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Abstract
The current work aims to study the influence of the numerical setup on a URANS model of a single co-axial
injection element under acoustic forcing. The single injector model is representative of an experimental
rocket combustor with multiple injection elements, named BKH and operated at DLR Institute of Space
Propulsion. The configurations presented in this work are fully 3D for the 1L and 1T mode excitation
and compared with previous configurations.14, 34The flame zone is studied with an unstructured and hybrid
mesh. An influence of the numerical setup is visible.

1. Introduction

High frequency combustion instabilities have been a key issue in the development of liquid rocket engines since the
very first attempts of their design and building in the 1950’s.5 Despite this, they are not yet fully understod and their
occurrence cannot be predicted. This phenomenon consists of high amplitude pressure oscillations which can occur in
the combustion chamber of a liquid rocket engine, taking the form and frequencies of the resonant modes of the cham-
ber itself and being driven by the coupling between acoustic pressure oscillations and unsteady energy release from the
combustion process. This coupling leads to a fluctuating heat release rate and these phenomena close in a loop. More
specifically, we refer to this mechanisms as thermoacoustic combustion instabilities in which essentially the following
specific physical process are involved: the feedback between heat release fluctuations (or flame fluctuations) with the
combustor or combustion chamber acoustics, the coupling of these two processes in space-time, the strength of this
coupling in comparison with acoustic losses, and the physical mechanisms behind the heat release fluctuations. If these
fluctuations are in phase with the pressure fluctuations, the acoustic fluctuation can reach levels which could also lead
to the failure of the chamber, and so of the entire mission.21, 40

Proper numerical tools are necessary to gain further insights into the physical and chemical processes involved in the
occurrence of combustion instabilities. After a validation against experimental data, numerical tools like CFD can be
employed to better understand experimental findings and eventually used as predictive tool for combustion instabili-
ties. Direct numerical simulations (DNS), large eddy simulations (LES) and Unsteady Reynold Averaged Navier Stokes
equations simulations (URANS) have been able to give insights into several mechanisms which occur in transcritical
and supercritical coaxial cryogenic flames.3, 4, 17, 20, 39Simulation and experiments have demonstrated that a flame under
acoustic excitation can release a considerable amount of heat due to its movement and the fluctuating pressure inside
the chamber. The obtained heat release rate distributions can be used to estimate driving and damping contributions to
the Rayleigh term or to build flame response functions.11, 12, 28

The focus of this work is the experimental combustor BKH, which operates with LOx and H2. BKH optical data
have been previously analysed by Beinke in34, 35 to identify the flame response to longitudinal and transverse acous-
tic excitation and to produce results useful for numerical validation. An unsteady model of a single BKH injection
element subjected to an acoustic disturbance with a representative distribution of the field produced by exciting the
first longitudinal chamber mode was already proposed by Tonti,14 and a corresponding model for the excitation of the
first transverse mode was proposed by Beinke.27 Here the influence of the numerical setup is studied, investigating
the influence of the axisymmetry boundary condition applied to the previous configurations by modifying the geom-
etry from a 2D to a 3D cylindrical domain for the acoustic pressure excitation, and doubling a half domain to a full
3D domain for the transverse velocity excitation. Two different mesh configurations for each case are investigated: a
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fully unstructured mesh, and a hybrid structured/unstructured mesh. The results of the different configurations are then
compared with previous experimental and numerical data.

2. Numerical Modelling

The investigation of the flame response to an imposed acoustic disturbance of the BKH study elements has been
conducted using a single injector model, representative of the central element in the primary injection confguration.
In house DLR-TAU code is used to perform the simulations. As a first step, steady-state calculations of the different
numerical setup are conducted. Subsequently, two different acoustic perturbations are modelled and applied using an
URANS approach. During the unsteady calculations, the boundary conditions of the domain are modified to impose
the representative acoustic disturbance on the single injection element. In the following subsections, the DLR TAU
code, numerical domain, boundary conditions and excitation modelling are described.

