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Abstract 

This work is intended to identify models that approximate the spectral properties of combustion gases for 
thermal gas radiation and implement them in the CFD code NSMB. The Weighted Sum of Gray Gases Model 
(WSGGM) formulated by Smith, Copalle and Johansson as well as the Spectral Line Weighted Sum of Gray 
Gases Models (SLWSGGM) formulated by Denison are investigated. The theoretical basis of all models is 
presented, followed by a quantitative comparison in terms of total emissivity predicted by these models. Fi-
nally a CFD simulation of the Space Shuttle Main Engine (SSME) Main Combustion Chamber (MCC) is real-
ised with different WSGG models and the SLWSGGM for H2/O2 and CH4/O2 combustion using the CFD 
codes NSMB and CFX. The investigation of total emissivity reveals a strong limitation of all models in tem-
perature. The CFD simulation confirms the assumption that those models predicting a higher total emissivity 
also compute a higher radiative heat flux. For the H2/O2 case the models of Smith and Denison provide the 
best results compared to benchmark data whereas for CH4/O2 Copalle’s and Denison’s models are most 
suitable. Concerning computational effort, the models by Smith, Copalle and Johansson are identified to be 
the least time consuming models. 

NOMENCLATURE 

Latin Symbols: 
a  [1 m ] Absorption coefficient 
A  [ − ] Polynomial coefficient 
b  [ − ] Polynomial coefficient 
B  [ − ] Polynomial coefficient 
absC  [ 2m mol ] Absorption cross section 
F  [ − ] Absorption line blackbody  
   distribution function 
f [ − ] Arbitrary function 
G  [ 2W m ] Incident radiation 
i  [ 2W m sr ] Radiation intensity 
I  [ − ] Number of gray gases
j  [ − ] Counting index
J  [ − ] Number of intervals for one gray  
   gas / Order of polynomial 
K  [ − ] Number of species
l  [ − ] Summation index 
m  [ − ] Summation index 
n  [ − ] Summation index 
p  [ Pa ] Static pressure 

FP  [ − ] Correlation function 
q  [ 2W m ] Heat flux 

mR  [ J kg mol ] Gas constant 
s  [ m ] Direction 
S  [ m ] Path length 
T  [ K ] Static temperature 
w  [ − ] Weight of gray gas 

X  [ − ] Molar fraction 

Greek Symbols:
ε  [ − ] Total emissivity 
λ  [ m ] Wavelength 
ξ  [ − ] Logarithm of absorption cross  
   section 
σ  [1 m ]/ Scattering coefficient / 

 [ 2 4W m K ] Stefan- Boltzmann constant 
φ  [ − ] Scattering phase function 
ψ  [ − ] Logarithm of elevated pressure 
ω  [ sr ] Solid angle 

Subscripts: 
abs    Absorption 
b    Blackbody property / Broadening 
g    Gas 
i    Index of direction / Index of gray gas 
k    Index of species 
p    Pressure based 
rad    Radiation 
ref    Reference state 
sb    Self broadening 
λ    Spectral value 
0    Clear gas property 

Superscripts:
j    Index for gray gas interval 
lower   Lower boundary of gray gas interval 
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upper   Upper boundary of gray gas interval 

Abbreviations and Acronyms: 
CFD   Computational Fluid Dynamics 
DTM  Discrete Transfer Model 
FSK   Full Spectrum k-Distribution 
MCC  Main Combustion Chamber 
RRM  Rosseland Radiation Model 
RTE   Radiative Transfer Equation 
RWHF  Radiative Wall Heat Flux 
SLWSGGM Spectral Line Weighted Sum of Gray 

Gases Model 
SSME   Space Shuttle Main Engine 
WSGGM Weighted Sum of Gray Gases Model 

1. INTRODUCTION 

Within a simulation of radiative heat transfer, several 
difficulties have to be overcome. One of them is the 
modelling of radiative properties of the participating 
media. These radiative properties depend on wave-
length, adding a further dimension to the Radiative 
Transfer Equation (RTE) [1], p.3. 

