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Abstract

Radiative heat transfer analyses for subscale @tst#le rocket combustion chambers withi® and
CH4O, combustion are performed. The method of SpheHeaimonics (P1 radiation transport model)
is used in combination with various Weighted SunGofly Gases Models (WSGGM) to assess the
Radiative Wall Heat Flux to the walls of the comiius chamber. The influence of different wall
emissivities is investigated as well as the resugtag different WSGGM.

For both H/O, and CH/O, combustion the ratio of Radiative Wall Flux to dalbWall Heat flux
decreases linearly with the emissivity of the wdking rather simple WSGGM yields nearly the same
results as using sophisticated models which is fiareall combustion chamber sizes and all
combustion reactions investigated.

The local ratio of Radiative Wall Heat Flux to Tiotdall Heat Flux shows a maximum of 9-10 % for
H,/O, combustion near the injector which is therefortuanced most by radiation. The integrated
ratio is around 3 % for that propellant combinatiéor CH/O, combustion, due to a slightly lower
combustion temperature of the considered load pthietmaximum local flux ratio decreases to 8 %
whilst its location is still at the inlet. Conseauig, the integrated ratio of Radiative Wall Hedt¥to
Total Wall Heat Flux decreases to a maximum of%2a.5

Nomenclature

Latin Symbols: w = Blackbody weight of gray gas

a = Absorption coefficient

C = Absorption cross section Greek Symbols:

C = Mean Absorption cross section € = Surface emissivity

f = Mixture fraction @ = Scattering phase function

h, = Reduced enthalpy o = Scattering coefficient
o . Stefan-Boltzmann constant

F = Blackbody distribution function w = Solid angle

G = Incident radiation

i Radiation intensity Subscripts:

I = Number of gray gases b = Blackbody property

n - Normfelll vector c = Carbon dioxide

q = Heat _ux _ i = Index of gray gas

S = Path length
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j = Numeration index CWHF = Convective Wall Heat Flux
mx = M e
min = Minimum - atlv =quation
max = Maximum PPDF = Presgmed Propability Density
w = Water vapour Function
i - Spectral val RWHF = Radiative Wall Heat Flux

= obectralvalue SSME = Space Shuttle Main Engine

- ) TWHF = Total Wall Heat Flux

Abbreviations and Acronyms. . ) WSGGM = Weighted Sum of Gray Gases
CFD = Computational Fluid Dynamics Model

1. Introduction

Heat transfer analysis is crucial during the degigotess of rocket combustion chambers since thelaiement of
cooling systems and hence the life time of thosardders highly depends on the occurring heat [0Afith their gas
temperatures above 3000 K rocket combustion chasrdrerlikely influenced by radiative heat trandfert depends
on temperature’s fourth power.

The analysis of radiative heat transfer is a vespnglicated part of heat transfer calculations asedfuires the
solution of the Radiative Transfer Equation (RTH)isth depends on spatial, directional and spectaailables.
Analytical solutions for the RTE have been achiewaty for simplified cases whereas for most othgplizations
numerical approximations are used to solve the RTE.

One of these numerical approximations is the Platiath model or Method of Spherical Harmonics which
simplifies the RTE by taking an angularly averageténsity leading to a four dimensional partialfeiiéntial
equation that depends only on spatial and speddrébles. The spectral dependencies can themigdifséd using
so called Spectral Models from which one is the §hissd Sum of Gray Gases Model (WSGGM) that has been
improved by several authors in the past [1, 2]3, 4

The P1 radiation models and the WSGG models oftlaoshors have been implemented into the CFD c@MB
[5] at the Institute of Thermodynamics of the Umaity of the Armed Forces. Both models have bedidated with
simple cases for which analytical solutions of RIEE exist [6]. Within that work, both models havscabeen
applied to the analysis of radiative heat transféhe Space Shuttle Main Engine (SSME).

Former investigations by Naraghi [7], Wang [8], Thann [9] and Goebel [6] concluded that fog/®&, combustion
integrated radiative heat loads to the wall hagbare of nearly 8 % on the total heating of the wallst the local
flux ratio exceeds 30 %. Assuming thrust-identity & fictitious CH/O, combustion in the Space Shuttle Main
Engine Thellmann [9] and Goebel [10] have shown thdiation’s integrated share on the Total WalbHElux
(TWHF) increases to nearly 9 %.

Nevertheless, one of the shortcomings of thesestigations is that the flow field of the SSME wagdicted by
CFD codes not taking into account the effects opphant preparation on the heat load developmspeaally in
the injection region, which leads to an overestiomabf the temperature field and hence the integea radiation
contribution.

The aim of this work is therefore to assess radbatieat loads on the wall of various combustiomdters that are
part of EADS Astrium’s portfolio. As basis, moreliable flow field predictions by Astrium’s in-housspray
combustion CFD code Rocflam-Il are used, which afidated against numerous experiments [11], takitg
account propellant preparation effects such asghiaqt disintegration, evaporation and mixing.

By using subscale and fullscale combustion chamioend,/O, and a subscale chamber for £l combustion, the
influence of a HO/CO, mixture on the Radiative Wall Heat Flux (RWHF)inwestigated in comparison to single
H,0 systems.

