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ABSTRACT

A nunerical study was conducted to predict the
conbi ned convective and radiative heat transfer rates on
the walls of a small aspect ratio cylinder representative
of the scaled nodel of a rocket engine conbustion chanber.
A hi gh-tenperature, high-pressure environnent was simnul ated
in the cylinder, with gas velocities at |ow subsonic |evels
typical of the conditions leading to the entrance of the
nozzl e section of a rocket engine. The conposition of the
gases in the cylinder was determned from the TEP program
for the burning of rocket fuel at typical values of the OF
ratio. The thrust of the study was to determne the
radi ative contribution to the heat transfer rate from the
hot participating chanber gases to the cooler wall. The
calculations were carried out wusing the commercial CFD
package CFDACE, and were first benchmarked against known
results in the literature for the sinpler case of gray
chanber walls and a gray participating nmedium The non-gray
conputations were subsequently carried out using gas
absorption coefficient values obtained from the exponenti al
wi de band nodel with the help of the fire-nodeling program
RADCAL. The effect of different chanber wall tenperatures
and gas conpositions were exam ned. The nmain findings of
the study are that the radiative contributions at the high
gas tenperatures being considered are conparable to the
convective values, and strongly spectral in nature. In
addition these radiative fluxes were found to be |east
sensitive to the wall tenperature and chanmber pressure in

t he range consi der ed. Fur t her nore, this radi ative
%



contribution reaches a maxinum at a uni que optinmal optica
thickness of the gas that lies within the extrenes of the

optically thin and thick limting cases.
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I . | NTRODUCTI ON

The heat transfer behavior in many high tenperature
applications involves a conbination of radiative and
convective heat transfer nodes. Anal yses of such
applications are often conplicated by irregular geonetry,

t ur bul ence, and conbusti on.

Radiation wthin a nedium containing products of
combusti on is dependent upon t he t enper at ure and
concentrations through the entire field. The energy is
distributed across the infrared spectrum in a highly
nonl i near fashion. This greatly conplicates nodeling of the

heat transfer within such high tenperature environnents.

Gaseous radiation is particularly relevant to heat
transfer in conbustion chanbers burning carbon, hydrogen,
or hydrocarbon fuels. Absorption and em ssion by carbon
di oxi de, water vapor and other products of conbustion is of
particul ar concern due to their strong radi ative

partici pation.

This thesis deals with the characteristics of conbined
convective and radiative heat transfer rates on the walls
of a small aspect ratio cylinder representative of the

scal ed nodel of a rocket engine conbustion chanber.
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['1. BACKGROUND & MOTI VATI ON

The flow and heat transfer behavior in a rocket engine
is crucial in determning its performance as well as its

t hermal signature.

The schematic of a typical rocket engine is shown in

Figure 1.
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Combustion chamber Nozzle Exhaust plume
Figure 1. Rocket Engi ne Schematic

There are three main sections in a rocket engine. The
first is the conbustion <chanber, in which oxygen as
oxidizer and fuel, i.e. RPl, are ignited and a high-
tenperature, high pressure environment is created. G@Gas
velocities are at |ow subsonic levels typical of the
conditions leading to the nozzle section. In the nozzle the
flow is accelerated to supersonic velocities and is ejected

in the exhaust plune.

For this phase of the research program this thesis
focuses only on the heat transfer behavior in the

conmbustion chanber and this thesis provides nodeling and
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I'11. PROBLEM DESCRI PTI ON

A THE MODEL PROBLEM

Det ail ed schematic of scal ed-down nodel of cylindrical
conbusti on chanber as used in the experinental program is

shown in Figure 2.
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Figure 2. Det ai | ed Schematic of Scal ed-down Model




The scal ed nodel of the conbustion chanber consists of
a participating (absorbing and enmtting but non-scattering)
gray/non-gray gas flowing through a circular duct in the
entrance developing region of flow The gas is assuned to
enter the duct at a uniform velocity and high tenperature
and pressure. The duct wall is treated as isothermal wth
tenperatures ranging from 400 °K to 800 °K. A schematic
diagram of the nodel is shown in Figure 2.1. The inner
di ameter of the duct is 1.5, and its length is 3. RPl is
the fuel being burned, while oxygen is used as oxidizer.
The products of the conbustion process are determ ned based
on an OF value of 3 which is typical of the chanber. The
actual conbustion is not nodeled in this initial study,
although its net effect is represented as a well mixed core
of the constituents with core tenperatures ranging from
1500°K to 3500°K for wuse in this paranetric study. The
inlet fluid velocity to the duct is taken to be uniform at
a value corresponding to a | ow subsoni ¢c Mach nunber
B. GAS RADI ATI ON

As per the laws of quantum mechanics, nolecul ar gases
can emt or absorb photons to varying degrees at an
infinite set of distinct wavenunbers or frequencies. No
spectr al line can be truly nonochromatic; r at her,
absorption or em ssion occurs over a tiny but finite range
of wavenunbers. The results are broadened spectral ||ines
that have their centers (maxima) at the wavenunber
predicted by quantum nechanics. Three nost inportant

phenonmena that cause broadening of spectral Ilines are



collision broadening, natural |ine broadening, and Doppler

br oadeni ng.

A single spectral Iline at a spectral position is
characterized by its intensity and its line half-wdth.
However, a vibration-rotation band has many closely spaced
spectr al lines that may overlap considerably. The
absorption coefficient for the entire band is found by

addi ng the absorption coefficients for single |lines.
Ky = ZKfI/ (2.1)
j
All spectral integrations nay be reduced to two cases,
[ &) Lgpdn and |71, [1=exp(=[ «,ds)ldn (2.2)

where [, denotes that either 7, or [, can occur

bn n

Since the local radiation intensity is due to em ssion
from all locations within the nmedium and the bounding
walls, it can be expected to be snooth. It is further
snoot hed by absorption and scattering. As a result, the

previ ous equation sinplifies to

o 1 en+oni2 ,
[, Zom {A_n L_M/zquq }d/] (2.3)
and

o 1 en+bns2 s ,
jo L {E L_WU —exp(~ jo K,ds)1dn }dn (2. 4)

In order to find narrow band val ues of the absorption
coefficient and the emssivity, required information about
the spacing of the individual lines within the group and

7



their relative strength is supplemented by a nunber of
nodels. Two extreme nodels are Elsasser nodel, in which
equally spaced lines of equal intensity are considered and
statistical nodel, in which the spectral l|ines are assuned
to have random spacing and/or intensity. A typical spectral

line arrangenent for these nodels is shown in Figure 3.

A A
¥£‘ 54:
gt 2
=g —d— =&
58 g0
QO 890
B =
»n.2 n.g
g E
& 2 1\
-§ — —‘% LSk N N // \\ .
No—2d no—d Mg TMotd Mt+2d
Wavenumber 7 Wavenumber 7
(@) ®
Fi gure 3. Typi cal Spectral Line Arrangenents for

(a) El sasser and (b) Statistical Mdel [1]

In statistical nodel it is assuned that the spectra
lines are not equally spaced but, rather, are randomy
di stributed across the narrow band. A statistical analysis
can be carried out in tw different ways. In the uniform

statistical nodel the line intensity is assuned to be
constant, leading to

_ w
g, =1 —exp(g) (2.5)
wher e: £, -spectrally averaged em ssivity
\W -equivalent line wdth
d -spaci ng between spectral 1ines

8



In general statistical nodel, the statistical nodel
has also been evaluated for exponentially decaying line

intensities, resulting in

_ (S/d)X  _ -7
g, =l-exp(-——=) =1 —exp( ) (2.6)
SX r
1+ 1+
L
wher e: £, -spectrally averaged em ssivity
S -line-integrated absorption coefficient
d -spaci ng between spectral |ines
X -optical path length
b, -line half width
O -line overlap paraneter
O -narrow band optical thickness

The results from statistical nodel is sunmarized in

Figure 4 and Table 1 in [1] as



Weak line Strong line No overlap All regimes
1< > Bl
Single line, W SX 2vSXby SXe ™ [Io(x) + 1;(x)]
W ’TB TB -mr/4B
E T 2 ? 2\/? (1 —¢ )
Elsasser Model, €,
i} W NE W)
= —¢7 rf - f|———
§ = const i-e ¢ (\/;/E) y e ( o
d = const
Statistical Model, €,
i 7B W ( W)
=const - |l-exp|-2,/— - L -exp|-—
§ = cons e exp( 17 ) y | - exp y
d random
Statistical Model, €,
S exponential  1-e " | 1-exp (— \/;[;) ! 1-exp|- !
/1+1/B {+17/8
d random
_ SX b §
Definitions: x = m, B = WFL, T= EX = 2Bx
Tabl e 1. Summary of Effective Line Wdths and

Narrow Band Em ssivities for Lorentz Lines [1]
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10 |- -
1.0+ _
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g — Statistical
§_‘ 0.1+ @ Strong-line
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= Weak-line AN
g approximation
g 0.01 - . N —
B @ Nonoverlapping-
line approximation
0.001
0.0001 -
! | ! |
0.001 0.01 0.1 1.0 10
Line strength parameter x
Figure 4. Regions of Validity for Elsasser and

Statistical Band Mddel Regines [1]

C. RADI ATl VE TRANSPORT EQUATI ON ( RTE)

In evaluating the radiative energy transport,

100

it

is

required to know radi ative properties, such as, emssivity,

11



absorptivity, and reflectivity in the case of surfaces, and
absorption coefficient and scattering coefficient for the
participating nmedia such as gases. The |aw of conservation

of energy is then applied to determ ne the energy field.

The general relationship that governs the behavior of
radi ati ve heat transfer in the presence of an absorbing,
emtting nmedium is developed in [1]. RTE describes the
radiative intensity field wthin the enclosure as a
function of | ocati on, fixed by location vector r,
direction, fixed by unit direction vector [ and spectral
variable, wavenunber [  The net radiative heat flux
crossing a surface element is obtained by adding up the
contributions of radiative energy irradiating the surface
from all possible directions and for all possi bl e
wavenunbers. Integrating the equation of transfer over all
directions and wavenunbers leads to a conversation of
radi ative energy statement applied to an infinitesimal

vol une.

If the nmedium is participating, in that case any
i ncident beam wl]l be attenuated by absorption and
scattering while radiative energy travels the nedium as
shown in Figure 5.

The anount of absorption is directly proportional to
the magnitude of the incident energy as well as the
di stance the beamtravel s through the nmedi um Thus,

(dl,) s ==K, 1,ds (2.7)

abs

12



where the proportionality constant «, is l|inear absorption

coefficient. The negative sign is used to nmean a decreasing

intensity.

particles

/;/— Scattered photons

§

Photons

%,
;

Absorbed photons

Transmitted photons

ds —%—4

Fi gure 5. Attenuation of Radiative Intensity by

Absorption and Scattering [1]

Attenuation by scattering or out-scattering is very
simlar to absorption, i.e., a part of the incomng
intensity is renoved from the direction of propagation, S.
It is different from absorption. Because absorbed energy is
converted into internal energy, but scattered energy is
sinply redirected and appears as augnentation al ong anot her
di rection. Thus,

(dl,),, =-0,,1,ds (2.8)

sca

13



where the proportionality constant o, is the |linear
scattering coefficient for scattering from the pencil of
rays under consideration into all other directions.

A light beam traveling through a participating medium
in the direction of § loses energy by absorption and
scattering away from the direction of travel. But, it also
gains energy by emssion and by scattering from other
directions into the direction s.