2.1 CFD Solver

The DLR TAU code is a hybrid (structured/unstructured) grid Godunov-type finite-volume flow solver for the com-
pressible Euler and Navier-Stokes equations. Spatial second order is reched by a MUSCL reconstruction. DLR TAU
code has been validated for a range of steady and unsteady flow cases.1, 9, 37

A MAPS+ Riemann solver by Rossow32 is used to handle low Mach number flows and high density gradients, which
are challenging for a compressible flow solver. An explicit 3rd order Runge-Kutta scheme is used for time integration.
To perform unsteady computations a Jameson-type dual time stepping scheme is used, with a physical time step size
of 5x10−6 s. To assure convergence for each time step, a Cauchy convergence control method for each simulation is
employed.
The operating conditions are the same for both pressure and transverse velocity excitation. They are summarized in
Table 1. A turbulent Schmidt number of 0.3 and a ratio between laminar and turbulent Prandtl number of 0.8 was used.
The choice of these values is due to the good match that they give with experimental data, as assessed for example in
He et al.22 and Turker at al.38

Table 1: Operating conditions

ROF 6
Mean chamber pressure 60 bar
Oxygen Temperature at injection 127 K
Hydrogen Temperature at injection 279 K

The one-equation Spalart-Allmaras turbulence model36 is used, due to its robustness and ease of implementation.
A six-species and seven-step reaction scheme for oxygen-hydrogen combustion published by Gaffney et al15 that in-
cludes the species H2, O2, H, O, OH and H2O was employed.
Cryogenic propellants at high pressures, as in rocket engines, behave differently than ideal gases and this has to be
taken into account. These real-gas effects are included in the DLR TAU code real gas release to model injection and
combustion of cryogenic propellants. This real gas implementation has two main features: each species has a dedicated
equation of state and the properties of the mixture are determined by a multi-fluid mixing model.6, 7, 10 Here the ideal
gas equation of state is solved for H2, H, O, OH and H2O, and a real gas equation of state is solved for O2. The
real gas transport properties of oxygen are computed form the high fidelity EOS for O2 as proposed by Lemmon et
al.29 In the current release of TAU code, an adaptive tabulation of high-accuracy equation of state (EOS) is used, first
introduced by Dumbser et al.30 for cavitating flows. In the context of the mixture description within the TAU code the
tabulation idea has been extended by Fechter et al.13 for the application within ideal gas mixtures. The assumption
of ideal gas mixing of species properties is valid only if all species exist as a real-gas in only a pure-fluid state. This
assumption is physically justified if we focus on supercritical oxygen-hydrogen combustion. Numerical studies by
Oefelein4, 25 have noted the flame produced by a coaxial injection element in an oxygen-hydrogen liquid propellant
rocket engine effectively isolates the fuel and oxidizer streams. This agrees with similar experimental observations
made by Oschwald et al.31 and many others. Numerical studies of representative reacting cryogenic shear layers by
Bellan24 and 1D counter diffusion flames by Ribert et al.18 and Lacaze et al.16 have shown that mixing in the hot
reaction zone occurs under ideal gas conditions.
Banuti et al.8 further explain that all real fluid effects are essentially confined to the LOx core under supercritical
O2/H2 combustion conditions. Thus for the flames considered in the present work, the multi-fluid ideal-mixing model
is appropriate. The fluid in the numerical domain is assumed to exist as either a pure-fluid real-gas or a mixture that can
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be approximated using an ideal-mixing model. The fluid is treated as a continuous Eulerian mixture with no discrete
phases or phase changes. This approach is sometimes referred to as an Euler-Euler model.

2.2 Excitation Modelling

The single injector configurations are acoustically excited by modulating the boundary conditions at the sides of the
domain. In particular, for the unsteady calculations, the side boundaries are specified as nearfield boundary conditions,
modified at each time step in order to impose the acoustic disturbance. The nearfield boundary condition is used to
represent here a fluid boundary and it defined by specifying the mixture properties at the boundary surface. To impose
the disturbance, the dynamic fluctuation is superimposed to a mean value given from the steady state simulation and
then imposed at the nearfield boundaries. The state of the nearfield boundaries is updated at each time step. To model
a realistic 1L mode acoustic disturbance, both a pressure and velocity fluctuations about the steady-state values are
imposed.

