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A comprehensive numerical framework has been established to simu-
late reacting §ows under conditions typically encountered in rocket com-
bustion chambers. The model implemented into the commercial CFD
Code ANSYS CFX includes appropriate real gas relations based on the
volume-corrected Peng�Robinson (PR) equation of state (EOS) for the
§ow ¦eld and a real gas extension of the laminar §amelet combustion
model. The results indicate that the real gas relations have a consider-
ably larger impact on the §ow ¦eld than on the detailed §ame structure.
Generally, a realistic §ame shape could be achieved for the real gas ap-
proach compared to experimental data from the Mascotte test rig V03
operated at ONERA when the di¨erential di¨usion processes were only
considered within the §ame zone.

1 INTRODUCTION

Modern high performance rocket combustion engines, as well as the ¦rst-stage
engine of the Ariane 5, Vulcain II, are run at high pressures up to 100 bar while
the propellants, usually hydrogen and oxygen, are injected at very low tem-
peratures. For hydrogen, the pressure and the temperature in the combustion
chamber are supercritical, whereas for oxygen, only the pressure is above its crit-
ical value. The injection temperature, however, is often signi¦cantly lower than
the critical temperature of oxygen (Tcrit,O2 = 154.6 K). Under such conditions
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the mean free path between the molecules in the §uid becomes small enough
to allow molecular interactions to become important. This leads to signi¦cant
deviations from the ideal gas assumption, which entirely neglects intermolecular
attraction and repulsion e¨ects. For this reason, proper real gas relations for
thermodynamic and transport properties as well as for the combustion model
need to be incorporated into a computational §uid dynamics (CFD) simula-
tion.
A very common method in modeling turbulent combustion is the §amelet

approach developed by Peters [1] which is based on the solution of a counter§ow
di¨usion §ame. Due to the one-dimensional (1D) character of this con¦guration,
the resulting §ame structures and extinction rates can be assessed without much
e¨ort and detailed chemical kinetics can be considered decoupled from the §ow
¦eld. Thus, the laminar §amelet combustion model is often applied in order to
simulate reacting §ows of industrial interest.
Several analyses of counter§ow di¨usion §ames have been performed focusing

on low as well as on high pressure conditions. It was found that the pressure
as well as the strain rate have a signi¦cant e¨ect on the §ame structure and
the §ame extinction [2]. The analysis of nonpremixed strained §ames at dif-
ferent pressures performed by Pons et al. [3] indicates that the §ame thickness
is inversely proportional to the square root of pressure. Likewise, transcritical
injection conditions for oxygen/methane §ames were studied by Pons et al. [4]
using the PR EOS. Balakrishnan et al. [5] examined §ame structures, extinction
and ignition limits for H2/air §ames for detailed and reduced chemical reac-
tion mechanisms. For these propellants, thermal di¨usion was found to be an
important e¨ect.
Intensive research has been done in recent years to simulate reacting and

nonreacting §ows under trans- and supercritical conditions. Reynolds-averaged
Navier�Stokes (RANS) simulations, for example, were performed in order to
simulate the injection and combustion of gaseous hydrogen cryogenic liquid oxy-
gen (LOx) at supercritical pressures [6�10]. Here, real gas relations based on
the volume-corrected PR EOS were considered by Poschner and P¦tzner [6, 7]
for the §ow ¦eld, whereas for the combustion, the standard laminar §amelet
model available in the commercial CFD code ANSYS CFX was used. A mod-
i¦ed Soave�Redlich�Kwong EOS and consistent real gas thermodynamics were
applied along with a real §uid §amelet model formulated in mixture fraction
space by Kim et al. [9, 10]. The results indicate that the real gas approach
does not a¨ect the §amelet structure signi¦cantly. A validation against exper-
imental data available for the Mascotte C60 case shows a good agreement for
the §ame spreading angle and the §ame location. As typically applied in tur-
bulent combustion modeling the real gas §amelet library in this case assumes
equal di¨usivities for all species considered in the reaction. The consideration
of the molecular transport, however, failed in predicting the experimental re-
sults for turbulent CO/H2/N2 jet §ames [11]. Thus, Barlow et al. [11] concluded
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that turbulent stirring has a greater e¨ect on the turbulent §ame structure than
molecular di¨usion.

A modi¦ed Soave�Redlich�Kwong EOS and consistent real gas thermody-
namics were also used by Ribert et al. [12] who studied counter§ow di¨usion
§ames in the physical space over the entire regime of thermodynamic states.
Signi¦cant real gas e¨ects due to steep property variations were found in the
transcritical regime. The resulting in§uence on the §ame structure, however,
seems to be limited since the oxygen heats up very rapidly and behaves like an
ideal gas when entering the §ame zone. Based on this framework, a §amelet li-
brary has been generated and applied along with a Large Eddy Simulation (LES)
formulation for the turbulence closure for LOx/methane §ames at supercritical
pressures [13]. The laminar §amelet model was found here to be an appropriate
choice for the considered testing conditions.

Further large eddy simulations of reacting and nonreacting supercritical jets
were performed by Zong and Yang [14], Schmitt et al. [15�17] and Matsuyama
et al. [18] as well as by Jarczyk and P¦tzner [19], Petit et al. [20] and the group
around Menon [21]. The laminar §amelet model was used, e. g., by Matsuyama et
al. [18] to validate the simulation results against experimental test data obtained
at the P8 combustor at the DLR for supercritical pressures. Other con¦gura-
tions such as shear layers were also analyzed in great detail, for example, by the
research group of Bellan [22]. Here, the study focused on the temporal develop-
ment of H2/O2 shears layers under supercritical conditions applying the direct
numerical simulation technique.

Detailed investigations of the mixing and the combustion process of cryogenic
oxygen�hydrogen coaxial jet §ames at supercritical pressure were also performed
by Oefelein [23] using LES and direct numerical simulation (DNS) techniques.
Special emphasis was placed on the various di¨usion mechanisms of which cross-
di¨usions terms like Soret and Dufour e¨ects were found to be negligible close to
the injector, while the ordinary (mass) di¨usion terms are of crucial importance.
Oefelein concluded that a di¨usion dominated combustion mode is present in
this region.

Within the present study, the work performed by Poschner and P¦tzner [6, 7]
is extended in order to consistently include real gas relations for the §ow ¦eld
and the combustion model within a CFD simulation. For this purpose, the in-
§uence of real gas e¨ects on the local structure of H2/O2 counter§ow di¨usion
§ames is investigated at supercritical pressures and very low propellant temper-
atures using the combustion simulation laboratory COSILAB [24]. Based on
this framework, real gas §amelet libraries are generated and applied along with
the laminar §amelet combustion model available in the commercial CFD code
ANSYS CFX. The established model is ¦nally validated against experimental
data from the Mascotte test rig operated at ONERA for a gaseous hydrogen
cryogenic liquid oxygen jet §ame.
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2 THEORETICAL FORMULATION

2.1 Real Gas Counter§ow Di¨usion Flames

The physical con¦guration employed within this study is the axisymmetric coun-
ter§ow §ame shown schematically in Fig. 1. Two opposing jets of fuel and oxi-
dizer create a stagnation plane with a laminar di¨usion §ame stabilized at the
location of the stoichiometric mixture fraction. To ensure a reliable prediction
of the §ame behavior over the entire regime of thermodynamic states, the basic
governing equations are extended by a real gas EOS with appropriate thermo-
dynamic relations and property evaluation schemes.