With an approximate solution of the RTE, a spectral 
integration to gain total values can be replaced by a 
summation if regions in the wavelength spectrum are 
known in which the properties are constant, hence 
do not depend on the wavelength (gray gas). This is 
the basic idea behind the Weighted Sum of Gray 
Gases Model (WSGGM), originally introduced by 
Hottel [2]. The radiative property consists of a 
weighted sum of gray gas properties, which are in-
dependent of wavelengths [2], p.247. It has been 
shown that the WSGGM can be used with any ap-
proximation technique of the RTE [1], p. 615.  

The Space Shuttle Main Engine (SSME) Main Com-
bustion Chamber (MCC) is a well analysed rocket 
motor whose radiative heat transfer has been inves-
tigated numerically by several research groups in the 
past [3,4]. They discover that the radiative wall heat 
flux in the SSME MCC can be 10 % of the total wall 
heat flux with the typical H2/O2 combustion. Recently, 
these results have been reproduced by [5] using the
WSGGM by Smith [6]. They also investigate the 
combustion in the SSME MCC using CH4/O2 as pro-
pellant and the WSGGM by Copalle [8], concluding 
that the radiative wall heat flux increases compared 
to H2/O2 [7].  

Using other WSGG models or the more sophisti-
cated SLWSGGM by Denison and Webb [9], the 
accuracy of the CFD simulations is expected to in-
crease. The SLWSGGM is assessed by Modest [1], 
p.615 to be one of the most appropriate WSGG 
models since it bases on the spectral data of a gas 
instead of a regression scheme [1], p. 615.  

2. THEORETICAL CONSIDERATIONS 

2.1. Theory of Radiative Transfer 

The basis of all radiative considerations is the Radia-
tive Transfer Equation (RTE) in its spectral form [10], 
p.562 
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The RTE in Eq. (1) describes the change in intensity 
of a beam passing through a medium in the direction 
s . The change is due to a gain of intensity by emis-
sion and scattering (A & C) and a loss of intensity by 
absorption and scattering (B). 

The RTE is an integro-differential equation depend-
ing on 3 spatial, 2 directional and 1 spectral vari-
ables, which makes an analytical solution almost 
impossible for most engineering applications. Thus,
the RTE has to be solved numerically using radiation 
transport models. 

With the spectral intensity iλ  given as the solution of 
the RTE, the divergence of the spectral radiative 
heat flux can be calculated [10], p.570  

(2) ( )rad, b4q a i Gλ λ λ λπ∇ = ⋅ ⋅ ⋅ − . 

In Eq. (2), the spectral incident radiation Gλ  is given 
by 

(3) 
4

G i dλ λ
π

ω= � . 

The divergence of the total radiative heat flux, nec-
essary to couple the radiative heat transfer with the 
energy equation in CFD simulations, is obtained by 
integration of the spectral value over wavelength 

(4) rad rad,
0

q q dλ λ
∞

∇ = ∇�
�� �

. 

Figure 1 shows that the absorption coefficient varies 
strongly over wavelength and can have several dif-
ferent values. Therefore integration over wavelength 
in Eq. (4) increases computational costs. This prob-
lem can be overcome using models that approxi-
mate the spectral dependency of the absorption 
coefficient and hence minimize computational ef-
forts, replacing the integration in Eq. (4) by a sum-
mation. One of these spectral models is known as 
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the Weighted Sum of Gray Gases Model (WSGGM). 

2.2. Theory of the WSGGM approach 

The simplifying approach of the WSGGM is to sub-
divide the entire spectrum into J  regions j

iλΔ  in 
which the absorption coefficient is assumed to have 
the constant value ia . As the absorption coefficient 
is no longer dependent on the wavelength in this 
region it fulfils the requirements of a gray gas, which 
gives the model its name. 

Additionally to the gray gases, those regions in the 
spectrum in which the absorption coefficient is zero 
are represented by a clear gas denoted by index 

0i =

(5) 0 0a = . 

Figure 1 shows the regions for one gray gas and 
3J = . 