p = p̄ + p′ (1)

v = v̄ + v′ (2)

where p̄ is the steady state value of pressure, p′ is the pressure fluctuation about that value, v̄ is the steady state value of
the velocity and v′ is the fluctuation about the steady state value. The expression for the imposed acoustic disturbance
is:

p′ = Aeiωt (3)

v′ =
i
ρω
∇p̂eiωt (4)

where A is the magnitude of the amplitude of the pressure disturbance, ρ is the density and ω=2π f where f is the
excitation frequency.
To model the 1T mode excitation, the transverse pressure disturbance is prescribed as a function of the vertical coor-
dinate of the domain y, the height of the domain H and the desired amplitude of the pressure fluctuation at the wall
Re(|p′wall|), wich is the real part of |p′wall|:

p′ = Re(|p′wall|) sin
(yπ

H

)
eiωt (5)

The transverse velocity disturbance is then computed to match the imposed pressure disturbance and written in the
form of equation 4, leading to:

v′ =
Re(|p′wall|

2ρ f H
cos
(yπ

H

)
ei(ωt+π/2) (6)

Representations of the applied disturbances are given in Figure 1. The investigated test cases in terms of amplitude and
frequencies of the disturbances for both cases are summarized in Table 2.

Table 2: Investigated cases

1L 1T
Amplitude of disturbance (% o f pcc) 5% 3.5%
Frequency of disturbance (Hz) 3200 4400

3400
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(a) Imposed pressure disturbance (1L mode) (b) Imposed transverse velocity disturbance (1T mode)

Figure 1: Axial distribution of the applied disturbances on the domain boundary

3. Numerical Results

3.1 Pressure excitation

3.1.1 Numerical domain and boundary conditions

Two different geometries are considered. The first one is a 2D axisymmetric domain, chosen because the imposed
disturbance should act symmetrically about the flame and not disturb the flame from the centerline of the injector. LOx
post has been included in the domain to observe the LOx post coupling, identified as a possible source of instabilities
in oyxgen-hydrogen rocket engines, experimentally by Gröning et al.19 and numerically by Urbano et al.2 and Hardi
et al.26 The chosen boundary conditions are mass flow rate specified at the oxygen and hydrogen inlet to match the
operating conditions of oxidizer to fuel mass flow rate (ROF) of 6 and chamber pressure of 60 bar. The LOX post
walls, injection plane and throttle section are specified as viscous walls, to the outlet of the domain a farfield boundary
condition specifying the chemical composition, density, velocity and temperature of the mixture, calculated with the
NASA software CEA as an equilibrium mixture of combustion products at the prescribed chamber pressure. This
boundary condition is used to control the pressure inside the volume.
For the steady-state calculations, an inviscid wall boundary condition is specified at the side boundaries. Figure 2(a)
displays the geometry of the domain and the applied boundary conditions. The boundary conditions implemented
in TAU are described by Horchler et al.23 The second configuration consists in a cylindrical geometry obtained by
rotating the 2D geometry around the axisimmetry axis of 360°. The boundary conditions are the same of the 2D
configuration, except for the axisymmetry boundary condition, which here is not applied. This way, an investigation
about the influence of the axisymmetry boundary condition is performed. Figure 2(b) shows the domain and boundary
conditions of the 3D configuration.
For the 2D axisymmetrical geometry, an unstructured grid is used. The mesh has about 0.16 M nodes, with size of
elements varying from 0.03 mm in the shear layer to 0.5 mm at the end of the domain. The mesh is refined in the region
of the post tip, in the shear layer between the hydrogen and oxygen streams, as shown in Figure 3.
For the 3D geometry, two mesh configurations are used: a fully unstructured mesh and a hybrid structured/unstructured
mesh. The fully unstructured mesh has about 0.8 M nodes, whereas the hybrid mesh has about 0.7 M nodes. The hybrid
mesh has two hexahedral blocks, one in the LOx post and one in the flame zone. The interface between the injection
and the flame zone is filled with an unstructured grid of the same density as for the unstructured one, up to 4 mm
downstream the LOx injector, where then the mesh is switched to structured elements with coarser distribution. In this
way, a good resolution both for transition and flame zone is provided, as well as a considerable gain in terms of number
of nodes.

