

A1 =((ALPH0 *ALPH4)-_ALPH2*ALPH5))/DENA

A2=((ALPm*ALPH5)-(ALPH0*ALPH3))/D A
TBULK = (1./70.)*((17.*A1)+0.*A2))

CONST-- 1./(16.*(ALIL*ALAL-AL2L'AL3L))

a1L=(11.*aL2L-16.*aL4L)*CONST
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A2L=(16.*AL3I.,-II.*ALIL)*CONST

TBULKL=(1//0.)*(17.*AIL+3.*A2L)

WRITE (1,19) TW, P,L,-TBULK,-TBULKL

WRITE (2,20) L,-TBULKL,-TBULK

WRITE (3,21) k,- TBULK
6 CONTINUE

5 CONTINUE

4 CONTINUE

write(*,*) etac,etar, eta

19 FO MAT (1X,FT.2,2(3X,F6.2),2(3X,E10.4))

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

21 FORMAT OX,F6.E,3X_E 10.4 )

11 FO MAT (4X, 'TW',SX,'P',6X,'L',9X,'TBULK',9X,'TBULKL')
STOP

END

C

FUNCnON FI0(U)
COMMON F

DEN=(F*((U**2.)+(2.*U)+2.)+U)*(U+(Z*F))

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

RETURN

END

FUNCTION F11(U)
COMMON F

DEN=(F*((U**2.)+(2.*U)+E.)+U)*(U+(2.*F))

AUD=('F*((U**20+(4.*U*F)+(a.*F)))/DEN

Fll=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*19+(4. *F)))/DEN

F12=AUD*(U* *2.)
RETURN

END

FUNCTION F13(U)
COMMON F

DEN=(F*((U**E.)+(E.*U)+2.)+U)*(U+(2.*F))

AUD:(F*((U**E.)+(4.*U*I0+(a.*F)))/DEN

FI3=AUD*(U**3.)

RETURN

END

FUNCTION F14(U)

COMMON F

DEN=(F*((U**E.)+(E.*U)+2.)+U)*(U+(Z*F))

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

F14=AUD*(U**4.)
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NONGRAY RESULTS FOR OH

"rw p L 'raUt, K0','L'm) "mULKL(LT_)

300.00 0.10 0.10 0.2429E+00 0.2429E+00

300.00 0.10 0.50 0.2429E+00 0.2429E+00

300.00 0.10 1.00 0.2429E+00 0.2429E+00

300.00 0.10 5.00 0.2429E+00 0.2429E+00

300.00 0.10 10.00 0.2429E+00 0.2428E+00

300.00 0.I0 20.00 0.2429E+00 0.2428E+00

300.00 0.10 50.00 0.2428E+00 0.2427E+00

300.00 0.10 75.00 0.2428E+00 0.2425E+00

300.00 0.10 100.00 0.2427E+00 0.2424E+00

300.00 1.00 0.10 0.2429E+00 0.2429E+00

300.00 1.00 0.50 0.2429E+00 0.2429E+00

300.00 1.00 1.00 0.2429E+00 0.2429E+00

300.00 1.00 5.00 0.2428E+00 0.2428E+00

300.00 1.00 10.00 0.2428E+00 0.2428E+00

300.00 1.00 20.00 0.2427E+00 0.2426E+00

300.00 1.00 50.00 0.2423E+00 0.2422E+00

300.00 1.00 75.00 0.2419E+00 0.2418E+00

300.00 1.00 100.00 0.2416E+00 0.2415E+00

300.00 5.00 0.10 0.2429E+00 0.2429E+00

300.00 5.00 0.50 0.2429E+00 0.2429E+00

300.00 5.00 1.00 0.2428E+00 0.2428E+00

300.00 5.00 5.00 0.2428E+00 0.2428E+00

300.00 5.00 10.00 0.2427E+00 0.2427E+00

300.00 5.00 20.00 0.2426E+00 0.2426E+00

300.00 5.00 50.00 0.2421E+00 0.2421E+00

300.00 5.00 75.00 0.2417E+00 0.2417E+00

300.00 5.00 100.00 0.2413E+00 0.2413E+00

300.00 10.00 0.10 0.2429E+00 0.2429E+00

300.00 10.00 0.50 0.2429E+00 0.2A29E+00

300.00 10.00 1.00 0.2428E+00 0.2428E+00

300.00 10.00 5.00 0.2428E+00 0.2428E+00

300.00 10.00 10.00 0.2427E+00 0.2427E+00

300.00 10.00 20.00 0.2425E+00 0.2425E+00

300.00 10.00 50.00 0.2421E+00 0.2421E+00

300.00 10.00 75.00 0.2417E+00 0.2417E+00

300.00 10.00 100.00 0.2413E+00 0.2413E+00

500.00 0.10 0.10 0.2429E+00 0.2429E+00

500.00 0.10 0.50 0.2428E+00 0.2428E+00

500.00 0.10 1.00 0.2428E+00 0.2428E+00

500.00 0.10 5.00 0.2423E+00 0.2418E+00

500.00 0.10 10.00 0.2410E+00 0.2399E+00

500.00 0.10 20.00 0.2373E+00 0.2353E+00

500.00 0.10 50.00 0.2212E+00 0.2170E+00

500.00 0.10 75.00 0.2043E+00 0.1987E+00
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500.00 0.10 100.00 0.1864B,+00 0.1799E+00

500.00 1.00 0.10 0.2429E+00 0.2428E+00

500.00 1.00 0.50 0.2427E+00 0.2427E+00

500.00 1.00 1.00 0.2423E+00 0.2423E+00

500.00 1.00 5.00 0.2359B+00 0.2355E+00

500.00 1.00 10.00 0.2246E+00 0.2239E+00

500.00 1.00 20.00 0.2006]3+00 0.199713+00

500.00 1.00 50.00 0.1448E+00 0.1441E+00

500.00 1.00 75.00 0.1158E+00 0.1153E+00

500.00 1.00 100.00 0.9615E--01 0.9576E-.01

500.00 5.00 0.10 0.2428E+00 0.2428E+00

500.00 5.00 0.50 0.2422B+00 0.2422E+00

500.00 5.00 1.00 0.2408E+00 0.2407E+00

500.00 5.00 5.00 0.2255E,+00 0.2254E+00

500.00 5.00 10.(](] 0.2073E+00 0.2072E+00

500.00 5.00 20.00 0.1782E+00 0.1781E+00

500.00 5.00 50.00 0.1256E+00 0.1255E+00

500.00 5.00 75.00 0.1010E+00 0.1010E+00

500.00 5.00 100.00 0.8468E-01 0.8466E-01

500.00 10.00 0.10 0.2428E+00 0.2428E+00

500.00 10.00 0.50 0.2417E+00 0.2417E+00

500.00 10.00 1.00 0.2397E+00 0.2397E+00

500.00 10.00 5.00 0.2223E+00 0.2223E+00

500.00 10.00 10.00 0.2037E+00 0.2036E+00

500.00 10.00 20.00 0.1748E+00 0.1748E+00

500.00 10.00 50.00 0.1235E+00 0.1235E+00

500.00 10.00 75.00 0.9959E--01 0.9959E-.01

500.00 10.00 100.00 0.8361E-.01 0.8360E,-01

1000.00 0.10 0.10 0.2428E+00 0.2428E+00

1000.00 0.10 0.50 0.2426E+00 0.2426E+00

I000.00 0.10 1.00 0.2419E+00 0.2419E+00

1000.00 0.10 5.00 0.2262E+00 0.2256E+00

1000.00 0.10 10.00 0.1985E+00 0.1975E+00

1000.00 0.10 20.00 0.1512E+00 0.1501E+00

1000.00 0.10 50.00 0.7990E--01 0.7940E-01

I000.00 0.10 75.00 0.5358E-01 0.5329E-.01

1000.00 0.10 100.00 0.3841E--01 0.3821E--01

1000.00 1.00 0.10 0.2427E+00 0.2427F.,+00

1000.00 1.00 0.50 0.2404E+00 0.2404E+00

I000.00 1.00 1.00 0.2342E+00 0.2342E+00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1000.00

1.00 5.00 0.1547E+00 0.1545E+00

1.00 10.00 0.9228E-01 0.9217E--01

1.00 20.00 0.4460E-01 0.4455E--01

1.00 50.00 0.1441E-01 0.1440E--01

1.00 75.00 0.8609F__2 0.8605E.-02

1.00 100.00 0.5995E-02 0.5992E-02

5.00 0.10 0.2423E+00 0.2423E+00

5.00 0.50 0.2321E+00 0.2321E+00

5.00 1.00 0.2096E+00 0.2096E+00
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1000.005.00
1000.00

1000.00

1000.00

1000.00

1000.00

5.00 0.8363E-01 0.8361E-01

5.00 10.00 0.4284E--01 0.4283E,-01

5.00 20.00 0.2094E-01 0.2093E-_1

5.00 50.00 0.8028E-02 0.8028E--02

5.00 75.00 0.5265E-02 0.5264E--02

5.00 100.00 0.3908E,-02 0.3908E--02

1000.00 10.00 0.10 0.2418E+00 0.2418E+00

1000.00 10.00 0.50 0.2237E+00 0.2237E+00

1000.00 10.00 1.00 0.1905E+00 0.1905E+00

1000.00 10.00 5.00 0.6669E-01 0.6668E_1

1000.00 10.00 10.00 0.3526E-01 0.3526E--01

1000.00 I0.00 20.00 0.1810E-01 0.1810E-01

1000.00 10.00 50.00 0.7351E_2 0.7351E--02

1000.00 10.00 75.00 0.4917E-02 0.4917F,--02

1000.00 10.00 100.00 0.3694E--02 0.3694E-02

2000.00 0.10 0.10 0.2428E+00 0.2428E+00

2000.00 0.10 0.50 0.2426E+00 0.2426E+00

2000.00 0.10 1.00 0.2417E+00 0.2417E+00

2000.00 0.10 5.00 0.2212E+00 0.2212E+00

2000.00 0.10 10.00 0.1832E+00 0.1831E+00

2000.00 0.10 20.00 0.1232E+00 0.1231E+00

2000.00 0.10 50.00 0-_555E--01 0.5551E-01

2000.00 0.10 75.00 0.3701E-01 0.3698E-01

2000.00 0.10 100.00 0.2721E-01 0.2720E-01

2000.00 1.00 0.10 0.2427E+00 0.2427E+00

2000.00 1.00 0.50 0.2401E+00 0.2401E+00

2000.00 1.00 1.00 0.2327E+00 0.2327E+00

2000.00 1.00 5.00 0.1353E+00 0.1353E+00

2000.00 1.00 10.00 0.7122E-01 0.7122E-01

2000.00 1.00 20.00 0.3131E-01 0.3131E-01

2000.00 1.00 50.00 0.9162E-02 0.9162E-02

2000.00 1.00 75.00 0.5161E.4)2 0.5161E--02

2000.00 1.00 100.00 0.3423E_2 0.3423E-02

2000.00 5.00 0.10 0.2423E+00 0.2423E+00

2000.00 5.00 0.50 0.2302E+00 0.2302E+00

2000.00 5.00 1.00 0.2021E+00 0.2021E+00

2000.00 5.00 5.00 0.5888E-01 0.5888E-01

2000.00 5.00 10.00 0.2506E-01 0.2506E--01

2000.00 5.00 20.00 0.1043E-01 0.1043E4)1

2000.00 5.00 50.00 0.3394E-02 0.3394E-02

2000.00 5.00 75.00 0.2108E-02 0.2108E-02

2000.00 5.00 100.00 0.1515E-02 0.1515E_2

2000.00 10.00 0.10 0.2417E+00 0.2417E+00

2000.00 10.00 0.50 0.2195E+00 0.2195E+00

2000.00 10.00 1.00 0.1762E+00 0.1762E+00

2000.00 10.00 5.00 0.3993E--01 0.3993E-01

2000.00 10.00 10.00 0.1742E_1 0.1742E_1

2000.00 10.00 20.00 0.7739E-02 0.7739E-432

2000.00 10.00 50.00 0.2778E--02 0.2778E-02
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2000.00 10.00 75.00 0.1793E--02 0.1793E--02

2000.00 10.00 100.00 0.D20E-02 0.1320E--02

202



C THIS PROGRAM SOLVES FOR BULK TEMPERATURE FOR CO 2

C UNDER NONGRAY ASSUMPTION. THE PROGRAM CAN CALCULATE BULK

C TEMPERATURE UNDER BOTH LTE AND NLTE CONDITIONS.

c IMPLICIT DOUBLE PRECISION (A-H,O-Z)
DOUBLE PRECISION IERR

REAL Lj_FB

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='outputl ')

open(7,file='nlp')

open(8,file='lp')

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.,I O00.O,2000.O/

WRITE(6,111)

write(7,13)

write(7,*) 9,1

13 format('3'J,'x',/,'t'd,'tl',/,i4,x,'l')

write(8,14)

write(8,*) 9,1

14 format('2'J,'x',/,'t'J,/,i4,x,'l')

DO 44 IT = 1,4

TW = TEMP(IT)

DO 55 KK = 1,4

P = PRES(KK)

DO66I= 1,9

L= U(1)

C'

C

C

C

C

C

C

C

C.

CALCULATION OF PLANK'S FUNCTION IT'S DERIVATIVES

WNB BAND CENTER(1/CM)

HCK CONSTANT (K CM)

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

PFDBI PLANCK FUNCTION DERIVATIVE FOR I BAND

CESS = TW**2

STU = TW* *0.5

SNT = TW/273.

HCK = 1.439257246

AK1 = ffw/3oo.),,o.5
TS = 300.,ff%V

C SPECTROSCOPIC PROPERTIES OF CO2

C HERE WE HAVE CONSIDERED ONLY THREE BANDS(15,4.3 & 2.7 MICRONS)

C WNBI BAND CENTER (1/CM)
C-

WNB1 = 667.
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WNB2" 2347.