Figure 1 A schematic view of a counter§ow di¨usion §ame con¦guration

2.1.1 Governing equations

Along the axis of symmetry, the 1D balance equations for mass:

∂ρ

∂t
= −∂ (ρv)

∂y
− 2ρG ; (1)

radial momentum:

ρ
∂G

∂t
=

∂

∂y

(
µ
∂G

∂y

)
− ρv∂G

∂y
− ρG2 + ρ+∞a

2
s ; (2)

species mass fraction:

ρ
∂Yi
∂t
= −ρv∂Yi

∂y
− ∂

∂y
(ρViYi) + ‘ωi (3)

and energy:

ρcp
∂T

∂t
=

∂

∂y

(
λ
∂T

∂y

)
− ρvcp

∂T

∂y
− ρ

I∑

i=1

YiVi
∂hi
∂y
−

I∑

i=1

hi ‘ωi (4)

which are solved by COSILAB are given in physical coordinates x, y [24].
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The similarity transformation described in [24] was used here to derive
Eqs. (1)�(4) and Eq. (5) below. The quantity G is de¦ned as G = u/x with
the velocity components u, v in x and y direction, respectively. as [s

−1] is the
prescribed constant strainrate at the fuel boundary. It varies throughout the
computational domain. It can be used to generate all §ow conditions from the
nearly strain free case up to the §ame extinction. The parameters ρ, T , µ, and λ
are the mixture density, temperature, dynamic viscosity, and thermal conductiv-
ity, respectively, whereas Yi denotes the species mass fractions. The evaluation
of the species partial speci¦c enthalpy hi and the mixture heat capacity cp is
described in the following paragraph. ‘ωi is the net mass rate of production of
the ith species.

The species di¨usion velocity Vi is composed of three parts, the ordinary
di¨usion velocity V Di , the thermal di¨usion velocity V

T
i , considered for light

species H and H2, and a correction velocity Vc [24] to ensure that the net species
di¨usion §ux is zero:

Vi = V
D
i + V

T
i + Vc = −

Di,m

Xi

∂Xi

∂y
− Di,m θi

Xi T

∂T

∂y
−

I∑

i=1

Yi
(
V Di + V

T
i

)
.

Here, Xi denotes the species mole fractions, Di,m the mixture averaged di¨usion
coe©cient, and thermal di¨usion ratio θi is calculated according to Chapman
and Cowling [25] as given in [26].

In order to generate §amelet libraries, an additional transport equation is
solved for the mixture fraction Z:

ρ
∂Z

∂t
=

∂

∂y

(
ρDZ

∂Z

∂y

)
− ρv∂Z

∂y
. (5)

With the de¦nition of the Lewis number as ratio of thermal to mass di¨usivity,
the mixture fraction di¨usion coe©cient DZ is typically chosen in such a way
that the Lewis number of the mixture fraction is equal to unity (LeZ = 1) [27]:

Lei =
λ

ρcpDi
. (6)

2.1.2 Thermodynamic properties and equation of state

The thermodynamic properties such as the species partial speci¦c enthalpy can
be calculated from the chemical potential µi as follows:

hi (T, p,Xi) = −
T 2

Mi

(
∂ (µi/T )

∂T

)

p,Xi

. (7)
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Here, µi is de¦ned as µi (T, p,Xi) = G00i (T ) + RmT ln (p/p0) + RmT ln (xiϕi)
where G00i is the ideal gas Gibbs free enthalpy of the ith species at the reference
pressure and ϕi is the fugacity coe©cient.
The internal energy as well as the constant pressure speci¦c heat capacity

are calculated as the sum of an ideal reference value and a departure function
accounting for real gas e¨ects:

cp (T, Vm) = cV (T, Vm)− T
(∂p/∂T )

2
Vm

(∂p/∂Vm)T
. (8)

The constant volume speci¦c heat capacity is de¦ned as cV (T, Vm) = (∂u/∂T )Vm

and the internal energy is derived from

u (T, Vm) = u0 (T ) +

V∞∫

Vm

[
p− T

(
∂p

∂T

)

Vm

]
dVm . (9)

Here, the subscript 0 refers to the ideal reference state at low pressure which is
evaluated from the NASA polynomials [28]. The departure functions on the right
hand side of Eqs. (8) and (9) have to be determined using an appropriate EOS. As
the PR equation [29] is known to be not very accurate in predicting the density
in transcritical regions, an additional volume-correction method established by
Harstad et al. [30] has been applied within the present work:

p =
RT

Vm − b
− a (T )

V 2m + 2Vmb− b2
.

Here, Vm is the molar volume and R = 8.314472 J/(mol·K) is the universal gas
constant. The constants a (T ) and b are calculated from empirical relations. The
constant a (T ) accounts for attractive forces between the molecules in the §uid
and is de¦ned as a (T ) = a0α (T ). The constant a0 is calculated from the relation
a0 = 0.457235R

2T 2c /pc and the temperature dependent function is given by

α (T ) =

(
1 + γ

(
1−

√
T

Tc

))2

where γ = 0.37464+1.54226ω−0.26992ω2 is the function of the acentric factor ω.
The e¨ects of the reduction of the free volume by the particular volume of the
molecules is taken into account by b = 0.077796RTc/pc. For the critical points
of all substances, the values published by Ribert et al. [12] have been applied.
They are summarized in Table 1.
Real gas phenomena also have to be considered in the mixing process of pure

components. For this purpose, an extended corresponding states principle has
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been applied in the present study. The multi-
Table 1 Critical points of
all species occurring during the
combustion of H2 and O2 [12]

Species Tc, K pc, bar

H2 33.2 13
O2 154.6 50.4
H 404.3 88.2
O 367.4 76
OH 443.7 85.4
HO2 487.3 82.8
H2O 647.3 221.2
H2O2 544.3 93.5

component mixture is assumed to behave like a
pure real gas component but with coe©cients a
and b in the EOSmodi¦ed appropriately through
mixing rules. The mixture properties are also
calculated using the PR EOS with parameters
calculated from real gas mixing rules. Here, the
van der Waals mixing rules [31] have been ap-
plied. The binary interaction parameters kij are
set to zero as there were no values available:

a =
∑

i

∑

j

XiXj
√
aiaj(1− kij) ;

b =
∑

i

Xibi .

A comprehensive validation of the real gas relations summarized above has been
perfomed by Poschner and P¦tzner [6, 7] in their previous works.