For these analyses, the P1 radiation model of N$M&onjunction with the WSGG models mentioned abake
employed. Results for the temperature, pressurenaid fractions of KO and CQ are imported from Rocflam-II
into NSMB which calculates the parameters for th8®EM and afterwards solves the P1 radiation tramspo
equations. This is done in an uncoupled mannernimgahat the influence of radiation on the enetgpservation
inside the combustion chamber is neglected.

The results in RWHF are compared to the Convecihal Heat Flux (CWHF) for both HO, and CH/O,
combustion. The influence of wall emissivities aGGG models is examined using the RWHF and ite tatithe
TWHF, being the sum of RWHF and CWHF. The locailoraf RWHF to TWHF is investigated for both chamber
and their corresponding propellant combination|dyegy a qualitative overview of those regions ie ttombustion
chambers that are influenced most by the RWHF. ifitegrated ratio of RWHF to TWHF finally gives tineean
influence of radiation on the total heat loads.
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2. Numerical Method

2.1 Theory of Radiative Transfer

The Radiative Transfer Equation (RTE) in its spactorm is the basis of all radiative heat transfefestigations,
[12, p. 562]

di g, .
=a [ﬂﬂb—(aﬁ+aﬂ)mﬂ+ﬁq”|ﬂm(a),,w)dag. ¢y

The RTE in Eq. (1) describes the change of a beartessity passing through a radiatively participgtmedium in
the directions. The change is due to a gain of intensity by eimissind scattering and a loss of intensity by
absorption and scattering. The RTE is an integffei@intial equation depending on 3 spatial, 2 dioeal and 1
spectral variable, which makes an analytical sofuilmost impossible for most engineering applareti Thus, it
has to be solved numerically using radiation transmodels for spatial and directional dependenaiss$ spectral
models for the spectral dependency. One of theatiadi transport models is the P1 Radiation Modehermethod

of Spherical Harmonics. One of the spectral modethe Weighted Sum of Gray Gases Model (WSGGM) itha
used to reduce the numerical effort of spectralgrdtion.

2.2 Governing Equations of the P1 Radiation M odel

One way to simplify the Radiative Transfer Equat{i®TE) is the method of Spherical Harmonics. Irs timethod,

the radiative intensity is approximated by a twoensional Fourier-series, splitting the intensitgjzatial and
directional dependency. If the Fourier-series im¢ated after one element, the so-called P1 Radidfiodel is

achieved. In the following parts, scattering ofiaidn is neglected since production of soot etmadt considered in
this work. A detailed derivation of the Sphericarkhonics method can be found in [13, p. 466].

The P1 Radiation Model yields two spatial diffeieahéquations, one for the gradient of the dirawity averaged
intensity G,

1
Gaas =~ UG 2
adA 3a-/\ A
and another for the gradient of the radiative fieat g,
U0y = & (4771'1 b~ G ) ' ©)

which can be combined to a second order partifdrdifitial equation of elliptic type

1 _ o
D[QDGA]—@(GA ari,). (4)

that is subject to the boundary condition at adsatall

2 (2-¢ .
G, -——| — |0G,n, =4, . 5
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The P1 Radiation Model has been implemented inrésearch CFD code NSMB [5] using a local time stepp
algorithm and validated against simple test cagewhich analytical solutions are available [6].

2.3 Spectral Modeling: Weighted Sum of Gray Gases M odel (WSGGM)

Integration of the RTE over wavelength often leadsxtreme efforts when using Line-by-Line spectiaia because
the RTE has to be solved for each spectral lineoyercome this problem, spectral models like theG&M are
used. Further details on the theory of the WSGGM some of the up-to-date models can be found ihg&4vell as
detailed derivation of the WSGGM approach.
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The simplifying approach of the WSGGM is to subdévithe entire spectrum into regions in which theogtion

coefficient is assumed to have a constant vadueAs the absorption coefficient is no longer demeridon the
wavelength in this region, it fulfils the requirents of a gray gas, which gives the model its name.

Additionally to the gray gases, those regions sgpectrum in which no absorption occurs are repted by a clear
gas denoted by indeix=0 with a, =0.

In the WSGGM, integration over wavelength is repthdy a weighted sum over all gray gases. The rsilgct
integrated property is then the sum of all grayegaproperties. The governing equation of the Ptlehof Eq. (4)
becomes

1 .
D(S—amei]:q(q—zmwﬂb). (6)

The boundary condition of Eq. (5) becomes

2 (2-¢, L
ef _Q( e jDGm—lev,WUTS, @)

with the wall’'s blackbody weightv , and the wall temperaturg, . The blackbody weightv indicates the fraction
of the entire blackbody spectrum in which the apgon coefficient isa,

W = ii,b — ii b (8)

| 0 4 "
[i,02 {”T J
o T
Note that if the weightw is a function of temperature, the temperaturehefwall has to be used for the wall's

blackbody weightw ,. The WSGG models currently implemented in NSMB tix@se by Smith [1] for kO and

H,O/CO, mixtures, by Copalle [2] and Johansson [4] fgOHCO, mixtures and by Denison & Webb [15, 16] for
H,0 and HO/CO, mixtures. The first three use a rather simple apphn to gain absorption coefficients and weights
from total emissivity curve fits whereas the lattesdel is based on spectral databases.