The rate of emssion from a volune elenment s
proportional to the nagnitude of the volunme. The emtted
intensity along any path is proportional to the |ength of
the path and the local energy content in the nedium At
t hernodynamic equilibrium the intensity everywhere nust be

equal to the bl ackbody intensity.
dl,) ., =kK,1,,ds (2.9)

Augnentation due to in-scattering has contributions
from all directions, and it is calculated by integration
over all solid angles. The energy flux comng from all
directions and scattered into the direction § is given in
[1] as

0-\' ~ A A
(L), = ds4—‘7'7TLnI,7(sl.)q),7 (5.,8)dQ (2. 10)

sca

An energy bal ance fromequations (2.7), (2.8), (2.9),
and (2.10) results to RTE in [1] as

I (s+ds,s,t +dt) =1, (s,5,t) =K1, (s,0)ds =K, 1 (s,8,0)ds =0, [ (s,5,0)ds
(2.11)

+U-'7 D (3. DdOds
4ﬂj4ﬂ]”(si) ), (8;,8)d €

14



D. THE METHOD OF DI SCRETE CORDI NATES ( S,- APPROXI MATI ON)

The Discrete Odinance Mthod (DOVM is a tool to
transform the equation of transfer into a set of
simul taneous partial differential equations. DOM is based
on a discrete representation of the directional variation
of the radiative intensity. A solution to the transport
problemis found by solving the equation of transfer for a
set of discrete directions spanning the total solid angle
range of 4n. The discrete ordinates nmethod is sinply a
finite differencing of the directional dependence of the
equation of transfer. |Integrals over solid angle are

approxi mat ed by nunmerical quadrature.

The general equation of transfer for an absorbing,

emtting, and anisotropically scattering nmediumis

fz_] =§ MI(r,8) = k()T ()~ BOVI(r,§) + 2=
S

(r) . A g
I(r,sP(r,s',$)dQ 2.7
- 4jﬂ< )P(r,§,8)dQ" (2.7)
Equation (2.7) is valid for a gray nedium or, on a
spectral basis, for a nongray nedium and is subject to the

boundary condition

1(r,,8) = &(r, )1, (r,) + L;w)jml(rw,ﬁ) i BldQ' (2.8)

where the enclosure is considered as opaque, diffusely

emtting and reflecting wall.
In the discrete ordinates nethod, equation (2.7) 1is
solved for a set of n different directions 5, i=1,2,0n,

and the integrals over direction are replaced by nunerica
guadratures, that is,
15



J,, /)40 0Xw, /) (2.9)

where, w, is the quadrature weights associated with the

directions s,.

And, equation (2.7) becones,

s, WI(r,s,)=k(r),(r)=B@)(r,s,)+ 0.(r) Zn:wjl(r,ﬁj)¢(r,§i,§j),( 2.10)

amr

where, j=1,2,0n, subject to boundary conditions

1(r,,8.)= €)1, (r,) +%’"w> > (r,.8 )i 3| (2.11)

”Bj<0

After determining the intensities, the radiative heat

flux inside the mediumor at a surface nmay be found as
q(r) = L”I(r, §)5dQ 0> w1, (r)3, (2.12)
i=l

In Table 3.2, the direction <cosines of s and

corresponding weights for S,-approximation is shown. The

direction cosines of s are
§, =8, ) + (8, T)Jj+S ok = &i +n,j+ pk (2.13)

Only positive direction cosines are given in Table
3.2, covering one eight of the total range of solid angles

400 To cover the entire 40 any or all of the values of &, n,

and p, may be positive or negative.

Only positive direction cosines are given in Table 2,

covering one eight of the total range of solid angles 4[
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To

cover

the entire 40 any or all

and p, may be positive or negative.

of the values of &, n,

Order of
Appr oxi mati on O di nat es Wi ght s
& n u W
S, 0.2958759 | 0. 2958759 | 0. 9082483 | 0. 5235987
0. 2958759 | 0. 9082483 | 0. 2958759 | 0. 5235987
0.9082483 | 0. 2958759 | 0. 2958759 | 0. 5235987
Tabl e 2.

Discrete Ordinates for the S,

Appr oxi mation [1]
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V. NUMERI CAL TOOLS

A NUMERI CAL SCLUTI ON STRATEGY

There are mainly three numerical tools used in this

st udy.

First tool is TEP, which is used to calculate the
t hernodynam ¢ chemi cal equilibrium properties of gas
m xtures resulting fromthe conmbustion of various fuels and

oxi dant s.

The second one is RADCAL, which is a nunerical fire-
nodeling program which provides detailed gas spectral

radi ati on dat a.

The third one is CFDACE, which is a set of conputer

prograns for multi-physics conputational analysis.

The nunerical solution strategy flowchart is shown in

Fi gure 6.
INPUT OUTPUT
— TEP > RADCAL » CFD-ACE(+) —
Fi gure 6. Nunerical Solution Strategy Flowchart

B. TEP ( THERMO- CHEM CAL EQUI LI BRI UM PROGRAM

TEP is used to calculate the thernodynam c chem cal
equi librium properties of gas mxtures for a variety of
di fferent appl i cati ons. Both thernmobdynamic data and

i ngredi ent [ibraries are i ncl uded Wi th TEP. The
19



applications that are included in the TEP program are
Rocket Application, Gas Properties, Shock Application
Scranmjet  Application, I sentropic Path, and Detonation

Appl i cation.

The application that is used is rocket problem The
rocket problem calculates the "theoretical”, or naxinmm
attai nable performance, of a rocket thrust chanber. The

cal cul ations are based on the foll ow ng assunpti ons:

e One-dinensional form of the continuity, energy, and

nonent um equat i ons
e Zero velocity (stagnation) in the conmbustion chanber
e Conpl ete conbustion
* Adi abatic conbustion
 Isentropic expansion
 Honbgeneous m xi ng
e |deal gas | aw

e Zero tenperature and velocity |ags between condensed

and gaseous species

For equilibrium performance, conposition is assuned to
reach equilibriumimedi ately during expansion. For frozen
per formance, conposition is assunmed to remain fixed at the
initial (stagnati on) combusti on conposi tion duri ng

expansi on.

Rocket performance is obtained by first determning
stagnation conbustion properties in the rocket chanber
based on input of both enthalpy and pressure (H, P) or

20



tenperature and pressure (T, P). Next, conditions at the
nozzle throat are determ ned. The procedure used here is
to find the pressure at which the flow velocity is equal to
the sound speed. Iteration is required using entropy,
pressure (S, P) point solutions, where the entropy is held
fixed at the value calculated previously in the chanber.
Once the throat conditions have been determ ned, solutions
at input area ratios are obtained by iteration using (S, P)
poi nt solutions. For a given area ratio, A/A*, the entropy
is held constant, and pressure is iterated until the
product of density and velocity satisfies the continuity
relation; i.e., a value equal to the throat density x
throat velocity/ (A A*).

There are two main inputs to the rocket application,
t hernochem stry and rocket operating conditions. In
t hermochem stry chem cal reactants, thernochem cal species
data, and reactants m xture specification is defined. Under
t hernochem stry chemical reactants option, the ingredients
that will be used as oxidizer and fuel are selected. And
oxidizer to fuel ratio is entered. Under thernochem cal
speci es data option, the species that will be used in the
application is selected between CHNO CHO HO SRM Master
Thernmo, and Air/Hydrogen file. The properties of these

files are as foll ows:

CHNO Thernmodynanmic Data File contains 29 species
screened for wuse in air/hydrocarbon conbustion problens.
This set of species is nore than sufficient for nost CHNO
pr obl ens. The study was done by screening calcul ated

results obtained using the master files. The cal cul ations
21



were for air/acetylene and air/nmethane for a broad range of

pressure, tenperature, and equi val ence ratio.

CHO Thernodynamic Data File contains 20 species
screened for use in oxygen/hydrocarbon conbustion probl ens.
It has been obtained from the CHNO therno data file by

omtting species containing N

HO Thernodynamic Data File contains 8 species screened
for use in oxygen/hydrogen conbustion problens. It has
been obtained from the CHO therno data file by omtting

speci es containing C

Solid Propellant Rocket Mdtor File contains the
princi pal species that make up the exhaust of alum nized

solid propellant rocket notors.

Master Thernodynamc Data File contains data for
approxi mately 1000 chem cal species. It can be edited to
produce short files containing only those species inportant
to specific problens. Several files of this type are also
provi ded. Principal species of the following elenents are
contained in this master file: A, A, B, Ba, Be, Br, C
Ca, d, C, GCs, C, D F, Fe, H He, Hg, I, K Li, M, N
Na, Nb, Ne, Ni, O P, Pb, S Si, S, Ta, Ti, V, Xe, Zn, and
Zr. The electron and positive or negative ion fornms for a
[imted nunber of species are also provided. Pl ease note
that the nmaster file is intended as a library, and not for
general problem solving use. The master file will often
yield too many species for problem solving, especially when

a reactant contains the el enent carbon.
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Air/Hydrogen File is intended for use in Air/Hydrogen
conmbustion probl enms, such as occur in flame propagati on and

shock tube studies.

Under rocket operating conditions option, chanber
pressure in atnosphere, chanber tenperature in Kelvin,
subsonic area, supersonic area, and pressure ratios are

ent er ed.

Table 3 shows the input and output data for TEP

program
| NPUT DATA QUTPUT DATA
Gas tenperature, gas Chanber and exit
pressure, oxidizer to fuel pressure, participating gas
rati o, subsonic and tenperature, density,
supersonic area ratios nol ecul ar wei ght, sonic
vel ocity, prandtl nunber,
m xture speciesi nole
fractions, mass fractions.
Tabl e 3. | nput and Qut put Data for TEP Program
C. RADCAL

RADCAL is a narrow band numerical nodel devel oped at
NI ST for radi ati on cal cul ati ons in a conbusti on
environment. RADCAL is a nunerical program which predicts
the radiant intensity Ileaving a nonisothermal volune
containing nonuniform levels of carbon dioxide, water
vapor, nethane, carbon nonoxide, nitrogen, oxygen, and

soot. The absorption coefficient of the conbined gases is
23




calculated from a narrow band nodel and a conbination of
t abul at ed spectr al properties and t heoreti cal
approximations to the vibrational-rotational nol ecul ar

bands.

Table 4 summarizes the species and their nolecul ar

bands currently in RADCAL.

Speci es Band
CO, 2.0 pm
CO, 2.7 pm
CO, 4.3 um
CO, 10.0 pm
CO, 15.0 pm
H,0 1.38 pum
H,0 1.88 pum
H,0 2.7 pm
H,0 6.3 um
H,0 20- 200 pm
CO 4.6 pum
CH, 2.4 um
CH, 3.3 um
CH, 7.7 pm
soot 0. 4-2000 pm
Tabl e 4. Mol ecul ar Bands | ncluded in RADCAL [ 3]

The nunerical code consists of a short main program
which reads the tenperature and concentration information
from the data file, RC DAT. SUBROUTINE RADCAL is called
from the main program to perform all the calcul ations.
RCOUT DAT is the file that contains the outputs. Figure 7

is a diagramof the structure of the program

RADCAL relies upon the four subroutines to conpute the

nar r ow- band par anet ers for t he car bon di oxi de
24



( SUBROUTI NECO,) , wat er vapor ( SUBROUTI NEH,O0) , car bon

nonoxi de ( SUBROUTI NECO), and net hane (SUBROUTI NE FUEL). Two
| arge block data files (BLOCK DATA BD1L and BLOCK DATA BD2)
contain the absorption coefficient of water vapor as a
function of tenperature and wave nunber. A third data file,
BLOCK DATA BD3, contains simlar information for the 15 Om
band CO,, and the 3.3 and 7.4 [Om bands of CH,.