3.1.2 Steady state results

In this section, a comparison of the steady-state results for the different configurations is performed. A steady state
RANS is carried for each of the three configurations. Figure 5 shows the density isosurfaces for ρ = 10 kg/m3 and
ρ = 100 kg/m3, OH mass fraction and temperature distributions.
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(a) 2D domain

(b) 3D domain

Figure 2: Domains and boundary conditions used for the pressure excitation calculations.

Figure 3: Mesh detail at injection

From Figure 5(a), a clear difference in the length of the LOx core between the three cases is visible.The hybrid mesh
shows a longer LOx core with respect to the fully unstructured mesh. This is due to the different meshing elements
used in the LOx core zone: in the hybrid mesh, hexahedral elements are used, whereas in the fully unstructured mesh
the same zone is filled with tetrahedra. Tetrahedral elements are suitable for complex geometries, but when the shape
function is integrated with points of Gauss, they result to be less accurate than hexahedral elements and give a distortion
of the mesh which is not present when dealing with hexahedral elements. In fact, hexahedral elements present a central
symmetry. The possible loss of second order accuracy in truncation error for the Euler equations is localized on the
boundaries of the cell and the first order error terms tend to cancel each other when averaged over several elements. As
a result, the global solution error should remain second order.
It is possible, however, that this canceling of first order truncation error does not occur in viscous regions where second
order derivatives of the flow variables play a significant role. If this is the case, then it will be necessary to maintain
central symmetry of the control volumes in boundary layer regions for Navier-Stokes computations. More details about
this topic can be found in Sadrehaghighi.33 Essentially, when dealing with strong gradients, that occur e.g in shear or
boundary layers, it is better to use hexahedral elements. This effect is clearly visible in Figure 5(c), where a detail
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(a) Hybrid mesh (b) Detail of chamber volume at
locations x= 50 mm and x= 75
mm

(c) Detail of Lox post at location
x=-115mm

Figure 4: Hybrid mesh configuration

of the shear layer in the transition zone is shown. Despite having less nodes, the resolution of the shear layer is not
affected, and a smoother transition to the fully developed flame is visible.
When comparing the 3D hybrid mesh solution to the 2D solution, also geometrical effects have to be taken into account.
As shown in Figure 5, the 2D domain shows a longer and thinner LOx core and flame with respect to both 3D domains,
because in the 2D geometry there is not the possibility of lateral spreading of the flux. An important role is played
also by turbulence: mixing and diffusion phenomena are never purely 2D, and in RANS models 3D diffusion might be
accounted for by the transport equation of turbulence quantities. Table 3 summarises the differences in the LOx core
length, where L is the length of the intact LOx core and D is the diameter of the LOx injector.

Table 3: LOx core characteristics

2D 3D hybrid 3D unstructured
LOx core length at ρ = 100 kg/m3) 62.42 56.2 53.23
LOx core length at ρ = 10 kg/m3) 64.33 60.48 56.54
L/D ≈18 ≈16 ≈15

3.1.3 Excitation results

In this section, an analysis of the steady state flow fields subjected to the 1L mode excitation is discussed. Figure
6(a) shows that, for all the cases, the amplitude of pressure oscillations at the tip of the flame along the axis once a
steady regime is established for the 3200 Hz disturbance does not vary for the three cases. This means that there is no
alteration of the excitation signal due to the different geometries or boundary conditions. The 2D configuration presents
spurious pressure oscillations at the peak of the sinusoidal signal, whereas the 3D configurations do not. This can be
observed also for higher excitation frequency (3400 Hz) in Figure 6(b). It can be then concluded that the axisymmetry
boundary condition is the main cause of the spurious (numerical) pressure oscillations on the axis.
BKH flame subjected to 1L excitation presents a typical behaviour: the flame shows a wave like structure in the shear
layer between the oxygen and hydrogen streams. Figure 7 shows a snapshot for the three configurations.
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(a) (b)

(c)

Figure 5: Density isosurfaces (5(a)) temperature (5(b)) and OH mass fraction distribution 5(c) for the three different
configurations.
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(a) (b)

Figure 6: Pressure fluctuations along the chamber axis at x=50 mm for the different configurations at f =3200 Hz 6(a)
and f =3400 Hz 6(b)