For mixtures of HO and CQ, the numerical effort remains the same as forlsirgO systems except for the model
of Denison & Webb. While the models of Smith, Cdé@aind Johansson employ the same number of gragigis
those mixtures (SmitH=3, Copalle:1=3, Johanssori=4), there are several options for Denison & Webhtdel.
The first option, known as double-integration, ctdtes the mixture absorption coefficients and Weigaccording

to

w, . =w,w =] F,(Gp) =~ (G| B(Gu)- B( G)], (9)

aW,c = Nwéw,j + NC_QJ . (10)

The mean absorption cross section of each speciefined as

C = (CJ Gt )]/2' (11)

The disadvantage of this option is that the nundfegray gases and thus the number of equationg teolved is
exponentiated, e.g. when usingl0 gray gases for each species, the total numbegray gases becomes
(I+1)x(1+1)=121 which is a huge amount of additional compatetl effort. One possibility to lower the
computational efforts is to use less than 10 geseg per radiating species with the double integrathich in turn
requires an optimization technique as suggesteddnyson & Webb [3]. In this work, reduction to 3agrgases per
species is investigated, leading to a total nunob&6 gray gases.



RADIATIVE HEAT TRANSFER ANALYSIS IN MODERN ROCKET COMBUSTON CHAMBERS

The second option is called convolution approacitdntrast to the double-integration, this optieeds only gray
gases, similar to the single species system. At, ftO values forC_ . are defined from which the absorption

coefficient is yielded from

mix,j

aw,c = ( Nw + Nc) Cmix,j' (12)

The weight is obtained by subtracting two contigaiblackbody distribution functions

Ww,c = |: Fmix,j+1( Cmix,j+1) - I:mix,j ( Cmix,j)] ’ (13)
with
Fc(cc,max) C - rC
Fmi><,j (Cmix,j) = J- Fw (M] ch ( Cc) ’ (14)
Fc(Cc,mm) 1_ r
N
r= = 15
N+ N, (15)
and
Cmix' - (1_ r)CW min
CC max = ! : . (16)
' r
C andC_,__ are chosen a8[10° m7 and C is set to60 m7 The integration of Eq. (14) is carried
'W,min 'c,min mo| 'c,max m0| . g q

out with a Gaussian quadrature over 60 intervalge @ the well behaved characteristicsHf, ; (Cmix,j) this method

is expected to yield a satisfying accuracy withstezfforts. The number of intervals has been opgtahito 60 within
various tests, yielding an error of below 0.5 %the solution with 1000 intervals that would leadntoich more
computational efforts [17].

The disadvantage of this model is its limitationsistems with a constant mole fraction of specibklvdoes not
apply to the combustion chambers in this work. Tiedel is therefore used beyond its limitations wittriable
mole fractions.

2.4 Numerical method for the basic flow

For the basic flow (velocity, pressure and tempeeafield, gas properties and compaosition) instike ¢onsidered
combustion chambers, Astrium's in-house CFD codgfl&wo-1l is used [18]. Rocflam-Il is an axisymmetilavier-
Stokes solver with a Lagrange droplet tracking nedhat incorporates several models for multi-cldssplet
tracking, evaporation and combustion, balancing tecuracy and computational effort.

The turbulence modeling is realized via a two-lalger model which switches to a one-equation model far t
turbulent kinetic energy near the wall, determinihg dissipatiorg from an algebraic expression. For the propellant
combinations KO, and CH/O, an equilibrium-table-based chemistry model is usét a one-dimensional PPDF
(Presumed Probability Density Function) approadtintainto account the influence of turbulent contimrs No
species concentration equations are solved, oglglaal mixture fraction and its variance are trddty differential
equations.

The key of this type of combustion model is the bastion table which is computed separately priotthe
computation itself by a chemical equilibrium codela fluid database. A visualization of the chemjisables for
CH,/O, and H/O, are given in Fig. 1. The temperature evolutiorthef combustion between fuel and oxygen is
shown as contour on the z-axis and additionallgagour color. On the other axes the gas solvautigpantities
mixture fraction f and reduced enthalpyy, are shown. Here,f =1 (O/F=0) means pure fuel,f =0

(O/F - «) represents pure oxygen. The stoichiometric mégwf f =0.2 (O/F =4) for CH/O, and f =0.112
(O/F=8) for H,/O, are indicated by the red arrows. The enthalpyll®fezero corresponds to the injection
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temperature of fuel and oxidizer & =1and f =0 respectively. Positive enthalpy is related to kigmegative

enthalpy is related to lower temperatures. At tt@chiometric ratio the temperature is maximal the given
enthalpy level. It is clearly visible that the comsbion temperature increases with increasing eoyhahd pressure.
The tables are multi pressure tables which aressecg for a correct description of the flow anddbenbustion over
the entire computational domain including throatl azzle where the pressure strongly decreasegodtlew
expansion. The effect of different pressure levalghe table is visible by the multiple contour day. With
increasing pressure, dissociation becomes weageltirgg in a higher temperature at high pressurelée

TK]: 0 1000 2000 3000 4000 5000 TIK: 0 1000 2000 3000 4000 5000

multi-pressure

plateau in two-

stoichiometric stoichiometric phase region

ratio f;=0.2 ratio f;=0.112
Figure 1: Multi-pressure equilibrium chemistry talibr CH/O, (left) and H/O, combustion (right) [19].