Wen the path contains only one elenent three
di fferent absorption coefficients are <calculated the
Pl anck- nean, t he i nci dent - nean, and t he effective

absorption coefficient.

In the first line of the input data file, RC DAT, the
nunber of elements into which the path is divided, NPT, is
witten. The second line lists the size of the first
elenent in nmeters, DD (1), its tenperature in Kelvin, T
(1), and the partial pressures in Kkilopascals of carbon
dioxide, P (1,1), water vapor, P (1,2), nethane, P (1,3),
carbon nonoxide, P (1,4), oxygen, P (1,5),and nitrogen, P
(1,6). The last entry on the second line is the volune
fraction of soot in the first elenment, W (1). The third
line contains the size, tenperature, species partial

pressure, and soot volunme fraction for the second el enent.

Simlar data is entered for the remainder of the NPT
el enents. Following this information is a |ine containing
the wall tenperature in Kelvin, TWALL, and the m ni num and
maxi mum wavenunbers inem™, OVWN and OWAX. The program

term nates when it reads zero for the val ue of NPT.
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RC DAT

RCOUT. DAT

MAI N
PLANCK RADCAL
H,0 Co,
co FUEL
BD1
BD2 BD3
Figure 7. Structure of Radiation Cal cul ation

The results

output file,

in tabular form

energy fl ux

RCOUT DAT. The i nput

Pr ogr am RADCAL [ 3]

of the calculations are found

t he

conditions are sunmmari zed

followed by the total directional radiated
emanating outward from element one, Q The
spectral intensity, QN (K) and the transmttance, TTAU (K),

are listed for

cal cul ates

AMEAN, the Pl anck-nmean absorption coefficient,

each wavel ength, AMBDA (K).
t he

The program al so

effective-nean absorption coefficient,

wal | -i nci dent - mean absorption coefficient, Al WALL.
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Table 5 shows the input and output data for RADCAL

program

| NPUT DATA OQUTPUT DATA

The nunber of elenents, Tot al di recti onal
si ze of t he el enents, |radiated energy flux, the
tenperature of the elenents, |spectral intensity and the
partial pressures of carbon|transnittance for each
di oxi de, wat er vapor, |wavel engt h, the effective-
met hane, car bon nonoxi de, | mean absorption coefficient,
oxygen, and nitrogen, volune |the Planck-nmean absorption
fraction of soot , wal | | coefficient, and the wall-
t enper at ur e, m ni mum and | i nci dent - nean absor ption
maxi mum wavenunbers. coefficient.

Tabl e 5. | nput and Qut put Data for RADCAL

Program

D. CFD- ACE+

CFD-ACE+ is a set of conmputer programs for nulti-
physi cs conputational analysis released by CFD Research
Corporation. The prograns provide an integrated geonetry
and grid generation nodule, a graphical user interface for
preparation of the nodel, a conputational solver for
perform ng the sinmulation, and an interactive visualization
program for exam nation and analysis of sinulation results.

CFD- ACE+ package include the follow ng applications:

27




. CFD-GEOM Interactive 3D GCeonetry Mdeling and
Mesh Generation (Structured, Unstructured, and M xed-

El ement Meshes)
. CFD- GUl Sol ver Setup Interface

. CFD-ACE (U) General Purpose Milti-Disciplinary

Physi cs Sol ver

. CFD-VIEW Interactive 3D Gaphics, Animation &

Fl ow Vi sual i zati on Software

Figure 8 shows the applications that are included in
CFD- ACE + package.

P___f-’i_ - w20 - "
CFD-GEOM ) D-A B
G%ﬂ!ﬁgﬂgﬂmﬁm odel Selun ' suakizatio
CAD CFD-DTF
Fi gure 8. CFD ACE+ Package [ 9]

1. CFD- GEQM

CFD-CEOM is an interactive CAD type geonetry creation
and fast grid generation (structured, unstructured and
hybrid grids) program for Conputational Fluid Dynamcs
(CFD). The geonetry nodule allows the user to interactively
define the geonmetry or nodify the geonetry read through the
Pl ot 3D data format.

It serves as the front-end of CFDRC s sol ver packages

and can be used with any other CFD FEA/ CAE program Wth
28



interfaces to read geonetry data created in alnobst any
maj or commercial CAD program it integrates CFDRC s CFD

packages into the existing CAE environnent.

CFD- GEOM uses efficient data structures providing
flexible inter-donmain connectivity, part nerging, and easy
mani pul ati on of al | entities (geonetry, t opol ogy,

structured, unstructured neshes) wth rapid database

updat i ng. Entity mani pul ati ons i ncl ude transl ation
rotation, scal i ng, copyi ng, (un) del eti ng, bl anki ng,
| abel i ng, and nodel mer gi ng/ extracti ng. Topol ogi ca

entities include:

e Edges - conposed of single or nultiple curves and/or
[ines.
e Faces - conprising single or multiple edge sets or

single surfaces, possibly projected to surfaces.

* Blocks - consisting of single or multiple volunes or
face sets. Arbitrary orientation between adjacent
blocks is allowed, or a consistent mul ti - bl ock
orientation can be requested automatically (hence no

need to pre-plan individual |JK node directions).
e Conposition of edges, faces and bl ocks.

» Edge-linking - any nunmber of edges can be linked to a
smal | er nunber of naster edges for nesh density and/or
distribution, requiring mninmum effort to nodify nesh

characteristics.

e Boundary Conditions- the location and type of boundary

condition for the flow solvers can be prescribed in
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CFD-GEOM providing automatic wupdating during nesh

refinement or geonetry change.

2. CFD-ACE (U

CFD-ACE is an unstructured, polyhedral cell flow
solver. It is also integrated with a wi de variety of other
physics nodules making it the core of a nulti-disciplinary
anal ysis environnent. CFD-ACE enploys a cell-centered
control volume solution approach. This approach inplies
that the discrete equations are fornulated by evaluating
and integrating the fluxes across the faces that surround

each control vol une.

CFD-ACE provides an integrated geonetry and grid

gener ati on nodul e.

3. CFD- VI EW

CFD-VIEWis a 3-D post processor included in CFD ACE+,
whi ch reduces the |arge volune of data generated by CFD- ACE
to useful information. CFD-VIEWis an interactive graphics

program for post-processing nunerical results from CFD and

other analysis software. It provides an easy-to-use and
interactive environnment, wth wmany graphics tools to
visualize the flow physics, as well as the ability to

extract data relevant to engi neering design.
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V. CODE CALI BRATI ON AND BENCHMARKI NG

A NUVERI CAL TOOL CALI BRATI ON

Ceonetry of the nodel is created by the pre-processor
CFD-GEOM  Creating the structured grid is done by grid
generation nodule in a bottomup approach in |abeling
geonetry elenments as edges, faces, and blocks. In order to
achieve the best results, the calibration is done when the
participating mediumis not present. This helps to conpare

the results with the hand cal cul ati ons.

The fol |l owi ng par anet ers are consi dered when

calibrating the nodel
e The edge paraneters
» The nunber of iterations
* The error in the wall convection

The nodel is created by 25, 50, 100, and 200 points
consecutively. The edge paraneters dictate how many grid
points are placed on the edge and how these grid points are
distributed. The power Jlaw is wused as a grid point
distribution nmethod. The power |law distribution is defined

by

u(n)=[ n-l j (5. 1)
npts —1

wher e: u(n) -l ocation of grid point on the

interval [0Q1]
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n -grid points index on the interval

[ 1Onpt s]
npts -the nunber of grid points
X -user-specified power
The power law is usually <close to one which

corresponds to a uniform distribution. For non-unity
power s, the forward, backwar d, and symmetry options

i ndicate how the power law grid distribution is applied.

The geonetry is created with 25, 50, 100 and 200
points, while the power law grid scaling schene is varied
between 1.3, 1.5 and 2. Convergence criteria were varied
from le-04 to l1le-10. Figure 9 discusses the results for

convergence criteria of 1e-08.

:§ 8.5E+03 [ [ [

£ Conver gence —e—POWER LAW=1.3
% 8.0E+03 criteria of — —m— POWER LAW=1.5|
® le-08 POWER LAW=2

= 7.5E+03

[})

S

o 7.0E+03 -

§ \\\\

2 65E+03 ==
g

I 60E+03 T T T

25 50 75 100 125 150 175 200
Number of Nodes per Edge
Figure 9. Total Heat Flux Values for Various
Power Law Gid Scaling Schenes

As seen in the figure, the heat flux value for 100

points with power |aw of 2 converges nore rapidly than the
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others and a 100 point grid was found to be a good trade-
of f between accuracy and conputational tinme.
B. TRASPARENT MEDI UM CASE

Numerical results are conpared with the analysis of
radi ative heat transfer Wit hin encl osur es wi t hout
participating nmedium Figure 10 defines the surfaces and

the em ssivities corresponding to these surfaces.

&1,

e

&1,
Fi gure 10. Two Di nensi onal Cyli nder
Radi ati ve exchange bet ween bl ack surfaces is

calculated fromthe follow ng expression in [1] as

N
q; :ZFi—j(Ebi _Ebj) (5.2)
j=1
wher e:
N -nunber of surfaces
F_ -view factor fromsurface i to j

- bl ackbody em ssive power of surface i
The equation 5.2 becones
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q, =F_(E, —E,)*F_,(E, —E,)+F_(E, —E;) (5.3)

where the view factors can be calculated from view factor

cat al ogue. [ 2]

Table 6 shows the conparison of

and CFD-A software results for wall

t he hand cal cul ati ons

tenperature of 400 [OF

and gas tenperature of 3500 [K between bl ack surfaces.

Hand Nunerical |Relative Error
Cal cul ation Results (%
Radi ation to the
vall (watts/rad) - 2882. 46 i 3.02
2795
Tabl e 6. Rel ative Error in Radiative Exchange

Bet ween Bl ack Surfaces

Simlarly, radiation exchange between gray and diffuse

surfaces can be calculated from the follow ng expression

[1]

(]~ N 1 N
_I_Z(__l)Fi—jqj' = ZF;‘—_/(Ebi _Ebj)
& A& I

The equation (5.4) becones

q 1 _
- (—-DF.q =F, (Ebl - Ebl) +F, (Ebl
& &
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Table 7 shows the conparison of the hand cal cul ations
and CFD- ACE software results for wall tenperature of 400 OF

and gas tenperature of 3500 [K between gray surfaces.

The relative error is due to the fact that in hand
calculations the outlet is assuned to be isothernmal, which

is not the case for real cases.

Hand Nuneri cal Rel ative
Cal cul ati on Resul ts Error (%
Radi ati on -2512. 24 - 2369 5.701
to the Wall
(watt s/ rad)
Tabl e 7. Rel ative Error in Radiative Exchange

Bet ween Gray Surfaces

C. GRAY GAS CASE

A literature search shows that, although there is an
extensive search for the gray gas approximtion, the
pressure and tenperature values are |Ilimted to the
tenperatures and pressure values lower than that of
interest in this study.[2,6,7,8]. Next, CFD-ACE results are
conpared with hand calculations for different optical
t hi ckness values for parallel plate and round tube cases
with participating medium Parallel plate and round tube

cases are consi dered consecutively.
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1. Parall el Pl ate

In parallel plate case, a gray, nhonscattering medium
is contained between two parallel gray plates. The nedium

is isothermal at tenperature T,, with constant absorption

coefficient x. The two plates are isothernmal at tenperature

T , have the same gray-diffuse emssivity [0 and are spaced

w

a distance D apart as shown in Figure 11.

l
L
A
ty

D PR n

\ 4

H
< >
Figure 11. Coordi nate System and Di nensi ons for

the Parallel Plate

Heat flux at for the specified conditions is given in
[1] as

2[E, () - E, (TL —7)]

(=o' ~T,") = (5. 6)
1+(E-1)[l-2E3(TL)]
At the wall 1 is equal to zero. So, the equation
becones
q(r=0)=0(T,' -T,*) 2AE,(0) ~ £,(7,)] (5.7)

1+ (i ~D[1-2E,(1,)]
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and

[1 - E3 (TL )]
1+ (i {1~ 2E,(1,)]

q(r=0)=0(T," -T,") (5. 8)

Equation 5.8 is valid for all the optical thickness
values other than zero and infinity. For optically thick
and optically thin cases, two different solutions are

necessary.