Figure 7: Density fields after 10 ms for the three configurations.
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Figure 8: Qualitative comparison of the experimental data with numerical results

(a) Entire simulation (b) Steady-state fluctuations

Figure 9: Evolution of the integrated heat release

Some differences appear: the 2D configuration is always the one which gives the longest LOx core. The hybrid mesh
follows this trend, well reproducing this behaviour, whereas the unstructured mesh gives a shorter LOx core with
pockets of dense oxygen detaching inside the core itself. It is interesting to notice, however, that the hybrid mesh tends
to smooth the shear layer, giving a lower amplitude of the ripples, mantaining anyway the same spacing between crests
and troughs. Moreover, the amplitude of the ripples in this case are in good agreement with the experimental data, as
it can be seen Figure 8.
A key physical variable in high frequency combustion instabilities is the heat release rate. Figure 9(b) shows the heat
release integrated over the volume for the three configurations. The relative fluctuations are summarised in Table 4.

Table 4: Heat release fluctuations (%) at p′ = 3 bar Frequency = 3200 Hz

2D 3D hybrid 3D unstructured
Difference of mean value a +17.4% +3.4% +3.5%
Relative at steady-state fluctuations (peak-to-peak) reference +6% +6%
aCompared to initial steady state solution

From the values given in the table, one can observe that, once reached steady state fluctuations, the 2D configuration
presents lower heat release rate fluctuations with respect to both 3D configurations, which show approximately the
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same values. This may be due to the axisymmetry boundary condition: in fact, this boundary condition is a first
order one, whereas the solver follows second order spatial reconstruction. This could cause an underestimation of the
integrated heat release when applying the axysymmetry boundary condition. For the disturbance at the same amplitude
at a frequency of 3400 Hz, the same trend can be observed, with a peak-to-peak difference in the amplitude of the
fluctuation of 6%.

3.2 Transverse velocity excitation

3.2.1 Numerical domain and boundary conditions

In order to study the response of BKH flames subjected to transverse acoustic velocity excitation a 3D domain is
used. In this case, the 3D domain was necessary to capture the fluctuations and flattening of the flame subsequent
to the applied excitation. The single injector model was excited with a one dimensional velocity disturbance. Two
configurations are investigated. The first one is a configuration which exploits an axisymmetry boundary condition
applied on the X-Y plane parallel to the imposed disturbance previously investigated by Beinke.34 The other boundary
conditions and the operating conditions are kept the same as for the acoustic pressure excitation case, for all the
investigated configurations.
For the half box configuration, an unstructured grid was used, refined in the near injection region as in the 2D pressure
excitation configuration, with about 0.6 M nodes. Nevertheless, the mesh is not as refined as in 2D configuration in the
shear layer region to reduce computational costs. However, for the steady state solution the length of the flame and its
shape are approximately the same, considering also the geometrical differences of the two domains. Figure 10 shows
the boundary conditions and the mesh.

The second configuration presents a full 3D domain, not exploiting the axisymmetry boundary condition anymore.
This is done in order to investigate the influence of this boundary condition on the flame response. For this last case,
two mesh configurations are studied: a fully unstructured mesh, generated by simply mirroring the half domain mesh
about the axisymmetry axis, and a hybrid mesh configuration. The unstructured mesh configuration has about 1.2 M
nodes, whereas the hybrid one has about 1 M nodes. Figure 11 displays the configuration of the structured blocks used
for the hybrid mesh.

Figure 11: Hybrid mesh blocks configuration

Both hydrogen and oxygen injectors are in a pressure node during the excitation. This gives a limited coupling between
the injection elements and the chamber, and consequently only a short segment of the hydrogen and oxygen posts are
included in the domain.
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(a) Boundary conditions and 3D half domain

(b) Mesh of the half domain configuration

Figure 10: Half domain configuration

3.2.2 Steady state results

The same kind of analysis of the pressure excitation case is performed. Figure 12 shows a comparison of the three
cases for density and OH mass fractions. There is no difference in the length of the LOx core between the two
configurations using an unstructured mesh, whereas the hybrid mesh configuration shows a considerably longer one.
Table 5 summarises the characteristics.