3. Calculation Strategy

In Fig. 2 the calculation sequence of this workhewn. Based on the Rocflam-Il results for tempgetpressure
and mole fraction of radiating species imported INSMB, a routine in NSMB calculates the WSGGM pdigs
absorption coefficient and blackbody weight fortegcay gas. These are used as input to the rotitaiesolves the
P1 radiation transport model yielding the incideadiation G for each gray gas. With a converged solution ef th

P1 radiation model, postprocessing routines in NSiBstruct the RWHF.

{  Rocflam-I|
e PV

)

Radiation

2

R 2 div(Grag
[

Postprocessing

Mole Fraction

Absorption
Incident Coefficient
Radiation Weight

P1 Radiation
Model

Figure 2: Calculation sequence for Radiative Heah3fer Analysis

As a further option, the divergence of the totaliative heat flux can be used as input to Rocflamm-la loosely
coupled calculation. For loosely coupled simulagiathe divergence of the total radiative heat flukich is the sum
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over all gray gases, has to be added to the emepgstion of Rocflam-II to account for energy tram$oy radiation,
yielding a modified flow field which is then used @put for another radiation simulation. The lo@sipling

procedure is done until convergence is reachedpl@myuis left out in this work which is indicated/ the dashed
arrow in Fig. 2, but will be reported in the neaiufe.

4. H,/O, Combustion
propellant preparation zone

A

V\ L I L
-0.4 -03 0.2 -0.1 0]

Figure 3: Temperature contours of Subscale andd¢alé
Combustion Chamber for H2/0O2 combustion

For the H/O, combustion two different geometries are investidata subscale and a fullscale chamber [3]. The
subscale design has been chosen in a way thatepissentative for fullscale in terms of heat loadthe wall as
well as characteristic length and thus propellaaparation and evaporation. The smaller dimensidise subscale
hardware make it possible to experimentally gattedailed calorimetric heat flux measurements. Tderametric
measurements are realized by computing the enthdififgrence between inflow and outflow of the mpiki
individual segments on the basis of temperaturessure as well as velocity differences. The coraparbf these
data to the Rocflam-II simulation is presented iguFe 4.

IFlocflam'—ll —

Tes

q,, [IMW/m?]

chamber contour

-350 -300 -250 -200 -150 -100 -50 0 50
X [mm]

Figure 4: Local heat flux profiles of simulationdaexperiment for the 0, Subscale chamber

It becomes visible that the overall agreement betws&mulated and measured local heat flux is vendgA small
deviation can be observed in the injection area tteaface plate, where the simplification of axisyetry has its
strongest influence. Both, the temperature pldiiq 3 as well as the heatflux profile in Fig. 4mlay the propellant
preparation zone which has not been resolved mdostudies [9, 10] providing a combustion efficghower than
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unity and a thermally less loaded region closééoinjector. The load point (chamber pressure aixtLine ratio) for
which the comparison is shown matches the loadt pdithe fullscale chamber. Due to the chosen sirityl of full-
and subscale and the comparable load point it jee®d that the local heat flux prediction by th@wation
presents a realistic evolution also for the fullscghamber. This is confirmed by the good agreeroétite integral
heat load between simulation and experiment foffuliscale chamber. There, the measurement ofrttegyial heat
load is realized by a single calorimetric measurgrbetween inlet and outlet of the cooling circuit.

The results in RWHF for both the subscale anddalks combustion chamber using different wall enaiges can be
seen in Fig. 5. The plots are normalized with theximum CWHF of the corresponding combustion chambbe
left and the right scale of each diagram in Figliffer by two orders of magnitude; at intersectiaisRWHF and
CWHEF the former is 1 % of the latter. Additionaltie radially averaged temperature is shown in %ig.
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Figure 5: Normalized CWHF, RWHF and averaged teatpee for Denison’'s WSGGM for
Sub (left)- and Fullscale (right) Combustion Chamiiging different wall emissivities

Firstly, one can see that the RWHF evolves withhaasing temperature depending on its fourth powserFig. 5
underlines, the cross sectionally averaged temperancreases as chemical reactions take placehiren its
maximum shortly upstream of the throat. The RWH$oahas its maximum near that position. In the salbsc
combustion chamber the maximum RWHF is locatech#iiigupstream (-0.111 m) of the maximum temperafure
0.072 m) having a difference of 39 mm. In the ftdle chamber the maximum temperature lies at -Oni6®d the
maximum RWHF is at -0.197 m so the difference is¥#8. Compared to the total dimensions of the chamthe
distance between the positions of maximum temperatnd RWHF is 8.6 % and 5.6 % of the total chanfdregth.
The reason for the slight difference of the maximpasitions is that the radially averaged tempeeatuass a
different maximum position than those specific o&i in radial direction that influence the RWHF mtsough
their emission. Downstream of the throat the RWHErdases rapidly with the expansion of the flowidishing
the temperature. One can see the different deoagagiaracteristics between the sub- and fullschembers
downstream of the throat as the RWHF has a stegpee in the subscale chamber. According to Figths,
averaged temperature decreases more rapidly isuthecale chamber, causing the RWHF to drop ofpstetman in
the fullscale chamber. This is due to the fact @itaéquivalent nozzle length the expansion ratighef subscale
chamber is much higher than for the fullscale one.

