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Abstract
The accurate numerical simulation of high-pressure rocket combustion chambers is a key element for the
design of future space transportation vehicles. The main challenges include the consistent approximation
of thermodynamic effects within a broad temperature range. Another open question is which are the
additional physical processes that have to be modeled for Reynolds Averaged Navier-Stokes (RANS) based
approaches. To this open question we contribute with a detailed study of RANS turbulence models and
their influence onto the flame shape for a simplified academic test case and a subscale rocket combustion
chamber at supercritical pressure.

1. Introduction

The accurate numerical simulation of jet atomization and high-pressure combustion effects at cryogenic temperatures
in rocket combustion chambers is a key element for the design of future space transportation vehicles. One major
challenge is to correctly predict the flow field, the non-linear mixing processes, as well as the combustion of the cryo-
genic fuels. This is needed to estimate the thermal loads onto the combustion chambers walls of future reusable rocket
systems by means of a validated based numerical methods for industrial applications. The focus of this contribution
is on the development and assessment of different RANS turbulence models, ranging from a simple Spalart-Alamaras
turbulence model up to a state of the art Reynolds Shear Stress Model (RSM). Still nowadays higher resolved LES or
DES simulation techniques are solely feasible for detailed investigations of simplified rocket combustion chambers.
State of the art rocket engines, like the Ariane 5 Vulcain 2 engine, have more than 500 injectors. To be able to inves-
tigate detailed, industry-relevant configurations high-fidelity RANS methods are necessary that are able to provide a
suitable resolution of the cryogenic high-pressure effects within rocket combustion chambers at trans- or supercritical
conditions. This becomes important for investigations of large-scale combustion chambers. Even nowadays, it is im-
possible with high-resolution methods to simulate full-scale combustion chambers and this will not change in the near
future.

In open literature, in the context of numerical prediction of cryogenic injection processes, it is an open question
how cryogenic sub- and supercritical injection process, especially within rocket combustion chambers, can be modeled
(see e. g. the discussion in Oefelein,19 Bellan4) and especially which physical processes are important to characterize
the jet breakup and the phase transition processes correctly. At these conditions all fluid properties have a strong
sensitivity to changes of the thermodynamic quantities: All thermodynamic quantities are dependent of the density as
well as the temperature. Detailed previous investigations of the thermodynamic structure of LOx-H2 diffusion flames
have been performed by Banuti et al.3 They showed, based on detailed LES investigations, that non-linear mixture
effects are limited to a small area between the phase interface and the flame. This is a region in which the temperature
changes from cold injection conditions to high temperatures in the flame zone within few cells. With steady-state
RANS methods on a much coarser grid, it is impossible to resolve such fine segments at the phase interface. An
open question is whether this small transition region close to the phase boundary has an effect on the overall pressure
and thermal loads prediction of the combustion chamber; questions that are typically addressed using RANS-based
methods.

Copyright© 2019 by German Aerospace Center. Published by the EUCASS association with permission.

DOI: 10.13009/EUCASS2019-311



INVESTIGATION OF RANS TURBULENCE MODELS FOR CRYOGENIC ROCKET COMBUSTION CHAMBERS

full modeling

no model

M
od

el
in

g
de

pt
h

1. RANS

1-eq. models (SA)

2-eq. models (k-ω, k-ε)

6-eq. models (RSM)

2. DES / LES for sub-scale CC

3. DNS for periodic boxes

Figure 1: Numerical methods to resolve or model turbulence effects

The focus of this paper is on the modeling of the turbulent effects within cryogenic rocket combustion chambers.
We begin this investigation by looking into the thermodynamic and physic effects for this kind of flows: According to a
detailed flamelet-based study of Banuti et al.3 the flame structure within a LOx-H2 diffusion flame is characterized by
an anchored flame at the injector outlet and a small region with non-ideal mixture of the liquid oxygen and the burned
gases close to the flame. Within high-resolved detailed LES/DES investigations the flame gets a turbulent structure and
the non-linear mixture effects play an important role. Within RANS-based approaches only the mean flame topology
is resolved resulting in a thicker flame front. Several approaches exist to include the turbulence-combustion interaction
effects within the RANS methods, e. g. by Probability Density Function (PDF) methods (see e. g. description in the
book of Gerlinger8). However, even this thickened averaged flame zone can not be resolved detailed and the effects of
this small layer with a strong density and temperature gradient in the flame zone has to be modeled within the RANS
turbulence model. The aim of this study is to investigate the suitability of two-equation turbulence models (here the
Menter SST turbulence model) and Reynolds Shear Stress Models (RSM) for the application within rocket combustion
chambers at cryogenic conditions.