2.1.3 Transport properties

Close to the critical point, small changes of state evoke strong variations of the
transport properties in such a way that the quantities like the thermal conduc-
tivity and the dynamic viscosity experience steep gradients. For this reason, an
accurate evaluation of the transport properties for both the pure components
and the mixture is of vital importance for a reliable prediction of real gas §ows.
Within this work, the dynamic viscosity η as well as the thermal conductivity λ
are estimated based on the approach established by Chung et al. [32]. Here, the
dynamic viscosity for dilute gases η0 is approximated as

η0 = 4.0785 · 10−5
(MT )1/2

V 2/3c Ÿ∗
Fc (10)

where Vc is the critical molar volume; T is the temperature; and M is the
molecular weight. The correction factor Fc accounts for the polyatomic molecular
structure of the §uid while Ÿ∗ is the reduced collision integral. For dense §uids,
Eq. (10) is extended to the following correlation including the e¨ects of the
temperature (index k) and the pressure (index p):

η = ηk + ηp (11)

with ηp = (36.344 · 10−6(MTc)
1/2/V

2/3
c )A7y

2G2 exp(A8 + A9/T
∗ + A10/T

∗2)
and ηk = η0[1/G2 + A6y]. This model has been validated for pressures up to
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3447 bar and temperatures ranging from 70 to 973 K. All parameters which are
not explicitly given here are calculated as described in [32].
Similarly to the dynamic viscosity, the thermal conductivity for dense §uids

is evaluated from
λ = λk + λp . (12)

Here, the temperature e¨ects are taken into account by λk = λ0[1/H2+B6y] and

the pressure e¨ects are given as λp = (3.039 · 10−4(Tc/M)1/2/V 2/3c )B7y
2H2T

1/2
r

where Tc denotes the critical and Tr the reduced temperature. The thermal
conductivity for dilute gases λ0 is estimated from the following equation with
the correlation ā as given by Chung et al. [32]:

λ0 = 7.452
η0
M
ā . (13)

This method has been validated for pressures up to 1247 bar and temperatures
from 80 to 973 K. For both properties, the appropriate mixing rules recommended
by Chung et al. [32] have been applied.
For the binary di¨usion coe©cients, the approach proposed by Fuller et

al. [33] is used as given in [31]:

Dij =
0.00143T 1.75

pM
1/2
ij

[
(›v)

1/3
i + (›v)

1/3
j

]2 . (14)

Here, Mij can be calculated from Mij = 2/ [(1/Mi) + (1/Mj)] and ›v is the
sum of the atomic di¨usion volumes for each component. The mixture averaged
di¨usion coe©cient of one component into the mixture is estimated using Bird£s
law given in [26]. To circumvent mathematical di©culties in the limit of the
mixture becoming a pure species, the following equation is applied along with
adding a small number δ = 10−12 to all species mole fractions. M denotes the
mean molar mass of all species:

Di,m =

n∑

j=1,j 6=i

(XjMj)

M

n∑

j=1,j 6=i

(Xj/Dij)

.

Pressure e¨ects are taken into account by the approach recommended by Taka-
hashi [34]. Here, (Dp)R is the ratio of the product of di¨usion coe©cient D
and pressure p to its value at low pressures (Dp)R = (Dp)/(Dp)0. The index r
indicates reduced quantities. Model uncertainties may arise when the reduced
temperature of the mixture is smaller than unity [12]:

(Dp)R
(Dp)R,l

= f (Tr, pr) . (15)
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The species di¨usion caused by a temperature gradient (Soret-e¨ect) is taken
into account as described in [24, 26] for the light species H and H2. Again, θi
denotes the thermal di¨usion ratio which is given in [25]. Heat di¨usion due to
concentration gradients (Dufour-e¨ect), however, is neglected in this study:

DT
i = ρ

Yi
Xi
Di,mθi . (16)

2.1.4 Boundary conditions and numerical method

The general boundary conditions which are applied in COSILAB for a counter-
§ow di¨usion §ame problem formulated in a stagnation point §ow are listed in
Table 2 [24]. The stagnation plane is de¦ned by vy=0 = 0.

Table 2 Boundary conditions used in COSILAB

Boundary condition G/as T Y

y = −∞ (ρ+∞/ρ−∞)
1/2 T−∞ Y−∞

y = +∞ 1 T+∞ Y+∞

The governing equations presented here, subject to the above boundary con-
ditions, are discretized on a mesh of grid points, and the resulting system of
nonlinear equations is then solved by the optimized, mixed transient-steady New-
ton£s method to arrive at a steady-state solution. In particular, in applying New-
ton£s method, a damping strategy is employed which allows the Jacobians to be
re-evaluated only periodically. To resolve the local gradients of the dependent
variables accurately, self-adaptive gridding is implemented into the numerical
procedure. For a more detailed description of the numerical method, Ref. [24]
should be consulted.

2.2 The Flamelet Model and Its Application
in Turbulent Combustion Simulations

In the laminar §amelet model available in ANSYS CFX, the species mean mass
fractions are stored in the §amelet library as a function of the mean mixture

fractions Z̃, its variance Z̃ ′′2, and the scalar dissipation rate evaluated at sto-
ichiometric conditions χ̃st. They can therefore be calculated by weighting the
§amelet solution with a probability density function (pdf) P̃ and integration of
the result as follows [35]:

Ỹi =

1∫

0

Yi (Z, χ̃st) P̃ (Z) dZ =

1∫

0

Yi (Z, χ̃st)
Za−1 (1− Z)b−1
1∫

0

Za−1 (1− Z)b−1 dZ

dZ .
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As shown here, typically, a β-function is used as the pdf of the mixture fraction.
The parameters a and b are estimated from a = Z̃g and b = (1 − Z̃)g where
g = Z̃(1 − Z̃)/Z̃ ′′2 − 1. Di¨erent shapes including singularities at one or even
both end points of the mixture fraction range can be reproduced by the β-pdf.
To deal with the numerical di©culties arising from the singularities, the method
proposed by Liu et al. [36] has been applied. The pdf of the scalar dissipation
rate is taken here as the delta function at the conditional Favre mean value χ̃st.
In CFX, the temperature is not included in the §amelet library but evaluated
within the CFD code from the mixture enthalpy.
In order to couple the laminar §amelet solution with the turbulent §ow ¦eld,

the set of Favre-averaged governing equations including mass, momentum and
enthalpy has to be supplemented by adding the transport equations for the mean

mixture fraction Z̃ and its variance Z̃ ′′2 [35]. The system of equations has to be
closed then by applying a suitable turbulence model:

∂
(
ρZ̃
)

∂t
+
∂
(
ρujZ̃

)

∂xj
=

∂

∂xj

{(
η +

ηt
σZ

)
∂Z̃

∂xj

}
;

∂
(
ρZ̃ ′′2

)

∂t
+
∂
(
ρujZ̃ ′′2

)

∂xj
= −ρ“χ + ∂

∂xj

{(
η +

ηt
σZ′′2

)
∂Z̃ ′′2

∂xj

}
+ 2

ηt
σZ

(
∂ “Z

∂xj

)2
.

The scalar dissipation rate χ is a very important quantity since it couples the
§amelet solutions with the §ow ¦eld. With the mixture fraction di¨usion coef-
¦cient DZ chosen as thermal di¨usivity, the scalar dissipation rate is de¦ned as
χ = 2DZ (∇Z)2. The mean scalar dissipation rate is modeled by the correlation:

“χ = Cχ
“ǫ
“k
Z̃ ′′2 . (17)

The coe©cient£s default setting in CFX is given by σZ = 0.9, σZ′′2 = 0.9, and
Cχ = 2. As the CFD provides only the mean scalar dissipation rate “χ, this
quantity has to be related to the mean scalar dissipation rate conditioned at
stoichiometric conditions “χst. Assuming constant density and di¨usivity, χ can
be approximated according to [1] as

χ (Z) =
as
π
exp

{
−2
[
erfc−1 (2Z)

]2}

︸ ︷︷ ︸
f(Z)

. (18)

Here, erfc−1 denotes the inverse of the complementary error function. Further-
more it can be stated that

“χ (Z) = χ (Zst)
f (Z)

f (Zst)
.
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Applying Eq. (17), ¦nally “χst can be calculated from [1]:

“χst =
Cχ(“ǫ/“k)Z̃ ′′2f (Zst)
1∫

0

f (Z) “P (Z) dZ

.