Secondly, the influence of the wall emissivitiescdmmes obvious in Fig. 5. With an emissivity £0.6 the
normalized RWHF reaches its maximum of 0.0176 enghbscale and 0.0169 in the fullscale chambet=04 it is
0.0116 and 0.0108 and with an emissivityes0.2 it reaches the smallest values of 0.0057 a@@52. Thus, the
decrease in maximum RWHF is linear to the decr@asiee emissivity of the wall. For the consideremmbustion
chamber material the values can range fesh1 for the polished case up#=0.8 for oxidized conditions. Thus, a
value ofe=0.6 represents a high but realistic choice, @lrttore when considering already aged chambers.
Thirdly, Fig. 5 shows the different length of thiglh RWHF zones which are broader in the fullscaleloustion
chamber. This difference is due to the temperaitusale the chambers as Fig. 5 underlines with teramed
temperature. Because of the increased length ofultecale combustion chamber, the high temperateggons
inside this chamber are longer than in the subsoaebustion chamber showing a significant regiorcarfistant
maximum temperature that in turn results in a beoaty of the associated high RWHF zones.
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Figure 6: Comparison of normalized RWHF for Denisand Smith’s WSGGM for
Sut- and Fullscale Combustion Cham

The result of both WSGG models used in th&3: combustion, namely the ones by Smith and Denisoghown in
Fig. 6. In the subscale chamber, both WSGG modeMigt nearly the same ascent of the RWHF downstrefathe
injector as well as nearly the same maximum RWH&wDstream of the throat the difference between batlels
increases. The location of the maximum RWHF ishsligshifted by 30 mm with the maximum predicted by
Denison’s model being upstream of the predictiorshyith’s model.

For the fullscale chamber the difference betweeh bwodels increases as Smith’'s model predicts dlemiRWHF
than Denison’s. The difference in maximum RWHF isuad 20 %. The location of the maximum RWHF is
predicted equally by both models.

Since the difference in maximum RWHF predicted hiy tiwvo homogeneous WSGGM does not occur in thecalés
chamber, the size of the combustion chamber seeims tesponsible for that. In former investigatiofishe Space
Shuttle Main Engine [9, p.73], whose dimensionscan@parable to the fullscale chamber in this witk, WSGGM
by Denison also predicted the highest RWHF comptréle simple model by Smith. With an increasedetision,
especially with an increased diameter, the patlytterdor radiative heat transfer increases and tteelyrt of
absorption coefficient times path lengths growadiag to a higher emissivity. Since Denison’s mduket a more
profound theoretical basis than Smith’s modelsittoncluded that absorption is more precisely nextiéh that
model while Smith’s model underestimates the aligmrpcoefficient along the path, reducing the eimigs and
leading to a lower maximum RWHF. The differencesdme obvious only in the fullscale chamber whosenditer

is about 5-times the diameter of the subscale cetidyu chamber; the path lengths in the subscalenbba are
obviously too low to cause any significant diffecerin maximum RWHF.

017

Subscale, £=0.6
- Fullscale, £=0.6

RWHF/TWHF []

T -
0.6

| I R EEI T
0 0.2 0.4 0.8 1

Normalized Distance from Injector Faceplate [-]

Figure 7: Local influence of RWHF on the TWHF for
H,/O, combustion with Denison’s WSGGM
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Figure 7 finally summarizes the local ratio of RWHFTWHF for both combustion chambers for the s&sM®GGM
and constant wall emissivity. Due to the differlamgths of both combustion chambers the abscissarimalized so
the position of the faceplate equals zero and ltheat is at 1.0. Fog=0.6 the maximum local ratio of RWHF to
TWHF is nearly 10 % in the fullscale chamber arfib ¢ the subscale chamber. The main reason fohightratio

is the low CWHF near the injector as predicted mcflaim-Il and confirmed by the experiments. Althbuidpe
RWHEF is also lowest in this region, the small CWeHtises the ratio of both to increase. Downstreatiheoinjector
the temperature and thus the RWHF and CWHF incresgk the CWHF increasing stronger than the RWHF,
causing the local ratio to drop. Throughout the ofshe combustion chamber, the ratio stays beld.

Table 1: Integral ratio of RWHF/TWHF for all WSGGadels,
wall emissivities and chamber sizes fofy ® combustion

Subscale Chamber RWHF/TWHF [%]
£=0.6 e=04 &=0.2
Smith’'s WSGGM 2,98 1,91 0,94
Denison's WSGGM 2,94 1,95 0,97
Fullscale Chamber RWHF/TWHF [%)]
£=0.6 e=04 &=0.2
Smith’'s WSGGM 2,54 1,66 0,82
Denison's WSGGM 3,30 2,10 1,00

In Table 1 the integrated ratios of RWHF to TWHIE aummarized. Again, one can recognize the infleeiche
wall emissivity on the results. The integratedaatecreases linearly by nearly one percentage pottie subscale
chamber for an emissivity decrease of 0.2. In tilklsdale chamber the decrease is slightly lowehwinly 0.9
percentage points for each emissivity decrease2ofFdr the subscale combustion chamber Table &rlinds that
there is nearly no difference in the predictiorboth WSGG models. The biggest difference betwedhn mmdels is
0.04 percentage points which is less than 3 %.