In optically thick case 1t goes to infinity and

Equation (5.8) becones

_ 4 4
g=¢eo(T,' -T,") (5.9)

In the optically thin situation the following result
for total heat loss is used for any isothermal volune
wi t hout self absorption in [1]

0 =4r’0T,'V (5. 10)
Mul tiplying and dividing this equation wth 2R and
witing the heat flux gives
_ 4rn’ol,'V/2R 2rntoT)’

" (H(+2D(+2HD) |, D D
H

-9
q—AS (5.11)

1
where, V is total volunme and 4, is the surface area.

Assunption of ¢ is greater than D and His a very good

one and equation (5.11) becones

0 _ 4r,n’ol,'V/2R _2r,n’oT,’
g=—= L £ ==L £ (5.12)
4, QHI*2DI+2HD) |, D
H
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Since the case is optically thick, taking two val ues
for 1t is good enough, such as zero and one. The other

unknown is DH ratio and for this values, zero and one and
a half is chosen. Zero corresponds to a very long parallel
plate, which nmakes H equal to infinity, but it causes to
deteriorate the true geonetry. On the other hand, one and a
hal f corresponds to the real geonetry. Figure 12 and 13
conpare the theoretical radiation to the wall values wth
CFD-ACE results for various optical thicknesses, for
optically thick and optically thin case in a parallel

pl at e.

6.E+05

[
—&— Numerical Results

5.E+05 —l— Theoretical Results

4.E+05 - N

3.E+05

2.E+05

radiation to the wall (W/m)

1.E+05

0.E+00 T T
0 20 40 60 80 100

Optical thickness

Figure 12. Conpari son of Theoretical and Nuneri cal

Results for Parallel Plate
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S 1.5E+05 —e— Numerical Results | |
& 1.0E+05 - —m— Theroetical Results |
E 5.0E+04 —— Optically Thin _—
0.0E+00 | |
0 1 2 3 4 5
optical thickness
Fi gure 13. Conpari son of Theoretical and Nuneri cal

Results for Parallel Plate (magnified)

2. Round Tube

In round tube case, a gray, nonscattering nedium is
cont ai ned between the walls of the cylinder. The nedium is

i sothermal at tenperature T,, wth constant absorption

coefficient k. The wall of the cylinder is isothermal at

tenperature T,, have the gray-diffuse emssivity 0 and the
radius is R as shown in Figure 14.

The nondi mensi onal heat | oss from a gray,

nonscattering, isothermal cylinder is given in [1l] as

q(7y)
= 5.13
s (5.13)
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where, J, is the radiosity of the wall. Sonme representative

results of equation (5.13) for =1, have been tabulated in

Table 8. [1]
TR
H |
; >
Fi gure 14. Coordi nate System and Di nmensi ons for
t he Round Tube
Tx A4
0.1 0.1770
0.5 0. 5960
1.0 0.8143
5.0 0.9923
Tabl e 8. Nondi mensi onal Heat Loss froma G ay,

Nonscattering, |sothermal Cylinder [1]
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Since the walls are not black, but are gray, diffuse

emtters and reflectors, the heat flux to the wall is no

| onger =l,, but nust be replaced by the radiosity.

(5.14)

£,
q(r)=wm'or,* -J ) =(J, ~E,,) p

1_

w

Since the walls are not black, but are gray, diffuse

emtters and reflectors, the heat flux to the wall is no

| onger =l,, but nust be replaced by the radiosity.

EW

4T) =Yn*aT,’ =)=, ~Ep) T (5.14)
So, the radiosity becones
5 4 &, 4
@n*oT, )+~ oT,)
J, = B (5.15)
£, oy
I-¢€,
And the heat flux is
2 4 &, 4
Yn'T, )Hﬁ% )
q(T) = oyY| (n°T,") - " (5.16)
w +¢/
l-¢

w

Equation 5.16 is valid for all the optical thickness
values other than zero and infinity. For optically thick
and optically thin cases, two different solutions are

necessary.

In optically thick case y goes to one according to

Tabl e 8 and Equation (5.16) becones
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T+
g(1,) = 0| ("’T,*) - Eu (5.17)

l1-¢

w

In the optically thin situation the following result
for total heat loss is wused for any isothermal vol une

wi t hout self absorption in [1]

0 =4mn’oT,'V (5.18)

Mul tiplying and dividing this equation with R and

witing the heat flux gives

0 _ AnmoT,'VIR Cyr 2o d 1
g=——=— > =2r,n"0T, (R—
A (7R® + R +27RH) R,

H

) (5.11)

where, V is total volune of the cylinder and A is the

surface area.

Since the case is optically thick, taking two val ues
for 7, is good enough, such as zero and one. The other
unknown is R'H ratio and for these values, zero and one
gquarter is chosen. Zero <corresponds to a very long
cylinder, which makes H equal to infinity, but it causes to
deteriorate the true geonetry. On the other hand, one
guarter corresponds to the real geonetry. Figure 15 and 16
conpares the theoretical radiation to the wall values wth
CFD-ACE results for various optical thicknesses, for

optically thick and optically thin case in a round tube.
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It is obvious that, as the participating gas gets
optically thick the results do not agree since, in reality,

the gas is not isothermal across the chanber cross-section.

Wen the gas is optically thick, its absorption
coefficient is large, so the typical absorption |ength
scale is small. In other words, emssion from the gas is
reabsorbed over a very short distance. In such a scenario,
the radiation on the wall comes from the region of gas
close to the wall where the gas is at a |lower tenperature
than the core tenperature (due to the boundary | ayer nature
of the tenperature profile), and is hence a | ower heat fl ux
val ue.

An inportant point is to investigate if these hand
cal cul ations contain radiation to the wall according to the
expressions used herein or not. So, in order to conpare
these results wth each other, the value of radiation to
the wall for gray walls, transparent nmedium from CFD ACE
is not added to the hand calculation results. This is shown
i n Appendi x A
D. NON- GRAY GAS CASE

A literature search shows that only a limted nunber
of non-gray cases have been treated in the past, and have

been restricted to pure gases at tenperatures and pressures
lower than that of interest in this study [4,5]. The

radiation heat flux in CO for 1000 °R gas tenperature at 1

at nosphere pressure and 500 °R wall tenperature with a

parabolic initial velocity distribution is considered. The
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parabolic velocity profile at the inlet is created by using

the foll owi ng expression and shown if Figure 17.

2

- A
U=2U_ (1 Rz) (5.12)

ave

0.04 p
0.035 \
0.03

0.025 \

E
5 0.02
S
S 0.015
0.01 |
0.005
0 T T T T T T v T
0  0.002 0004 0006 0.008 001 0.012 0.014
Velocity (m/s)
Figure 17. Parabolic Velocity Profile at the Inlet
Where, U, is found fromthe follow ng expression.
R *
u =SH (5. 13)
p*D

By using the fire prediction program RADCAL, the
intensities and transnmissivities are found based on the

wavel engt h as shown below in Figure 18.

The nunerical result and published result are conpared
in Figure 19 and conpared with [4]. The published results

and nurerical results agree well.
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VI. RESULTS AND DI SCUSSI ONS

The nodel problem being treated in this study contains
several paraneters, such as the gas optical thickness, the
conduction to radiation paraneter, +the emssivity and
tenperature of the wall, the gas mxture constituents and
its tenperature, etc. O these, only the paraneters of
primary inportance were varied in a paranmetric study as
described below so as to determne the role of the main
contributing factors to the radiative heat |oading of the

duct wall .

The results presented here are obtained using a
100x100 grid. Further subdivision of the enclosure does not
yield significantly nore accurate results under the
specified convergence criteria. Convergence 1is checked
using a tolerance of 1le-10. The CPU tinme required to
generate the results varied from 22 mnutes to 107 m nutes
(per run) depending on the conplexity of the case.

A GRAY GAS CASE

Under the gray gas approximation, a paranmetric study
was conducted by varying gas tenperature, wall tenperature,
wal | em ssivity, and optical thickness. The role of the gas
tenperature for the gray gas approximation is shown in
Figure 20 and 21. Figure 20 shows the convective and
radi ative heat fluxes to the wall versus the optical
thickness for a low gas to wall tenperature ratio and for a
high gas to wall tenperature ratio. It is evident that

there is an optiml optical thickness at which the
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radiative flux is a maximum which can be seen clearly in
Figure 20. As expected the radiative flux is higher on the
black wall, and higher gas tenperatures. In both figures,
it is shown that, the radiative flux is a significant
fraction of the total heat flux especially in the large

gas-to-wall tenp ratio case.

— 8.E+05
NE convection |
E 7.E+05 — =
— 6.E+05
«
= 5.E+05
Q
< 4E+05
2 3E+05 - "y |
o radiation black wall
3 2E+05 3 —— D
® 1E+ * o * —
g 1.E+05 T
< 0E+00 1 gray wall, emiss+0.5
0 2 4 6 8 10
optical thickness
Fi gure 20. Convective and Radi ative Heat Flux for

1500K Gas 800K Wal | Tenperature

The dependence on wall emssivity for the gray gas
approximation is shown in Figure 22 and Figure 23. These
figures show the relative contribution of the radiative
heat flux versus the non-dinensional |ength along the duct
for low gas to wall tenperature and for high gas to wall

tenperature ratios, respectively. An optical thickness of 3
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is used which is close to the optinmal value as shown in the
previous figures for maximum radiative flux. It is clear
that the relative radiative contribution for the high gas

tenperature is alnost twice that for the |ow tenperature

case.
&;8.E+06 | |
convection
= 7.E+06 -
= L —— j
= 6 b—t—— & 8
«
2 5,406 | Y
> l\‘wu
= 4.E+06 1 radiation | T
S 3.E+06 | ————
xX
= 2.E+06 gray wall, emiss=0.5
w 1.E+06 -
(}]
2 0.E+00 ‘ ‘
0 2 4 6 8 10
optical thickness
Figure 21. Convective and Radi ative Heat Flux for
1500K Gas 800K Wl | Tenperature
Figures 24 and Figure 25 show the radiative heat fl ux
versus the non-dinensional Ilength along the duct for

different wall tenperatures at 3500 K gas tenperature.

It is clear in Figure 25 that, the absolute heat fl ux
values are nearly the same, although in Figure 24, the
relative contribution is slightly higher for the hotter

wal | .
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Fi gure 23. Rel ative Contribution of the Radiative

Heat Flux in Different Wall Enissivities
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B. NONGRAY GAS CASE

A paranetric study was conducted by varying gas
pressure in addition to the paraneters which used in the
gray gas approximation. Figure 26 shows the typica
constituents in the gas mxture resulting fromthe conplete
conmbustion of RP1 fuel with oxygen as oxidant and an QF
ratio of 3.0. Figure 26 is for the particular gas of a 1500

K gas m xture at a pressure of 25 atnospheres.