In CFX, however, the solver uses the local value of the scalar dissipation
rate “χ instead of its value at stoichiometric mixture fraction “χst as an approxi-
mation for the §amelet library lookup [35]. As this is the standard procedure in
CFX, it has also been applied for the CFD-simulation results presented within
this work.

3 COUNTERFLOW DIFFUSION FLAMES
AT SUPERCRITICAL PRESSURES

Based on the numerical framework established above, the in§uence of modeling
real §uids, di¨erential and thermal di¨usion as well as the e¨ect of pressure on
the detailed structure of H2/O2 counter§ow di¨usion §ames is analyzed in this
chapter for trans- and supercritical thermodynamic states. Special emphasis
is placed on calculations at the conditions of the RCM-3 test case, de¦ned at
the 2nd International Workshop on Rocket Combustion Modeling [37, 38]. This
test case is used for the validation of the real gas CFD simulations presented in
section 4. Here, hydrogen is injected in a supercritical state at TH2 = 287 K at
a combustion chamber pressure of p = 60 bar. The state of oxygen, however, is
transcritical due to an injection temperature of TO2 = 85 K.
The presentation of the results is subdivided into three parts. First, the

validation of the real gas treatment regarding the thermodynamic and transport
properties of pure oxygen is reviewed. Second, the detailed structure of the coun-
ter§ow di¨usion §ame is investigated for typical rocket combustion conditions.
Especially, di¨erential di¨usion e¨ects and their impact on the §ame structure
are examined. The pressure in§uence as well as the in§uence of thermal di¨usion
is ¦nally assessed for the real §uid approach in the last section.

3.1 Validation of Thermodynamic and Transport Properties

An accurate modeling of the thermodynamic and transport properties is crucial
for a reliable prediction of real gas §ows. It provides the basis for analyzing the
detailed structure of the counter§ow di¨usion §ame. The real gas formulations
outlined above for the thermodynamic and transport properties have already
been validated against NIST data [39] as published in the previous work per-
formed by Poschner and P¦tzner [6, 7]. The main results for pure oxygen are
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Figure 2 Validation of predicted thermodynamic (a) and transport (b) properties
of pure oxygen against NIST data [39] for supercritical pressures: 1 ¡ NIST, 60 bar;
2 ¡ NIST, 100 bar; 3 ¡ ideal gas EOS, 60 bar; 3 ′ ¡ ideal §uid, 60 bar; 4 ¡ ideal gas
EOS, 100 bar; 4 ′ ¡ ideal §uid, 100 bar; 5 ¡ PR EOS, 60 bar; 5 ′ ¡ real §uid, 60 bar;
6 ¡ PR EOS, 100 bar; and 6 ′ ¡ real §uid, 100 bar

reviewed again in Fig. 2 for the supercritical pressures 60 and 100 bar. However,
the injection of hydrogen into the rocket combustion chamber typically occurs
at pressures and temperatures which are above their critical values and thus at
the supercritical state. Comparing the ideal and the real gas thermophysical
properties of hydrogen at these conditions, only small di¨erences were found [6].
The validation of the hydrogen properties is therefore not included here.

For the calculation of the oxygen density, the PR EOS with the volume cor-
rection ¦ts the NIST data very well. Particularly, the application of the volume
correction prevents the over-prediction of the density at subcritical temperatures
T < Tcrit,O2 = 154.6 K which has been observed while using the simple PR equa-
tion [6]. The ideal gas EOS, however, is not able to predict the transition from
transcritical to supercritial conditions correctly: at the injection temperature of
oxygen TO2 = 85 K the density is underestimated by a factor of about 4 and 2.5
for the 60- and the 100-bar cases, respectively.
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Likewise, the PR EOS predicts the heat capacity at constant pressure cp
su©ciently well. By default, cp is evaluated from the NASA polynomials [28] for
the ideal gas case. Since these polynomials only depend on the temperature, the
pressure in§uence cannot be captured here.
The validation of the transport properties is shown in Fig. 2b. Here, Chung£s

formulation for dense §uids is used for the real gas approach (Eqs. (11) and (12))
while his correlation for dilute gases is applied for the ideal gas assumption
(Eqs. (10) and (13)). Of course, the pressure in§uence cannot be reproduced by
the ideal gas EOS, neither for the dynamic viscosity nor for the thermal conduc-
tivity. For the real gas model, the e¨ects of pressure as well as the transition
from sub- to supercritical temperatures are predicted in close agreement to the
NIST data [39].

3.2 Structures of Counter§ow Di¨usion Flames

In order to analyze the in§uence of real §uid modeling on the local structure
of hydrogen/oxygen counter§ow di¨usion §ames, the reaction mechanism devel-
oped by ‚O Conaire et al. [40] is employed. It contains 8 reacting species H, H2,
O, O2, OH, H2O, HO2, and H2O2 with 19 reversible reactions. The validation
against experimental data has been performed successfully by these authors for
temperatures ranging from 298 to 2700 K and pressures from 0.05 to 87 atm [40].
The in§uence of applying di¨erent detailed reaction mechanisms was tested by
Ribert et al. [12]. As the results were found to be almost identical for all applied
mechanisms, only the ‚O Conaire mechanism is considered here.
Within the present work, the 4 di¨erent approaches listed in Table 3 were used

for a detailed analysis of the counter§ow di¨usion §ames. The ¦rst two of them
use the ideal gas EOS along with the ideal treatment of thermophysical properties

Table 3 Simulation settings used to analyze the counter§ow di¨usion §ames

Approach Ideal 1 Ideal 2 Real 1 Real 2

EOS Ideal gas Ideal gas
Volume-
corrected
PR EOS

Volume-
corrected
PR EOS

cp, hi NASA NASA Real §uids: Real §uids:
polynomials polynomials Eqs. (7), (8) Eqs. (7), (8)

λ, η Dilute gases: Dilute gases: Dense §uids: Dense §uids:
Eqs. (10), (13) Eqs. (10), (13) Eqs. (11), (12) Eqs. (11), (12)

Le 1 Lei 1 Lei
Di,j λ/(ρcp) Fuller λ/(ρcp) Fuller + pressure

Eq. (14) correction: Eqs. (14), (15)

DT
i ¡ ¡ ¡ Eq. (16)
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Figure 3 Distribution of major (a) and minor species mass fraction (b) for the
settings listed in Table 3 (p = 60 bar and as = 1000 s

−1): 1 ¡ Ideal 1; 2 ¡ Real 1;
3 ¡ Ideal 2; and 4 ¡ Real 2. Upper row refers to Le = 1 and lower ¡ to consideration
of di¨erential di¨usion e¨ects

(Ideal 1 and 2), whereas for the remaining two, the volume-corrected PR EOS
has been applied together with an appropriate modeling of thermodynamic and
transport properties (Real 1 and 2). In both cases, one simulation is carried out
with unity Lewis number while the other includes di¨erential di¨usion e¨ects.
The Soret-e¨ect is considered only for the real §uid approach (Real 2) by applying
Eq. (16).

