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Abstract Oscillatory combustion representative of thermo-acoustic instability in liquid
rockets is simulated by experiment and LES calculation to investigate the flame behavior in
detail. In particular, we focus on how the velocity and pressure fluctuations affect the behavior
of the dense oxygen jet, or ‘LOx core’. The test case investigated is a high pressure, multi-
injector, oxygen-hydrogen combustor with a siren for acoustic excitation. First, the LES calcu-
lation is validated by the resonant frequencies and average flame topology. A precise frequency
correction is conducted to compare experiment with LES. Then an unforced case, a pressure
fluctuation case, and a velocity fluctuation case are investigated. LES can quantitatively repro-
duce the LOx core shortening and flattening that occurs under transverse velocity excitation as
it is observed in the experiments. On the other hand, the core behavior under pressure excitation
is almost equal to the unforced case, and little shortening of the core occurs. The LOx core flat-
tening is explained by the pressure drop around an elliptical cylinder using the unsteady
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Bernoulli equation. Finally, it is shown that the shortening of the LOx core occurs because the
flattening enhances combustion by mixing and increase of the flame surface area.
ª 2020 Beihang University. Production and hosting by Elsevier B.V. on behalf of KeAi. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the development of rockets powered by liquid pro-
pellants, the engine is the most challenging and critical
component. Combustion instability is a problem which can
greatly complicate engine development. Inside the com-
bustion chamber of a liquid rocket engine, turbulent diffu-
sion flames are formed between the fuel and oxidizer flows,
so high levels of combustion noise are generated. However,
if the amplitude of the noise exceeds more than a few per-
cents of the mean chamber pressure the consequences for
the engine can be disastrous. Oscillatory combustion
coupled with acoustic modes, usually called high-frequency
(HF) instability, can cause the noise to reach dangerously
high amplitudes and is still an unresolved problem [1].
Tangential modes are historically the most destructive as a
corresponding increase in the heat transfer rate can melt the
chamber walls [2].

In recent years, experiments in oxygen-hydrogen (LOx/
H2) and oxygen-methane (LOx/CH4) rocket combustors
with optical access using siren excitation have been carried
out to investigate the flame response under conditions
simulating combustion instability [3e9]. It has been re-
ported from visualizations how the flame responds to
acoustic perturbations; for example how the length and
shape of the intact part of the dense oxygen jet, or ‘LOx
core’, are greatly affected by a transverse acoustic field [10].
However, it is difficult to obtain detailed, quantitative in-
formation experimentally. Therefore numerical modeling is
being employed to investigate combustion instability phe-
nomena in detail.

A recent example of the use of CFD to study this prob-
lem is from Hakim et al. [11,12], who reproduced experi-
ments performed with LOx/CH4. They reported that the
LOx core length is shortened under tangential mode exci-
tation, and that the core is flattened. In addition, they
described how the LOx core shape can be explained by the
pressure drop at the edge of the core using Bernoulli's the-
ory. The effects of Strouhal number and velocity fluctuation
on the core are also explained by Gonzalez-Flesca et al. [13]
using numerical simulations of a supercritical nitrogen jet.

While these works discuss the effect of transverse
acoustic velocity in detail, numerical simulations have not
been performed for the case of LOx/H2 combustion under
transverse acoustic perturbation. Furthermore, the effect of
acoustic pressure fluctuation on the flame is not discussed to
such depth in the previous studies. Our objective is, there-
fore, to investigate whether pressure or velocity fluctuations
have a greater effect on LOx/H2 rocket flames using large
eddy simulations (LES) to better understand LOx/H2 com-
bustion instabilities.

In this work, an experimental LOx/H2 rocket combustor
with siren excitation is modeled numerically with the LES
approach. Work on this test case began in the frame of the
3rd Modeling Workshop of the Rocket Engine Stability
iniTiative (REST), a cooperation of French and German
industrial and institutional partners. In this paper, the LES
results are first compared with the experimental resonant
frequency and amplitude with and without siren excitation.
Then the flame topology as defined by the LOx cores is
compared with the experimental visualization results. These
aspects serve to build confidence in the ability of the model
to recreate the experimental conditions. After demon-
strating a sufficient match between LES and experiments,
the dynamic LOx core response to transverse acoustic ve-
locity and acoustic pressure are investigated. The LES
simulations are also extended to pressure amplitudes
beyond those achieved in the experiment. It will be shown
how the LOx core length and form responds significantly
under transverse acoustic forcing, but insignificantly under
pressure forcing. Bernoulli's theory is also extended to an
elliptical geometry more representative of the deformed
core.