WNB3 " 3716.

C2B1 = HCK*WNB1

C2B2 = HCK'WNB2

C2B3 - HCK*WNB3

CCC = 0.000053847734

CCB1 = CCC*(WNBI**4)
CCB'2 = CCC*0,VNB2"*4 )

CCB3 =CCC*(_3"'4)
TBI = C2BI/I_V

TB2 = C2B2/rW

TB3 = C/.B3_V

TEB1 = HXP_rB1)

TEB2=EXP(TB2)
TEB3=_O'(TB3)
SNTB1 = CESS*((TEBI-1.)**2.)
SNTB2 = _*((TEB_I.)**2.)

SNTB3 = CESS*((TEB3--1.)*'2.)
PFDB1 = (CCBI*TEB1)/SNTB1

PFDB2 --"(CCB2*TEB2)/SNTB2

PFDB3 = (CCB3*TEB3)/SNTB3
C

C BAND MODEL CORRELATIONS (TIEN a LOWDER WIDE BAND MODEL)

C AZI AOI (1/CM)

C CZSI COI *'2 (II(ATM.-CM))

C BSI B**2 (NON DIMENSIONAL)

C OMGI WAVE NUMBER (I/CM)

C Sl INTEGRATED BAND TNTENSITY (1/(ATM CM**2))
C

C

C

C,

Am =crw/300.)**0.5
AK2 = (300./TW)**l.5
AZ1 = 1.29*STU

AZ2 -'-1.15*STU

AZ3 = 2.4*STU

DKF THERMAL CONDUCITVITY (ERG/CM-SEC-K)

=04ss.3es171),(sm-, n.23)
AMB = H/KFB

OMG1 = 1351.0

OMG2 = 667.0

OMG3 = 2396.0

TX =-(I..IClOTW)
TX1 = TX*OMG1

TX2 = TX*OMG2

TX3 = TX*OMG3

ETXl = EXP('I'XI)

_TX2 --eXP0"X2)
ETX3= ,_xPt'rx3)

V
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C°

C

C-

C.

C1 = 1.0-ETX1

C2= 1.0--grx2

c3 = 1.0-grx3

BRKT -- TX*(OMGI+OMG3)

PHI2 - (1.0- EXP(BRKT))/(CI*C3)

TS = 300.0/rw

s1 -- 339.685"TS

$2 = 2702.7"TS

$3 = 71.497*TS*PHI2

CZS1 = S1/AZ1

CZS2 = S2/AZ2

CZS3 = $3/A23

PL PRESSURE PATH LENGTH (ATM-CM)

PL=P* L

UZ1 = CZSI*PL

UZ2 = CZS2*PL

UZ3 = CZS3*PL

BS1 = 0.O841*AK1

BS2 = 0.32895"AK1

PHI3 = 1.0+0.053"((TW/100.0)*'1.5)

DEL2 = (pxu3*.2.o)/(vm2 *Am)
BS3 = 0.1112*DEL2

C PEI EFFECTIVE PRESSURE FOR EACH BAND (NON DIMENSIONAL)

C

C

C

C

C.

C

C.

.

C

C.

PE1 = (1.3"P)**0.7

PE2 = (1.3"P)**0.8

PE3 = (1.3"P)**0.65

BETAI LINE STRUCTURE PARAMETR

BETA1 = BSI*PE1

BETA2 = BS2*PE2

BETA3 = BS3*PE3

CORRELATION FOR EACH BAND

F1 -- 2.94"(1.0- EXP(-(2.6"BETA1)))

F2 - 2.94"(1.0- EXP(-(2.6*BETA2)))

F3 --.2.94"(1.0- EXP(-(2.6*BETA3)))

NUMERICAL INTEGRATION

EPS(2) = 1E,-04

EPS(1) = 1E-04
EP = 1.E-5

Xl ---O.0
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X21 = 0./8.)*UZ1

= 0./s.)ouz2
x23 - (3./a).uz3
Yll = 1.5"UZ1

Y12 = 1.5"UZ2

Y13 = 1.5"UZ3

Y21 = 3.0"X21

Y22 = 3.0"X22

Y23 = 3.0"X23

CALL ODAGS 0_101_Xl,Yll_PS(2)_SO),S01.mRR)

CALL OI)AGS 0_102_l,V12_S(2)J_PS(1)_0_)

CALL QDAGS (F103.Xl,VX3_PS(2)_PS(1)_03,mltR)

CA_ ODAGS0_m _LVn _PS(2),_PS(1)_.11.mRR)

CA_ QDAGS(Fn2_LV12.EPS(2)_PS(1)J_12JERR)

CALL QDAGS(FU3,X1,Y13,EPS(2),EPS(1),RI3 JERR)

CALL ODAGSOF121,X1,Yll,EPS(2),EPS(1),R21 ,IERR)

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

CALL ODAOS(F123,X1,Y 13,EPS(2),EPS(1),R23,IERR)

CALL ODAGS(FI31,X1 ,Yll,EPS(2),EPS(1),R31JERR)

CALL QDAGS(F132,X1,Y12,EPS(2),EPS(1),R32,IERR)

CALL ODAGS(F133,X1,Y13,EPS(2),EPS(1),R33 JERR)

CALL QDAGS(F141,X1,Y11,EPS(2),EPS(1),R41,IERR)

CALL ODAGS(F142,X1,Y12,EPS(2),EPS(1),R42,1ERR)

CALL ODAGS(F143,X1 ,Y13,EPS(2),EPS(I),R43,IERR)

CALL ODAGS(F101,X21,Y21,EPS(2),EPS(I),Sll,IERR)

CALL ODAGS(FI02,X22,Y22,EPS(2),EPS(1),S12,IERR)

CALL QDAGS(F103,X23,Y23,EPS(2),EPS(I),S 13 JERR)

CALL QDAGS(F1 ll,X1,X21,EPS(2),EPS(1),S21,IERR)

CALL ODAGS(F112,X I,X22,EPS(2),EPS(1),S22jERR)

CALL QDAGS(F113,X 1,X23,EPS(2),EPS(1 ),S23,IERR)

CALL ODAGS(Fll 1,X1,Y21,EPS(2),EPS(I),S3 I,IERR)

CALL ODAGS(F112,X1,Y22,E, PS(2),EPS(1),S32,IERR)

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

CALL QDAGS(F121,X21,Y21,EPS(2),F_,PS(1),S41JERR)

CALL QDAGS(F122,X22,Y22,EPS(2),F, PS(1),S42,IERR)

CALL QDAGS(F123,X23,Y23,EPS(2),EPS(1),S43,IERR)

CALL QDAGS(F131,X 1,X21,EPS(2),EPS(1),S51,IERR)

CALL QDAGS(F132,X1,X22,EPS(2),EPS(1),S52,IERR)

CALL QDAGS(F133,XI,X23,EPS(2),EPS(1),S53 ,IERR)

CALL QDAGS(F131,XI,Y21,EPS(2),EPS(1),S61 jERR)

CALL QDAGS(F132,X1,Y22,EPS(2),EPS(1),S62JERR)

CALL QDAGS(FI33,X1,Y23,EPS(2),EPS(1),S63 JERR)

CALL ODAGS(F141,X21,Y21,EPS(2),EPS(1 ),$71 jERR)

CALL ODAGS(F14ZX22,Y22,EPS(2),EPS(1),S72,IERR)

CALL ODAGS(F143,X23,Y23,EPS(2),EPS(I),S73,IERR)

HI=AZ1 *PFDB1

H2=AZ2*PFDB2

I'I3=AZ3*PFDB3

H=HI+H2+H3
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AM={I'I*L)/m:B
CU1 = 2./(3.*UZ1)

cu2 = 2./(3..uz2)
cu3 = 2./(3.*uz3)
BRIA1 = (CU1*R11)-2.*(CUl**3.)*R31+(CUl**4.)*R41

BRIA2 = (CU2*R12)--2.*(CU2**3.)*R32+(CU2**4.)*R42

BRIA3 = (CU3 *R13)-2. *(CU3* *3.) *R33+(CU3**4.) *R43

BR1BI =((CUI**2.)*R21)-(CUI*R11)

Bme2=((CU2**2.)*R22)_CV2*m2)

BR1B3=((CU3**2.)*R23)-(CU3*R13)

ETCI =((36.5"(TW**(-I/3.)))+3.9)

ETC2=EXP(ETCI ) *(1.E--6)

ETAC=ETC2N

ETR11 ---8.*3.14 *(667. **(2.))*4.08 *(LE---12)*300. *339.685

ETARI=I./ETRll

ETR12=8. "3.14"(2347.* *(2.))'4.08 * (1.E--12) *30Q.'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

ETA 13 =ETAC/ETAR3

SUMA1 -- HI*BR1A1

SUMA2 = H2*BR1A2

SUMA3 = H3*BR1A3

SUMAL=SUMA1 +SUMA2+SUMA3

ALIL = I.+(L/KFB)*SUMAL
SUMANI=ETAII*CUI*BRIB1

SUMAN2=ETA12*CU2*BR1B2

SUMAN3=ETA13" CU3*BRIB3

SUMAN=(9./2.)*(SUMAN 1+SUMAN2+ SUMAN3)

ALPH1 =ALl L-SUMAN

BRZA1 = (CU1**2.)'R21-2.*(CO1"*3.)*R31+(CU1**4.)*R41

BR2A2 = (CU2**2.)*R22-2.*(CU2**3.)*R32+(CU2**4.)*R42

BR2A3 - (CU3**2.)*R2.3-2.*(CU3**3.)*R33+(CU3**4.)*R43

BR2BI=R01-.(6.*CUI*Rll)+(6.*(CUI**2.)*R21)

BR2B2=R02-(6.*CU2*R12)+(6.*(CU2"'2.)* R22)

BR2B3=R03-(6.*CU3*R13)+(6.*(CU3**2.)*R23)

SUMBI = HI*BRZAI

SUMB2 = H2*BR2A2

SUMB3 = H3*BR2A3

SUMBL=SUMB1 +SUMB2+SUMB3

SUMBN1 ---ETA11*CU1 *BR2B 1

SUMBN2=ETA12*CU2* BP-,2B2

SUMBN3=ETA13*CU3*BR2B3

SUMBN=(3./4.)*(SUMBN1 +SUMBN2+SUMBN3)

AL2L -- (IdKFB)*SUMBL
ALPH2=AL2L-SUMBN

ALPH01 =ETAII*(CUI *'2.)*(CU1 *R21-RII)
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ALPH02=ETA12*(CU2**Z)*(CU2*R22-R12)

ALPH03-_t3"(_3**Z)'(_3*_--R13)
ALPH0=(9./2.)*(ALPH01+ALPH02+ALPH03)-I.

BP.3A1-- (57./256.) *S11+01./16.)*CUl*(S21+S3 X)
*-(9./&)*(CUI**2.)*S41--(CUI* "3.)*($51+$61)+(CU1" "4.) *$71

BR3A2 = (57./256.)*$12+(11./16.)*CU2"(S22+$32)

*-.(9./8.)*(CU2" *2.)*S42-(CU2**3.)*(S52+S62)+(CU2**4.)*S72

BR3A3 = (57./256.)*$13+(11./16.)*CU3"($23+$33)

*--(9./8.)*(CU3 *'2.) *S43-(CU3**3.)*(S53+S63)+(CU3* "4.)*$73

BR3Bl=((9./4.)*CU1*S11)+(6.*(CU1**2.)*(S21+S31))

*-(12"(CU1"'3.)*$41)

BR3B2=((9./4.)*CU2* S12)+(6.*(CU2**2.)*(S22+S32))

*--(12"(CU2"'3.)*$42)

BR3B3=((9./4.) *CU3*S13)+(6.*(CU3 *'2.)*($23+$33))

*-.(12"(CU3"'3.)*$43)

SUMC1 = HI*BR3A1

SUMC2 = H2*BR3A2

SUMC3 = H3*BR3A3

SUM_UMCI +SUMC2+SUMC3

SUMCNI=ETAII*BR3B1

SUMCN2=ETA12*BR3B2

SUMCN3=ETA13*BR3B3

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

AL3L =(n./16.)+(L/KFB)*SUMCL
ALPH3fAL3L+SUMCN

BR4A1 = (9.0/256.)*$11+(3.0/16.)*CU1"($21+$31)

*--(1./8.)*(CUl**2.)*S41-(CU1**3.)*(SSl+S61)+(CUl**4.)*S71

BR4A2 = (9.0/256.)*$12+(3.0/16.)*CU2"($22+$32)

*-(1./8.)*(CU2**2.)*S42-(CU2**3.)*(S52+S62)+(CU2**4.)*S72

BR4A3 = (9.0/256.)*S13+(3.0/16.)*CU3"($23+$33)

*--(L/8.)*(CU3**2.)*S43--(CU3**3.)*(S53+S63)+(CU3**4.)*S73

BR4Blf((1./4.)*CUl*SU)+(6.*(CUl**2.)*(S21+S31))-

*(12.*(CU1"'3.)*$41)

BR4B2=((1./4.)*CU2*S12)+(6.*(CU2**2.)*(S22+S32))-

*(12.*(CU2"'3.)*$42)