FIGURE 1. Absorption coefficients aλ & 1a , wave-
lengths ,lowerj

iλ & ,upperj
iλ and wavelengths inter-

vals j
iλΔ for one gray gas (I=1) and three regions in 

the spectrum (J=3) 

To estimate the share of the gray gas’ absorption 
coefficient in the total spectrum, a blackbody weight 
is introduced. This weight indicates the ratio of 
blackbody intensity in the regions j

iλΔ  divided by the 
blackbody intensity in the entire spectrum 

(6) 
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Figure 2 depicts this calculation for 3J = . 
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FIGURE 2. Blackbody intensity biλ , wavelengths 
,lowerj

iλ & ,upperj
iλ and wavelengths intervals j

iλΔ for 
one gray gas (I=1) and three regions in the spectrum 
(J=3) 

Equation (6) can be simplified, assuming a refractive 
index of unity 

(7) 
4

b
0

Ti dλ
σλ

π

∞ ⋅=� . 

With this, the blackbody weight becomes 

(8) ,b ,b
4

0

i i
i

i i
w

T
i dλ

σ
λ π

∞= =
⋅

�
. 

The weights of all gray gases and the clear gas have 
to fulfil the constraint 

(9) ( )
0

1
I

i
i
w T

=

=� , 

leading to a constitutive equation for the weight of 
the clear gas 

(10) ( )0
1

1
I

i
i

w w T
=

= −� .

To illustrate the role of the blackbody weight, con-
sider an absorption coefficient with a corresponding 
weight 0.25iw = . This means that 25% of all absorp-
tion coefficients in the entire spectrum have a value 
of ia . 

Using the WSGGM, the RTE of Eq. (1) yields values 
for the intensity ii  corresponding to each gray gas. 
Hence, the divergence of the total radiative heat flux 
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can be approximated as 

(11) rad rad,
1

I

i
i

q q
=

∇ ≈ ∇�
� �

, 

with the divergence of the radiative heat flux for each 
gray gas 

(12)  ( )4
rad, 4i i i iq a w T Gσ∇ = ⋅ ⋅ ⋅ ⋅ − .

The incident radiation iG  in Eq. (12) depends on the 
intensity as solution of the RTE 

(13) 
4

i iG i d
π

ω= � . 

3. SURVEY OF WSGG MODELS 

3.1. WSGGM by Smith 

The WSGGM by Smith bases on a regression 
scheme to total emissivity data from the exponential 
wide band model [6], p. 604. 

The absorption coefficient can be calculated by 

(14) 
,

0

K

i p i k
k

a a X p
=

= ⋅ ⋅� , 

whereas the pressure based absorption coefficients 
,p ia  are given in [6], p. 606. The weight for the i-th 

gray gas is then obtained by the polynomial of J-th 
order 

(15) 1
,

1

( )
J

j
i i j

j
w T b T −

=

= ⋅� , 

with coefficients ,i jb  also given in [6], p. 606. The 
model is limited to certain temperatures and pres-
sure path lengths p S⋅ , as indicated in Table 1. 

3.2. WSGGM by Copalle 

The WSGGM by Copalle is similar to the one by 
Smith as it fits its data to total emissivity results from 
the exponential wide band model [8], p.101. Hence, 
the absorption coefficient can be calculated with Eq. 
(14) and the weight is given by a first order polyno-
mial 

(16) ,1 ,2i i iw b b T= + ⋅ . 

Values of pressure based absorption coefficient ,p ia
as well as of ,1ib  and ,2ib  are given in [8], p.107. Limi-
tations are given in Tab. 1. 

3.3. WSGGM by Johansson 

Johansson’s WSGGM is the most recent model 
based on a regression scheme [11]. In contrast to 
former models, it considers the molar fractions of the 
combustion species H2O and CO2 and uses four 
gray gases instead of three. This influences the 
pressure based absorption coefficient for use in Eq. 
(14). 

(17) 2 2

22

,
H O H O

p i i i
COCO

X X
a f A B

X X

� �
� �= = + ⋅
� �
� 	

, 

as well as its corresponding weight 

(18) 
1

,
1 ref

( )
jJ

i i j
j

Tw T b
T

−

=

� �
= ⋅ � �

� 	
� , 

With ref 1200T K=  and the polynomial coefficient  

(19) 2 2

2 2

, , ,
H O H O

i j i j i j
CO CO

X X
b f A B

X X
� �

= = + ⋅� �� �
� 	

. 