H20
43%

CO2
38%

Fi gure 26. Typical Mol e Fraction of A Gas M xture

These nole fractions are used as input in RADCAL and
to obtain spectral radiation data as shown in Figure 27
where transmssivity is plotted versus wavelength. The

bandwi dt h of each constituent is divided i nto wavenunbers.

The Figures 28 and 29 discuss inlet and outlet
em ssivity and show the radiative heat flux to the wall for

low gas to wall tenperature ratio, and for high gas to wall
52



tenperature ratio at a chanber pressure of 35 atnosphere.
The blue line is for black inlet & outlet surfaces, for

which the radiative heat flux is a maxi num

0.9 /—

0.8 {
0.7

0.6

transmissivity

04 | \ A /AV“\
02 AN \

0 Y A~ N

(0] 2 4 6 8 10 12 14

wavelength (um)

Fi gure 27. Typi cal Spectral Transmi ssivity

Variation of the M xture

The purple line is for the case of zero inlet/outlet
emssivity and shows only the core gas contribution. The
0.5 emssivity curve is an internediate result between the

previ ous cases.

Figures 30 and 31 discuss the role of wall emssivity
by conmparing black and gray walls and show the relative
contribution of the radiative heat flux versus the non-
di rensional length along the duct for low gas to wall
tenperature ratio and high gas to wall tenperature ratio at

a chanber pressure of 35 atnosphere pressures.
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It is clear

black walls, which appears to be fairly independent

that, the heat flux is about 50% higher to

actual gas tenperature.
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Fi gure 28. Heat Flux for Hi gh Gas-to-wall
Tenperature Ratio
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Fi gure 29. Heat Flux for Low Gas-to-wall

Tenperature Ratio
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Fi gure 31. Heat Flux for Hi gh Gas-to-wall

Tenperature Ratio for Gay Wall (em ssivity=0.5)

Figures 32 and 33 discuss role of gas pressure at 3500

K gas tenperature and 400 K wall tenperature for the case
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of a black wall and show the variation of heat flux versus
non-di mensional length for various chanber pressures. Both
t he absolute and relative values of the radiative heat flux
do not <change appreciably due to the fact that the
absorption coefficients in the npbst active bands are
already around their optiml value, and so nuch |arger
pressures are needed to alter the radiative heat flux

significantly.
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Fi gure 32. Rel ative Contribution of Heat Flux in
Bl ack Wall for Various Gas Pressures
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Fi gure 33. Radi ati ve Heat Flux in Black wall for

Vari ous Gas Pressures
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VI 1. CONCLUSI ONS AND RECOMVENDATI ONS

A nunerical nodel has been devel oped for finding the
radi ative heat load on the walls of a conbustion chanber.
Such a nodel is wuseful for inproving and augnenting the
predictive capabilities of other nunerical codes that

provi de only convective heat | oads.

Al though sone of the trends in results are expected
this study provides concrete quantitative estinmates of the
role of gas tenperature, wall tenperature and em ssivity,

etc.

It was found that the radiative fluxes are |[east
sensitive to the wall tenperature and chanber pressure in
the range considered. However, the effective emssivities
of the inlet and outlet surfaces were found to be crucia

in determ ning the magni tude of these fl uxes.

Most inportantly, it was found that, a proper non-gray
spectral treatnment of the gas mxture is critical for an
accurate analysis. A gray treatnent is too sinplistic and

yields unreliable results.

More accurate and realistic estimtes can be obtained

by expandi ng the study to include the foll ow ng:

* The absorption-emssion and scattering effects of

particul ate matter such as soot

e The role of the liquid fuel that is injected to forma

filmon the chanber walls
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The interaction of the conbustion nechanics with the

fl ow and heat transfer characteristics

The effect of the resulting non-uniform distribution

of gaseous species in the chanber
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APPENDI X A. THE WALL CONTRI BUTI ON TO HEAT FLUX

If the nmedium is not at radiative equilibrium (i.e.
conduction and/or convection is not negligible and
radi ative heat transfer is not domnant) the heat flux is
found by using the definition of the exponential integrals

in[1l] as
q(1) = 2J,E;(1) = 2J,E(t, = 1) +20T," [ E,(r ~1')dr' = 20T,* [ E, (' - 1)1’
0 T

and it becones

q(1) = 2J,E,(1) = 2J,E,(1, = 1) + 20T, ' [E,(T) = E,(T, = T)]

1
>
A
Ty
D e e -
Y
H
< >
Fi gure 34. Optical Coordinates for the Model

As shown in Figure 34 optical coordinate at the upper
wall is zero and optical coordinate at the lower wall is 1.

Setting t equal to zero and 1, in the previous equation

consecutively gives

9(0) =2J,E,(0) =2, E,(1,) + 20T, [E,(0) = E,(1, )] = - (0" =J))
A(1,) = 20, E,(1,) = 2,E,(0) + 20T, [E,(1) = E,(0)] = -2 (0T, = 1,)
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By solving these equations sinmultaneously, it is found

that the heat flux at the upper wall is
& e

SR 1-¢ !

1_52 1_ E]

l-¢

g(r=0)=—"~| of," - 1
l1-¢ 1 _[q- £,

1_ gl 1_82

1-¢

As seen in the equation above, the expression found
for the heat flux at the wupper wall considers the

em ssivity and tenperatures of the top and bottomwalls.
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APPENDI X B. TYPI CAL CFD- ACE OUTPUT

R S S O S

>k **
**  OCCCC FFFFF  DDDD AAA  CCCCC EEEEE U U *x
**C F D D A A C E Uu u o
**C FFFF D D == AAAM C EEEE U U *x
**C F D D A A C E u u *x
**  CCcocC F DDDD A A CCCCC EEEEE  UW **
_ *
*x Ver si on : 2002. 0.27 **
** Build Date : 07/ 28/2002 22:34:49 **
** Build OS . W ndows_NT *
** Build OS Rel ease : 1.3.12(0.54/3/2) *x
*x Build OS Version : 2002-07-06 02: 16 *x
*x Bui | d Machi ne : BELL2 *x
_ *
*x Copyright (c) 2000, CFD Research Corporati on, **
*x Al R ghts Reserved **

RE R R I R R R S kR R S o kb S S R R R I kI

Run Dat e : 11/24/ 2002 15:52: 48
Run GS : W ndows

Run OS Rel ease

Run OS Version

Run Machi ne . 1 T002099
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Sunmmary of | nput Information

Title

Modul es : FLOW HEAT TURBULENCE RADI ATl ON
DTF Fil e Nane : 3500Kgas800Kwal | ew05kappa3. DTF
Model Name : 3500Kgas800Kwal | ewO5kappa3

Si mul ati on Nunber 1

Di agnosti c . OFF

Iterations : 3000

Qut put Frequency : 3000

Ti me Dependence . Steady

Total No. of nodes : 10000
No. of line faces 19800
Total No. of faces : 19800
No. of quad cells : 9801
Total No. of cells : 9801

Sunmary of Properties

Total No. of Property VCs : 1




Zone No. : 1

VC Narre. : NoNare

No. of Cells : 9801

Material Type : Fluid

Density met hod : Const ant = 2.97E+00
Viscosity method : Constant_Dyn = 9.52E-05
Cond. met hod: Prandt | = 6.5E-01
Sp. Heat nethod: Constant = 1. 94E+03

Absorption Coeff. Set: gas

Em ssivity Set: None

Radi ati on Paraneters

Gray nodel = TRUE
CASN- DOM = TRUE
S4 schemne = TRUE
sn_hrange schenme = TRUE

% Rel ative Error in Mnents

err_Om = -2.980232E- 06
err_Immu = -1.092752E-05
err_1mxi = -1.092752E-05
err_1met = -1.000000E+02
err_ 2mnmu = -1.185405E- 05
err_2mxi = -1.185405E- 05
err_2met = -1.185405E-05




Summary of Geonetry Data

Smal | est Vol une : 5. 815956E- 13
Largest Vol une : 4.210562E- 09
Smal | est Angl e : 8.999974E+01 at face = 9
Locati on of face numnber 9is x = 7.5061E-02 y = 1. 9050E- 02

Start of lterative Cycle.....

Probl em converged with specified criterion = 1. 00E- 10

Current lteration # : 525

Nare Key Type I nfl ow Qutfl ow

Sum

2 NoName 37 Inlet 2.786166E-02
0. 000000E+00 2.78617E-02

4  NoNane 36 Qutlet 0. 0O00000E+00 -
2. 786166E-02 -2.78617E-02

Total vol une source
0. 00000E+00




Total Mass Fl ow Sumary 2.786166E-02 -
2.786166E-02 -5.55112E-17

Force Sumrary at \Wall Boundaries (N)

Narme Key Type X-axi s Y-axi s
e ——
1 NoNanme 28 wal | 7.307589E-02 -1.089986E-04

Morment Surmmary at WAl |l Boundaries (N-m




Z-axi s

1 NoNane
1. 778739E+02

Z- axi s

1 NoName
-1.392094E- 03

Narre key Type
NoNarme 37 Inlet
1. 8912E+05
NoNane 36 Qutlet
1. 7656E+05
NoNanme 28 \wal
1. 2561E+04
Total vol une source
0. 0000E+00

Key Type
28 Wal |
Vi scous

Key Type
28 Wal |

1. 8899E+05

-1. 7693E+05

- 8. 2173E+03

66

Monent s

X-axi s

0. 000000E+00

0. 000000E+00

0. 0000E+00

0. O000E+00

0. 0000E+00

Y-axi s

0. 0O00000E+00

0. 000000E+00

1. 2769E+02

3. 6525E+02 -

-4.3441E+03 -



Total Heat | nbal ance 3. 8479E+03 0. OO0OOE+00 -3.8511E+03 -
3. 2126E+00

Total wall HEAT source
0. 0000E+00

* Radi ation Summary Convention is +ve if enmmitting, -ve if absorbing.

* Cond+Conv Summary Convention is +ve if flux into the cell, -ve if

flux leavi ng the cell.

End of lIterative Cycle.....

Fi nal Tine El apsed Tine= 6.552923E+02 Delta-tine= 6. 552923E+02

Nor mal Term nation
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APPENDI X C. TYPI CAL RADCAL | NPUT

. 2850 1000. 7.5 15.6 .0 .0 .0 77.0 .0
50. 10000.

. 000 1000. 7.5 15.6 .0 .0 .0 77.0 .0
2000. 3000.

coorrOOFR

. 030 1000. 7.5 15.6 .0 .0 .0 77.0 .0
1500. 50. 10000.

1

0. 010 1000. 7.5 15.6 .0 .0 .0 77.0 .0
1500. 50. 10000.

1

0.003 1000. 7.5 15.6 .0 .0 .0 77.0 .0
1500. 50. 10000.

1

0. 001 1000. 7.5 15.6 .0 .0 .0 77.0 .0
1500. 50. 10000.

1

0.0003 1000. 7.5 15.6 .0 .0 .0 77.0 .0
1500. 50. 10000.

1

0. 0001 1000. 7.5 15.6 .0 .0 .0 77.0 .0
1500. 50. 10000.

0

Data input file for RADCAL

l[ine 1: nunber of honbgeneous el enents, n
line 2: pathlength (m, tenperature (K), CO»2 (kPa), H20, CH4, CO
2, N2, fv

lines 3 through n+l: sanme as line 2 for the rest of the el enents
line nt2: wall tenperature (K), m ni mumwavenunber (cm 1), naxinmum
wavenumnber

line n+3: 0, or the nunber of honpgeneous el enents in the next case
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APPENDI X D. TYPI CAL RADCAL OUTPUT

Radi al Profiles

Partial Pressures, kPa

J dist,m tenp,K CO2 H20 cH CO (07 N2 FV
1 .2850 1000. 7.500 15.600 .000 . 000 .000 77.0 0.0
wal | 400.