In the fullscale chamber, the prediction of theegraited ratio of RWHF to TWHF differs for both WSG@dels.
Denison’s model yields the highest ratio due topitsdiction of the highest RWHF in the fullscaleantber. The
maximum difference to Smith’s model is 0.76 peraget points for an emissivity @=0.6 which decreases to a
minimum of 0.18 percentage pointsea.2. This difference is caused by the differerduaacy of both models as
stated above.

5. CH4/O, Combustion

0.05

CH, /0, combustion: Y,,,o+Yco,

{{

0050 1 P I P I ] . S T T T T T T
-0.3 -0.2 -0.1 0 035 03 -025 -02 -015 -01 005 0 0.05
X

Figure 8: Temperature contours (left) and contadintmass fractions of the radiation-relevant spegigst) in the
Subscale Combustion Chamber for H2/0O2 and/Oficombustion

Concerning the basic flow, significant differences be observed between hydrogen and methane ctionbas
Fig. 8 underlines. First of all looking at the teangture on the left of Fig. 8 it appears that thené zone within the
chamber starts farther downstream for methane ithdime case of hydrogen. Furthermore, the stratifim in the
throat area is perceptibly higher for €8, combustion. Both effects are mainly driven by diféerent droplet size
distributions of the two propellant combinations.

Additionally, by looking at the right of Figure &he observes that the sum of mass fractions #@ &hd CQ is
significantly lower in the case of methane thais fior sole HO in the pure hydrogen combustion. This is surpgisi
at first sight but results from the fact that astabtial part of the exhaust gas contains CO wisigitoduced at high
temperatures. However, CO is not considered inréagative transfer calculation since the WSGG mededed
herein do not support it. Future work will clarifye effect if CO is not considered.
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A comparison of the locally measured heat fluxtfer CH/O, case in Fig. 9 shows that the general agreemeht wi
the simulation is as good as in the case £0k

Rocflam—Il ——
Test data: ave., min. and max. heat flux ———

' -

-350 -300 -250 -200 -150 -100 -50 0 50
X [mm]

G [MW/m?]
chamber contour

Figure 9: Local heat flux profiles of simulationdaexperiment for the CJHO, Subscale chamber

Concerning the general evolution of the heat fleofifes it should be mentioned that the appliedpet@ant injection
method is slightly different for both propellantrebinations, leading to a negligible steeper haat firadient in
proximity of the faceplate compared to the® case. More important than the injection methothésload point
equivalence between the two propellant combinatidrtgerefore, the chamber pressure for both casdeps
constant. Due to the different stoichiometric ratod H/O, (=8) and CH/O, (=4) combustion the absolute value of
the mixture ratio could not be kept. However, basadhe available experimental data the best plessdbative
match to the hydrogen case was chosen. Finallyrethdting combustion temperature assuming eqidhiviis about
40 K lower for the methane configuration, which tage kept in mind when comparing the results.

Figure 10 shows the normalized RWHF in comparis@h the CWHF for different wall emissivities usii®mith’s
WSGGM. Similar to the HO, case the scales of both axes differ by approxim&eorders of magnitude. The
maximum RWHF in case of the GiD, simulation is 1.65 % of the maximum CWHF whiclslightly lower than in
the H/O, simulation. The reason for that is on the one hidweddecreased temperature of the £ combustion
load point and on the other hand the sum of massidins of HO and CQ which is lower than the mass fraction of
pure HO in the BH/O, combustion as Fig. 8 underlines. The maximum RWeK-43 mm upstream of the maximum
temperature which is a difference of 11 % of thaltohamber length and comparable to the differdratereen both
maxima in the O, combustion

Smith's WSGGM
————— Copalle WSGGM
---------------- Johansson WSGGM

0.02 — —®— Denison WSGGM, double integration (121) — 2

002 RWHE 20,6 72 —-m-— Denison WSGGM, convolution (10) ]
r e=v. ] L [ W Denison WSGGM, double integration (16) 18
ool —-—-—- RWHF ¢=0.4 418 0018 F 2" cwHF iy 11
o e, RWHF £=0.2 i E = = N 1
0016 - CWHF 116 = 0016 . 416
Tt Jisa® = F ] =
<0014 j’l.4'—; = 0014fF ot 14 .
E = B 13 - £
(T8 —H1.2 TN r —H1.2 [T
é 0012 1 ; 0012 ;
F - 11 oo o —H1
Q oo1f N ©  oo01f Vs ] o
= F 7 1w, 708 F = B . Jos Lk
= 00081 ] P Z oo008F o B ] z
4 F 1 10-65 % F PR Tl ‘,’. —Ho6 ©
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{ """""""""""""""""""""""""""" “\\ qo4i s v T L
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Figure 10: Normalized CWHF and RWHF for Smith’s WK using different wall emissivities (left) and
normalized RWHF for various WSGG Models (right) Bubscale CHO, combustion€=0.6)
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With varying wall emissivity the normalized RWHFaleases from 0.0144 &t0.6 to 0.0094 a¢=0.4 and reaches
its lowest value of 0.0047 wits=0.2. Thus, the decrease in maximum RWHF with eritgsis linear like in the
H,/O, case.