Coefficients iA , iB , ,i jA and ,i jB  can be found in 
[11], the limits of temperature and pressure path 
length are printed in Tab. 1. 

3.4. SLWSGGM by Denison/Webb 

The Spectral Line Weighted Sum of Gray Gases 
Model (SLWSGGM) Model has been developed by 
Denison and Webb based on line-by-line spectral 
data from HITRAN 1991, [9], p.501. The absorption 
coefficient for the i-th gray gas is given as a function 
of the absorption cross section and the molar density 
of a species 

(20) abs,i
m

i
X pa C
R T

⋅= ⋅
⋅

, 

with the mean absorption cross section defined as 

(21) ( ) ( )abs, abs, 1 abs,i i iC C T C T+= ⋅ . 

In contrast to the other WSGG models, the absorp-
tion cross section (and thus the absorption coeffi-
cient) can be chosen freely.  

The weight of the gray gas can then be evaluated as

(22) 1i i iw F F+= − , 

with an absorption line blackbody distribution func-
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tion, in this work correlated by [9], p.504 

(23)

( )g b sb F g b b/ sb,
1 1( , , ) tanh , ,
2 2i i i iF T T P T Tξ ξ ξ ξ
 �− = ⋅ − +� 
 .  

The function FP  is represented by another correla-
tion including the temperature and the absorption 
cross section 

(24) 

( )
3 3 3

g b
F b/ sb,

0 0 0 2500 2500

n m
l

lmn i i
l m n

T TP b ξ ξ
= = =
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� 	� 	

��� ,

with 

(25) ( )abs,lni iCξ = , 

and for H2O systems with respect to self-broadening 
at atmospheric pressure 

(26)   
2

3 3 2
1b

sb,i
0 0 0 2500

n
m l

lmn i H O
l m n

Tc Xξ ξ +

= = =

� �= ⋅ ⋅ ⋅� �
� 	

��� . 

In the case of elevated pressures ( 1 atmp > ), pres-
sure broadening is given by 

(27)
3 3

g b 1
b,i

0 0 0 2500

nM
m l

lmn i
l m n

T T
cξ ξ ψ +

= = =

⋅� �
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� 	
��� , 

whereas the elevated pressure influences the sys-
tem through 

(28) ( )eln pψ = , 

with 

(29)
2 2e ( , , )H O COp f X X p= , 

which can be found in [13], p.23. 

Note, that one uses either sb,iξ  or b,iξ  in Eq. (24). For 
CO2 systems at atmospheric pressure, self-
broadening is neglected, hence sb,i 2(CO ) 0ξ = . 

Figure 3 underlines the theory of the SLWSGGM, 
choosing reasonable intervals of absC first and ob-
taining the weight through abs,i( )F C afterwards. In 
this work, the absorption cross sections are between 

2
5 m3 10

mol
−⋅  and 

2m60
mol

 due to the validity of the cor-

relation function. 
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FIGURE 3. Mean absorption cross sections and 
weights for Denison/Webb’s SLWSGGM for three 
gray gases 

In the case of a mixture of H2O and CO2, the weight 
is obtained by multiplication of the singular weights 
[12], p. 789 

(30) ,i k i kw w w= ⋅ ,

and the absorption coefficient is gained by a summa-
tion 

(31) ,i k i ka a a= + . 

Limitations of the SLWSSGM are summarized in 
Tab. 1.

3.5. Summary of Models 

The WSGG models described above are summa-
rized in Tab. 1. 

Name Species Temperature 
Range [K] 

Pressure 
Path-Length-/ 
Pressure-
Range  

Smith 
H2O 

H2O/CO2

600-2400 0.001-10 
[Pa�m] 

Copalle H2O/CO2 2000-3000 0.01-3.5 
[Pa�m] 

Johans-
son 

H2O/CO2 500-2500 0.01-60 [Pa�m] 

Denison 
/Webb 

H2O 

CO2

H2O/CO2

500-2500 0.32-100     
[105 Pa] 

TABLE 1. Summary of WSGG Models 
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4. ANALYTICAL TOOL FOR TOTAL EMISSIVITY 
OF WSGG MODELS 

To compare the WSGG models, the total emissivity 
is judged to be a suitable property. The total emissiv-
ity of a gas using the WSGGM is defined as 

(32) ( ) ( )
g

0
1 e i

I
a S

i
i
w Tε − ⋅

=


 �= ⋅ −� 
� . 