The results are presented in Figs. 3 and 4 as functions of the axial distance y.
In the upper row, the pro¦les resulting from the approaches Ideal 1 and Real 1 are
given for the Lewis number equal to unity. In the lower row, di¨erential di¨usion
e¨ects are considered (approaches Ideal 2 and Real 2). The strain rate is set to
1000 s−1. As stated above, the pressure as well as the inlet temperature of the
fuel and the oxidizer are set according to the Mascotte RCM-3 test conditions
with p = 60 bar, TH2 = 287 K, and TO2 = 85 K. All diagrams use the stagnation
point (vy=0 = 0) as the common reference position.

Comparing the ideal and the real treatment for the unity Lewis number
approach ¦rst (see Figs. 3 and 4, upper rows), only small di¨erences are found
for the species mass fractions and the temperature distribution. As expected
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Figure 4 Density and temperature distribution (a) and di¨usion coe©cient and
Lewis number (b) at p = 60 bar and as = 1000 s

−1: 1 ¡ Ideal 1; 2 ¡ Real 1; 3 ¡
Ideal 2; and 4 ¡ Real 2. Upper row refers to Le = 1 and lower ¡ to consideration of
di¨erential di¨usion e¨ects

from the analysis of the oxygen thermodynamic properties above (see Fig. 2a),
the oxygen density is highly underestimated when applying an ideal gas EOS.
The di¨usion coe©cients calculated with Eq. (6) and Le = 1 are identical for all
species. They are shown for both approaches in Fig. 4b. Due to the di¨erent
modeling of thermodynamic and transport properties, the pro¦le of the real gas
di¨usion coe©cient (Real 1) is shifted slightly towards the oxygen side. Similarly,
this causes the species mass fraction and temperature distribution also to move
towards the same side. However, the overall in§uence of the real gas treatment
assuming the Lewis number of unity seems to be limited.

In the lower rows of Figs. 3 and 4, the same quantities are compared in-
cluding di¨erential di¨usion e¨ects. Here, the shift of species mass fraction and
temperature distributions towards the oxygen inlet is much more evident than
for the unity Lewis number cases. Larger deviations can also be detected for
the density gradient and the temperature pro¦le in the cold oxygen rich region.
When the oxygen heats up, almost identical pro¦les are found for the density
and the temperature distribution within the §ame zone.

The major species Lewis numbers are presented in Fig. 4b. Here, signi¦cant
di¨erences between the ideal and the real §uid approach can be found particularly
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close to the oxygen inlet. As a reason, the disability of the ideal gas approach
(Ideal 2) to capture the steep gradients in the species£ thermophysical properties
during the transition from trans- to supercritical state can be identi¦ed. Also,
the Lewis number of hydrogen is much smaller than unity, indicating that for this
species the mass di¨usion is signi¦cantly enhanced over the thermal di¨usivity.
It varies only slightly around the value of 0.25 while the Lewis numbers of O2
and H2O change rapidly within the high temperature §ame zone.
Finally, the local §ame structure resulting from the unity and the variable

Lewis number method are compared to each other. Two major di¨erences can
be observed from the results. First, the §ame thickness is increased signi¦-
cantly when the di¨erential di¨usion e¨ects are included. De¦ning the §ame
thickness according to Ribert [12] as the full width at half maximum of the tem-
perature pro¦le, values of 0.39 and 0.28 mm are calculated for the approaches
Real 1 and Real 2, respectively. This corresponds to the increase in the §ame
thickness of about 40% based on the unity Lewis number approach. Also, the
maximum §ame temperature is about 135 K higher for the Real 2 calculation
than that for Real 1. Second, the pro¦les of all species mass fractions and es-
pecially those of the minor species ones are shifted considerably towards the
oxygen inlet if di¨erential di¨usion is considered. This can be explained by the
high di¨usivity of hydrogen which causes more H2 to di¨use towards the oxy-
gen side and ¦nally results in a shift of the §ame zone and an increased §ame
thickness. The increase in the minor species maximum mass fraction results
from the overall higher temperature predicted by applying di¨erential di¨usion
processes.

3.3 In§uence of Thermal Di¨usion and Pressure

As the mass di¨usion caused by a temperature gradient, also referred to as
thermal di¨usion or Soret-e¨ect, was found to be an important e¨ect for propel-
lants like hydrogen [5], it is examined in Fig. 5. Besides the major species mass
fractions, the density as well as the temperature pro¦le are presented vs. the
axial distance. The Real 2 approach is used for this purpose with and without
modeling thermal di¨usion e¨ects according to Eq. (16).
Generally, thermal di¨usion causes light molecules to di¨use towards the hot

temperature region whereas heavy molecules are driven into the opposite direc-
tion. Ribert et al. [12] already observed that the in§uence of thermal di¨usion
is slightly enhanced on the oxygen rich side since hydrogen reacts rapidly with
other species. This observation is also re§ected in Fig. 5 where, e. g., a moder-
ate change of the O2 mass fraction pro¦le towards the cold oxygen inlet can be
detected for the calculation including thermal di¨usion. The maximum §ame
temperature is about 29 K higher for this case whereas almost no in§uence can
be found for the §ame thickness.
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Figure 5 In§uence of the thermal di¨usion process (1 ¡ without and 2 ¡ with
thermal di¨usion) on the major species mass fractions (a) as well as on the density and
the temperature pro¦le (b) at p = 60 bar and as = 1000 s

−1

The local structure of the H2/O2

Figure 6 Temperature pro¦les for the
H2/O2 counter§ow di¨usion §ame at di¨er-
ent supercritical pressures with Real 2 mod-
eling at as = 1000 s

−1: 1 ¡ 60 bar; 2 ¡ 100;
and 3 ¡ 120 bar

counter§ow di¨usion §ame has also
been analyzed for the supercritical
pressures of 60, 100, and 120 bar.
The results are presented in Fig. 6.
Again, the inlet temperatures of the
propellants are set according to the
Mascotte RCM-3 test case condi-
tions with TH2 = 287 K and TO2
= 85 K. The strain rate is ¦xed at
as = 1000 s

−1. As numerical set-
ting, the real §uid approach Real 2
listed in Table 3 is employed. With
increasing pressure at constant
strain rate, the §ame is getting thin-
ner and the maximum temperature
is increased. Based on the 60 bar
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pro¦le for example, the maximum §ame temperature is about 128 and 160 K
higher for the 100 and the 120 bar case, respectively. These results are found to
be consistent with observations from other researchers [2, 12].

4 APPLICATION

Consistent real gas CFD simulations are performed within this work applying the
real gas laminar §amelet combustion model established above. As application,
the A-60 case tested at the Mascotte test rig V03 operated at ONERA is used [37,
38] which also allows for the validation of the obtained results. The experimental
setup and the corresponding CFD model are summarized brie§y whereas the
results are discussed in detail with respect to the §amelet solutions, the §ame
shapes and the comparison with experimental ¦ndings.

4.1 Experimental Test Case

The experimental setup of the A-60 test case corresponds to the RCM-3 case
de¦ned at the 2nd International Workshop on Rocket Combustion Modeling.
The combustion chamber is a square duct with an inner edge length of 50 mm
and a total chamber length of 458 mm. The throat diameter of the variable
shape nozzle is 9 mm and its convergent length is 20 mm. Four silica windows
whose inner surface is cooled by a gaseous helium ¦lm allow for optical access
to the chamber. The combustor is equipped with one single coaxial injection
element as illustrated in Fig. 7. The diameter of the central oxygen injector is
3.6 mm at the inlet and 5 mm at the outlet corresponding to a taper angle of
8◦. The hydrogen is injected coaxially through an annulus with dimensions of
5.6 mm inner and 10 mm outer diameter.