Within this topic, another topic is related to the applicability of simplified thermodynamic mixture approxima-
tions. This is discussed in the context of the Multi-Fluid mixing model (Banuti et al.2) and its efficient implementation
based on quadtree tabulation (see Fechter et al.7 based on the ideas of Dumbser et al.6). For this study we use stan-
dard cubic equation of states (EOS) to be able to resolve all non-linear mixture effects. To improve the poor density
predictions for liquid states, a density correction according to Peneloux et al.20 is applied.

The study in this paper is structured as follows: In the next section the numerical and thermodynamic model
used for the simulation of cryogenic rocket combustion models is discussed. In the following section we validate our
RANS turbulence modeling approach to high-resolved LES simulations of the Ruiz test case (see description in Ruiz
et al.25) for which reference results are available in literature. As a next step we apply this framework to a subscale
rocket combustion chamber test case at a supercritical load point for which experimental results are available (see
experimental results in Suslov et al.27, 28).

2. Numerical approach

In this Section we describe the numerical methodology as well as the physical models needed to describe compressible
flows within cryogenic rocket chambers at high pressure conditions. A general description is given in the next part while
a detailed description of the thermodynamic EOS mixture model at cryogenic injection conditions is given thereafter.
A numerical method to suppress spurious numerical oscillations, the Double Flux model (Abgrall & Karni1 and its
application to cryogenic flows in Ma et al.16), is detailed in section 2.3.

2.1 Flow solver

The flow solver is the DLR TAU Code for the compressible Navier-Stokes equations with various RANS turbulence
models. Only a brief overview is given here, detailed descriptions can be found in Hannemann,10 and Karl.13 TAU is
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Rate Constants
No. Reaction A n E
1 H2 + O2 
 HO2 + H 1.0000e+14 0.00 5.6000e+04
2 H + O2 
 HO + O 2.6000e+14 0.00 1.6800e+04
3 O + H2 
 HO + H 1.8000e+10 1.00 8.9000e+03
4 HO + H2 
 H2O + H 2.2000e+13 0.00 5.1500e+03
5 2 HO 
 H2O + O 6.3000e+12 0.00 1.0900e+03
61 H + HO + M 
 H2O + M 2.2000e+22 -2.00 0.0000e+00
72 2 H + M 
 H2 + M 6.4000e+17 -1.00 0.0000e+00

Table 1: Simplified Jachimowski hydrogen-oxygen reaction mechanism as detailed in Gerlinger.8

a hybrid grid, finite volume, compressible flow solver. It has been verified for a variety of steady and unsteady flow
cases, ranging from sub- to hypersonic Mach numbers. Only models relevant for the present work in the area of rocket
combustion chamber simulations are discussed in the following.

The mixture of chemically reacting flows governed by the compressible Navier-Stokes equations is solved using
a Godunov type finite volume method. Second order spatial accuracy is obtained using MUSCL reconstruction at cell
interfaces. The low Mach numbers and high density gradients, which are a challenge for a compressible flow solver,
can be dealt with using a MAPS+ Riemann solver by Rossow.23 We apply the Double Flux model for cryogenic
mixtures (see Section 2.3) together with a cubic mixture EOS (see Section 2.2). Within the study of the turbulence
effects we apply different turbulent models within the RANS approach: a Spalart-Alamaras turbulence model,26 a
Menter SST model18 and a Reynolds stress turbulence with a Wilcox stress ω model,29 that is similar to the well-
known Launder-Reece-Rodi model. The Menter baseline omega equation17 is used to predict the turbulent length and
time scale.

In the present work, TAU’s finite rate chemistry model is used in thermal equilibrium. Chemical source terms
are calculated from Arrhenius’ equations, backward reaction rates are calculated using the forward rates and the equi-
librium constants. The kinetic mechanism is a simplified Jachimowski’s12 6 species, 7 reaction model, as reported by
Gerlinger9 (see Table 1). The considered species are H2, O2, OH, H2O, O, H.

The EOS is described by a volume-corrected cubic Peng-Robinson mixture EOS. The corresponding cryogenic
high-pressure mixture transport coefficients are estimated using the Chung high-pressure viscosity and heat transfer
coefficient correlations, as e. g. described in Poling et al.22

2.2 Cryogenic fluid model

Within the transcritical injection process in rocket combustion chambers, in which the oxygen is injected at a subcritical
temperature and supercritical pressure. To be able to capture the thermodynamic effects in this region correctly, the
fluid mixture is described based on a cubic Peng-Robinson EOS (Peng & Robinson21). This is a standard method to
describe the thermodynamic behavior of non-ideal cryogenic fluid mixtures. To improve the poor density estimate of
standard cubic EOS, a volume shift is added according to the method of Peneloux et al.20 With this modifications
density estimates for the liquid phases are accurate within 3% compared reference-style EOS.