BR4B3=((1./4.)*CU3*S13)+(6.*(CU3**2.)*(S23+S33))-

*(12.*(CU3"'3.)*$43)
SUMD1 = HI*BR4A1

SUMD2 = H2*BR4A2

SUMD3 = H3*BR4A3

SUMDL=SUMD1 +SUMD2+SUMD3

SUMDNI=ETAll*BR4B1

SUMDN2=ETA12*BR4B2

SUMDN3=ETA13*BR4B3

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

AL4L = (3.0/16.)+_)*SUMDL
ALPH4ffiAI.AL+SUMDN

BR5B1 =(3./16.)*(CU1"S 11)+(1./2.)*(CU1"'2.)*($21 +$31)-(CU1"'3.)*$41

BRSB2=(3./16.)*(CU2*S12)+(1./2.)*(CU2**2.)*(S22+S32)-(CU2**3.)*S42
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BR5B3=(3./16.)*(CU3*S13)+(1./2.)*(CU3**2.)*(S23+S33)-(CU3**3.)*S43
SUMENI=ETAll*BR5B1
SUMEN2=ETA12*BR5B2
SUMEN3=ETA13*BR5B3
SUMEN=SUMENI+SUMEN2+SUMEN3
ALPH5=-((9./2.)*SUMEN+(1L/16.))
DENA=(ALPHI*ALPH4)--(ALPH2*ALPH3)
A1=((ALPH0*ALPH4)-(ALPH2*ALPH5))/DENA
A2f((ALPH1*ALPHS)--(ALPH0 *ALPH3))/DENA

TBUL_ = (1./70.)*((17.*A1)+(3.*A2))

CONST= 1./(16.*(ALIL*AL4L-AL2L*AL3L))

allf(11.*aI21-16.*aI41)*CONST

A2L=(16.*AL3L-11.*AL1L)*CONST

TBULKLf(1/70.)*(17.*AIL+3.*A2L)

WR_6,200) TW,P_-TBULI_-TBULI_

write(7,202)l,--tbulkl,-Ibulk

write(8,201)l,-Ibulk
66 CONTINUE

55 CONTINUE

44 CONTINUE

200 FO MAT(SX,F7.2, 3X,F6.2,3X,F6.2,2(3X,E10.4))

iii FORMAT(8X,'TW',SX,'P',6X,'L',9X, q'BUI.X',7X,'TBULKL')

201 format(Ix,fg.2,3x,e|0.4)

202 format(Ix,fg.2,2(3x,e10.4))

STOP

END

C

FUNCTION F101Cdl )

COMMON F1,F2,F3

DEN1 = (FI*((UI**2.)+(2.*U1)+2.)+U1)*CUI+(2.*F1))

AUD1 = (FI*((UI**2.)+(4.*UI*F1)+(4.*F1)))/DENI
F101 = AUD1

RETURN

END

FUNCTION FI02(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 F103CU3)

COMMON F1,F2,F3

DEN3 =((F3*(CU3* *2.)+2. *U3)+2.)+U3)*(U3+(2. *F3))

AUD3 = (F3*(CU3*2.)+(4.*U3*F3)+(4.*F3)))/DEN3
F103 = AUD3

REI'URN

END

FUNCTION FII1CU1 )
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COMMON Fl_2,F3

DEN1=(FI*((UI"'Z_Z*UI)*Z)*U1)*(UI+(Z'F_))
AUDI -_ *((UI*"2.)4-(4."U1*F1)+(4.*F1)))/DENI
FIll=AUDI*UI

RETURN

END

FUNCTION FU2(U2)

COMMON FI,F2,F3

DEN2 -- (F2*((U2*U2)+(2.*U2)+2.)+U2)*(U2+(2.*F2))

AUD2 ---(F2*((U2*U2)+(4.*U2*F2)+(4.*F2)))/DEN2
Fl12 = AUD2*U2

RETURN

END

FUNCTION F113(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
F113 = AUD3*U3

RETURN

END

FUNCTION F121CO1)
COMMON F1,F2,F3

DENI - (F1*((UI**2.)+(2.*U1)+2.)+U1)*(U1+(2.*F1))

AUD1 = (FI*((UI**2,)+(4.*UI*FI_(4.*FI)))/DENI
F121 = AUDI*UI*UI

RETURN

END

FUNCTION F122(U2)

COMMON F1_2_3

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

FUNCrIO_ F_23C_3)
COMMON FI,F2,F3

DEN3 ._(F3*((U3**2.)+(2.*U3)+2.)+U3)*(U3+(2.*F3))

AUD3 -- (F3*((U3**2.)+(4.*U3*F3)+(4.*F3)))/DEN3
F123 = AUD3*U3*U3

RETURN

END

FUNCTION F131(U1)
COMMON F1,F2,F3

DENt = (FI*((UI**2.)+(2.*UI)+2.)+U1)*(UI+(2.*F1))

AUDI =tTI"(COI*'2.)+(4.*m*FI)+(4.*FI)))/DEm
FI31 = AUDI*UI**3.

RETURN

END

FUNCTION F132CO2)
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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
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 F141CO1)
COMMON F1/2,F3
DEN1 = (FI*((UI**2.)+(2.*U1)+2.)+UI)*(UI+(2.*FI))

AUDI = (FI*((UI**2.)+(4.*UI'FI)+(4.'FI)))/DEN1

FI41 = AUDI*UI**4.

RETURN

END

FUNCTION F142([/2)

COMMON F1,F2/3

DEN2 = (FE*((U2**2.)+(2.*U2)+2.)+UE)*(U2+(E.*F2))

AUD2 = (F2*((UE**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.)+(2.*ua)+2.)+U3)*(U3+(2.*F3))

AUD3 = (F3 *((U3 *'2.)+(4. *U3*F3)+(4. *F3)))/DEN3
F143 = ALrD3*U3**4.

RETURN

END
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NONGRAY RESULTS FOR CO2

TW P L TBULK 0'qI.,TE) TBULKL (LTE)

300.00 0.10 0.10 0.2429E+00 0.2428E+00

300.00 0.10 0.50 0.2428E+00 0.2422E+00

300.00 0.10 1.00 0.2426E+00 0.241LE+O0

300.00 0.10 5.00 0.2372Ea-00 0.2250E+00

300.00 0.10 10.00 0.2226E+00 0.1985E+00

300.00 0.10 20.00 0.1847E+00 0.1525E+00

300.00 0.10 50.00 0.1044E+00 0.8367E--01

300.00 0.10 75.00 0.7297E,--01 0.5980E--01

300.00 0.10 100.00 0.5527E-01 0.4636E-01

300.00 1.00 0.10 0.2426E+00 0.2424E+00

300.00 1.00 0.50 0.2400E+00 0.2390E,+00

300.00 1.00 1.00 0.2355E+00 0.2338E+00

300.00 1.00 5.00 0.1979E+00 0.1954E+00

300.00 1.00 10.00 0.1631E+00 0.1612E+00

300.00 1.00 20.00 0.1205E+00 0.U94E+00

300.00 1.00 50.00 0.6807E-01 0.6774E-01

300.00 1.00 75.00 0.5018E-01 0.5000E--01

300.00 1.00 100.00 0.3980E--01 0.3970E-01

300.00 5.00 0.10 0.2419E+00 0.2418E+00

300.00 5.00 0.50 0.2367E+00 0.2366E+00

300.00 5.00 1.00 0.2305E+00 0.2303E+00

300.00 5.00 5.00 0.1908E+00 0.1907E÷00

300.00 5.00 10.00 0.1574E+00 0.1573E+00

300.00 5.00 20.00 0.1170E+00 0.1169E+00

300.00 5.00 50.00 0.6680E..4}1 0.6679E--01

300.00 5.00 75.00 0.4945E,-.01 0.4945E-.01

300.00 5.00 100.00 0.3933E-01 0.3933E.-01

300.00 10.00 0.10 0.2416E+00 0.2416E+00

300.00 10.00 0.50 0.2362E+00 0.2362E+00

300.00 10.00 1.00 0.2300E+00 0.2299E+00

300.00 10.00 5.00 0.1904E+00 0.1903E+00

300.00 10.00 10.00 0.1570E+00 0.1570E+00

300.00 10.00 20.00 0.1168E+00 0.1168E+00

300.00 10.00 50.00 0.6674E-.01 0.6674E--01

300.00 10.00 75.00 0.4942E-01 0.4942E_1

300.00 10.00 100.00 0.3931E-01 0.3931E-01

500.00 0.10 0.10 0.2428E+00 0.2426E+00

500.00 0.10 0.50 0.2425E+00 0.2402E+00

500.00 0.10 1.00 0.2415E+00 0.2359E+00

500.00 0.10 5.00 0.2227E+00 0.1949E+00

500.00 0.10 10.00 0.1899E+00 0.1528E+00

500.00 0.10 20.00 0.1338E+00 0.1020E+00

500.00 0.10 50.00 0.6055E_1 0.4815E-01

500.00 0.10 75.00 0.3971E-431 0.3290E-01
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500.00 0.10 100.00 0.2915E--01 0.2486E-01

500.00 1.00 0.10 0.2421E+00 0.2417E+00

500.00 1.00 0.50 0.2355E+00 0.2337E+00

500.00 1.00 1.00 0.2258E+00 0.2232E+00

500.00 1.00 5.00 0.1625E+00 0.1596E+00

500.00 1.00 10.00 0.1189E+00 0.1171E+00

500.00 1.00 20.00 0.7753E--01 0.7672E-.01

500.00 1.00 50.00 0.3832F_1 0.3813E-01

500.00 1.00 75.00 0.2705E-01 0.2696E-01

500.00 1.00 100.00 0.2092E-01 0.2087E-01

500.00 5.00 0.10 0.2408E+00 0.2407E+00

500.00 5.00 0.50 0.2302E+00 0.2299E+00

500.00 5.00 1.00 0.2178E+00 0.2176E+00

500.00 5.00 5.00 0.1535E+00 0.1533E+00

500.00 5.00 10.00 0.1131E+00 0.1130E+00

500.00 5.00 20.00 0.7470E-01 0.7467E--01

500.00 5.00 50.00 0.3752E-01 0.3751E-01

500.00 5.00 75.00 0.2662E_1 0.2662E--01

500.00 5.00 100.00 0.2065E-01 0.2065E--01

500.00 10.00 0.I0 0.2404E+00 0.2403E+00

500.00 10.00 0.50 0.2293E+00 0.2292E+00

500.00 10.00 1.00 0.2168E+00 0.2168E+00

500.00 10.00 5.00 0.1532E+00 0.I531E+00

500.00 10.00 10.00 0.1130E+00 0.1130E+00

500.00 10.00 20.00 0.7474E--01 0.7473E-01

500.00 10.00 50.00 0.3754E-01 0.3754E--01

500.00 10.00 75.00 0.2664E-01 0.2664E.-01

500.00 10.00 100.00 0.2066E-01 0.2066E-01

1000.00 0.10 0.10 0.2428E+00 0.2424E+00

1000.00 0.10 0.50 0.2414E+00 0.2357E+00

1000.00 0.10 1.00 0.2378E+00 0.2226E+00

1000.00 0.10 5.00 0.1782E+00 0.1296E+00

1000.00 0.10 10.00 0.1151E+00 0.7718E-01

1000.00 0.10 20.00 0.5783F_,4)1 0.3942E-01

1000.00 0.10 50.00 0.1878F_,-01 0.1430E-4)1

1000.00 0.10 75.00 0.1121E-01 0.9001E--02

1000.00 0.10 100.00 0.7800E-02 0.6491E-02

1000.00 1.00 0.10 0.2407E+00 0.2397E+00

1000.00 1.00 0.50 0.2194E+00 0.2151E+00

1000.00 1.00 1.00 0.1907E+00 0.1854E+00

1000.00 1.00 5.00 0.7829E--01 0.7591E-01

1000.00 1.00 10.00 0.4208E-01 0.4112E-01

1000.00 1.00 20.00 0.2148E-01 0.2117E-01

1000.00 1.00 50.00 0.8727F_,-02 0.8667E_2

1000.00 1.00 75.00 0.5866E-02 0.5839E-4)2

1000.00 1.00 100.00 0.4428E_2 0.4412E,-02

1000.00 5.00 0.10 0.2366E+00 0.2363E+00

1000.00 5.00 0.50 0.2018E+00 0.2012E+00

1000.00 5.00 1.00 0.1647E+00 0.1642E+00
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1000.005.00 5.00 0.6204E-01 0.6190E-01

1000.00 5.00 10.00 0.3539E--01 0.3535E--01

1000.00 5.00 20.00 0.1943B-O1 0.1942E--01

1000.00 5.00 50.00 0.8438E-02 0.8436E--02

1000.00 5.00 75.00 0.5767B-02 0.5766E-02

1000.00 5.00 100.00 0.4387E--02 0.4387F,-02

1000.00 10.00 0.10 0.2351E+00 0.2350E+00

1000.00 10.00 0.50 0.1957E+00 0.1955E¢00

1000.00 10.00 1.00 0.1571E+00 0.1569E+00

1000.00 10.00 5.00 0.6082E-01 0.6078E--01

1000.00 10.00 10.00 0.3551E--01 03550E-01

1000.00 10.00 20.00 0.1973F.,-01 0.1972E-431

1000.00 10.00 50.00 0.8580E-02 0.8579E-02

1000.00 10.00 75.00 0.5853E--02 03853E--02

1000.00 10.00 100.00 0.4446E-02 0.4445E-02

2000.00 0.10 0.10 0.2428E+00 0.2426E+00

2000.00 0.10 0.50 0.2417E+00 0.2384E+00

2000.00 0.10 1.00 0.2385E+00 0.2279E+00

2000.00 0.10 5.00 0.1783E+00 0.1286E+00

2000.00 0.10 10.00 0.1098E+00 0.7039E,-01

2000.00 0.10 20.00 0.4990E-.01 0.3214E--01

2000.00 0.10 50.00 0.1373E-01 0.9842E-O2

2000.00 0.10 75.00 0.7604E--02 0.5750E--02

2000.00 0.10 100.00 0.5028E-02 0.3948E-O2

2000.00 1.00 0.10 0.2414E+00 0.2409E+00

2000.00 1.00 0.50 0.2202E+00 0.2162E+00

2000.00 1.00 1.00 0.1864E+00 0.1807E+00

2000.00 1.00 5.00 0.6093E-O1 0.5875E--01

2000.00 1.00 10.00 0.2865E--01 0.2786E-01

2000.00 1.00 20.00 0.1292E,-01 0.1267E-01

2000.00 1.00 50.00 0.4667E,-02 0.4623E-4/2

2000.00 1.00 75.00 0.3050E-02 0.3030E4)2

2000.00 1.00 100.00 0.2275E-02 0.2264E--02

2000.00 5.00 0.10 0.2371E+00 0.2369E+00

2000.00 5.00 0.50 0.1939E+00 0.1932E+00

2000.00 5.00 1.00 0.1471E+00 0.1465E+00

2000.00 5.00 5.00 0.4069F._1 0.4057E,-01

2000.00 5.00 I0.00 0.2075E,-01 0.2072E-0I

2000.00 5.00 20.00 0.1063E--01 0.1062E--01

2000.00 5.00 50.00 0.4458E-02 0.4457E--02

2000.00 5.00 75.00 0.3040E-02 0.3039E--02

2000.00 5.00 100.00 0.2315E-02 0.2314EMI2

2000.00 10.00 0.10 0.2346E+00 0.2345E+00

2000.00 10.00 0.50 0.1828E+00 0.1826E+00

2000.00 10.00 1.00 0.1334E+00 0.1332E+00

2000.00 10.00 5.00 0.3777F,-01 0.3774E-01

2000.00 10.00 10.00 0.2022B-O1 0.2021E--01

2000.00 10.00 20.00 0.1073E--01 0.1073E--01

2000.00 10.00 50.00 0.4581E--02 0.4580E-02
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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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c Thisprogram calcultesLTE and NLTE bulk temp.undernongray.