Figure 7 Detail A ¡ Mascotte single coaxial injector element adapted from [38].
Dimensions are in millimeters
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Table 4 Operating conditions of the RCM-3 case [38]

Species
Pressure,
MPa

Mass §ow
rate, g/s

Temperature,
K

Density,
kg/m3

Velocity,
m/s

H2 6 70 287 5.51 236
O2 6 100 85 1177.8 4.35

The operating conditions used for the RCM-3 case are summarized in Table 4.
With 6 MPa the chamber pressure is above the critical pressure of oxygen (pO2
> pcrit,O2 = 5.04 MPa) whereas the injection temperature of 85 K is below its
critical value (TO2 < Tcrit,O2 = 154.6 K). Hydrogen, however, is injected in a
supercritical state.

4.2 Simpli¦ed CFD-Model

For the numerical investigations, the quasi-two-dimensional model given in Fig. 8
is used. It has been established by Poschner and P¦tzner [6, 7] in their previous
works and models a rotationally symmetric combustion chamber with a radius
of 28.81 mm in order to reproduce the internal chamber volume. A total length
of 50 mm has been applied for the injector to receive a fully turbulent inlet
§ow pro¦le. At the outlet, back§ow is avoided by ¦tting the nozzle with a
minimum diameter of 15 mm. For the quasi-two-dimensional model, a sector of
2◦ circumferential extent is considered and discretized with 200×1700 hexahedral
elements (radial × axial direction), providing a grid resolved solution. The ¦lm
cooling of the windows is neglected here.
As inlet conditions, the mass §ow rates of fuel and oxidizer are prescribed

according to Table 4. As de¦ned for the RCM-3 test case, the average static
pressure is set to the value of 6 MPa at the outlet. All walls are assumed to be
no-slip adiabatic walls.
For the RANS-based real gas CFD simulations of the Mascotte test case,

the commercial CFD code ANSYS CFX [35] is used along with proper real

Figure 8 Schematic view of the computational domain used for the CFD simulations.
Dimensions are in millimeters
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gas relations implemented and validated in [6, 7]. As for the analysis of the
counter§ow di¨usion §ames, the real gas modeling described in section 2.1 is
also applied within the CFD simulations. Consistently, the density is determined
from the volume-corrected PR EOS and all other thermodynamic properties such
as enthalpy, entropy and speci¦c heat capacity are calculated as the sum of an
ideal gas reference value at low pressure and a departure function accounting for
real gas e¨ects. Since detailed investigations of the real gas mixing procedure [7]
underlined that its in§uence on the §ame structure is negligibly small, the CFX
standard mixing procedures have been applied here for all thermodynamic and
transport properties in order to save computational resources. Regarding the
transport properties, laminar e¨ects were found to be unimportant in turbulent
§ames [6]. Thus, the rigid non interacting sphere model available in CFX is
used to determine the dynamic viscosity while the thermodynamic conductivity
is calculated based on the modi¦ed Eucken model.
The system of Favre-averaged equations is closed by applying the standard

k�ǫ turbulence model. Two additional equations, one for the mixture fraction Z̃

and another for its variance Z̃ ′′2, have to be solved when using the steady §amelet
model available in CFX. The underlying §amelet libraries are obtained with the
§amelet code COSILAB and the real gas approach described above. In order
to model nonpremixed turbulent combustion, §amelets are typically generated
at unity Lewis number. Here, the following 4 di¨erent types of §amelets are
considered:

(1) ideal gas §amelet library at unity Lewis number (Lei = 1);

(2) real gas §amelet library at unity Lewis number (Lei = 1);

(3) real gas §amelet library including di¨erential di¨usion e¨ects (Lei); and

(4) mixed real gas §amelet library including di¨erential di¨usion e¨ects in the
§ame zone while assuming a unity Lewis number elsewhere.

The libraries are obtained using a nonuniform distribution of 100 points in Z̃ and

10 equally spaced points in Z̃ ′′2 direction. The strainrate was varied from near
equilibrium up to §ame extinction, including also one unburnt §amelet solution.
For the mixed §amelet library, two §amelet solutions close to equilibrium (as =
50 and 100 s−1) as well as the unburnt one are considered at unity Lewis number.
In order to account for the high di¨usivity of hydrogen in the §ame zone, all other
§amelets at higher strainrates (as ≥ 500 s−1) include di¨erential di¨usion e¨ects.
The governing equations are solved applying the CFX high resolution spa-

tial discretization scheme. This adaptive method blends between the ¦rst-order
upwind discretization in regions with steep gradients and the second-order tech-
nique based on the local solution ¦eld to maintain robustness of the solution
procedure [35]. Additionally, a su©ciently high, spatially grid converged reso-
lution allows for a numerically adequate treatment of steep gradients. Only for
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the mixture fraction variable an upwind technique is used. However, a massive
underrelaxation was required to obtain a converged solution.

4.3 Results and Discussion

4.3.1 Flamelet library

As a ¦rst step, the §amelet solutions stored in the generated §amelet libraries are
analyzed for the major species mass fractions, the temperature and the density
distribution in the mixture fraction space shown in Figs. 9 and 10.
Although not stored in the library, the mixture temperature and the density

are also included here to emphasize their in§uence in the CFD simulations. The
distribution of the mixture fraction resulting from the transport equation (5)
solved in COSILAB is considered likewise, as it is used as the independent co-
ordinate for the §amelet library. All results are presented for one strainrate

Figure 9 Flamelet solutions calculated by the ideal (1 ¡ Lei = 1) and the real gas
approaches with (2) and without di¨erential di¨usion (3 ¡ Lei = 1) at p = 60 bar,
as = 1000 s

−1: (a) mixture fraction; (b) major species mass fraction; (c) temperature;
and (d) density
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Figure 10 Flamelet solutions calculated by the ideal (1 ¡ Lei = 1) and the real
gas approaches with (2 ¡ Lei) and without (3 ¡ Lei = 1) di¨erential di¨usion at
p = 60 bar, as = 2.5 · 107 s−1: (a) mixture fraction; (b) major species mass fraction;
(c) temperature; and (d) density

close to the equilibrium (as = 1000 s
−1) and another one close to the extinction

(as = 2.5 · 107 s−1). Here, the strain rate as is given since it is the precribed
quantity for the §amelet equations solved in physical space. For the genera-
tion of the §amelet library as has to be linked to the scalar dissipation rate at
stoichiometric conditions, e. g., by applying Eq. (18).

In Fig. 9a, the stagnation point (vy=0 = 0) is taken as the common reference
position for all three cases to plot the distribution of the mixture fraction in
physical space. Here, only minor di¨erences can be seen on the fuel-rich side
(0 < y < 0.2 mm). Signi¦cant changes, however, appear for the species mass
fractions, the density and the temperature of the mixture. As already discussed
for the §ame structures in physical space, the resulting pro¦les are similar for
the ideal and the real gas approach assuming a unity Lewis number except for
the density which is highly underestimated by the ideal gas EOS on the oxy-
gen side. If di¨erential di¨usion processes are considered (Lei 6= 1), the §ame
structure changes considerably since di¨erent di¨usion coe©cients are applied in
the transport equations for the species mass fractions and the mixture fraction.
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For the latter one, LeZ = 1 is still valid if DZ is estimated from the mixture
properties. E¨ects like a higher maximum temperature, the shift of the temper-
ature pro¦le towards the oxygen inlet as well as a steeper density gradient are
much more enhanced if the mixture fraction variable is taken as the independent
coordinate.