This expression is computed by an EXCEL tool with 
the input of static temperature T , static pressure p , 
molar fraction X  of emitting species (H2O and/or 
CO2) and a path length S . For Denison’s model the 
blackbody temperature bT  is assumed to be equal to 
the gas temperature gT . 

Figure 4 shows a plot of total gas emissivity over 
temperature for H2O. 
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Smith, experimental data [6]

Temperature Limit 
Denison

Temperature Limit 
Smith

FIGURE 4. Total gas emissivity gε ( )1 mS =  for H2O 

( )2
1.0H OX =  at atmospheric pressure 

( )51.01325 10 Pap = ⋅

It reveals that in H2O systems at atmospheric pres-
sure, the WSGGM of Smith approximates its ex-
perimental data best up to 2000 K. Denison’s model 
is most accurate when ten or twenty gray gases are 
used and approximates Schmidt’s experimental data 
best below 1400 K. It provides a better approxima-
tion than Smith’s WSGGM for Smith’s data above 
1800 K. It is indicated by Fig. 4 that all models tend 
to unphysical behaviour when their validated maxi-
mum temperature is exceeded. 

For a H2O system at an elevated pressure of 
5101.325 10 Pa⋅ , Fig. 5 shows the total gas emissivity 

for 1 mS = . 

There is a significant difference between the emis-
sivity of Smith’s WSGGM and Denison’s 
SLWSGGM. As Smith’s WSGGM is valid only at 
atmospheric pressure the results of Denison’s model 
are assumed to be the most reasonable because it is 
validated up to 5101.325 10 Pa⋅ . Nevertheless, a lack 
of experimental data at this pressure complicates 
this judgement. Again, an excess of temperature 
limits leads to an unexpected slope of total emissivity 
which has no physical rea-
son.
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Denison,elevated pressure,gray gases:20 [9]
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Temperature Limit 
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FIGURE 5. Total gas emissivity gε ( )1 mS =  for H2O 

( )2
1.0H OX =  at elevated pressure 

( )5101.325 10 Pap = ⋅

A mixture of H2O and CO2 is examined in Fig. 6 for 
atmospheric pressure and 1.5 mS =  as well as in 
Fig. 7 for elevated pressure and 0.39 mS = .  

At atmospheric pressure, the WSGG models by 
Smith and Copalle approximate the data by Smith 
best up to their maximum validation temperature. 
Denison’s and Johansson’s models underestimate 
the total emissivity, whereas again Denison’s 
SLWSGGM with ten gray gases supplies better re-
sults than the one with three gray gases. 
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Temperature: [K]
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FIGURE 6. Total gas emissivity gε ( )1.5 mS =  for 

H2O/CO2 mixture ( )2 2
0.1H O COX X= =  at atmospheric 

pressure ( )51.01325 10 Pap = ⋅

In the case of elevated pressure, the WSGG models 
again yield total emissivities below the estimate of 
Denison’s SLWSGGM. As in the H2O case, a 
judgement which estimate is most appropriate is 
difficult because experimental data is not existent. 
With regard to Denison’s maximum pressure of 

5101.325 10 Pa⋅ , this model is again expected to be 
most suitable. 

For the mixture of both species, the sensitivity to-
wards temperature excess increases. For Denison’s 
model this behaviour is caused by unphysical mix-
ture weights ,i kw  which are sensitive to temperature 
excesses due to a multiplication of singular weights 
as Eq. (30) underlines. Also, Smith’s model shows 
an unphysical increase in total emissivity above 2400 
K. 