The details of the thermodynamic description are summarized in the appendix (see section Appendix A).

2.3 Double-flux model for cryogenic mixtures

The first ideas to prevent non-physical oscillations in multi-species simulations originate back to Abgrall & Karni1 and
have been further improved by Billet & Abgrall.5 In both publications the aim was to prevent pressure oscillations
within an ideal gas mixture due to spatially varying adiabatic mixture coefficients γ that depend on the local composi-
tion. The main idea was to apply non-conservative energy fluxes (a simple Ghost-Fluid method) with a fixed γ during
the Runge-Kutta time integration that removed the numerical oscillations. This approach was generalized by Ma et
al.16 for the application within cryogenic real-fluid mixtures, one application in which non-ideal mixture states cause
unphysical numerical pressure oscillations. For real-gas flows these oscillations have a much larger influence on the
simulation.

Here we sketch briefly the idea of the double-flux model for real-gas flows: In a first step the real-gas mixture
state is linearized and a general adiabatic coefficient γ∗ (based on the expression for the sound speed of an ideal gas) is

3
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Figure 2: Ruiz test case: domain and inlet conditions

defined for each grid point:

γ∗ =
ρc2

p
. (1)

Note that for one ideal gas species, the adiabatic coefficients γ and γ∗, are identical. For a multi-species mixture
γ∗ will be a nonlinear function of the mixture composition and may not be constant. Similarly we mimic the energy
equation for an ideal gas to define an energy offset

e∗0 = e − p
ρ(γ∗ − 1)

(2)

that is zero for an ideal gas flow. The values for γ∗ and e∗0 are kept constant within each Runge-Kunga time step. The
fluxes for a cell i are calculated using the specific values for γ∗i and e∗0,i for the cell resulting in an non-conservative
energy formulation. This formulation is designed in that way that the pressure oscillations due to mixing effects are
efficiently removed.

3. Validation of numerical approach

For a first validation of the numerical method we choose the Ruiz test case as introduced by Ruiz et al.25 This test case
is a simplified two-dimensional model of a cryogenic injector (half-model of a coaxial injector). The flow conditions
(injection temperature and pressure) are chosen such to resemble typical operating conditions of rocket combustion
chambers and their usual transcritical injection conditions with subcritical temperature and supercritical pressure (for
the oxygen). The domain size just considers the primary atomization processes at the liquid oxygen jet. The domain
as well as the inlet conditions are shown in Figure 2. Within the DES approach we use a two-dimensional mesh size of
about 0.5 Mio DOF, while for the RANS computations a ten times coarser mesh (about 50 000 DOF) is used.

Reference results for the flow statistics are provided in the paper of Ruiz et al.25 for a generic 2D LES of the flow
field. We apply here our numerical method with a zonal Double-Flux model with a density-gradient based indicator as
described in Ma et al.16 At the end of the domain we apply a sponge zone in which we apply more a dissipative RANS
upwind scheme to damp reflections at the outflow boundary condition.

3.1 Mixing test case

In the first case, we just consider a cryogenic (non-ideal) mixing of the liquid oxygen with the gaseous hydrogen that
are both described by a cubic Peng-Robinson EOS. A visual plot of the instantaneous flow topology is shown in Figure
3. The statistical evaluation concerning the mean and the root mean square (RMS) fluctuations is shown in the Figures
4-7 at different cut-plane positions in the flow field. In these plots the validation results taken from Ruiz et al.25 are
included.

With the DES approach in TAU we are able to reproduce the mean and rms distributions at the different transverse
cuts. The TAU solution is comparable to the reference results given by the AVBP code. Even using the RANS approach
on the coarse grid we are able to reproduce the mean flow field at the transverse positions. Note, however, that the
RANS solution is not identical to the 2D DES approach, because the two-dimensional RANS provides a physically
reasonable turbulence field in contrast to a non-physical turbulence field for the 2D DES/LES approach. Because of
that some minor deviations in the mean flow variables can be seen in the magnitude of the mean velocity peaks in the
transverse cuts (see Figures 4-7).
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Figure 3: Instantaneous fields of oxygen mass fraction, and density from top to bottom for the two-dimensional
LOX/GH2 mixing case.
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Figure 4: Transverse cuts of (a) mean and (b) rms axial velocity of the two-dimensional LOX/GH2 mixing case.
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Figure 5: Transverse cuts of (a) mean and (b) rms transverse velocity of the two-dimensional LOX/GH2 mixing case.
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Figure 6: Transverse cuts of (a) mean and (b) rms oxygen mass fraction of the two-dimensional LOX/GH2 mixing
case.
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Figure 7: Transverse cuts of (a) mean and (b) rms temperature of the two-dimensional LOX/GH2 mixing case.
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Figure 8: Transverse cuts of mean (a) axial velocity and (b) transverse velocity of the two-dimensional LOX/GH2
reacting case.
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Figure 9: Transverse cuts of mean (a) temperature and (b) oxygen mass fraction of the two-dimensional LOX/GH2
reacting case.