Similar results are also obtained for the §amelet solution near extinction pre-
sented in Fig. 10. Here, small di¨erences are also present for the unity Lewis
number approaches whereas the in§uence of di¨erential di¨usion becomes even
more enhanced compared to the near-equilibrium case. The calculated maximum
§ame temperature is considerably lower and it will decrease until the §ame ex-
tinction if the strainrate exceeds a critical limit. Especially for the cases with a
steep density gradient, it was very di©cult to achieve a steady §amelet solution
applying a ¦ne spatial resolution. Instead, a coarse grid had to be used for the
real gas §amelet generation with di¨erential di¨usion. This is also the reason for
the slope discontinuities in the real gas density distribution shown in Fig. 10d.
However, it is worth noting that this does not e¨ect the solution£s accuracy as
the density is not a dependent variable here. A continuous improvement of both
the solver and the self-adaptive gridding procedure in Cosilab is to be aimed at
in the future. The ¦ndings presented here are generally in good agreement with
recently presented results [9, 10].

4.3.2 Comparison of §ame shapes

The simulation results obtained for the gaseous hydrogen cryogenic liquid oxygen
§ames are presented in Figs. 11 and 12 for the temperature and the OH radical
mass fraction for di¨erent approaches of §ow and combustion modeling. As the
results are axially symmetric with respect to the combustion chamber center
line, usually only one half of the §ow ¦eld is illustrated here.

If the ideal gas EOS is applied for both the §ow ¦eld and the combustion
model (see Figs. 11a and 12a), the §ame propagates downstream for more than
a half of the combustion chamber length. This is mainly caused by the highly
overpredicted momentum §ux of the oxygen jet at the inlet at given mass §ow
due to the underestimation of the oxygen density.

A considerably di¨erent §ame shape can be detected for the fully consistent
real gas approach when real gas thermodynamic relations are applied to the CFD
and the combustion modeling (see Figs. 11b and 12b). Here, the §ame becomes
much shorter due to the correct prediction of the inlet momentum §ux. A strong
radial expansion of the reaction zone can be detected at a position of around
75 mm downstream of the injector. As long as the §amelet library is based on a
unity Lewis number the temperature as well as the OH radical exhibits an almost
identical distribution regardless of whether real or ideal gas relations have been
applied for the §amelet combustion model. The analysis of the §amelet solutions
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Figure 11 Comparison of the temperature distribution for di¨erent approaches of
§ow and combustion modeling: (a) ideal gas � ideal §amelet (Lei = 1); (b) top ¡ real
gas � ideal §amelet (Lei = 1), and bottom ¡ real gas � real §amelet (Lei = 1); and
(c) top ¡ real gas � real §amelet (Lei), and bottom ¡ real gas � real §amelet mixed.

in Figs. 9 and 10 has already underlined that the resulting species mass fraction
distributions for the real and the ideal gas modeling at unity Lewis number are
similar, especially for close to equilibrium §amelets. Although the calculated
densities here di¨er signi¦cantly at the oxygen inlet, they can hardly in§uence
the species mass fractions which are stored as a function of the mean mixture
fraction, its variance and the scalar dissipation rate in the CFX §amelet library.
Therefore, it could be expected that similar §amelet libraries also cause similar
§ame shapes.

If di¨erential di¨usion e¨ects are considered in the generation of the §amelet
library unrealistic results are obtained for the temperature distribution down-
stream of the main combustion zone as presented in the upper half of Fig. 11c.
The following two reasons can be identi¦ed here. First, when applying di¨er-
ential di¨usion relations within the §amelet calculation, the conservation of the
chemical elements is violated locally as the species di¨use with di¨erent veloc-
ities throughout the computational domain. Element conservation can only be
enforced by assuming the unity Lewis number for all species so that the thermal
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Figure 12 Comparison of the OH mass fraction distribution for di¨erent approaches
of §ow and combustion modeling: (a) ideal gas � ideal §amelet (Lei = 1); (b) top ¡
real gas � ideal §amelet (Lei = 1), and bottom ¡ real gas � real §amelet (Lei = 1); and
(c) top ¡ real gas � real §amelet (Lei), and bottom ¡ real gas � real §amelet mixed.

and mass di¨usivities are equal. Furthermore, the CFX solver uses the local
value of the scalar dissipation rate “χ instead of its value at stoichiometric mix-
ture fraction “χst as an approximation. This may also cause some inaccuracy
for conditions farther away from the stoichiometric mixture fraction. It can be
shown that these discrepancies ¦nally lead to more O-atoms leaving the combus-
tion chamber at the outlet than have been injected at the inlet in this simulation
which is physically not possible.

The second reason arises from the fact that CFX solves for the enthalpy
equation, while a temperature formulation is used in Cosilab. If di¨erential
di¨usion e¨ects are considered they also in§uence the resulting temperature dis-
tribution through the di¨usion velocity Vi in Eq. (4). In CFX, however, the
enthalpy equation applied along with the §amelet combustion model is based
on the unity Lewis number assumption. The temperature is then obtained us-
ing Newton£s iteration procedure and comparing the enthalpy values resulting
from the conservation equation with those calculated based on the species mass
fractions stored in the §amelet library and the NASA polynomials. If now di¨er-

607



PROGRESS IN PROPULSION PHYSICS

ential di¨usion is considered within the §amelet library, a signi¦cantly di¨erent
mixture composition is looked up for one value of the mixture fraction compared
to a Le = 1 library (see Figs. 9 and 10). Depending on the temperature, also the
enthalpy evaluated from the NASA polynomials will be di¨erent then whereas
the conservation equation enthalpy remains similar for all simulated cases. This
enthalpy di¨erence is then compensated by the iteration procedure by in- or
decreasing the resulting temperature of §ow ¦eld, respectively.
As an example, the average mixture fraction at the combustion chamber out-

let (Z ≈ 0.4) is considered. For scalar dissipations rates close to zero and only
very small mixture fraction variances, a temperature of approximately 1700 K
would be expected from the §amelet solutions shown in Fig. 9 for both ap-
proaches with and without di¨erential di¨usion. This is true for all cases where
a Le = 1 library has been applied. Including di¨erential di¨usion processes only
in the §amelet library but not in the §ow modeling, however, yields an average
outlet temperature of more than 2000 K in the CFD simulation. Further inves-
tigations and an improvement of the coupling procedure of the laminar §amelet
with the turbulent §ow ¦eld in CFX are planned. Despite the local violation
of the element conservation within the §amelet, the OH radical mass fraction
remains una¨ected as its values are looked-up in the §amelet library. The signi¦-
cantly elevated level can be explained by the increase of the radical concentration
that was already observed for the §amelet solution (see Figs. 9b and 10b). Fur-
thermore, the results presented in Fig. 12 are scaled to a value of 0.055 while the
maximum value for this simulation is about twice as high.
In turbulent combustion modeling, it is generally recognized that the assump-