It should be noted that the total emissivity plots de-
pend on the path length, which determines the length 
of interaction between a photon and the surrounding 
gas. This path length is different for various geome-
tries; hence the results herein are only valid at the 
given path lengths. The investigation of total emissiv-
ity at other path lengths is given in [13]. 
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FIGURE 7. Total gas emissivity gε ( )0.39 mS =  for 
H2O/CO2 mixture (

2H OX =
2COX = 0.1) at elevated 

pressure ( )5101.325 10 Pap = ⋅

5. IMPLEMENTATION OF WSGG MODELS IN 
NSMB 

The WSGGM and SLWSGGM described above are 
implemented in the CFD code NSMB. The order of 
calls for calculation of the spectral properties is given 
in Fig. 8. Depending on the value of the parameter 
iradspmodel the WSGGM/SLWSGGM is used as 
spectral model and the value of iwsggmtype decides 
which model is used. The final user input is to de-
termine which species are considered in the model, 
e.g. by setting the variable iwsggmsmith for Smith’s 
WSGGM. 
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FIGURE 8. User inputs for spectral model and calcu-
lation of weights and absorption coefficients 

6. CFD SIMULATION OF THE SSME MAIN 
COMBUSTION CHAMBER 

With the implemented WSGG models, a CFD simu-
lation is realised using the CFD code NSMB [15] as 
well as the commercial code CFX [16], in which the 
models have also been implemented [14]. 

The grid that is used for all studies is shown in Fig. 9. 
It consists of 16 blocks to accelerate convergence 
because each block is solved by one processor. The 
mesh distribution in radial direction, determining the 
spatial distribution of cells is exponential, meaning 
that the mesh gets finer (e.g. the distance between 
each cell is smaller) to enhance the resolution of wall 
boundary layers. 

As each WSGG model is not usable for all combus-
tion cases, validation of the models is used for two 
different cases. The first one is the classical H2/O2
combustion in the SSME MCC and the second is a 
CH4/O2 combustion. In the first case, H2O is pro-
duced as contributor to radiative transfer. In the sec-
ond one, H2O as well as CO2 influence the radiative 
transfer.  

The first case with H2/O2 is done using NSMB and 
CFX, whereas NSMB uses Smith’s WSGGM and 
CFX uses Smith’s WSGGM and Denison’s 
SLWSGGM. The second combustion case is done 
with Copalle’s WSGGM and Denison’s SLWSGGM 

in CFX. The results for CFX have been taken from 
[14]. 

All WSGG models used in the simulation are limited 
in temperature and some are also limited in pres-
sure. Limitation in temperature is regarded to be 
essential preventing unphysical results as the total 
emissivity investigations show. Those models valid 
only at atmospheric pressure (Smith, Copalle) are 
used with and without limitation of pressure to inves-
tigate their off-design use. 
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FIGURE 9: Mesh for the CFD simulation 

The radiative transport models used in the simulation 
are the Rosseland Radiation Model (RRM) in NSMB 
and the Discrete Transfer Model (DTM) in CFX. The 
theory of both models especially combined with the 
WSGGM approach is complicated and will not be 
discussed herein. The RRM is explained in [17], p. 
41 and details of the DTM are given in [1], p. 498.

6.1. H2/O2 Simulation 

The models, boundary conditions and numerical 
parameters for the H2/O2 combustion for NSMB are 
given in [13, 17] and for CFX in [14]. 

To estimate the radiative wall heat flux (RWHF), the 
total emissivity of the gas in the SSME is illustrated 
in Fig. 10. As the total emissivity indicates which 
fraction of the maximum blackbody energy is actually 
emitted by a gas, a higher total emissivity causes 
higher radiative wall heat fluxes. 
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Based on the results in Fig. 10 it is assumed, that 
the RWHF for both Smith’s and Denison’s model at 
atmospheric pressure is nearly the same whereas 
Denison’s model at elevated pressure will estimate 
the highest RWHF. 
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FIGURE 10. Total gas emissivity for the SSME MCC 
case using H2/O2 combustion

Figure 11 shows the RWHF over the axial distance. 
It reveals first of all that the RWHF using NSMB is 
almost one magnitude above the results of CFX. A 
reason for this is the different radiation transport 
model which shall be discussed in the last chapter.

The differences in the RWHF due to the WSGG 
models are investigated using the CFX simulations. 