The differences in RWHF for the different WSGG migdare shown in Fig. 10. Due to the presence of, QO
addition to the simple model by Smith that has bessd for the HO, case, several alternative models can be used
for mixtures of HO and CQ as they occur in the present propellant combinafidvese are models by Copalle and
Johansson. All three simple WSGG models predicbatrthe same ascent and descent of RWHF whilst fhernly
small difference in the prediction of the maximurWRF. The position of the maximum RWHF does not atiff
significantly between those three models and vaitsveen -0.09 m and -0.07 m which is a differeat® %
relative to the length of the chamber.

Additionally, the WSGGM by Denison which uses 12hyggases for two radiating species with the double
integration (whose origins are in the use of 10ygoéus 1 clear gas for each species, thus 11x11=i21n
accordance with the three simple models mentiotE/e It matches Johansson’s results best frominjeetor
down to the throat but differs from the three sienglodels in the expansion region.

The effort saving simplified options for DenisoM6SGGM predict the lowest RWHF that is only halftbé other
ones’ RWHF reaching 0.7 % of the maximum CWHF. Agble reason for the lower prediction of the RWiMEh

the convolution option is the option’s limitatioa tonstant mole fractions which is violated herdihe reason for
the lower prediction of Denison’s model based oulde integration with optimized intervals is thag toptimization
algorithm yields only one of various local minimestiead of the global one. Therefore the resultd@three simple
models and of Denison’s model using 121 gray gapgear more trustworthy since they have neitheitdiions
that are exceeded nor the necessity of optimization

0.08 |-
i

0.07 |

0.06
w
T o005 Subscale, £=0.6, Denison
E —_———— Subscale, £€=0.6, Copalle
=
T 0.04
=
14

o
o
@

0.02

0.01

0.2 0.4 0.6 0.8 1
Normalized Distance from Injector Faceplate [-]

Figure 11: Local influence of RWHF on the TWHF {ok,/O, combustion

The local ratio of RWHF to TWHF for two WSGG models:=0.6 is shown in Fig. 11. One can see that theiplot
similar to the one for MO, combustion in the subscale chamber shown in FigitY the maximum ratio occurring
close to the injector. The quantitative level oé tfatio of RWHF to TWHF is slightly lower in the Gi®, case
reaching a maximum of only 8 % in contrast to 10%he H/O, case. The reason for quantitative difference ef th
ratio is the RWHF which is lower as Fig. 10 undeat.

For the CH/O, combustion, Table 2 shows the integrated ratiRWHF to TWHF for various WSGG models and
emissivities. Similar to the RWHF the integrated RWTWHF is nearly the same for the WSGG models imjtls
Copalle and Denison predicting a maximum ratio rofuad 2.5 % at=0.6 which is about a half percentage point
lower than in the WO, combustion. For these three models a decreasuigsigity by 0.2 decreases the ratio by 0.8
percentage points. This linear behavior is veryilainto the one in the J0, combustion. The WSGGM by Denison
using the double integration option with 121 grages yields similar results fer0.6; the other emissivities are left
out in this work due to the extremely high compiotaal efforts of this method. Nevertheless it ceralssumed from
the results of the }0, combustion and from the performances of the ofWSGG models in the C}D,
combustion that the reduction with emissivity isng@mrable.

The integrated ratio gained by the simplified opsicof Denison’s WSGGM is only half of the predictiby the
other models because their RWHF is only half ofdtteer models’. Nevertheless, with decreasing dwiigghese
models behave very similar.
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Table 2: Integral ratio of RWHF/TWHF for all WSGGddels and
wall emissivities for CHO, combustion

Subscale Chamber RWHF/TWHF [%]
£=0.6 e=0.4 e=0.2
Smith’'s WSGGM 2.49 1.66 0.83
Copalle’'s WSGGM 2.55 1.69 0.85
Johansson’'s WSGGM 2.37 1.55 0.76
Denison’s WSGGM (double 242 ) )
integration, 121 gases) '
Denison’s WSGGM (double
integration, 16 optimized 1.40 0.94 0.47
gases)
Denison’s WSGGM 118 0.78 0.39

(convolution, 10 gases)

6. Summary & Conclusion

Simulations of radiative heat transfer are caried for H/O, combustion in subscale and fullscale combustion
chambers and for GO, combustion in a subscale combustion chamber. Texhpe, pressure and mole fractions
of the radiating species,B and CQ are imported from Astrium’s inhouse CFD code Ra#ll into the CFD code
NSMB that has been utilized to simulate radiatieatitransfer. Based on these inputs, NSMB detesmpaeameters
for the WSGG models and uses them to solve theaBiation transport model. NSMB finally gives the RW/ to

the combustion chamber wall which is added to t#WHE given by Rocflam-II to yield the TWHF.