¢ gas assmptlon forH20

c IMPLICIT DOUBLE PRECISION (A--H,O-Z)

REAL I.,,KI_
EXTERNAL FI0tII02,FI03,FI04,FI05,Fn,,Fn2,Fn3,

* F114,FU5,F121,F122,F123,F124,F125,F131,F132,

*F133,FI34,F135,F141,F142,F143,FI44,FI45

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

COMMON F1,F2,F3,F4,F5

OPEN(4,file='output4')

open(5,file='nlp')

Olma(6,file='lp ')

DATA U/O.l,O.5 ,L O,5.0,10.O,20.O,50.O,75.,l O0.O/

DATA PRES_}.I,I.,5.,10.0/

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

WmT_4,m)
write(5,13)
write(5,*) n,1

13 format('3'J,'x',/,'t',/, 'tl',/,i4,x,'l')

write(6,14)

writc(5,*)n,1
14 format('2'J,'x'4,'t'4,/,i4,x,'l')

DO 441T= 1,4

TW= TEMP(rr)
DO 55 KK= 1,4

P = PRES(KK)
DO66I = 1,9

I.= U(I)
C.

C

C

C

C

C

C

C

CALCULATION OF PLANK'S FUNCTION IT'S DERIVATIVES

w_ BAND CeNTeR 0/c_

HCK CONSTANT (K CM)

CCC C1 *C2 (ERG-K-CM**3?SEC)
PFDBI PLANCK FuNcrION DERIVATIVE FOR I BAND

C

CESS = TW**2

STU = TW**0.5

SNT = TW/273.

lICK = 1.439257246

AK1 = crw/3oo.)**0._
TS = 300./TW

C SPECTROSCOPIC PROPERTIES OF H20

C HERE WE HAVE CONSIDERED FIVE BANDS(I.R.,6.3,2.7,1.S7,1.38 MICRONS)

C WNBI BAND CENTER (I/CM)
C

WNBI = 500.

WNB2 = 1600.
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WNB3 = 3750.

WNB4 = 5350.

WNB5 = 7250.

C2B1 = HCK*WNB1

C2B2 = HCK*WNB2

C'2B3 = HCK*WNB3

CRB4 = HCK*WNB4

CRB5 = HCK*WNB5

CCC = 0.000053847734

CCB1 = CCC*(WNBI**4)

CCB2 = CCC*(WNB2**4)

CCB3 = CCC*(WNB3**4)

CCB4 = CCC*(WNB4**4)

CCB5 = CCC*(WNB5**4)
TB1 = C2B1/TW

TB2 = C2B2/TW

TB3 = C2B3/TW

TB4 = C2B4/'rw

TB5 = C2B5/TW

TEBI = EXP(TB1)

TEB2 = EXP0"B2 )

TEB3 = EXP(TB3)

TEB4 = EXP(TB4)

TEB5 = EXP(TB5)

SNTB1 = CESS*((TEBI-1.)**2,)

SNTB2 = CESS*((TEB2-1.)**2.)

SNTB3 = CESS*((TEB3-1.)**2.)

SNTB4 = CESS'((TEB4--1.)**2.)

SNTBS = CESS*((TEb5-1.)**2.)

PFDB1 = (CCBI*TEB1)/SNTB1

PFDB2 = (CCB2*TEB2)/SNTB2

PFDB3 = (CCB3*TEB3)/SNTB3

PFDB4 = (CCB4*TEB4)/SNTIM

PFDB5 = (CCB5*TEB5)/SNTB5
.

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 (NON DIMENSIONAL)

C OMGI WAVE NUMBER (1/CM)

C SI INTEGRATED BANDTNTENSITY (1/(ATM CM**2))

C

Am = (TW/3O0.)'*O._
AK2 = (300./TW)*'1.5

AZ1 --49.4"AK1

AZ2 = 90.1*AK1

AZ3 = l12.6*AK1

AZ4 = 79.7"AKI

AZ5 = 79.7"AK1
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C

C

C

,

C

C

C.

DKF THERMAL CONDUCTIVITY (ERG/CM-SEC-K)

KFS= 04e 365 71).(s rr**1.23)
AMB = H/KI_

OMG1 ffi3652.0

OMG2 - 1595.0

OMG3 = 3756.0

TX --0-IOOTW)
TX1 = TX*OMG1

TX2 = TX*OMG2

TX3 = 'rX*OMG3

eTXl = exP('rxl)

eTX2 = mO'(TX2)

eTX3 -- eXe(TX3)
C1 = 1.0--ETX1

C'2- 1.0-ETX2

C3 = 1.0-ETX3

BRKTI = TX*(OMGI+OMG3)

BRKT2 = TX*(OMG2+OMG3)

PH101 = (I.-EXP(BRKT1))/CI*C2*C3

PH011 = (1.-EXP(BRKT2))/CI*C2*C3

TSII = (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

CZS5 = 0.230*AK2*PH101

$1 = AZI*CZS1

$2 = AZ2*CZS2

$3 = AZ3*CZS3

$4 = AZA*CZ, S4

$5 = AZ5*CZS5

PL PRESSURE PATH LENGTH (ATM-CM)

PL = P*L

UZ1 = CZSI*PL

UZ2 = CZS2*PL

UZ3 = CZS3*PL

UZ4 = CZS4"PL

UZ5 = 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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C
C

C

C

C

.

C

C-

C

C

C

PEI EFFECTIVE PRE_URE FOR EACH BAND (NON DIMENSIONAL)

PE --5.0*P

BETAI LINE STRUCTURE PARAMETR

BETA1 = BSI*PE

BETA2 = BS2*PE

BETA3 = BS3*PE

BETA4 = BS4*PE

BETA5 = BSS*PE

CORRELATION FOR EACH BAND

F1 = 2.94"(1.0- EXP(-(2.6"BETA1)))

FZ= 2.94"0.0- EXP(-.(Z.6"BE'TA2)))
F3 = 2.94"(1.0- EXP(--(2.6*BETA3)))

F4 = 2.94"(1.0-- EXP(-(2.6*BETA4)))

F5 = 2.94"(1.0- EXP(-(2.6*BETAS)))
H1 = AZI*PFDB1

H2 = AZ2*PFDB2

H3 = AZ3*PFDB3

H4 = AZ4*PFDB4

H5 = AZ5*PFDB5

H = HI+H2+H3+H4+H5

AM = H*L/KFB

NUMERICAL INTEGRATION

EP =l.E-3

Xl = 0.0

x21 = (3.ts.)*UZl
X22 = (3./8.)*UZ2

X23 = (3./8.)*UZ3

X24 = (3./8.)*U7_A

x25 = (3.ts.)*uz5
Yll = 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,YI 1,R01,100,5,EP, KE)

CALl, RHBINT(F102,X I,Y 12,R02,100,5,EP, KE)

CALL RHBINT(F103,X1,Y 13,R03,100,5,EP, KE)
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-.

RHBINT(F104,X1,Y14,R04,100,5,EPJCE)

CAIJ. RHBINTOF105,X1,Y15,R05,100,5,EP, I4_)

CALL RHBINT(FU 1,X1,Y11,R11,100,5,EP, KE)

CALl.. RHBI]qT(F112,X1,Y12,R12,100,5 ,EP,KE)

RHBINT(F113,X1,Y13,R13,100,5,EP, KE)

C.AI..U RHBINT(F114,X1,Y 14,R14,100,5 ,EP,KE)

CALL RHBINT(Fl15,X1,Y15,R15,100,5,EP, KE)

CALL RHBINT(FI21,Xl,YU,R21,100,$,EP, KE)

CALL RHBIN'T(F122,X1,Y12,R22,100,5,EP, KE)

CALL RHBINT(F123,X1,Y13,R23,100,5,EP, KE)

CALL. RHBINT(F124,X1,Y14,R24,100,5,EP, I'_)

CALL RHBINT(F125,X1,Y15,R25,100,5,EP, KE)

CALL RHBINT(F131,X1,Y11,R31,100,5,EP, KE)

CALL RHBINT(F132,X1,Y12,R32,100,5,EP, KE)

CALL RHBINT(F133_1,Y13,R33,100,5,EP, KE)

CALL RHBINTOF134,XI,Y 14,R34,100,5,EP, KE)

CALL RI-IBINT(FI35,XI,Y15,R35,100,5_ J_KE)

CALL RHBINT(F141,X1,Yll,R41,100,5,EP, KE)

CALL RHBINT(F142,Xl,Y12,R42,100,5,EP, KE)

CALL RHB!NT(F143,XI,Y 13,R43,100,5,EP, KE)

CALL RHBINT(F144,X1,Y14,R44,100,5,EP, KE)

CALL RHBINT(F145,X1,Y15,R,45,100,5,EP, KE)

CALL RHBINT(F101,X21,Y21,S ll,100,5,EP, KE)

CALL RHBINT(F102,X22,Y22,S 12,100,5,EP, KE)

CALL RHBINT(F103,X23,Y23,S 13,100,5,EP, KE)

CALL RHBINT(F104,X24,Y24,S14,100,5,EP, KE)

CALL RI-mlUTff_ 05yO.5,Y25,S 15,100,5_P, KE)
CALL RHBINT(FII I,XI,X21,S21,100,5,EP,KE)

CALL RHBINT(F112,X1,X22,S22,100,5,EP, KE)

CALL RI-IBINT(F113,X1,X23,S23,100,5,EP, KE)

CALL RHBINT(F114,Xl,X24,S24,100,5,EP, KE)

CALL RHBINT(F115 _1,X25,$25,100,5 _P, KE)

CALL RHBINT(Fll 1,X1,Y21,S31,100,5,EP, KE)

CALL RHBINT(FI 12,X1,Y22,S32,100,5,EP, KE)

CALL RI-IBINT(F113,X1,Y23,S33,100,5,EP, KE)

CALL RHBINT(Fl14,X1,Y24,S34,100,5,EP, KE)

CALL RI-mIm'(FU5_XLY25,S35,100,S_P, KE)
CALL RHBINT(F121 _21,Y21,$41,100,5,EP, KE)

CALL RHBINT(F122,X22,Y22,S42,100,5 ,EP,KE)

CALL RI-IBINT(F123,X23,Y23,S43,100_ ,EP, KE)

CALl. mmI_r(F124_Z4,Y24,S44,100_:J',KE)
CALL mmL_rr(F125 _.5,Y25,s45,100_ J_PJCE)
CALL RHBINT(F 131,X1,X21,S51,100,5,EP,KE)

CALL Rtm£rcr(F132,x1,x22,s52,100,s,eP,tm)
CALL RHBINT(F133,X 1,X23,S53,100,5,EP, KE)

CALL RHBINT(F134,X 1,X24,$54,100,5 ,EP, KE)

CALL RHBINT(F 135,X 1,X25,S55,I00,5,EP, KE)

CALL RHBINT(F 131,X1,Y21,S61,100,5,EP, KE)

CALL RI-IBINT(F132,X 1,Y22,$62,100,5,EP, KE)
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CALL

CALL

CALL

CALL

CALL

CALL

CALL

CALL

CU1 =

CU2 =

CU3 =

CU4 =

RHBINT(F133 _X1,Y23,S63,100,5 ,EP,KE)

m_B_'Tt_X34,Xt,Y24,S64,100,5,EP, I_)

RHBINT(F135,X 1,Y25,S65,100,5,EP, KE)

RI-IBINT(FI41,X21,Y21,S71,100,5,EP, KE)

RHBINT(F142,X22,Y22,S72,100,5,EP, KE)

RHBI1qT(F143,X23,Y23,S73,100,5,EP, KE)

RHBINT(F144,X24,Y24,S74,100,5,EP, KE)

pJIBIIVr0_145_.5,Y25,S75,100,5,EP, KE)
2./(3.*UZ1)

2./(3.'uz2)
2./(3.*uz3)
_./(3.*uz4)

cu5 = 2./(3.*uz5)
BR1A1 = (CUI*Rll)--2.*(CUI**3.)*R31+(CUI**4.)*R41

BR1A2 = (CU2*R12)--2.*(CU2**3.)*R32+(CU2**4.)*R42

BRIA3 = (CU3*RI3)--2.*(CU3**3.)*R33+(CU3**4.)*R43

BRIA4 = (CU4*R14)--2.*(CU4**3.)*R34+(CU4**4.)*R44

BR1A5 = (CU5*R15)-2.*(CU5**3.)*R35+(CU5**4.)*R45

BR1Bl=((CU1**2.)*R21)-(CUl*R11)