tion of a unity Lewis number yields good results whereas it is di©cult to predict
experimental ¦ndings in highly turbulent §ames by combustion models consider-
ing di¨erential di¨usion e¨ects [9, 11]. Oefelein [23] underlined that preferential
di¨usion e¨ects are important in the §ame zone close to the injector. Thus, in
order to still include the high di¨usivity of hydrogen, a §amelet library was gen-
erated so that di¨erential di¨usion e¨ects are considered in the §ame zone while
the unity Lewis number approach is applied elsewhere. As expected, the §ame
shape and length are similar to the real gas simulations with a Le = 1 §amelet
library in terms of temperature distribution. Since the maximum value of the
OH concentration is higher and shifted towards smaller values of the mixture
fraction variable (see Fig. 9b) compared to a unity Lewis number approach, an
elevated radical level can also be detected in the §ame front.
Di¨erent §ame shapes and lengths result in di¨erences in the region of the

heat release and therefore also in the pressure built up in the combustion cham-
ber. As the direct evaluation of the heat release rate is currently not possible
for the §amelet combustion model in CFX, the static wall pressure development
given in Fig. 13 is analyzed here.
In all cases, the maximum wall pressure is located at the axial position of

the maximum §ame spreading in radial direction. As expected from Fig. 11,
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Figure 13 Static pressure distribution along the combustion chamber wall for dif-
ferent approaches of §ow and combustion modeling: 1 ¡ ideal gas � ideal §amelet
(Lei = 1); 2 ¡ real gas � ideal §amelet (Lei = 1); 3 ¡ real gas � real §amelet (Lei = 1);
4 ¡ real gas � real §amelet (Lei); and 5 ¡ real gas � real §amelet mixed

this position is located further downstream for the ideal gas §ow modeling and
is similar for all other cases. The pressure dip upstream of the maximum value
results from the acceleration of the combustion gases within the recirculation
zone. The overall pressure level is highest for the real gas §ow including dif-
ferential di¨usion e¨ects in the whole combustor. This is also consistent with
the unphysically high temperatures obtained for this case. With an acceleration
of the exhaust gases the static wall pressure decreases towards the end of the
combustion chamber where a constant static pressure of 60 bar had been pre-
scribed as outlet condition. This setting has already been recommended for the
RCM-3 test case. It represents a common approach in combustion modeling as
it allows for a detailed investigation of the §ame due to a correct adjustment of
the combustion chamber pressure.
Thus, the accurate prediction of the momentum §ux at the inlet by applying

proper real gas relations to the CFD modeling is of crucial importance in simu-
lating gaseous hydrogen cryogenic liquid oxygen §ames. Minor e¨ects caused by
real gas mixing rules as well as the modeling of the transport properties could be
observed for the one dimensional counter§ow di¨usion §ame but their in§uence
onto the CFD simulation results remains limited.

4.3.3 Validation

Finally, the distribution of the OH radical mass fraction predicted by the CFD
simulation is compared to experimental results available for the A-60 test case.
For this reason, the fully consistent real gas approach is considered in Fig. 14
for two types of §amelets, one including di¨erential di¨usion in the §ame zone
by applying the mixed §amelet library (a) and the other one at unity Lewis
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Figure 14 OH∗ Abel transformed emission image [37] compared to the OH concen-
tration from CFD simulations applying the mixed real gas §amelet library including
di¨erential di¨usion in the §ame zone (a) and the Le = 1 library (i b).

number (b). The emissions of OH radicals can be used in order to identify regions
of intense combustion. However, the applied chemiluminescence measurement
technique only allows for the detection of excited OH molecules also referred to
as OH∗ whereas the results of the CFD simulation show the concentration of
all present OH molecules. Thus, only a qualitative comparison can be made to
validate the general shape of the §ame.
Comparing the simulation with di¨erential di¨usion e¨ects in the §ame zone

and the Abel transformed emission image, generally, a good agreement is
achieved for the maximum radial spreading of the §ame, although the §ame
is located sligthly further downstream than in the experiment. Likewise, a con-
siderable OH concentration can be detected within the thin §ame front just
downstream of the injector which is thinner here than observed in the experi-
ment. Applying the unity Lewis number assumption, however, the §ame is much
wider and also the maximum OH concentration is located further downstream
but not close to the injector. Please note that the OH concentration predicted
by the simulation is scaled with its maximum value for each case. An assessment
of the total §ame length is not possible as the optical access to the combustion
chamber at the test rig was limited.

5 CONCLUDING REMARKS

Within the present work, fully consistent real gas models are established for
the §ow ¦eld and the combustion model of a CFD simulation based on the
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volume-corrected PR EOS. Special emphasis is placed on the analysis of the
local structure of counter§ow di¨usion §ames using the combustion simulation
laboratory COSILAB as this structure provides the basis for the pre-integrated
§amelet library applied along with the laminar §amelet combustion model. As
application and for validation, the A-60 case tested at the Mascotte test rig
V03 operated at ONERA [37, 38] is simulated using the commercial CFD solver
ANSYS CFX. Here, hydrogen is injected at a supercritical state whereas for
oxygen, the pressure is supercritical but the injection temperature is below its
critical value.
Regarding the local structure of the counter§ow di¨usion §ame, the species

mass fraction pro¦les as well as the density and temperature distributions were
found to be shifted towards the oxygen inlet when applying the real §uid mod-
eling. Due to the high di¨usivity of hydrogen this e¨ect was enhanced when
di¨erential di¨usion processes were included which also resulted in the increase
in the §ame thickness and the maximum §ame temperature. Thus, the modeling
of di¨erential di¨usion processes a¨ects the §ame structure signi¦cantly whereas
the overall in§uence of the real gas EOS on the §ame structure is limited as the
oxygen heats up rapidly when entering the §ame zone. The ideal gas EOS failed
in predicting the density of oxygen at the transcritical injections conditions cor-
rectly. With increasing pressure, a decreasing §ame thickness together with a
higher maximum of the §ame temperature was observed.
The RANS simulations were compared using di¨erent approaches of §ow and

combustion modeling. Due to an overestimation of the oxygen momentum §ux
at the inlet, the application of the ideal gas EOS for both the §ow ¦eld and the
§amelet model predicts a much too long §ame. As long as the §amelet library
is based on the unity Lewis number, similar temperature as well as OH radical
distributions were found for a real gas modeling of the §ow ¦eld regardless of
whether real or ideal gas relations have been applied for the §amelet combustion
model. Unrealistic results, however, were obtained including di¨erential di¨u-
sion e¨ects within the complete §amelet library. As reasons, the violation of the
element conservation in the §amelets themselves as well as inaccuracies in the
coupling of §amelet library and turbulent §ow ¦eld could be identi¦ed. In order
to still account for the high di¨usivity of hydrogen, a mixed §amelet library,
where di¨erential di¨usion was only considered in the §ame zone, was generated
and successfully applied to a CFD simulation. With respect to the §ame shape
and length, the validation against the experimentally measured OH∗ concentra-
tion available for the A-60 case showed a much better agreement for the real gas
simulation combined with the mixed §amelet library than for the unity Lewis
number case.
Finally, the accurate prediction of the momentum §ux at the inlet by ap-

plying proper real gas relations to the CFD modeling is of crucial importance
in simulating gaseous hydrogen cryogenic liquid oxygen §ames. Minor e¨ects
caused by real gas mixing rules as well as the modeling of the transport prop-
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erties could be observed for the one dimensional counter§ow di¨usion §ame but
their in§uence on the CFD simulation remains limited.

For future investigations, the simple RANS approach applying the k�ǫ turbu-
lence model will be replaced by an LES formulation. Also, further improvement
of the coupling procedure between the §amelet and the turbulent §ow ¦eld is
required.
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