Simulations of the KO, combustion confirm that the RWHF strongly depewodsthe temperature, reaching a
maximum shortly upstream of the location of the mmarm cross sectionally averaged temperature. Theeince of
wall emissivity becomes obvious for that propellaombination as the RWHF decreases linearly wittrekesing
emissivity of the combustion chamber wall. In rigatto the maximum CWHF of each combustion chanther
maximum RWHF is comparable for both subscale afidcfale combustion chambers reaching around 1. 24L&
their maximum CWHF for a wall emissivity of 0.6, igh represents a high but still realistic value eTdifferent
WSGG models for the 40, combustion have little influence on the RWHF foe tsubscale chamber whereas for
the fullscale chamber the difference between Smithhd Denison’'s WSGGM increases. This difference in
maximum RWHF is caused by the less precise modealingbsorption by Smith’'s WSGGM. Since the fullgcal
chamber is five times the diameter of the subschimber, the different precision becomes obviodg omthis
chamber as absorption is overestimated by Smitlodeialong the increased path length. This decsehgeRWHF
while increasing the differences between both medeid thus revealing the superior accuracy of Dberss
WSGGM to Smith’s model.

In the H/O, combustion, the local ratio of RWHF to TWHF hasaximum shortly downstream of the injector that
reaches around 10 %. Further downstream, thedaticeases and does not exceed 4 % in the rest ohtimber.

The integrated ratio of RWHF to TWHF is around 3fé6 the subscale combustion chambee=2.6 and nearly
independent on the WSGGM. In the fullscale chanithisr2.5-3.3 % at=0.6, depending on the WSGG as already
mentioned for the maximum RWHF. The integratedoratecreases linearly by one percentage point when t
emissivity is reduced by 0.2 in the subscale comitmuschamber and by 0.9 percentage points in thischle
combustion chamber.

Simulations of the CHO, subscale combustion chamber reveal a similar igtigkk behavior of the RWHF over the
axial distance, showing similar characteristics tas cross sectionally averaged temperature profilethat
combustion HO and CQ are assumed to be radiatively participating. Ttikiénce of CO is not considered because
up to date WSGG model do not support its specti@bgrties. The maximum RWHF with respect to the imaxn
CWHF decreases to 1.65 %. The simple WSGG modelSrbigh, Copalle and Johansson vyield nearly the same
RWHF as the sophisticated model by Denison basedouble integration and 121 gray gases. The simaglif
versions of Denison’s model, using double integrativith 16 optimized gray gases and the convolugipproach in
order to reduce the computational effort, predidy dalf of the other models’ RWHF. The reasontfur difference
lies in the fact that the optimization method firddy one of many local minima instead of the glab@mimum. The
convolution approach is valid only for systems withnstant mole fractions which is not the casehis work and
thus the model is used beyond its limitations.
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For decreasing wall emissivities, the decreasé@RWHF is linear, too. The local ratio of RWHFTt@/HF for the
CH,/O, combustion behaves similar to thg/®, combustion having a slightly reduced maximum ¢fo&hear the
injector faceplate. Throughout the rest of the domtoe ratio of RWHF to TWHF does not exceed 4 $4rathe
H,/O, case.

The integrated ratio of RWHF to TWHF decreasesafbWWSGG models compared to the/®&, combustion yielding
a maximum of only 2.5 % fog=0.6. For lower wall emissivities the ratio thencoases linearly, similar to the
behaviour of the maximum RWHF.

The lower RWHF is caused firstly by the lower comstiimn temperature of the GKD, combustion at the given load
point, secondly by the decreased mass fraction,@f &#hd CQ whose sum is lower than the mass fraction of singl
H,0 in the H/O, combustion and thirdly by the lower absolute emigsof CO, compared to kD at the given
pressure and temperature levels.

The findings of this work contradict the resultssoime of the former investigations predicting aegnated ratio of
RWHF to TWHF of nearly 8 % for 10, combustion and 9 % for GHD, combustion. Future work will show by
detailed comparison to those former investigatitnag the main reason for the over-prediction isléss profound
flow-field of those simulations which does not agebfor propellant preparation effects near thedtgr face plate
but instead assumes a pre-burnt mixture enteriegdmbustion chamber. By that, the temperature theainjector
is overestimated, resulting in an over-predictidntte RWHF and increasing the ratio of RWHF to TWHFR
addition, in the CHO, case the pre-burnt mixture yields a mole fractb O, that is twice as high as in the current
work, increasing the RWHF further as the amoumniadiatively participating C®is almost doubled. Finally, by the
assumption of a premixed profile, the combustiomperature in general is overestimated as the cawbus
efficiency is implicitly assumed to be 100%.

In conclusion one can say that it is essentialtfier prediction of a realistic RWHF to have a remiflow field
including temperature and species distribution. c@oming radiative transport, the P1 model givesstattory
results. More important appears the spectral mogebenison's detailed model shows comparableteetgukimpler
models (i.e. Smith) for small optical path lengéissthey appear in the subscale combustion chambbigger path
lengths, like in the fullscale chamber, the simpherdels show a more pronounced deviation even ththegeneral
behavior as well as the order of magnitude is atiteptable. Generally, one has to say that theibotion of gas
radiation to the integral heat load of the chanibeelatively small even when assuming an elevatail emissivity.
Consequently, the use of simpler models (i.e. 9nmitiplying a renouncement of accuracy appears tadoeptable.
Future work will also cover the investigation ofupding effects by implementing the divergence dafiative heat
flux into the total energy equation of Rocflam-@ldccount for energy transport by radiation.
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