BR1 B2=((CU2**2.)*R22)-(CU2*R12)

BR1B3=((CU3 **2.)*R23)-(CU3*R13)

BR1B4=((CU4**2.)*R24)-(CU4*R14)

BRlI35=((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)*sl*tw

ETARI=I./ETRll

ETR12=8.'3.14*(1600.**(2.))*4.08*(1.E--12)*s2*tw

ETAR2=l./ETR12

ETR13=8.*3.14*(3750.**(2.))*4.08*(1.E-12)*s3*tw

ETAR3=I./ETR13

ETR14=8.*3.14*(5350.**(2.))*4.08*(1.E--12)*s4*tw

ETAR4=l./ErR14

ErR15=S.*3.14*(7250.**(2.))*4.08*(X.E--12)*sS*tw

ETAR5=I./ErR15

ETA11 =ETAC/ETAR1

ETA12=ETAC/ETAR2

ETA13 =ETAC/ETAR3

ETA14=ETAC/ETAR4

ETA15 =ETACJErAR5

SUMAI = HI*BR1A1

SUMA2 = H2*BRIA2

SUMA3 = H3*BR1A3

SUMA4 = H4*BR1A4

SUMA5 = H5*BRIA5

ALIL = I.+(L/KFB)*(SUMAI+SUMA2+SUMA3+SUMA4+SUMAS)

SUMANI =ETAII*CUI*BRI B 1

SUMAN2=ETAI2 *CU2* BRIB2
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SUMAN3=ETA13 *CU3 *BRIB3

SUMAN4=ETA14*CU4*BRIB4

SUMANS=ETAI5*CU5*BRIB5

SUMAN=(9./2.) *(SUMAN I+SUMAN2+SUMAN3+SUMAN4+SUMAN5)
ALPHI=ALIL,--SUMAN

BR2AI = (CUl**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.*(CU3**3.)*R33+(CU3**4.)*R43

BR2A4 = (CU4* "2.)*R24-2. *(CU4 **3.)*R34+(CU4**4.)*R44

BR2A5 = (CUS**2.)*R25-2.*(CU5**3.)*R35+(CU5**4.)*R45

BR2B1=R01-(6.*CUl*Rll)+(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)+(e.*(CU4**2.)*R24)

B_.B3=103-(6.*C'U5*Rt5)+(6.*(CUS**2.)*P..25)
SUMBI = HI*BR2A1

SUMB2 = H2*BR2A2

SUMB3 = I'I3*BR2A3

SUMB4 = H4*BR2A4

SUMB5 = H5*BR2A5

SUMBL=SUMBI+SUMB2+SUMB3+SUMB4+SUMB5

SUMBNI=ETAll*CUI*BR2B1

SUMBN2=ETA12*CU2*BR2B2

SUMBN3=ETA13* CU3*BR2B3

SUMBN4=ETAI4*CU4*BR2B4

SUMBN5=ETA15*CU5*BR25B

SUMBN=(3./4.) *(SUMBN I+SUMBN2+SUMBN3+SUMBN4+SUMBN5)

AID.L = (L/KFB)*SUMBL
ALPH2=AL2L_UMBN

ALPH01=ETAlI*(CUl**2.)*(CU1*R21-Rll)

ALPH02=ETA 12 *(CU2* *2.)*(CU2*R22-R12)

ALPH03=ETA13*(CU3**2.)*(CU3*R23-R13)

ALPH04=ETAI4 *(CU4**2.)*(CU4 *R24--R14)

ALPH05--ETAI5*(CU5 *"2.)*(CU5 *R25-R15)

ALPH0=(9./2.) * (AI_H01+ALPH02+ALPH03+ALPH04+ALPH05)-I.

BR3A1 -- (57./256.)*Sl1+(11./16.)*CU1"($21+$3I)

*--(9./8.)*(CU1**2.)*S41-(CUl**3.)*(S51+S61)+(CUl**4.)*S71

BR3A2 = (57./256.)*S12+(11./16.)*CU2"($22+$32)

*-(9./8.)*(CU2**2.)*S42-.(CU2**3.)*(S52+S62)+(CU2**4.)*S72

BR3A3 = (57./256.)*S13+(11./16.)*CU3"($23+$33)

*--(9./8.)*(CU3**2.)*S43--(CU3**3.)*(S53+S63)+(CU3**4.)*S73

BR3A4 = (57./256.)*S14+(I1./16.)*CU4"($24+$34)

• -(9./8.) *(CU4"'2.) *S44-(CU4**3.)*(S54+S64)+(CU4**4.)* $74

BR3A5 - (57./256.)*S15+(11./16.)*CU5"($25+$35)

*-(9./8.)*(CU5**2.)*S45-(CUS**3.)*(S55+S65)+(CUS**4.)*S75

BR3BI=((9./4.)*CUI*SI1)+(6.*(CUI**2.)*(S21+S31))

*-(12"(CU1"'3.)*$41)

BR3B2=((9./4.) *CU2 *S12)+(6. *(CU2* "2.)*($22+$32))

*-(12"(CU2"'3.)*$42)
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BR3B3=((9./4.)*CU3*S13)+(6.*(CU3**2.)*(S23+S33))

*-(12"(CU3"'3.)*$43)

BR3B4=((9./4.)*CU4*S14)+(6.*(CU4"'2.) *($24+$34))

*-.(12"(CU4"'3.)*$44)

BR3B5=((9./4.)*CU5*S15)+(6.*(CU5**2.)*(S25 +$35))

*--(12"(CU5"'3.)*$45)

SUMC1 = HI*BR3A1

SUMC2 = H2*BR3A2

SUMC3 = H3*BP,3A3

SUMC4 = H4*BR3A4

SUMC5 = H5*BR3A5

SUMCL=SUMC I+SUMC2+SUMC3+SUMC4+SUMC5

SUMCNI=ETAll*BR3B1

SUMCN2=ETA12*BR3B2

SUMCN3=ETA13*BR3B3

SUMCN4=ETA14*BR3B4

SUMCN5=ETA15*BR3B5

SUMCN=(3./8.)*(SUMCN I+SUMCN2+SUMCN3+SUMCN4+SUMCN5)

AL3L =(11./16.)+( L/KFB)*SUMCL
ALPH3=AL3L+SLrMCN

BR4A1 = (9.0/256.)*Sl1+(3.0/16.)*CU1"($21+$31)

*-(1./8.)*(CUl**2.)*S41-(CU1**3.)*(S51+S6I)+(CUl**4.)*S71

BR4A2 = (9.0/256.)*S12+(3.0/16.)*CU2"($22+$32)

*-(1./8.)*(CU2**2.)*S42-(CU2**3.)*(S52+S62)+(CU2**4.)*S72

BR4A3 = (9.0/256.)*$13+(3.0/16.)*CU3"($23+$33)

*-(1./8.)*(CU3**2.)*S43--(CU3**3.)*(S53+S63)+(CU3**4.)*S73

BR4A4 = (9.0/256.)*S14+(3.0/16.)*CU4"($24+$34)

*-(1./8.)*(CU4**2.)*S44--(CU4**3.)*(S54+S64)+(CU4**4.)*S74

BR4A5 = (9.0/256.)*S15+(3.0/16.)*CU5"($25+$35)

*-(1./8.)*(CU5**2.)*S45-(CU5**3.)*(S55 +$65)+(CU5"* 4.)* $75

BR4BI=((1./4.)*CUI*Sll)+(6.*(CUI**2.)*(S21+S31))-

*(12.*(CU1"'3.)*$41)

BR4B2=((1./4.)*CU2*S12)+(6.*(CU2**2.)*(S22+S32))--

*(12.*(CU2"'3.)*$42)

BR4B3=((1./4.)*CU3* S13)+(6.*(CU3" .2.)*($23+$33))-

*(12.*(CU3"'3.)*$43)

BR4B4=((1./4.)*CU4*S14)+(6.*(CU4**2.)*(S24+S34))-

*(12.*(CU4"'3.)*$44)

BR4BS=((1./4.)*CU5*S15)+(6.*(CU5**2.)*(S25+S35))-

*(12.*(CU5"'3.)*$45)

SUMD1 = HI*BR4A1

SUMD2 = H2*BR4A2

SUMD3 = H3*BR4A3

SUMD4 = H4*BR4A4

SUMD5 = H5*BR4A5

SUMDL=SUMD 1+SUMD2+SUMD3+SUMD4+SUMD5

SUMDNI=ETAI 1*BR4B 1

SUMDN2=ETA12" BR4B2

SUMDN3=ETA13* BR4B3
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SUMDN4ffiETA14*BR4B4

SUMDN5aETA15 *BR4B5

SUMDN=(3./8.)*(SUMDNI+SUMDN2+SUMDN3+SUMDN4+SUMDN5)

AL4L = 0.0/t6._)'SUMVL
ALPH4_AL4L4.SUMDN

BRSB1-0./16.)*(CUl*S11)+(t./2.)*(CU1**2.)*(S21+S31)--(CU1**3.)*S41

BR5B2=(3./16.)*(CU2*S12)+(1./2.)*(CU2**2.)*(S22+S32)--(CU2**3.)*S42

BP,5B3=(3./16.)*(CU3 *$13)+(1./2.) *(CU3 *"2.)*($23+$33)--(CU3"'3.)*$43

BR5B4=(3./16.)*(CU4*S14)+(I./2.)*(CU4*'2.)*(S24+S34)-(CU4**3.)*S44

BR5B5=(3./16.)*(CU5" $15)+(1./2.) *(CU5**2.)*(S25+S35)-(CU5 *'3.)*$45
SUMENI=ETAlt*BR5B1

SUMEN2=ETA12*BR5B2

SUMEN3--ETA13*BR5B3

SUMEN4=ETA14*BR5B4

SUMEN5-ETA15*BR5B5

SUMENfSUMENI+SUMEN2+SUMEN3+SUMEN4+SUMEN5

ALPH5=-((9./2.) *SUMEN+(11./16.))

DENA = (ALPHI*ALPH4)-(AL_H2*ALPH3)

A 1=((ALPH0 *ALPH4)--(ALPH2 *ALPH5))/DENA

A2f((ALPHI*ALPH5)--(ALPH0*ALPH3))/DENA

TBULK ffi(1./70.)*((17.*A1)+(3.*A2))

CONST= L/(16.*(ALIL*AIAL-AL2L*AL3L))

allffi(ll.*al21-t 6.*al41)*CONST

A2Lffi(16.*AL3L--ll.*ALIL)*CONST

TBULKL=(1/'/0.)*(I7.*AIL+3.*A2L)

WRr_4_00) TW_P_-TBULK,-TBULKL
write(5,202)l,-tbulkl,-tbulk

write(6,201)l,--tbuik

66 CONTINUE

55 CONTINUE

44 CONTINUE

200 FORMAT(IX,FT.2, 3X,F6.2, 3X,F6.2, 2(3X,E10.4))

111 FORMAT(4X,'TW',8X,'P',6X,'L',9X,'TBULK',TX,'TBULKL')

201 format (1x,/9.2,3x,e10.4)

202 format (lx,/9.2,2(3x,e 10.4))

STOP

END

C

subroutine rhbiat(fctot,b,romb, nsd,ko,ep,ke)

dimension t(20)
keffi0.

xnsd=nsd

dL_f(b-a)/xnsd
rombffi0.

xulffia

templffct(xul)

do 4 iffil,nsd

xllffixul

xul--xul+dlx
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tcmpuffct(xul)
t(1)f(tcmpl+tcmpu)/2.

n=l

xn--1.

do 3 nhfl,ko

n2mf2*n-1

u--O.

cmffidlx/(2.*xn)

txn=-l.

do I j=l,n2m,2
lxn--lxn+2.

u=u+fct(xll+txn*cm)

1 continue

7 nhl=nh+l

t(nh1)=(u/xn+t(nh))/2.
9 cf=l.

do 2 j=l,nh

8 eff4.*ef

jm=nhl--j

12 temp=t0m+ !)+(t0m+ 1)-t(jm))/(cf-1.)

if (abs ((t0m)-t0m+l))/amaxl(t0m),t0m+l)))--ep)10,10,2

2 t0m)=tem p

xnmxn+xn

n=n+n

3 continue

ke=ke+l

go to 11

10 t(1)=temp

11 romb=romb+t(1)

templ=tempu

4 continue

5 romb=romb*dlx

6 return

end

FUNCTION FI01031)

COMMON F1,F2,F3,F4,F5

DEN1 = (Fl*(031**2.)+(2.*U1)+2.)+U1)*031+(2.*F1))

AUD1 = (Fl*(031**2.)+(4.*Ul*F1)+(4.*F1)))/DEN1

F101 = AUD1

RETURN

END

FUNCTION F102(U2)

COMMON F1,F2,F3,F4,F5

DEN2 = (F2*(032**2.)+(2.*U2)+2.)+U2)*032+(2.*F2))

AUD2 = F2*(032**2.)+(4.*U2*F2)+(4.*F2))/DEN2

F102 = AUD2

RETURN

END
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FUNCnON F:03(U3)
COMMON FI,F2_'3,F4,F5

am_3.fv3.((u3..z)+(z.u3)+z)+u3)*(u3+(z.v3))
AUD3 -- (F3*((U3"*2.)+(4.*U3*F3)+(4.*F3)))/DEN3
F103 ,=AUD3

RETURN

END

_.JNcrzoN VlO4(U4)

COMMON F1/'2/'3,F4,F5

DEN4 --_4 *((U4 **2.)+(2.*U4)+2.)+U4) *(U4+(2.*F4))

AUD4 = (F4*((U4**2.)+(4.*U4*F4)+(4.*F4)))/DEN4

F104 =AUD4

RETURN

END

FuNcnoN F105_5)

COMMON F1,F2aV3,F4,F5

DEN5 = (FS*(COS**2.)+(2.*U5)+Z)+U5)*(U5+(2.*F5))