Total directional radiated energy flux = .307139E+04 Watts/ m 2/strad

Spectral Intensity Distribution, Watts/m 2/ m cron/strad

nmcron intensity tau nm cron intensity tau

1.005 . 0000E+00 1. 0000 6. 061 . 2463E+03 . 8353
1.010 . 0000E+00 1. 0000 6. 154 . 1477E+03 . 8975
1.015 . 0000E+00 1. 0000 6. 250 . 1126E+03 . 9189
1. 020 . 0000E+00 1. 0000 6. 349 . 1516E+03 . 8865
1.026 . 0000E+00 1. 0000 6. 452 . 3674E+03 . 7137
1.031 . 0000E+00 1. 0000 6. 557 . 5144E+03 . 5824
1.036 . 0000E+00 1. 0000 6. 667 . 4936E+03 . 5821
1.042 . 0000E+00 1. 0000 6. 780 . 4175E+03 . 6309
1.047 . 0000E+00 1. 0000 6. 897 . 3891E+03 . 6404
1.053 . 0000E+00 1. 0000 7.018 . 3447E+03 . 6665
1.058 . 0000E+00 1. 0000 7.143 . 3104E+03 . 6852
1.064 . 0000E+00 1. 0000 7.273 . 2909E+03 . 6904
1.070 . 0000E+00 1. 0000 7. 407 . 2773E+03 . 6897
1.075 . 0000E+00 1. 0000 7.547 . 2674E+03 . 6850
1.081 . 2750E- 03 1. 0000 7.692 . 2309E+03 . 7133
1.087 . 5450E- 03 1. 0000 7.843 . 1981E+03 . 7403
1.093 . 5559E- 02 1. 0000 8. 000 . 1503E+03 . 7915
1.099 . 7908E- 02 . 9999 8. 163 . 1068E+03 . 8431
1.105 . 1017E-01 . 9999 8.333 . 7042E+02 . 8902
1.111 . 1929E- 01 . 9999 8.511 . 4206E+02 . 9303
1.117 . 3087E- 01 . 9998 8. 696 . 2218E+02 . 9608
1.124 . 3884E- 01 . 9998 8. 889 . 1643E+02 . 9690
1.130 . 4722E- 01 . 9998 9. 091 . 2560E+02 . 9484
1.136 . 5675E- 01 . 9997 9.132 . 2681E+02 . 9452
1.143 . 6802E- 01 . 9997 9.174 . 2729E+02 . 9434
1.149 . 7338E-01 . 9997 9.217 . 2677E+02 . 9437
1.156 . 9351E- 01 . 9996 9. 259 . 2505E+02 . 9466
1.163 . 1019E+00 . 9996 9. 302 . 2200E+02 . 9524
1.170 . 1129E+00 . 9995 9. 346 . 1768E+02 . 9612
1.176 . 1128E+00 . 9996 9. 390 . 1214E+02 . 9730
1.183 . 1404E+00 . 9995 9.434 . 1413E+02 . 9681
1.190 . 1451E+00 . 9995 9. 479 . 1813E+02 . 9585
1.198 . 9713E-01 . 9997 9.524 . 2072E+02 . 9519
1.205 . 1105E+00 . 9996 9. 569 . 2199E+02 . 9482
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. 212
. 220
. 227
. 235
. 242
. 250
. 258
. 266
. 274
. 282
. 290
. 299
. 307
. 316
. 325
. 333
. 342
. 351
. 361
. 370
. 379
. 389
. 399
. 408
. 418
. 429
. 439
. 449
. 460
. 471
. 481
. 493
. 504
. 515
. 527
. 538
. 550
. 563
. 575
. 587
. 600
. 613
. 626
. 639
. 653
. 667
. 681
. 695
. 709
. 724
. 739
. 754
. 770

. 9183E-01
. 1101E+00
. 5030E-01
.4276E-01
. 4418E- 01
. 1951E-01
. 1816E-01
. 2371E-01
. 3800E-01
. 5689E-01
. 7012E- 01
. 3162E+00
. 3513E+00
. 8466E+00
. 2019E+01
. 2680E+01
. 7485E+01
. 1995E+02
. 3008E+02
. 3041E+02
. 2758E+02
. 3325E+02
. 3583E+02
. 3438E+02
. 3388E+02
. 3091E+02
. 2601E+02
. 2227E+02
. 1790E+02
. 1061E+02
. 9673E+01
. 8050E+01
. 6925E+01
. 5957E+01
. 4139E+01
. 3552E+01
. 2128E+01
. 1522E+01
. 1290E+01
. 1014E+01
. 6685E+00
. 4852E+00
. 4411E+00
. 4084E+00
. 3866E+00
. 3688E+00
. 4618E+00
. 5073E+00
. 6027E+00
. 1392E+01
. 3258E+01
. 9787E+01
. 2302E+02

. 9997
. 9997
. 9999
. 9999
. 9999
1. 0000
1. 0000
. 9999
. 9999
. 9999
. 9999
. 9994
. 9993
. 9984
. 9964
. 9954
. 9876
. 9682
. 9539
. 9551
. 9608
. 9545
. 9527
. 9563
. 9585
. 9635
. 9703
. 9755
. 9810
. 9891
. 9904
. 9923
. 9936
. 9947
. 9964
. 9970
. 9983
. 9988
. 9990
. 9993
. 9995
. 9997
. 9997
. 9997
. 9998
. 9998
. 9997
. 9997
. 9997
. 9993
. 9983
. 9950
. 9886
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. 615
. 662
. 709
. 756
. 804
. 852
. 901
. 950
. 000
. 050
. 101
. 152
. 204
. 256
. 309
. 363
. 417
. 471
. 526
. 582
. 638
. 695
. 753
. 811
. 870
. 929
. 989
. 050
111
. 173
. 236
. 299
. 364
. 429
. 494
. 561
. 628
. 696
. 765
. 834
. 905
. 976
. 048
121
. 195
. 270
. 346
. 422
. 500
. 579
. 658
. 739
. 821

. 2207E+02
. 2119E+02
. 1966E+02
. 1780E+02
. 1598E+02
. 1440E+02
. 1324E+02
. 1255E+02
. 1225E+02
. 1224E+02
. 1226E+02
. 1212E+02
. 1167E+02
. 1080E+02
. 9539E+01
. 7912E+01
. 6633E+01
. 8154E+01
. 9307E+01
. 1006E+02
. 1035E+02
. 1024E+02
. 9810E+01
. 9186E+01
. 8521E+01
. 7865E+01
. 7284E+01
. 6814E+01
. 6460E+01
. 6270E+01
. 6159E+01
. 6104E+01
. 6029E+01
. 6057E+01
. 6112E+01
. 6162E+01
. 6207E+01
. 6248E+01
. 6283E+01
. 6376E+01
. 6463E+01
. 6542E+01
. 7T069E+01
. 7273E+01
. 9147E+01
. 8254E+01
. 8842E+01
. 9667E+01
. 1025E+02
. 1104E+02
. 1197E+02
. 1348E+02
. 1497E+02

. 9472
. 9486
. 9515
. 9555
. 9594
. 9629
. 9653
. 9666
. 9669
. 9664
. 9658
. 9657
. 9664
. 9684
L9717
. 9761
. 9796
. 9746
. 9705
. 9676
. 9660
. 9658
. 9667
. 9683
. 9701
. 9719
. 9735
. 9748
. 9756
. 9759
. 9759
. 9757
. 9756
. 9750
. 9743
. 9736
. 9729
. 9722
. 9715
. 9705
. 9695
. 9685
. 9653
. 9636
. 9533
. 9570
. 9530
. 9475
. 9432
. 9376
. 9309
. 9205
. 9098
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. 786
. 802
. 818
. 835
. 852
. 869
. 887
. 905
. 923
. 942
. 961
. 980
. 000
. 010
. 020
. 030
. 041
. 051
. 062
. 073
. 083
. 094
. 105
. 116
. 128
. 139
. 151
. 162
. 174
. 186
. 198
. 210
. 222
. 235
. 247
. 260
. 273
. 286
. 299
. 312
. 326
. 339
. 353
. 367
. 381
. 395
. 410
. 424
. 439
. 454
. 469
. 484
. 500

. 4804E+02
. 8527E+02
. 1165E+03
. 1231E+03
. 1330E+03
. 1840E+03
. 1082E+03
. 8995E+02
. 1072E+03
. 1342E+03
. 1511E+03
. 1217E+03
. 1395E+03
. 9192E+02
. 8857E+02
. 4371E+02
. 4465E+02
. 4845E+02
. 3829E+02
. 4135E+02
. 1168E+02
. 4225E+01
. 1757E+01
. 1581E+01
. 1470E+01
. 1308E+01
. 1150E+01
. 1113E+01
. 1056E+01
. 1081E+01
. 1131E+01
. 1246E+01
. 1342E+01
. 1390E+01
. 2010E+01
. 2084E+01
. 2685E+01
. 3155E+01
. 4134E+01
. 4731E+01
. 6020E+01
. 6801E+01
. 8293E+01
. 9228E+01
. 1570E+02
. 1983E+02
. 3383E+02
. 5294E+02
. 9285E+02
. 1579E+03
. 2717E+03
. 4305E+03
. 6355E+03

. 9769
. 9601
. 9469
. 9453
. 9424
. 9224
. 9555
. 9639
. 9580
. 9487
. 9435
. 9555
. 9501
. 9675
. 9690
. 9849
. 9847
. 9836
. 9872
. 9863
. 9962
. 9986
. 9994
. 9995
. 9995
. 9996
. 9996
. 9997
. 9997
. 9997
. 9997
. 9996
. 9996
. 9996
. 9994
. 9994
. 9992
. 9991
. 9988
. 9987
. 9983
. 9981
. 9977
. 9975
. 9958
. 9947
. 9910
. 9860
. 9755
. 9586
. 9291
. 8883
. 8359
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12

. 903
12.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
13.
14.
14.
14.
14.
14.
14.
14.
14.
14.
15.
15.
15.
15.
15.
15.
15.
15.
16.
16.
16.
16.
16.
16.
16.
16.
17.
17.
17.
17.
17.
17.
18.
18.
18.
18.
18.
18.
19.
19.
19.