Table 5: LOx core characteristics

Half domain 3D hybrid 3D unstructured
Lenght of the LOx core at ρ = 100 kg/m3 ≈63 mm ≈68 mm ≈6 3mm
Lenght of the LOx core at ρ = 10 kg/m3 ≈65 mm ≈70 mm ≈65 mm
L/D ≈18.5 ≈20 ≈18.5

For the OH mass fraction distributions, the same considerations between the unstructured and structured meshes already
discussed in section 3.1.2 the shear layer can be done. Despite a mesh with less nodes downstream the transition zone,
the shear layer presents anyway a good resolution without losses with respect to the fully unstructured case.
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(a) Density isosurfaces at ρ = 10 kg/m3 and ρ = 100 kg/m3

(b) OH mass fraction distribution

Figure 12: Density isosurfaces 12(a) and OH mass fraction distribution 12(b) for the three different configurations.

3.2.3 Excitation results

The transverse velocity excitation produces a shortening and spreading of the LOx core in the spanwise direction,
following the trend of the experimental data. The shortening and spreading of the LOx core is displayed in Figure 13.
No substantial difference can be noticed, except for the slightly rounder shape of the density distribution. The full
domain distribution appears slightly wider and shorter than the half domain one, mantaining the overall characteristics.
The main difference is instead in the heat release distribution integrated over the volume, as shown in Figure 14, where
the overall evolution and a detail at steady state fluctuations is shown. Table 6 summarizes the main difference in terms
of mean value of the heat release and relative difference between the half and full domain configuration. The second
line of the table in particular quantifies the difference in the amplitude of the heat release rate fluctuations of the full
domain with respect to the half one in terms of relative amplitude with respect to the peaks of the two distributions.
This can be again explained by the fact that the axisymmetry boundary condition uses a first order numerical scheme,
whereas the field is resolved with a second order one. A first order upwind scheme uses one upstream point for the
computations, assuming the face values being identical to the cell values. A second order upwind scheme uses two
upstream points and Taylor series are used to evaluated the values at the cell interface from the solution obtained at cell
centroid, resulting in higher accuracy.
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Figure 13: Density isosurfaces at ρ = 10 kg/m3 and ρ = 100 kg/m3

Table 6: Heat release fluctuations (%)

Half domain Full domain
Difference of mean value a +1% +6.2%
Relative at steady-state fluctuations (peak-to-peak) reference +3%
aCompared to initial steady state solution

A similar situation as for the pressure velocity excitation is displayed in Figure 14. The heat release both at peak and
at steady state regime results to be higher in the full domain, with a higher amplitude fluctuations with respect to the
steady state value, with the shape of the fluctuation which is substantially the same. With respect to the half domain,
at peak of the steady state fluctuations, an increase of about 2% in the amplitude can be observed. It is to be carefully
considered that in this case the only difference is in the geometry of the domain, which has been simply mirrored, as
well as the mesh. This difference in the heat release distribution has to be charged on the axyisymmetry boundary
condition.

4. Conclusions and outlook

The influence of the numerical setup on the simulation of pressure and transverse velocity excitation of transcritical
flames. From the simulation results, an influence of the axisymmetry boundary condition is evident. This boundary
condition is a first order one, whereas the solver uses a second order spatial reconstruction. This leads to a discrepancy
in the amplitude of the heat release fluctuations, where in the cases where a symmetry axis (pressure excitation) or
symmetry plane (transverse velocity excitation) there is an underestimation of the amplitude of the fluctuations. Also
the mesh structure has an effect. In the cases where the hybrid mesh is used, the LOx core results to be longer lying in
the structured part of the mesh, getting closer to the values given in the experimental data. Starting from this results,
next steps will include the investigation of the 1L1T mode excitation for the single injector configuration, which is
excited at a frequency of about 5500 Hz in BKH, using an hybrid mesh and trying to calibrate an offset to exploit the
symmetry boundary condition, saving computational resources. Then, a full 3D simulation of BKH will be performed
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(a) (b)

Figure 14: Comparison of integrated heat release fluctuations in different geometries

for the most relevant load points, trying to avoid the drawbacks of the axisymmetry boundary condition and using a
hybrid mesh for the calculations.
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