AUD5 = (F5 *((I35 * "2.)+(4.*U5 *F5)+(4.*F5)))/DEN5
F105 = AUD5

RETURN

END

FUNCTION FnlCO1)

COMMON FI,F2,F3,F4,F5

DEN1 = (Fl*((U1**2.)+(2.*U1)+2.)+U1)*(Ul+(2.*F1))

AUD1 = (FI*((UI**2.)+(4.*UI*F1)+(4.*F1)))/DEN1
Flll = AUDI*U1

RETURN

END

FUNCTION FH2(U2)

COMMON F1,F2,F3,F4,F5

DEN2 = (F2*((U2*U2)+(2.*U2)+2.)+U2)*(U2+(2.*F2))

AUD2 = (F2*((U2*U2)+(4.*U2*F2)+(4.*F2)))/DEN2
Fl12 = AUD2*U2

RETURN

END

FUNCTION F113(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.*F'3)))/DEN3
Fl13 = AUD3*U3

RETURN

END

FUNCTION FI 14(U4)

COMMON F1,F2,F3,F4,F5

DEN4 = (F4*((U4**2.)+(2.*U4)+2.)+U4)* (U4+(2.*F4))

AUD4 = (F4* ((I)4 *"2.)+(4. *U4*F4)+(4. *F4)))/DEN4
Fl14 = AUD4*U4

RETURN

END
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_JNCnON FnS(US)
COMMON FII'I13_4_5

DEN5 =(FS*((US"*2.)+(2.*US)+2.)+U5)"(U5+(2.*FS))

AUD5 --0_5"(COS"'Z)+(4.'US"FS)+(4.*FS)))_EN5
FII5 --AUD*US

RETURN

END

FUNCTION F121(U1)

COMMON F1,F2,F3,F4,F5
DEN1 = (FI*((U1**2.)+(2.*U1)+2.)+U1)*(U1+(2.*F1))

AUDI = (F1*((U1*'2.)+(4.*U1*FI)+(4.*F1)))/DEN1

F121= AUDI*UI*U1

RETURN

END

FUNCTION F122(U2)

COMMON FI,F2;F31415

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 FlZ3(U3)

COMMON F1,F2/3,F4,F5

DEN3 = (F3"((U3**2.)+(2.*U3)+2.)+U3)*(U3+(2.*F3))

AUD3 = (F3*((U3**2.)+(4.*U3*F3)+(4.*F3)))/DEN3
F123 = AUD3*U3*U3

RErURN

END

FUNCTION F124(U4)
COMMON F1,F2)F3,F4,F5

DEN4 --(F4*((U4**2.)+(2.*U4)+Z)+U4)*(U4+(2.*F4))

AUD4 = (F4*((U4**2.)+(4.*U4*F4)+(4.*F4)))/DEN4
F124 = AUD4*U4*U4

RETURN

END

FUNCTION n 25CO5)

COMMON F1,F2,F3,F4,F5

DEN5 = (FS*((US**2.)+(2.*US)+2.)+US)*(US+(2.*FS))

AUD5 = (FS*(COS**2.)+(4.*U5 *FS)+(4.*FS)))/DEN5
F125 = AUDS*U5*U5

RETURN

END

VUNCTIONF131(Ul)
COMMON F 1,F2,F3,F4,F5

DEN1 = (FI*((UI**2.)+(2.*U1)+2.)+U1)*(UI+(2.*F1))

AUD1 = (FI*((UI**2.)+(4.*Ul*F1)+(4.*F1)))/DEN1
F131 = AUDI*UI*'3.

RETURN

END
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FUNCTION F132(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
F132 = AUD2*U2**3.

RETURN

END

FUNCTION F133(U3)

COMMONF1,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
F133 - AUD3*U3**3.

RETURN

END

m._c'noN F134(U4)
COMMONFt,F2,F3,F4,Y5
DEN4 = (F4*((U4**2.)+(2.*U4)+2.)+U4)*(U4+(2.'F4))

AUD4 --"(F4*((U4**2.)+(4.*U4*F4)+(4.*F4)))/DEN4
F 134 = AUD4*U4**3

RETURN
END

m.rNC'nONF135(U5)
COMMON F1,F2,F3,F4,F5

DEN5 = (F5,((U5 **2.)+(2.*U5)+2.)+U5),(U5+(2. *F5))
AUD5 = (F5*((U5**2.)+(4.*U5*F5)+(4.*F5)))/DEN5
F135 = AUD5*U5**3

RETURN

END

FUNCTION F141CO: )
COMMON F1,F2,F3,F4,F5

DEN1 - (Fl*((U1**2.)+(2.*U1)+2.)+U1)*(Ul+(2.*F1))

AUD1 = (F1 *((U1 **2.)+(4.*UI*F1)+(4.*F1)))/DEN1
F141 = AUDI*UI**4.

RETURN

END

FUNCTION FI42(U2)

COMMON F l,F2,_.w3,F4,FS

DEN2 = (F2*((U2**2.)+(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

FUNCTION F143(U3)
COMMONF1,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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FUNCnON n44(u4)
COMMON F1,F2,F3,F4,F5

DEN4 = (F4*((U4**2.)+(2.*U4)+2.)+U4)*(U4+(2.*F4))

AUD4 = (F4*((U4**2.)+(4.*U4*F4)+(4.*F4)))/'DEN4
F144 = AUD4*U4**4.

RETURN

END

FUNCTION F145(U5)

COMMON F1,F2,F3,F4,F5

DEN5 = (F5*((II5**2.)+(2.*U5)+2.)+U5)*(U5+(2**F5))

AUD5 = (F5*((U5 * *2.)+(4. *U5 *F5)+(4.*F5)))/DEN5

F145 = AUD5*U5**4.

RETURN

END
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NONGRAY RESULTS FOR H20

TW P L TBULK (I_TE) TBIKKL (LTE)

300.00 0.10 0.10 0.2429E+00 0.2428E+00

300.00 0.10 0.50 0.2428E+00 0.2423E+00

300.00 0.10 1.00 0.2427E+00 0.2411E+00

300.00 0.10 5.00 0.2393E+00 0.2215E+00

300.00 0.10 10.00 0.2309E+00 0.1916E+00

300.00 0.10 20.00 0.2062E+00 0.1414E+00

300.00 0.10 50.00 0.1263F_00 0.7024E-01

300.00 0.10 75.00 0.8345E-01 0.4758E--01

300.00 0.10 100.00 0.5821E--01 0.3550E.-01

300.00 1.00 0.10 0.2427E+00 0.2426E+00

300.00 1.00 0.50 0.2404E+00 0.2389E+00

300.00 1.00 1.00 0.2352E+00 0.2315E+00

300.00 1.00 5.00 0.1819E+00 0.1749E+00

300.00 1.00 10.00 0.1352E+00 0.1312E400

300.00 1.00 20.00 0.8646E--01 0.8498E--01

300.00 1.00 50.00 0.3852E--01 0.3821E--01

300.00 1.00 75.00 0.2545E.-01 0.2530E--01

300.00 1.00 100.00 0.1876E--01 0.1866E-01

300.00 5.00 0.10 0.2421E+00 0.2420E+00

300.00 5.00 0.50 0.2348E+00 0.2345E+00

300.00 5.00 1.00 0.2247E+00 0.2245E+00

300.00 5.00 5.00 0.16lIE+00 0.1610E+00

300.00 5.00 10.00 0.1130E+00 0.1129E+00

300.00 5.00 20.00 0.6707E-01 0.6703E--01

300.00 5.00 50.00 0.2890E-01 0.2889E--01

300.00 5.00 75.00 0.1953E-01 0.1953E-01

300.00 5.00 100.00 0.1476E-01 0.1476E-01

300.00 10.00 0.10 0.2417E+00 0.2416E+00

300.00 10.00 0.50 0.2334E+00 0.2333E+00

300.00 10.00 1.00 0.2229E+00 0.2229E+00

300.00 10.00 5.00 0.1537E+00 0.1537E+00

300.00 10.00 10.00 0.1043E+00 0.1043E+00

300.00 10.00 20.00 0.6151E-01 0.6150E-01

300.00 10.00 50.00 0.2745E.-01 0.2745E.-O1

300.00 10.00 75.00 0.1889E-01 0.1889E--01

300.00 10.00 100.00 0.1445E-01 0.1445E--01

500.00 0.10 0.10 0.2428E+00 0.2428E+00

500.00 0.10 0.50 0.2426E+00 0.2414E+00

500.00 0.10 1.00 0.2417E+00 0.2377E+00

500.00 0.10 5.00 0.2226E+00 0.1833E+00

500.00 0.10 10.00 0.1855E+00 0.1257E+00

500.00 0.10 20.00 0.1187E+00 0.6809E-..01

500.00 0.10 50.00 0.3785E,--01 0.2349E-.01

500.00 0.10 75.00 0.2009E-01 0.1415E-01
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w

500.00

500.00

500.00

500.00

5OO.OO

500.00

500.00

500.00

500.00

500.00

500.00

500.00

500.00

500.00

0.I0 I00.00 0.1280E-01 0.9859E--02

1.00 0.I0 0.2424E+00 0.242215+00

1.00 0_50 0.2332E+00 0.2304E+00

1.00 1.00 0.2125E+00 0.2059E+00

1.00 5.00 0.8986E,--010.8524E--01

1.00 I0.00 0.4797E--01 0.4674B--01

1.00 20.00 0.2471E--01 0.2446E-01

1.00 50.00 0.1012E--01 0.1006E-.OI

1.00 75.00 0.6790E-02 0.6752E_2

1.00 I00.00 0.5109E-02 0.5083E--02

5.00 0.10 0.2403E+00 0.2402E+00

5.00 0.50 0.2104E+00 0.2097F,_00

5.00 1.00 0.1735E+00 0.1729E+00

5.00 5.00 0.6908E--01 0.690_1

500.00 5.00 I0.00 0.3999E--01 0.3997E,--01

500.00 5.00 20.00 0.2200E--.010.2199E--01

500.00 5.00 50.00 0.9510E--02 0.9506E--02

500.00 5.00 75.00 0.6484E-02 0.6481E-02

500.00 5.00 100.00 0.4925E-02 0.4923E-02

500.00 10.00 0.10 0.2384E+00 0.2384E+00

500.00 10.00 0.50 0.2020E+00 0.2019E+00

500.00 10.00 1.00 0.1653E+00 0.165ZE+00

500.00 10.00 5.00 0.6768E-01 0.6768E-01

500.00 10.00 10.00 0.3973E-01 0.3972E--01

500.00 10.00 20.00 0.2207F_,-01 0.2206F__1

500.00 10.00 50.00 0.9587E-02 0.9585F_,-02

500.00 10.00 75.00 0.6537E_2 0.6536E-02

500.00 10.00 100.00 0.4964E-02 0.4963E-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

0.10 0.10 0.2428E+00 0.2428E+00

0.10 0.50 0.2422E+00 0.2412E+00

0.10 1.00 0.2403E+00 0.2368E+00

0.10 5.00 0.1975E+00 0.1635E+00

0.10 10.00 0.1341E+00 0.9611E--01

0.10 20.00 0.6480E..-01 0.4469E--01

0.10 50.00 0.1700E--01 0.1350E-01

0.10 75.00 0.8955E--02 0.7653E--02

0.10 100.00 0.5706E-02 0.5078E_2

1.00 0.10 0.2423E+00 0.2422E+00

1.00 0.50 0.2294E+00 0.2279E+00

1.00 1.00 0.1989E+00 0.1950E+00

1.00 5.00 0.5104E--01 0.4876E.-.01

1.00 10.00 0.2090E--01 0.2032E,-01

1.00 20.00 0.8783E--02 0.8667E-02

1.00 50.00 0.3025E--02 0.3012E--02

1.00 75.00 0.1934E--02 0.1929E-02

1.00 100.00 0.1418F.,--02 0.1415E--02

5.00 0.10 0.2397E+00 0.2396E+00

5.00 0.50 0.19lIE+00 0.1904E+00

5.00 1.00 0.1295E+00 0.1288E+00
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1000.005.00 5.000.2636E--010.2632E-01