3.2 Reacting test case

As a further extension of the previous transcritical mixing test case, we consider additionally the effect of chemical re-
actions onto the flow field. Thus, the hydrogen and oxygen are reacting and due to the exothermic reaction a (turbulent)
hot flame zone is emerging. This additional zone changes the physics of the test case, as the flame zone is acting as
a flow barrier between the two cryogenic fluids and prevents the excessive mixing between the hydrogen and oxygen
layers. All other initial and boundary conditions as well as the mesh are unchanged. We use a finite-rate chemistry
model using the simplified Jachimowski12 (see table 1) reaction mechanism consisting of 6 species and 7 reactions. A
visual plot of the instantaneous flow topology and the turbulent flame is shown in Figure 10. The statistical evaluation
concerning the mean variables is shown in the Figures 8-9 at different cut-plane positions within the domain.

For this reacting case no quantitative mean results at several transverse cut positions are available in literature.
Qualitatively the results are comparable to those presented by Ma15 using a Flamelet model and those of Ruiz.24 Due
to the heat release and the resulting high temperatures in the chemical active zone, the flame separates the two almost
pure component streams and suppresses the creation of large-scale vortical structures (compare Figures 3 and 10). This
is in accordance with simulation results of Ruiz.24

Again the RANS turbulence models predict very well the velocity distribution at the transverse cuts in the flow
domain with a smaller amplitude, similar to the previous mixing case. the RANS turbulence models overpredict the
mean temperature and mean OH mass fraction. Furthermore, the position of the maximum mean temperature is only
predicted correctly by the RSM turbulence model.
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Figure 10: Instantaneous fields of temperature and OH mass fraction from top to bottom for the two-dimensional
LOX/GH2 reacting case.

load step 3

(O/F)injector [-] 4
(O/F)cc [-] 1.32
Tinj, H2 [K] 158
Tinj, LOx [K] 114
vinj, H2 [m/s] 350
vinj, LOx [m/s] 30

Table 2: Measured test parameters taken
from Suslov et al.28

O/Fcc (O/Finj) p [bar]

Experiment 1.1 (4) 60.9
SA 61.1

Table 3: Summary of the main experimental and numerical parameter

4. Comparison to BKC combustion chamber experiments

From this simple academic two-dimensional test case we move on to a more realistic sub-scale testbed configuration,
the BKC single-injector combustion chamber at cryogenic conditions. The results in this part are work in progress, as
we are working actively on the turbulence modeling at these conditions. Up to now we only have a comparison to the
experimental results using the Spalart-Alamaras26 turbulence model available.

In this comparison we consider a single-injector experiment, the DLR subscale thrust chamber model “C” (des-
ignated BKC) at the DLR test facility P8 in Lampoldshausen. The experimental results and boundary conditions are
described by Suslov et al.27, 28 where an extensive description of the experimental test facility and the measurement
techniques applied can be found. The experiments were designed to provide extended data for for high pressure
LOx/GH2 combustion. Three different combustion chamber pressures from 40 to 60 bar were measured with three
different oxidizer to fuel ratios (O/F) that cover the full range from sub- to supercritical combustion. We focus on the
description of the numerical grid and boundary conditions and consider the supercritical load point with the shortest
flame for a detailed comparison. At these conditions a supercritical combustion chamber of about 60 bar was measured.

4.1 Numerical domain and physical model

In this investigation we consider a two-dimensional axis-symmetric model for the flow in the single-injector combustion
chamber. In Figure 11 a sketch of the two-dimensional axis-symmetrical computational domain is shown. The tubes of
the injector are not modeled here and replaced by a stub tube with the respective experimental inflow conditions. The
location of the boundary conditions is indicated in Figure 11, their values are given in the publication of Suslov et al.28

For this more complex comparison we just consider one RANS turbulence model, the one-equation Spalart-
Alamaras model, that has provided robust solutions in under-resolved simulations. More complex RANS turbulence
models are subject of further studies in this context.
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O2 inlet
H2 inlet

H2 window
cooling inlet
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Adiabatic wall

Nozzle (cooled)
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Figure 11: Sketch of the computational domain used in the numerical modeling (not to scale). The numerically chosen
boundary conditions are indicated in the sketch.