If the atmospheric models are used whose pressure 
is limited to 51.01325 10 Pa⋅  for calculation of the ab-
sorption coefficient in Eqs. (14) and (20), only small 
differences between Denison’s model and Smith’s 
model occur. The latter computes a smaller RWHF 
than Denison’s model. Compared to benchmark 
simulations by Naraghi [3] and Wang [4], both mod-
els under-predict the RWHF. 

Better results in terms of comparability to benchmark 
results are gained when employing models for ele-
vated pressure. If Smith’s WSGGM is used without 
pressure limitation, its RWHF approximates Wang’s 
results best. Denison’s SLWSGGM at elevated 
pressure gives the highest RWHF predictions and 
approximates Naraghi’s results downstream from the 
throat best. After the throat, Smith’s and Denison’s 
model yield nearly the same results, both over-
predicting the RWHF of the benchmarks. 
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FIGURE 11. Radiative Wall Heat Flux for H2/O2
combustion and different WSGG models using 
NSMB and CFX 

The results confirm the predictions based on the 
total emissivity plots. Denison’s model at elevated 
pressure estimates the highest RWHF since its total 
emissivity is highest, too. At atmospheric pressure, 
Denison predicts nearly the same RWHF as Smith, 
according to a total emissivity which is almost identi-
cal. 

6.2. CH4/O2 Simulation 

For the CH4/O2 simulation no benchmarks are avail-
able. Therefore only the results of the CFD simula-
tion with CFX are presented in Fig. 13. Although 
Smith and Johansson are capable to simulate the 
spectral properties for H2O/CO2 mixtures, only Co-
palle and Denison are chosen to be compared, be-
cause the total emissivity investigation revealed only 
small differences between Smith, Copalle and Jo-
hansson for CH4/O2 combustion. 

To estimate the RWHF, the total emissivity of the 
combustion gases for this case is shown in Fig. 12.
The horizontal line for Copalle’s total emissivity re-
sults from its limitation in temperature between 2000 
K and 3000 K. Therefore the total emissivity below 
2000 K is limited to the value at 2000 K. 

The results of Fig. 12 force the assumption that the 
radiative wall heat fluxes of both models at atmos-
pheric pressure are close to each other and that the 
RWHF with Denison’s SLWSGGM at elevated pres-
sure is the highest. 
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FIGURE 12: Total gas emissivity for the SSME MCC 
case using CH4/O2 combustion 
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FIGURE 13: Radiative Wall Heat Flux for CH4/O2
combustion and different WSGG models using CFX 

Again, the models at atmospheric pressure estimate 
the minimal RWHF. The differences between Deni-
son and Copalle are small and Denison estimates 
the higher RWHF. At elevated pressure the differ-

ence increases and is about 6
2

W10  
m

 from the inlet 

up to the throat. Upstream from the throat the differ-
ence vanishes. 

The predictions from the total emissivity investiga-
tions are confirmed in the CH4/O2 case too because 
Denison’s model at elevated pressure yields the 
highest RWHF.  

7. SUMMARY OF RESULTS 

The aim of this study is to identify suitable WSGG 
models for application in combustion systems like 
rocket motors. These models approximate the ab-
sorption coefficient for several spectral regions and 
thus minimize computational efforts compared to line 
by line calculations. For H2/O2 combustion, the mod-
els by Smith and Denison and for CH4/O2 combus-
tion those by Smith, Copalle, Johansson and Deni-
son are investigated. 

Concerning their theoretical basis, the models by 
Smith, Copalle and Johansson are the simplest while 
Denison’s model as it is investigated herein using a 
correlation function is more complicated. Neverthe-
less, the model by Denison is validated up to ele-
vated pressures of 5101.325 10  Pa⋅  whilst the other 
models are limited to atmospheric pressure. The 
common disadvantage of all WSGG models is their 
limitation in temperature. The maximum temperature 
of the models is 2500 K  for H2/O2 systems and 
3000 K  for CH4/O2 systems which is comparable low 
for typical rocket engine combustion scenarios. 

To analyse and compare the quantitative and quali-
tative results of the WSGG models, the total emissiv-
ity over temperature is compared for different pres-
sures, path lengths and species first. 