1000.00 5.00 10.00 0.1272E-01 0.1272E-01

1000.00 5.00 20.00 0.6249E--02 0.6246E-02

1000.00 5.00 50.00 0.2492E-02 0.2491E-02

1000.00 5.00 75.00 0.1668E--02 0.1067E-02

1000.00 5.00 100.00 0.1255E--02 0.1255E-02

1000.00 10.00 0.10 0.2369E+00 0.236BE.tO0

1000.00 10.00 0.50 0.1684E+00 0.1681E+00

1000.00 10.00 1.00 0.1070E+O0 0.106BE.t4)0

1000.00 10.00 5.00 0.2373E-01 0.2373E-01

1000.00 10.00 10.00 0.1202E-01 0.1202E-01

1000.00 I0.00 20.00 0.6095E-02 0.6094E,-02

1000.00 10.00 50.00 0.2488E-02 0.2488E--02

1000.00 10.00 75.00 0.1674E,-02 0.1674B--02

1000.00 10.00 100.00 0.1263E-02 0.1263E--02

2000.00 0.10 0.10 0.2428E+00 0.2428E+00

2000.00 0.10 0.50 0.2423E+00 0.2419E+00

2000.00 0.10 1.00 0.240_ 0.2393E+00

2000.00 0.10 5.00 0.2015E+00 0.1845E+00

2000.00 0.10 10.00 0.1385E+00 0.1160E+00

2000.00 0.10 20.00 0.6686E--01 0.5490E-01

2000.00 0.10 50.00 0.1909E-01 --.1867E-01

2000.00 0.10 75.00 0.7382E-02 0.5546E-02

2000.00 0.10 100.00 0.5626E--02 0.4192E-02

2000.00 1.00 0.10 0.2425E+00 0.2425E+00

2000.00 1.00 0.50 0.2345E+00 0.2340E+00

2000.00 1.00 1.00 0.2133E+00 0.2118E+00

2000.00 1.00 5.00 0.6285E--01 0.6126E--01

2000.00 1.00 10.00 0.2424E-01 0.2444E-01

2000.00 1.00 20.00 -.9451E-03 0.7439E-03

2000.00 1.00 50.00 0.1477E4)2 0.1416E-02

2000.00 1.00 75.00 0.8948E-03 0.8675E4)3

2000.00 1.00 100.00 0.6293E-03 0.6142E-03

2000.00 5.00 0.10 0.2410E+00 0.2410E+00

2000.00 5.00 0.50 0.2064E+00 0.2061E+00

2000.00 5.00 1.00 0.1473E+00 0.1469E+00

2000.00 5.00 5.00 0.2678E-01 0.2708E-.01

2000.00 5.00 10.00 0.3265E_2 0.3264E-02

2000.00 5.00 20.00 0.2381E-02 0.2365E-02

2000.00 5.00 50.00 0.8647E4)3 0.8621E-03

2000.00 5.00 75.00 0.5466E-03 0.5455E-03

2000.00 5.00 100.00 0.3947E-03 0.3941E-4)3

2000.00 10.00 0.10 0.2392E+00 0.2392E+00

2000.00 10.00 0.50 0.1830E+00 0.1828E+00

2000.00 10.00 1.00 0.1143E+00 0.1141E+00

2000.00 10.00 5.00 -.4760E+00 -.2229E+00

2000.00 10.00 10.00 0.4333E-02 0.4318E-02

2000.00 I0.00 20.00 0.2160E-02 0.2157E-02

2000.00 10.00 50.00 0.7773E-03 0.7767E-03
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2000.00 10.00 75.00 0.4927E--03 0.4924E-03

2000.00 10.00 100.00 0.3569E-03 0.3567E--03
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c Computer Code to calculate Radiative Heat Interaction between two

c Parallel Plates(l'low is assumed to be felly developed)

c CH4 is the participating gas and two bands of CH4 are considered

c This proram is written on the basis of NonGray Gas approximation and can

c calculate both LTE and NLTE bulk temp.

c This program is wriuea by Manoj K. Faa in September 1991

13

14

implicit double precision (a--h,o-z)

real ],kfb

EXTERNAL F101,F102,FU1,F112,F121,F122,F131,F132,

*F141,F142

dimension u(9),prea(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(s,faef'lp')
WRITE(6,111)

write(7,13)

w,itefT,.)11,1
format('3',/,'x',/,'t',/, 'tl',/,i4,x,'l')

write(8,14)

write(8,*) 11,1

format('2',/,'x',/,'t'J,/,i4,x,'1')

do 101 it=l,4

twftemp(it)

do 202 kk=l,4

pfpres(kk)

do 303 i= 1,9

l=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-

tkl=tw**2

tk2ftw**O.5

tk3=tw/'273.0

hck=1.439257246

ts=3OO.O/tw

Cr

c Spectroscopic Properties of CH4

c Two Bands of CH4 are cosidered(7.6 and 3.3 microns)

c wnbi Band Center (1/cm)
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wnbl=1310.

wnb2=3020.

c2bl=hck*wnbl

c2b2=hck*wnb2

ccc---0.000053847734

ccb1=cce*(wnbl**4)

ccb -2=ccc*(wnb2* *4)

tbl =c2bl/tw

tb2=c2b2/tw

tebl= exp(tbl)

feb2=exp(tb2)

clbl=ccbl/c2bl

clb2=ccb2/c2b2

plb1=clbl/(teb1-1.0)

plb2=clb2/(teb2-1.0)

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

dev2=tk1*((teb2-1.0)**2.0)

pfdb1=(ccbl*tebl)/devI

pfdb2=(ccb2*teb2)/dev2

c Band Model Correlations (Tien & Lowder wide band model)

c azi aoi (I/cm)

c czsi coi**2 (I/atm-cm)

c bsi b**2 (Nondimensional)

c omegi Wave Number (I/cm)

c si Integrated Band Intensity (I/arm cm**2)

C

akl=(tw/300.)**0.5

ak2=(300./tw)**1.5

azl=39.8*akl

az2=95.3*akl

C

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

C

kfb=(1488.365171)*(tk3** 1.23)
czsl =4.58"ak2

czs2=3.15*ak2

sl=azl*czl

s2=az2*cz2

C PL PRESSURE PATH LENGTH (ATM--CM)

C

PL=P*L

UZ1 = CZSI*PL

UZ2 = CZS2*PL

bsl = 0.067*akl

BS2 = 0.036*AK1

C
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C

C

C
C
C

C
C
C

C

C
C.

PEI vA_I_e._'HVE PRESSURE FOR EACH BAND (NON DIMENSIONAL)

PE1 = (1.3"P)**0.8

PE2 = (1.3"P)**0.8

BETAI LINE STRUCTUI_ PARAMETR

BETAI = BSI*PE1

BETA2 = BS2*PE2

CORRELATION FOR EACH BAND

FI = 2.94"(I.0- EXP(-(2.6"BETAI)))

F2 = 2.94"(1.0-- EXP(-(2.6"BErA2)))

NUMERICAL INTEGRATION

EPS(2)= m..o4
Epso) = m-o4
EP = 1.E--5

Xl = 0.0

X21 = O./S.)*UZX

X22= O.tS.)*UZ2
Yll = 1.5*UZ1

Y12 = 1.5*UZ2

Y21 = 3.0"X21

Y22 = 3.0"X22

CALL QDAGS (FI01_Xl,YII_PS(2),EPS(1),R01,mRR)

CALL ODAGS (F102,X1,Y12,EPS(2),EPS(1),R02,IERR)

CALL QDAGS(Flll,X1,Y11,F.,PS(2),EPS(1 ),Rll JERR)

CALL ODAGS(Fl12,Xl,Y12,EPS(2),EPS(1),R12,IERR)

CALL ODAGS(F121,Xl,Yll,F2S(2),EPS(1),R21,mRR)

CALL QDAGS(F122,X1,Y 12,EPS(2),EPS(1),R22,IERR)

CALL ODAGS(F13 I,X1,Y II,EPS(2),EPS( 1),R31,1ERR)

CALL QDAGS(F132,X1,Y12,EPS(2),EPS(1),R32,IERR)

CALL QDAGS(F141,X1,Yll,EPS(2),EPS(1),R41,IERR)

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

CALL QDAGS(F101,X21,Y21,EPS(2),EPS( 1),S 11,IERR)

CALL QDAGS(F102,X22,Y22,EPS(2),EPS(I),S12,IERR)

CALL QDAGS(FII 1,X1 ,X21,EPS(2),EPS(I),S2I,IERR)

CALL QDAGS(F112,X1,X22,EPS(2),EPS(1),S22,IERR)

CALL QDAGS(F111,X1,Y21,EPS(2),EPS(1),S31,IERR)

CALL QDAGS(F112,X1,Y22,EPS(2),EPS(I),S32,IERR)
CALL QDAGS(F121,X21,Y21,EPS(2),EPS(X),S41,IERR)

CALL QDAGS(F122,X22,Y22,EPS(2),EPS( 1),S42,IERR)

CALL ODAGS(F13 I,X1,X21,E, PS(2),EPS(1 ),$51JERR)

CALL QDAGS(FI 32,X 1,X22,EPS(2),EPS(I ),$52,IERR)

CALL QDAGS(F131,XI,Y21,EPS(2),EPS(1),S61,IERR)

CALL QDAGS(FX32,X1,Y22,EPS(2),EPS(1),S62,IERR)
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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,IERR)

HI=AZI*PFDB1

H2=AZ2*PFDB2

H=HI+H2+H3

AM=(H*L)/KI_
CU1 = 2./(3.*UZ1)

co2 = 2./(3.*uz2)
BRIA1 = (CUl*R11)-2.*(CUl**3.)*R31+(CUl**4.)*R41

BR1A2 = (CU2*R12)-2.*(CU2**3.)*R32+(CU2**4.)*R42

BRIm=((CUl**2.)*R21)-(CUl*RI1)
BR1B2=((CU2**2.) *R22)--(CU2 *R12)

ETC1 =((40.*(TW**(-I/3.)))--5.4)

_C'Z=EXP(ETCl)*0.F,-6)
ETAC=ETC'2/P

ETR11=8.*3.14*(1310.**(2.))*4.08*(1.E-12)*sl *tw _
ETARl=l./ETRll

E'rmE=a.*3.14*(3020.**(2.))*4.08*(1.E-12)*s2*tw
ETAR2=l./E'TR12

ETA 11 =ETAC/ETAR1

ETA12=ETAC/ETAR2

SUMA1 = HI*BR1A1

SUMA2 = H2*BRIA2

SUMAL=SUMAI +SUMA2

ALIL = 1.+(L/KFB)*SUMAL
SUMANI=ETAll *CUI*BRIBI

SUMAN2=ETA12*CU2*BRIB2

SUMAN=(9./2.)*(SUMANI+SUMAN2)

ALPHI=ALIL-SUMAN

BR2A1 = (CU1 *'2.)*R21-2. *(CU1 **3.)*R31+(CU1 *"4.)*R41

BR2A2 = (CU2**2.)*R22-2. *(CU2* *3.)*R32+(CU2* "4.)*R42

BR2Bl=R01--(6.*CUl*Rll)+(6.*(CUl**2.)*R21)

BR2B2=R02--(6.*CU2*R12)+(6.*(CU2**2.)*R22)

SUMB1 = HI*BR2A1

SUMB2 = H2*BR2A2

SUMBL=SUMBI+SUMB2

SUMBNI=ETA11*CUI* BR2B1

SUMBN2=ETA12*CU2*BR2B2

SUM BN=(3./4.)*(SUMBNI+SUMBN2)

AL2L = (L/KFB)*SUMBL
ALPH2=AL2L-SUMBN

ALPH01=ETAll*(CUI**2.)*(CUI*R21-Rll)

ALPH02=ETAI2*(CU2**2.)*(CU2*R22-R12)

ALPH0=(9./2.)*(ALPH01 +ALPH02)-I.

BR3A1 = (57./P.56.)*Sll+(1L/16.)*CUl*(S21+S31)

• -(9./8.)*(CUl**2.)*S41-(CUl**3.)*(S51+$61)+(CU1"'4.)*$71

BR3A2 = (57./256.)*S12+(11./16.)*CU2"($22+$32)

*--(9./8.)*(CU2**2.)*S42-(CU2**3.)*(S52+S62)+(CU2**4.)*S72

BR3B1 =((9./4.)*CU1 *Sll)+(6.*(CU1 *'2.)*($21+$31))
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*--(12"(CU1"'3.)*$41)

BIL3B2_((9./4.) *CU2*S12)+(6.*(CU2*'2.)*(S22+S32))

*-.(12"(CU2"'3.) *$42)
SUMC1 = HI*BR3A1

SUMC2 = H2*BR3A2

SUMCI_SUMCI+SUMC2

SUMC'N1=ETA11 *BR3B1

SUMCN2_ETA12*BR3B2

SUMCN=(3./8.)*(SUMCNI+SUMCN2)

AL3L --(11./16.)+( L/KFB)*SUMCL
ALPH3ffiAL3L+SUMCN

BR4A1 -- (9.0/256.)*Sl1+(3.0/16.)*CU1"($21+$31)

*-(1./8.)*(C'Ul**2.)*S41-(CUl**3.)*(SSl+S61)+(CU1**4.)*S71

BR4A2 = (9.0/256.)*$12+(3.0/16.)*CU2"($22+$32)

*-(1./8.)*(CU2**2.)*S42-(CU2**3.)*(S52+S62)+(CU2**4.)*S72

BR4B1=((1./4.)*CUl*Sll)+(6.*(C'Ul**2.)*(S21+S31))-

*(12.*(cvl**3.)*s41)
BR4B2=((I./4.)*CU2*S12)+(6.*(CU2**2.)*(S22+S32))-

*(12.*(CU2"'3.)*$42)
SLrMD1 = HI*BR4A1

SUMD2 -- H2*BR4A2

SUMDL=SUMD1 +SUMD2

SUMDN 1---ETAll *BR4B1

SUMDN2=ETAI2*BR4B2

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

AL4L ffi(3.0/16.)+(L/KFB)*SUMDL
ALPH4=AL4L+SUMDN

BR5B 1=(3./16.)*(CU1"S 11)+(1./2.)*(CU1 *'2.)*($21+$31)--(CU1"'3.)*$41

BR5B2=(3./16.)*(CU2*S12)+(1./2.)*(CU2**2.)*(S22+S32)--(CU2**3.)*S42

SUMEN1--.ETA11 *BRSB1

SUMEN2_ETA12*BR5B2

SUMENfSUMEN1 +SUMEN2

ALPH5 =--((9 ./2.) *SUMEN+( 11 ./16.))