987
072
158
245
333
423
514
605
699
793
889
986
085
184
286
388
493
599
706
815
925
038
152
267
385
504
625
748
873
000
129
260
393
529
667
807
949
094
241
391
544
699
857
018
182
349
519
692
868
048
231
417

. 1582E+02
. 1767E+02
. 1978E+02
. 2243E+02
. 2550E+02
. 2466E+02
. 3142E+02
. 3864E+02
. 3805E+02
. 3886E+02
. 4769E+02
. 7T088E+02
. 6696E+02
. 6327E+02
. 6714E+02
. 6781E+02
. 7217E+02
. 7992E+02
. 8159E+02
. T7T75E+02
. 8612E+02
. 9416E+02
. 9091E+02
. 6921E+02
. 6953E+02
. 6904E+02
. 5944E+02
. 5130E+02
. 4844E+02
. 4464E+02
. 3964E+02
. 3698E+02
. 4188E+02
. 3814E+02
. 3307E+02
. 3046E+02
. 3175E+02
. 2961E+02
. 2789E+02
. 2691E+02
. 2615E+02
. 2582E+02
. 2576E+02
. 2516E+02
. 2490E+02
. 2457E+02
. 2429E+02
. 2388E+02
. 2350E+02
. 2298E+02
. 2256E+02
. 2215E+02
. 2176E+02

. 9026
. 8888
. 8728
. 8526
. 8286
. 8305
. 7792
. 71222
. 7201
. 7074
. 6325
. 4409
. 4591
. 4766
. 4310
. 4113
. 3579
L2711
. 2371
. 2545
. 1531
. 0500
. 0589
. 2646
. 2416
. 2267
. 3162
. 3937
. 4116
. 4427
. 4913
. 5119
. 4313
. 4672
. 5245
. 5491
. 5159
. 5350
. 5486
. 5512
. 5503
. 5421
. 5287
. 5249
. 5147
. 5054
. 4950
. 4869
. 4780
L4722
. 4641
. 4556
. 4462
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. 516
. 532
. 548
. 564
. 581
. 597
. 614
. 632
. 649
. 667
. 685
. 703
. 721
. 740
. 759
. 778
. 797
. 817
. 837
. 857
. 878
. 899
. 920
. 941
. 963
. 985
. 008
. 030
. 053
. 077
. 101
. 125
. 150
. 175
. 200
. 226
. 252
. 279
. 306
. 333
. 361
. 390
. 419
. 448
. 478
. 509
. 540
. 571
. 604
. 636
. 670
. 704
. 738

. 8206E+03
. 9776E+03
. 1067E+04
. 9858E+03
. 1036E+04
. 7898E+03
. 7T146E+03
. 5482E+03
. 4264E+03
. 1657E+04
. 1849E+04
. 1975E+04
. 1645E+04
. 1340E+04
. 1206E+04
. 1376E+04
. 1440E+04
. 1471E+04
. 1373E+04
. 1190E+04
. 9948E+03
. 8855E+03
. 7522E+03
. 6446E+03
. 5486E+03
. 4688E+03
. 3842E+03
. 3267E+03
. 2719E+03
. 2190E+03
. 1660E+03
. 1280E+03
. 1127E+03
. 9436E+02
. 7517E+02
. 6378E+02
. 5180E+02
. 4519E+02
. 3939E+02
. 3259E+02
. 2895E+02
. 2597E+02
. 2072E+02
. 1764E+02
. 1464E+02
. 1238E+02
. 1063E+02
. 8686E+01
. 6410E+01
. 4385E+01
. 3877E+01
. 3277E+01
. 2320E+01

. 7891
. 7500
. 7282
. 7500
. 7384
. 8012
. 8208
. 8630
. 8938
. 5883
. 5419
. 5117
. 5943
. 6702
. 7038
. 6625
. 6473
. 6400
. 6642
. 7092
. 7570
. 7837
. 8163
. 8425
. 8659
. 8853
. 9059
. 9198
. 9332
. 9461
. 9590
. 9683
. 9720
. 9765
. 9812
. 9840
. 9870
. 9886
. 9900
. 9917
. 9926
. 9933
. 9946
. 9954
. 9961
. 9967
. 9972
. 9977
. 9983
. 9988
. 9989
. 9991
. 9993
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19.
19.
20.
20.
20.
20.
20.
21.
21.
21.
21.
21.
22.
22.
22.
22.
23.
23.
23.
24.
24.
24.
25.
25.
25.
25.
26.
26.
. 027
27.
27.
28.
28.
28.
29.
29.
30.
30.
31.
31.
32.
32.
33.
33.
34.
35.
35.
36.
37.
37.
38.
39.
40.

27

608
802
000
202
408
619
833
053
277
505
739
978
222
472
727
989
256
529
810
096
390
691
000
316
641
974
316
667

397
778
169
571
986
412
851
303
769
250
746
258
787
333
898
483
088
714
364
037
736
462
216
000

. 2134E+02
. 2090E+02
. 2043E+02
. 1998E+02
. 1952E+02
. 1903E+02
. 1853E+02
. 1803E+02
. 1755E+02
. 1706E+02
. 1657E+02
. 1607E+02
. 1557E+02
. 1506E+02
. 1456E+02
. 1406E+02
. 1356E+02
. 1307E+02
. 1258E+02
. 1210E+02
. 1163E+02
. 1116E+02
. 1071E+02
. 1025E+02
. 9802E+01
. 9368E+01
. 8945E+01
. 8535E+01
. 8122E+01
. 7724E+01
. 7339E+01
. 6967E+01
. 6610E+01
. 6254E+01
. 5913E+01
. 5585E+01
. 5271E+01
.4971E+01
. 4673E+01
. 4389E+01
. 4118E+01
. 3860E+01
. 3615E+01
. 3374E+01
. 3145E+01
. 2928E+01
. 2723E+01
. 2529E+01
. 2338E+01
. 2158E+01
. 1988E+01
. 1829E+01
. 1679E+01

. 4374
. 4293
. 4217
. 4136
. 4060
. 3989
. 3923
. 3861
. 3790
. 3724
. 3662
. 3603
. 3549
. 3499
. 3452
. 3408
. 3366
. 3326
. 3291
. 3258
. 3226
. 3196
. 3168
. 3150
. 3134
. 3117
. 3102
. 3088
. 3086
. 3085
. 3084
. 3083
. 3082
. 3094
. 3105
. 3116
. 3127
. 3137
. 3162
. 3186
. 3210
. 3234
. 3258
. 3295
. 3333
. 3371
. 3408
. 3445
. 3505
. 3565
. 3626
. 3687
. 3749



.774
. 810
. 846
. 883
. 922
. 960
. 000
. 040
. 082
. 124
. 167
. 211
. 255
. 301
. 348
. 396
. 444
. 494
. 545
. 598
. 651
. 706
. 762
. 819
. 878
. 938
. 000
. 063
. 128
. 195
. 263
. 333
. 405
. 479
. 556
. 634
. 714
. 797
. 882
. 970
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. 2023E+01
. 1604E+01
. 1533E+01
. 1524E+01
. 1518E+01
. 1460E+01
. 1480E+01
. 1690E+01
. 1985E+01
. 2304E+01
. 2646E+01
. 2953E+04
. 2995E+04
. 2954E+04
. 2905E+04
. 2846E+04
. 2625E+04
. 1643E+04
. 5766E+03
. 1604E+03
. 7T032E+02
. 6562E+02
. 8193E+02
. 9943E+02
. 1257E+03
. 1503E+03
. 1674E+03
. 1852E+03
. 1905E+03
. 2603E+03
. 2817E+03
. 3009E+03
. 3575E+03
. 3563E+03
. 4000E+03
. 4012E+03
. 4043E+03
. 4231E+03
. 3710E+03
. 2889E+03

. 9994
. 9995
. 9996
. 9996
. 9995
. 9996
. 9995
. 9995
. 9994
. 9993
. 9991
. 0324
. 0031
. 0008
. 0006
. 0039
. 0648
. 4038
. 7868
. 9395
. 9729
. 9742
. 9671
. 9592
. 9472
. 9354
. 9263
. 9164
. 9118
. 8764
. 8625
. 8491
. 8155
. 8106
. 7808
. 7733
. 7642
. 7450
. 7687
. 8135

The effective absorption coef. is

The Pl anck-nean absorption coef.
. 290665E+01/ m

The wal | -i nci dent nean is

Radi al

Parti al

. 654587E+00/ m
is

40.
41.
42.
43.
44,
45.
46.
47.
48.
50.
51.
52.
54.
55.
57.
58.
60.
62.
64.
66.
68.
71.
74.
76.
80.
83.
86.
90.
95.
100.
105.
111.
117.
125.
133.
142.
153.
166.
181.
200.

816
667
553
478
444
455
512
619
780
000
282
632
054
556
143
824
606
500
516
667
966
429
074
923
000
333
957
909
238
000
263
111
647
000
333
857
846
667
818
000

. 1534E+01
. 1398E+01
. 1272E+01
. 1154E+01
. 1044E+01
. 9412E+00
. 8458E+00
. 7576E+00
. 6763E+00
. 6015E+00
. 5334E+00
. 4711E+00
. 4141E+00
. 3623E+00
. 3152E+00
. 2731E+00
. 2351E+00
. 2009E+00
. 1703E+00
. 1430E+00
. 1200E+00
. 9956E- 01
. 8162E-01
. 6593E-01
. 5227E-01
.4202E-01
. 3324E-01
. 2578E-01
. 1949E- 01
. 1424E-01
. 1073E-01
. 7875E-02
. 5586E- 02
. 3781E- 02
. 2387E- 02
. 1644E- 02
. 1088E- 02
. 6855E-03
. 4039E- 03
. 2162E- 03

. 290665E+01/ m

Profiles

Pr essures,

75

kPa

. 3832
. 3918
. 4005
. 4095
. 4187
. 4290
. 4395
. 4505
. 4619
. 4737
. 4855
. 4978
. 5106
. 5241
. 5383
. 5525
. 5675
. 5835
. 6006
. 6190
. 6354
. 6531
. 6723
. 6933
. 7166
. 7328
. 7503
. 7695
. 7909
. 8150
. 8295
. 8452
. 8625
. 8818
. 9038
. 9130
. 9228
. 9333
. 9445
. 9567



J dist,m temp, K CXR2 H20 cH CO (0] N2
FV

1 1. 0000 1000. 7.500 15.600 . 000 . 000 .000 77.000
. 0000E+00
wal | 0.

Total directional radiated energy flux = .125184E+04 Watts/ m 2/strad

Spectral Intensity Distribution, Watts/m 2/ m cron/strad

nm cron intensity tau m cron intensity tau

3.339 . 1085E+03 . 9723 4.008 . 5337E+01 . 9984
3. 367 . 9697E+02 . 9751 4. 049 . 6130E+01 . 9981
3. 396 . 8553E+02 . 9779 4. 090 . 7178E+01 . 9977
3. 425 . 6933E+02 . 9820 4.132 . 8308E+01 . 9974
3.454 . 5894E+02 . 9846 4.175 . 2151E+04 . 3038
3.484 . 4918E+02 . 9870 4.219 . 3041E+04 . 0006
3.515 . 4178E+02 . 9889 4.264 . 2995E+04 . 0000
3. 546 . 3564E+02 . 9905 4.310 . 2947E+04 . 0000
3.578 . 2868E+02 . 9923 4. 357 . 2897E+04 . 0000
3.610 . 2096E+02 . 9943 4. 405 . 2847E+04 . 0000
3.643 . 1498E+02 . 9959 4. 454 . 2793E+04 . 0012
3.676 . 1314E+02 . 9964 4. 505 . 2490E+04 . 0932
3.711 . 1080E+02 . 9970 4. 556 . 1262E+04 . 5315
3.745 . 7920E+01 . 9978 4.608 . 4181E+03 . 8417
3.781 . 6793E+01 . 9981 4.662 . 2144E+03 . 9172
3.817 . 5574E+01 . 9984 4. 717 . 2115E+03 . 9166
3.854 . 5368E+01 . 9984 4.773 . 2523E+03 . 8983
3.891 . 5338E+01 . 9984 4.831 . 2964E+03 . 8778
3.929 . 5280E+01 . 9984 4. 890 . 3505E+03 . 8522
3.968 . 5131E+01 . 9985 4.950 . 3933E+03 . 8302

The effective absorption coef. is .718888E-01/m
The Pl anck-nean absorption coef. is .199213E+01/ m
The wal |l -incident nmean is .199213E+01/ m
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APPENDI X E. TYPI CAL TEP OUTPUT