For H2/O2 at atmospheric pressure, the study reveals 
that Denison’s and Smith’s models deliver results 
close to experimental data even though both cannot 
reproduce the data over the entire temperature 
range. Further it becomes obvious that Denison’s 
model, which does not prescribe a certain number of 
gray gases, is most suitable when 10 gray gases are 
used. At elevated pressure the differences in total 
emissivity between Denison’s and Smith’s models 
increase. As Smith’s model is validated only at at-
mospheric pressure, the results of Denison are con-
sidered more trustworthy because of its validity at 
pressures up to 5101.325 10  Pa⋅ . 

The results for CH4/O2 are similar to those of the 
H2/O2 system. At atmospheric pressure all models 
are close to each other while Smith’s and Copalle’s 
models approximate the experimental data best. 
Denison’s model is again recommended to be used 
with at least 10 gray gases. At elevated pressure, 
this model is also expected to be the most reliable 
one. 

What the total emissivity investigation clearly em-
phasizes is the limitation of all models in tempera-
ture. The total emissivity tends to unphysical values 
if the permitted maximum temperature is exceeded. 
As a result, all WSGG models are limited to their 
reliable temperature range when implemented in the 
CFD codes NSMB and CFX. 
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As a second analysis, the WSGG models are exam-
ined in a CFD simulation of the SSME MCC using 
the CFD codes NSMB and CFX.  

Comparing the results of NSMB (radiation transport 
model: RRM) and CFX (radiation transport model: 
DTM) for H2/O2 combustion using Smith’s WSGGM 
reveals that the RWHF is different almost by one 
magnitude. One reason for this is the radiation 
transport model in conjunction with the WSGGM. In 
the RRM the effective radiative heat flux depends on 

the sum over the fraction i

i

w
a

, known as the Rosse-

land mean absorption coefficient, whereas in the 
DTM the radiative heat flux depends on the Planck 
mean absorption coefficient which is the sum 
over i iw a⋅ . The analytical EXCEL tool emphasizes 
these dependencies, as the Rosseland mean ab-
sorption coefficient is almost half a magnitude above 
the Planck mean absorption coefficient. Thus its 
radiative wall heat flux is expected to be higher. 

With one specific radiation transport model (DTM) 
used in CFX, all WSGG models predict a different 
RWHF in both the H2/O2 and CH4/O2 combustion. 
For the H2/O2 case the models by Smith and Deni-
son approximate the benchmark data sufficiently. 
Smith’s model can be used above its maximum 
pressure without a loss of accuracy and Denison’s 
model for elevated pressure should also be used for 
this combustion system. The CH4/O2 case with Co-
palle’s and Denison’s models shows that the RWHF 
in general is smaller than in the H2/O2 system. This 
is due to a smaller temperature of the combustion 
gases in the CH4/O2 case that is caused by a smaller 
specific energy of CH4 (50 MJ/kg) compared to H2
(143 MJ/kg). Due to a lack of benchmark data it 
cannot be judged which model is appropriate for 
CH4/O2 combustion. Nevertheless, using Copalle’s 
model above atmospheric pressure does not lead to 
unphysical results although the RWHF is smaller 
than the one predicted by Denison. 

In the focus of computational costs the WSGG mod-
els by Smith, Copalle and Johansson need less CPU 
time than the SLWSGGM by Denison because of its 
extensive correlation functions. Compared to a simu-
lation without radiation in CFX, the use of the DTM 
combined with Smith’s WSGGM increases the CPU 
time by 400 %. In contrast, Denison’s SLWSGGM 
increases the CPU time by 990 % [17]. Besides, the 
CFD simulation underlines that the results of the 
models by Smith and Copalle are comparable to the 
benchmark and Denison’s model respectively. Thus 
it is recommended to use those models or Johans-
son’s model to gain accurate results with least com-
putational efforts. 

8. FURTHER STUDY 

To enhance the capabilities of NSMB in radiative 
transfer simulations, the P1 model has to be imple-
mented which is known to provide better results than 
the RRM. For the spectral modelling, other models 
than the WSGGM/SLWSGGM can be used, e.g. the 
FSK by Modest [1], p. 616. If Denison’s model is 
used, a direct link to the line by line spectra is as-
sumed to be faster than the correlation approach 
used in this study. 
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