DENA = (ALPHI*ALPH4)-(ALPH2*ALPH3)

A1 =((ALPH0 *ALPH4)-(ALPH2 *ALPH5 ))/DENA

A2=((ALPHI*ALPH5)--(ALPH0*ALPI-I3))/DENA

TBULK = (1./70.)*((17.*A1)+(3.*A2))

CONSTf1./(le.*(AL1L*AL4I.,-AL2L*AL3L))

a 1! =(11. *aI21-16.*a141)*CONST

A2L=(16.*AL3L--11.*AL1L)*CONST

TBULKLf(I/70.)*(17.*AI L+3.*A2L)

WRITE(6,200) TW, P,L-TBULK,-TBULKI..

write(7,203)i,-tbulid,-tbulk

write(8,201)l,-tbulk
303 CONTINUE

202 CONTINUE

101 CONTINUE

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

111 FORMAT(4X, WW',SX,'P',6X,'L',9X, q'BULK',7X,'TBULKL')
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201 format(Ix,fg.2,3x,e10.4)

203 format(Ix,fg.2,2(3x,e10.4))

STOP

END

C-

FUNCnON FlOl(UD
COMMON F1,F2

DEN1 = (FI*(0JI**2.)+(2.eu1)+2.)+U1)*(UI+(2.*F1))

AUD1 = (FI*((UI**2.)+(4.*UI*FI)+(4.*FI)))/DENI

FI01 = AUDI

RETURN

END

FUNCTION FI02(U2)

COMMON FI,F2

DEN2= (F2 *(CU2* *2.)+(2. *U2)+2.)+U2)* (U2+(2. *F2))

AUD2= F2*((UZ**Z.)+(4.*UZ*F2)+(4.*FZ))/DENZ

F102 = AUD2

RETURN

END

FUNCTION FIHCOI )

COMMON F1,F2

DEN1 = (FI*((UI**Z.)+(Z.*U1)+2.)+U1)*(UI+(2.*F1))

AUD1 = (FI*(CO1 *'2.)+(4.'U1 *F1)+(4.*F1)))/DEN1

Fill = AUDI *UI

RETURN

END

FUNCTION Fl12(U2)

COMMON F1,F2

DEN2 = (F2*((U2*U2)4(2. *U2)+2.)+U2)*(U2+(2.*F2))

AOD2 = (F2*((U2*U2)+(4.*U2*F2)+(4.*F2)))/DEN2

Fl12 = AUD2*U2

RETURN

END

FUNCTION F121(U1)

COMMON F1,F2

DEN1 = (FI*((UI**2.)+(2.*U1)+Z)+O1)*(UI+(2.*F1))

AUD1 = (FI*((UI**2.)+(4.*UI*F1)+(4.*F1)))/DEN1

F121 = AUDI*UI*U1

RETURN

END

FUNCTION F122(U2)

COMMON F1,F2

DEN2 = (F2*((U2**2.)+(2.*U2)+2.)+U2)*(U2+(2.*F2))

AUD2 = 0w2*((U2**2.)+(4.*U2*F2)+(4.*F2)))/DEN2

F122 = AUD2*U2**2.

RETURN

END

FUNCTION FI31(UI)

COMMON FI,F2
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DEN1 = (Fl*((Ul**2.)+(2.*U1)+2.)+U1)*(U1+(2.*F1))

AUD1 -- (FI*((UI**2.)+(4.*UI*F1)+(4.*F1)))/DEN1
F131 = AUDI*UI**3.

RETURN

END

_C'rTOH F132_2)
COMMON F1,F2

DEN2 -_(F2*((U2**2.)+(2.*U2)+2.)+U2)*CU2+(2.'F2))

AUD2 = (F2*(CU2**2.)+(4.*U2*F2)+(4.*F2)))/DEN2
F132 = AUD2*U2**3.

RETURN

END

 , C"NOH F14  1)
COMMON F1,F2

DENI = (FI*(CUI**2.)+(2.*U1)+2.)+U1)*(UI+(2.*F1))

AUD1 -- (FI*((UI**2.)+(4.*UI*F1)+(4.*F1)))/DEN1
F141 -- AUDI*UI**4.

RETURN

END

FUNCTION F142CO2)

COMMON F1,F2

DEN2 = (F2*((UE**2.)+(2.*U2)+2.)+U2)*(U2+(2.*F2))

AUD2 -_(F2*((UE**E.)+(4.*U2*F2)+(4.*F2)))/DEN2
F142 = AUD2*U2*U2*U2*U2

RETURN

END
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NONGRAY RESULTS FOR CH4

300.00 0.10 0.I0 0.2428E+00 0.2428E+00

300.00 0.10 0.50 0.2426E+00 0.2426E+00

300.00 0.10 1.00 0.2421E+00 0.2421E+00

300.00 0.10 5.00 0.2362E+00 0.2362E+00

300.00 0.10 i0.00 0.2236E+00 0.2236E+00

300.00 0.I0 20.00 0.1909E+00 0.1909E+00

300.00 0.I0 50.00 0.I126E+00 0.I126E+00

300.00 0.i0 75.00 0.7865E--01 0.7865E--O1

300.00 0.I0 I00.00 0.5912E.--010.591_1

300.00 1.00 0.10 0.242715+00 0.2427E+00

300.00 1.00 0.50 0.2405E+00 0.2405E+00

300.00 1.00 1.00 0.2366E+00 0.2366E+00

300.00 1.00 5.00 0.2000E+00 0.2000E+00

300.00 1.00 10.00 0.1638E+00 0.1638E+00

300.00 1.00 20.00 0.1192E+00 0.1192E+00

300.00 1.00 50.00 0.6551E--01 0.6551E--01

300.00 1.00 75.00 0.4776E--01 0.4776E--01

300.00 1.00 100.00 0.3762E-01 0.3762E--01

300.00 5.00 0.10 0.2421E+00 0.2421E+00

300.00 5.00 0.50 0.2369E+00 0.2369E+00

300.00 5.00 1.00 0.2301E+00 0.2301E+00

300.00 5.00 5.00 0.1873E+00 0.1873E+00

300.00 5.00 10.00 0.1524E+00 0.1524E+00

300.00 5.00 20.00 0.1116E+00 0.1116E+00

300.00 5.00 50.00 0.6256E-01 0.6256E-01

300.00 5.00 75.00 0.4603E--01 0.4603E-01

300.00 5.00 100.00 0.3647E-01 0.3647E-01

300.00 10.00 0.10 0.2418E+00 0.2418E+00

300.00 10.00 0.50 0.2358E+00 0.2358E+00

300.00 10.00 1.00 0.2288E+00 0.2288E+00

300.00 10.00 5.00 0.1860E+00 0.1860E+00

300.00 10.00 10.00 0.1515E+00 0.1515E+00

300.00 10.00 20.00 0.1110E+00 0.1110E+00

300.00 10.00 50.00 0.6237E,4)1 0.6237E-01

300.00 10.00 75.00 0.4592E-01 0.4592E-01

300.00 10.00 100.00 0.3640E-01 0.3640E-01

500.00

500.00

500.00

500.00

500.00

500.00

500.00

500.00

0.10 0.10 0.2428E+00 0.2428E+00

0.10 0.50 0.2420E+00 0.2420E+00

0.10 1.00 0.2403E+00 0.2403E+00

0.10 5.00 0.2214E+00 0.2214E+00

0.10 10.00 0.1925E+00 0.1925E+00

0.10 20.00 0.1370E+00 0.1370E+00

0.10 50.00 0.5533E-01 0.5533E-01

0.10 75.00 0.3292E-01 0.3292E-01
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500.00
500.00
500.00
500.00
5OO.OO
500.00
500.00
500.00
500.00
5OO.OO
500.00

0.10 IOO.OO 0.2243E--01 0.2243E--01

1.OO 0.10 0.2424E+OO 0.2424E+OO

I.OO 0.50 0.2358E+OO 0.2358E+00

1.00 1.00 0.2235E+00 0.2235E+OO

1.OO 5.00 0.1348E+OO 0.1348E+OO

1.OO 10.00 0.8414E--01 0.8414E--01

1.00 20.00 0.4670E--01 0.4670E--01

1.OO 50.00 0.1961E--01 0.1961E,-01

1.00 75.00 0.1315E--01 0.1315E,-01

1.00 100.00 0.9874E-02 0.9874E--02

5.00 0.10 0.2410E+OO 0.2410E+OO

500.00 5.00

500.00 5.00

500.00

50O.OO

500.00

500.00

500.00

500.00

0.50 0.2220E+OO 0.2220E+OO

1.00 0.1981E+OO 0.1981E+00

5.00 5.00 0.1049E+OO 0.1049E+OO

5.00 10.00 0.6676E--01 0.6676E-01

5.00 20.00 0.3906E-.01 0.3906E--01

5.00 50.00 0.1758E--01 0.1758E--01

5.00 75.00 0.1208E--01 0.1208E-01

5.00 IOO.00 0.9208E,-02 0.9208E-02

500.00 10.00 0.10 0.2397E+00 0.2397E+00

500.00 10.00 0.50 0.2163E+00 0.2163E+00

500.00 10.00 1.00 0.1912E+OO 0.1912E+00

500.00 10.00 5.00 0.1016E+00 0.1016E+OO

500.00 10.00 10.00 0.6527E-01 0.6527F,,-01

500.00 10.00 20.00 0.3849E--01 0.3849E--01

500.00 10.00 50.00 0.1745F_,--01 0.1745E--01

500.00 10.00 75.00 0.1201F_,-01 0.1201E--01

500.00 10.00 loo.OO 0.9167E-02 0.9167E,-02

1000.00 0.10 0.10 0.2428E+00 0.2428E+00

1000.00 0.10 0.50 0.2413E+OO 0.2413E+OO

1000.00 0.10 1.00 0.2374E+OO 0.2374E+00

loo0.00 0.10 5.00 0.1870E+OO 0.1870E+OO

1000.00 0.10 10.00 0.1370E+00 0.1370E+00

1000.00 0.10 20.00 0.8174E-01 0.8174EM31

1000.00 0.10 50.00 0.2821E-01 0.2821F_,-01

loo0.OO 0.10 75.00 0.1570E-01 0.1570E-01

1000.00 0.10 lOO.00 0.1013E-01 0.1013E--O1

1000.00

1000.00

1000.00

1000.00

10OO.OO

loo0.00

1000.00

1000.00

looO.00

1000.00

1000.00 5.00

I000.00 5.00

1.00 0.10 0.2422E+OO 0.2422E+00

1.OO 0.50 0.2292E+OO 0.2292E+00

1.00 1.00 0.2023E+00 0.2023E+OO

1.00 5.00 0.7068E-01 0.7068E-01

1.00 10.00 0.3343E--01 0.3343E-01

1.00 20.00 0.1501E,-01 0.1501E--O1

1.00 50.00 0.5215E-02 0.5215E-02

1.00 75.00 0.3305E,--02 0.3305E-02

1.00 100.00 0.2403E,--02 0.2403E,-02

5.00 0.10 0.2396E+OO 0.2396E+OO

0.50 0.1955E+00 0.1955E+00

1.00 0.1418E+00 0.1418E+00
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1000.00 5.00 5.00 0.3756E-01 0.3756E-01

1000.00 5.00 10.00 0.1943E-01 0.1943F_,-01

1000.00 5.00 20.00 0.9923E--02 0.9923E-02

1000.00 5.00 50.00 0.4036E-02 0.4036E-02

1000.00 5.00 75.00 0.2704E--02 0.2704E-02

1000.00 5.00 100.00 0.2033E-02 0.2033E--02

1000.00 10.00 0.10 0.2368E+00 0.2368E+00

1000.00 10.00 0.50 0.1755E+00 0.1755E+00

1000.00 10.00 1.00 0.1211E+00 0.1211E+00

1000.00 10.00 5.00 0.3371E-01 0.3371E--01

1000.00 10.00 10.00 0.1809F.,-01 0.1809E--O1

1000.00 10.00 20.00 0.9493E--02 0.9493E-02

1000.00 10.00 50.00 0.3948E-02 0.3948E-02

1000.00 10.00 75.00 0.2661E-02 0.2661E,4)2

1000.00 10.00 100.00 0.2008E-02 0.2008E-02

2000.00 0.10 0.10 0.2428E+00 0.2428E+00

2000.00 0.10 0.50 0.2420E+00 0.2420E+00

2000.00 0.10 1.00 0.2395E+00 0.2395E+00

2000.00 0.10 5.00 0.1915E+00 0.1915E+00

2000.00 0.10 10.00 0.1320E+00 0.1320E+00

2000.00 0.10 20.00 0.7231E,--01 0.7231E-01

2000.00 0.10 50.00 0.2597F,-01 0.2597E_1

2000.00 0.10 75.00 0.1540E-01 0.1540E-01

2000.00 0.10 100.00 0.1035F.,-01 0.1035F_,-01

2000.00 1.00 0.10 0.2425E+00 0.2425E+00

2000.00 1.00 0.50 0.2347E+00 0.2347E+00

2000.00 1.00 1.00 0.2147E+00 0.214715+00

2000.00 1.00 5.00 0.7459E--01 0.7459E--01

2000.00 1.00 10.00 0.3195E-01 0.3195E-01

2000.00 1.00 20.00 0.1307E--01 0.1307E-4)1

2000.00 1.00 50.00 0.4140E--02 0.4140E-02

2000.00 1.00 75.00 0.2542E--02 0.2542F__2

2000.00 1.00 100.00 0.1813E--02 0.1813E-02

2000.00 5.00 0.10 0.2411E+00 0.2411E+00

2000.00 5.00 0.50 0.2091E+00 0.2091E+00

2000.00 5.00 1.00 0.1553E+00 0.1553E+00

2000.00 5.00 5.00 0.3194E,-01 0.3194E--01

2000.00 5.00 10.00 0.1475E-01 0.1475E--01

2000.00 5.00 20.00 0.7026E--02 0.7026E4)2

2000.00 5.00 50.00 0.2743E-02 0.2743E-432

2000.00 5.00 75.00 0.1825E--02 0.1825E--02

2000.00 5.00 100.00 0.1369E-02 0.1369E-02

2000.00 10.00 0.10 0.2395E+00 0.2395E+00

2000.00 10.00 0.50 0.1880E+00 0.1880E+00

2000.00 10.00 1.00 0.1255E+00 0.1255E+00

2000.00 10.00 5.00 0.2607E4)1 0.2607F,,4)1

2000.00 10.00 10.00 0.1288E-01 0.1288E-4)1

2000.00 10.00 20.00 0.6470E--02 0.6470E-O2

2000.00 10.00 50.00 0.2640E-432 0.2640E-02
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2000.00 10.00 75.00 0.1778E--02 0.1778E,-02

2000.00 10.00 100.00 0.1342E,-02 0.1342E--02
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