I NPUT FILE: D:\ PC_TEP\t ep. dat
QUPUT FI LE: D: \ PC_TEP\ t ep. out
THERMODYNAM C DATA FI LE: D: \ PC_TEP\ speci es\ chno. dat
TI TLE RPI/ G2
DATA
$DATA
ODE=1,
NZONES=1,
ASUB( 1) =2,
NASUB=1,
ASUP( 1) =6,
NASUP=1,
$END
REACTANTS
C 1. H 1.9423 100. -5430.L 298.15F .773
O 2. 100. 0.0G 298.150

NANELI STS
$ODE

RKT = . TRUE
PSI A=F

T(1) =1500
P(1) =25,
OFSKED( 1) =3,
o= T

$END

OTI TLE RPI/ G2

ODATA
$DATA
ODE=1,
NZONES=1
ASUB( 1) =2
NASUB=1
ASUP( 1) =6
NASUP=1
$END

LR R R LS TR

kkkkkkkkkkkkkkkkkk

CALCULATE CDE AREA RATI O AND PRESSURE SCHEDULES FOR ZONE 1

hhkkkkkkkkkkkkk ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k ok k sk k ok k ok k ok k ok k sk ok sk khkh ok hkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkk k *

kkkkkkkkkkkkkkkkkk

REACTANTS
C 1.0000 H 1.9423 0. 0000 0. 0000 0.0000 100. 000000 -5430.00 L 298.150 F
0. 77300
O 2.0000 0. 0000 0. 0000 0. 0000 0.0000 100. 000000 0.00 G 298.150 O
0. 00000
NAMELI STS
$ODE
RKT = . TRUE
PSI A=F
T(1)=1500
P(1) =25,
OFSKED( 1) =3,
oF= T
$END
OSPECI ES BEI NG CONSI DERED | N TH' S SYSTEM
J 378 C J12/67 CH L 5/84 CH4 J 9/65 CO
J 9/65 C2
J12/69 2 J 3/61 C2H2 J12/69 C3 J12/69 C4
L 6/88 JET-A(G
DR 9 Cl2H26 J3/77 H J12/70 HCO J 9/78 H®
J 377 R
77



J 3/79 H0
J 377 @

J 378 X
PL 9 Cl2H26(L)
0CF =  3.000000

ENTHALPY
(KG ML) ( DEG K)/ KG
OKG ATOVB/ KG
c
H
o

ENTHALPY | N BTU LBM :

L 6/80 H2®2

J 3/79 HQL)

EFFECTI VE FUEL
HPP( 2)
-0.19573987E+03
BOP( 1, 2)

0. 71587443E- 01
0. 13904428E+00
0. 00000000E+00

J 3/77 O

Est. JP10(L)

EFFECTI VE OXI DANT
HPP( 1)
0. 00000000E+00
BOP(1, 1)
0. 00000000E+00
0. 00000000E+00
0. 62502339E- 01

ZONE = 1

J 6/77 OH

L 6/88 JET-A(L)

M XTURE
HSUBO
- 0. 48934967E+02
BO( 1)
0. 17896861E- 01
0.34761071E-01
0. 46876755E- 01

THEORETI CAL ROCKET PERFORMANCE ASSUM NG EQUI LI BRI UM COVPCSI TI ON DURI NG

FROM REACTANTS : -174. 9239
FROM DELH( ) 0. 0000
FROM DELH1( ) 0. 0000
TOTAL -174. 9239

1

EXPANSI ON

OPC = 367.4 PSIA

STATE TEMP  DENSITY

CHEM CAL FORMULA
DEG K G CC
FUEL C 1.00000 H 1.94230
L 298.15 0.7730
OXI DANT O 2. 00000
G 298.15 0.0000

00 F=3. 0000E+00 PERCENT
DENSI TY=0. 0000E+00

0 CHANMBER
PC/ P 1. 0000
P, ATM 25.00
T, DEG K 1500
H CAL/G -1845.1
S, CAL/ (G (K) 2. 0645
G CAL/ GRAM -4941. 9
U, CAL/ GRAM -1950. 2
DEN (G LITER) 5. 76E+00
M ML W 28. 347
(DLV/DLP) T -1.00000
(DLV/ DLT) P 1. 0000
CP, CAL/(Q(K)  0.4269
CP GAS(SF) 0.4137
GAMVA GAS( SF) 1.2039
GAMA (S) 1.1963
SON VEL, M SEC 725.5
MJ, POl SE 5. 24E- 04
K, ERG S -CMK 1.41E+04
PRANDTL NO 0. 64509
MACH NUMBER 0. 0000
AE/ AT
CSTAR, FT/ SEC
CF VAC
cF
| VAC, LBF- S/ LBM
I, LBF-SEC/ LBM
MOL WI(M X) 28. 347
MOLE FRACTI ONS
cH4 0. 000000
o 0. 123704
o 0. 383614

H 0. 000001
H2 0. 054809
H20 0. 437872

MASS FRACTI ONS

FUEL=2. 5000E+01

THROAT EXIT
1.7704 1.0598
14.12 23.59
1365 1486
-1902.4 -1851.2
2.0645  2.0645
-4721.1 -4918.6
-1998.1 -1955.3
3. 57E+00 5. 48E+00 2
28.347  28.347
-1.00000 -1.00000 -
1. 0000 1. 0000
0.4239  0.4265
0.4057  0.4129
1.2087 1.2043
1.1980 1.1965
692.6 722.1

4.89E-04 5.20E-04 3

1. 30E+04 1. 40E+04 8
0. 63850 0.64448
1. 0000 0.3124
1. 0000 2.0000
3358 3358
1. 242
0.677
129. 58
70. 63
28. 347 28. 347
0. 000000 0. 000000 O
0.115658 0.122957 0
0.391660 0.384361 0
0. 000000 0. 000001 O
0. 062854 0. 055556 0
0.429827 0.437125 0

FROM AN ASS|I GNED PRESSURE AND TEMPERATURE

EXIT
39.796
0. 6282

822
-2135.1
2. 0645
-3832.8
-2192.6
. 65E-01

28. 427
1. 00502
1.0833
0.5189
0. 3650
1.2367
1.1806
532.9
. 32E-04
. 75E+03
0.57932
2.9246

6. 0001
3358
1.673
1.522
174. 65
158.91
28.427

001415
044893
462446
000000
128465
. 362781
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WI' FRACTI ON  ENTHALPY

( SEE NOTE) CAL/ MOL
1.00000 - 5430.000
1. 00000 0. 000

EQUI VALENCE RATI O=1. 1343E+00 STO C M XTURE RATI O=3. 4030E+00



CcH 0. 000000 0. 000000 0.000000 0.000799
Cco 0.122237 0.114286 0.121499 0. 044235
c2 0.595582 0.608074 0.596742 0. 715947

H 0. 000000 0. 000000 0. 000000 0. 000000
H2 0. 003898 0.004470 0.003951 0.009110
H20 0. 278283 0.273170 0.277808 0.229909

OADDI TI ONAL PRCDUCTS WHI CH WERE CONSI DERED BUT WHOSE MOLE FRACTI ONS WERE LESS THAN . 0000005 FOR ALL
ASSI GNED CONDI Tl ONS

C CH (o) 2H o] ca JET-A(Q Cl12H26
HCO HO2

H® o) o @ (R H2O(L) JP10(L) JET- A(L)
C12H26( L)

NOTE

VI GHT FRACTI ON OF FUEL | N TOTAL FUELS AND OF OXI DANT | N TOTAL OXI DANTS
(SF) STANDS FCR (SHI FTI NG FROZEN)

1
0 FROZEN TRANSPORT PROPERTI ES CALCULATED FROM EQUI LI BRI UM CONCENTRATI ONS
STATI ON M K PR
(LBF- SEC/ FT**2) (LBF/ SEC- DEG R)
CHAMVBER 1. 09539496E- 06 1. 75734852E- 02 6. 45086110E- 01
THROAT 1. 02199533E- 06 1. 62469596E- 02 6. 38496220E- 01
EXIT 6. 93548600E- 07 1. 09325694E- 02 5. 79323411E- 01
0 VI SCOSI TY EXPONENT (OVEGA) FOR THE FORM MU=MUREF* ( T/ TREF) ** OVEGA |1 S 0.76373
MUREF FOR | NPUT TO BLM=  3.53317955E-05 LBM ( FT- SEC)
0 SPECI ES CONSI DERED | N TRANSPORT PROPERTI ES CALCULATI ONS
c CH cH4 co
o 2 C2H2 H2
H20 H ;2 o oH
le7)
1 ZONE = 1
THEORETI CAL ROCKET PERFORMANCE ASSUM NG FROZEN COMPOSI TI ON DURI NG EXPANSI ON
FROM AN ASS| GNED PRESSURE AND TEMPERATURE
OPC = 367.4 PSIA

WI' FRACTI ON  ENTHALPY
STATE  TEMWMP DENSI TY

CHEM CAL FORMULA (SEE NOTE) CAL/ MOL
DEG K G cc
FUEL C 1.00000 H 1.94230 1. 00000 -5430. 000
L 298.15 0.7730
OXI DANT O 2.00000 1. 00000 0. 000

G 298. 15 0. 0000
0Q F=3. 0000E+00 PERCENT FUEL=2.5000E+01 EQUI VALENCE RATI O=1. 1343E+00 STO C M XTURE RATI O=3. 4030E+00
DENSI TY=0. 0000E+00

0 CHAMBER  THROAT EXIT EXIT
PC/ P 1.0000 1.7776 1.0602  43.153
P, ATM 25.00 14.06  23.58 0.5793
T, DEG K 1500 1359 1485 752
H CAL/G -1845.1 -1902.7 -1851.2 -2133.5
S, CAL/ (G (K) 2.0645 2.0645 2.0645 2.0645
G CAL/ GRAM -4941.9 -4709.1 -4917.5 -3686.0
U CAL/ GRAM -1950.2 -1997.9 -1955.3 -2186.2
DEN (G LITER) 5.76E+00 3.57E+00 5. 48E+00 2. 66E- 01
M MOL WI 28.347  28.347  28.347  28.347
CP, CAL/(Q(K)  0.4137 0.4047 0.4128 0.3507
GAMA (S) 1.2039  1.2093 1.2044  1.2496
SON VEL, M SEC 727.8  694.4  724.3  525.0
MACH NUMBER 0.0000 1.0000 0.3124  2.9602
AE/ AT 1.0000 2.0000  6.0002
CSTAR, FT/ SEC 3349 3349 3349
CF VAC 1.243 1.661
CF 0. 680 1.523
| VAC, LBF- S/ LBM 129. 36 172. 94
I, LBF-SEC/ LBM 70. 81 158. 47

MOLE FRACTI ONS

Co 0. 123704 o 0. 383614 H 0. 000001 H2
0. 054809
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H20 0.437872

MASS FRACTI ONS

CO 0.122237 co2 0. 595582 H2 0. 003898 H20
0. 278283
OADDI TI ONAL PRODUCTS WHI CH WERE CONSI DERED BUT WHOSE MOLE FRACTI ONS WERE LESS THAN . 0000005 FOR ALL
ASSI GNED CONDI TI ONS

C CH (o) @2H c3 ca JET-A(Q C12H26
HCO HO2

H2R o oH @ aq® H2O(L) JP1O(L) JET- A(L)
C12H26( L)

NOTE

WEI GHT FRACTI ON OF FUEL I N TOTAL FUELS AND OF OXI DANT | N TOTAL OXI DANTS

LR T Y

kkkkkkkkkkkkkkkkk*k

CALCULATE CDE AREA RATI O AND PRESSURE SCHEDULES FOR ZONE 1

LR R R R R LS TR

kkkkkkkkkkkkhkkkkkk

*** ECF ENCOUNTERED | N READI NG ODE REACTANTS DATA ***

*********CPU(SEC) = 0.0 ****kkkh®*
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