(a) SA
LOx-core length

Figure 12: Comparison of flame structure and shadowgraph pictures

4.2 Flame structure

In Figure 12 we compare the structure of the flame within the combustion chamber. Additionally, we superimpose
the density of the dense oxygen core as it would appear on shadowgraph images based on the density field. An arrow
indicates the experimentally measured length of the LOx core based on the half intensity criterion (see Suslov et al.28

for more information). Even with the simple SA turbulence model, that is known to be dissipative for jets, we are able
to obtain suitable flame and LOx-core lengths.

4.3 Wall temperature and pressure measurements

In the experimental measurement the pressure and temperature distribution at the combustor walls were measured
using pressure and temperature transducers. Due to the fact that data points from different test runs are combined,
that is needed to be able to change the window position to provide optical access of the whole combustion chamber,
the scatter in the experimental data is quite large. In Figure 13 the numerical and experimental wall pressures and
temperatures are compared to the numerical results.

The wall pressure distribution shown in Figure 13 (a) fitting with an accuracy of less than 1 % of the average
experimental wall pressure.

The wall temperature distribution (see Figure 13 (b)) is well predicted by the numerical models and fits very well
to the experimentally measured values. However, it should be noted that in this combustion chamber with excessive
window cooling, the wall temperature distribution is dominated by the window cooling massflow. This additional
injection is needed to prevent a failing of the optical access windows.

5. Conclusion

In this paper we have shown the application of different RANS turbulence models to compressible cryogenic flows,
that for example can be encountered in rocket combustion chambers. We have investigated three different test cases
ranging from the simple academic Ruiz test case for which detailed turbulent statistics are available to a more complex
single-injector subscale combustion chamber.

For the Ruiz test case the agreement between the DES and the RANS approaches is very good, even though
the transient mixing processes can not be resolved by the steady RANS methods. The averaged statistics fit very well
but show slight differences because a 2D RANS simulation provides physical turbulence results while a 2D DES/LES
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Figure 13: Comparison of wall pressure and temperature measurements.

provides unphysical results. For the case with combustion effects this global perspective does not change. In the
application test case of the subscale rocket combustion chamber BKC we have only applied the Spalart-Alamaras
turbulence model for now, that is known to be too dissipative for jet flows. In further studies the effect of the turbulence
model onto the much lower resolved case within rocket combustion chambers has to be investigated. Another key
parameter would be to include an advanced combustion modeling based on presumed probability density function
based approaches as well as the use of flamelet methods.
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A. Cryogenic fluid model

The cryogenic fluid behavior is modeled by a standard generalized cubic EOS (for a summary see e. g. Kim et al.,14

Hsieh & Yang11) that is described as

p =
ρRuT

Mw − bρ
− aα(T )ρ2

(Mw + δ1bρ)(Mw + δ2bρ)
(3)
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with the cubic EOS mixture coefficients

aα =

N∑
i=1

N∑
j=1

XiX jai jαi j (4)

b =

N∑
i=1

Xibi (5)

δ1 =

N∑
i=1

Xiδ1,i (6)

δ2 =

N∑
i=1

Xiδ2,i (7)

for N number of species in the mixture. The Xi are the species mole fractions. The parameters δ1 and δ2 is a switching
parameter for a family of cubic EOS. For the Peng-Robinson EOS, δ1 = 1 +

√
2 and δ3 = 1− √2. For each species the

attraction factors ai and αi as well as volume correction term bi are calculated from the species critical conditions.
The mixture attraction factor ai jαi j is calculated according a combination rule

ai jαi j =
√

aia jαiα j(1 − ki j) (8)

∂ai jαi j

∂T
= 0.5

√
aia j

[√
αi

α j

∂α j

∂T
+

√
α j

αi

∂αi

∂T

]
(9)

∂2ai jαi j

∂T 2 =
√

aia j

 1
2√αiα j

∂αi

∂T
∂α j

∂T
− 1

4

√
αi

α3
j

(
∂α j

∂T

)2

− 1
4

√
α j

α3
i

(
∂αi

∂T

)2

(10)

+
1
2

√
αi

α j

∂2α j

∂T 2 +
1
2

√
α j

αi

∂2αi

∂T 2

]
(11)

with ki j being an empirical binary interaction parameter for the mixture. For the current implementation this parameter
is set to zero.
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