2. Experimental test case

The test case modeled in this work was provided by
the Rocket Propulsion Department at the DLR Institute of
Space Propulsion, near Lampoldshausen, Germany. The
experiment is named combustor ‘H', abbreviated ‘BKH’,
and was developed to investigate the interaction of LOx/
H2 combustion and acoustics under conditions relevant
for industrial engines [14]. BKH is operated at the Eu-
ropean Research and Technology Test Facility P8 for
cryogenic rocket engines, also at the DLR Lamp-
oldshausen site. The combustor design was inspired by
two other experiments; the Common Research Combustor
(CRC) [5], and the Multi Injector Combustor (MIC) [15].
As illustrated in Figure 1, the combustion chamber of
BKH has a rectangular cross section and a siren excita-
tion system for acoustically forcing the chamber at fre-
quencies typical of real instabilities. Optical access to the
near-injector region is provided through windows in both
sides of the chamber. High speed visualization techniques
have been applied to spatially and temporally resolve the
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Figure 1 Illustration of combustor ‘H’ (BKH) and the optical setup.

Figure 2 Example test sequence of BKH with ramped acoustic
excitation.
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response of the LOx spray and flame to the forced
acoustic excitation.

2.1. Injection system

The propellants are injected axially through the injector at
the front of the chamber. There are five shear-coaxial, ‘pri-
mary’ injection elements which are representative of upper
stage engines in dimension, flow rate, and layout pattern. The
five elements are arranged in a ‘matrix’ pattern, with one
central, and four equally spaced injectors surrounding it. A
film of ambient temperature H2 is injected from linear slots at
the walls either side of the primary injection elements to pro-
tect theopticalwindows fromhigh temperatures in the reaction
zone.A further co-flowof secondaryH2 is injected froma total
of 50 simple orifices arranged in arrays in the faceplate above
andbelow theprimary injectionelements.This ‘secondary’H2

serves to lower the ratio of oxidizer to fuel mass flow rate
(ROF) of the bulk equilibrium mixture in the chamber and
therebyminimize the thermal loads on the combustor and siren
system. It also provides a more uniform acoustic environment
and reduces the recirculation of combustion products at the
faceplate. The chamber has been operated at pressures up to
8MPa, which is supercritical for oxygen. In this work a single
operating condition is considered, namely 6 MPa chamber
pressurewith aROFof6 in thefiveprimary injectionelements.

2.2. Acoustic excitation

There is an axial main nozzle at the end of the BKH
chamber, and a secondary nozzle located in the upper wall
of the chamber a short distance downstream of the injection
plane, oriented perpendicularly to the direction of main flow
in the chamber. The exciter wheel of the siren periodically
blocks the exhaust flow through this nozzle to produce
pressure fluctuations which propagate back down into the
combustion chamber and excite the acoustic resonance
modes of the volume. Usually, the excitation frequency is
linearly increased over the course of a test firing in order to
pass through and excite two or more acoustic modes in a
single test.

An example test profile is shown in Figure 2. At around
18 s the excitation frequency passes through and excites the
first longitudinal (1L) mode of the combustion chamber, and
at around 32 s the first transverse (1T) mode is excited.
Excitation of either the 1L or 1T mode can be used to
separately study the influence on the flame of acoustic
pressure or transverse acoustic velocity, respectively. Flush-
mounted dynamic pressure sensors for acoustic measure-
ments, indicated in Figure 1, as well as conventional sensors
for temperature and pressure measurements, are located
throughout the combustion chamber and injector.

2.3. Operating condition and cases

Three test cases are addressed in this work, obtained
from three separate test runs. They are defined by the
acoustic excitation condition at the time of an appropriate
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sample of shadowgraph imaging. The first case is an un-
excited condition, from a test where the siren was not in
operation and the secondary nozzle was open to atmosphere.
Data defining the second and third cases are from test runs
using the sequence depicted in Figure 2. The second case is
during forced excitation of the 1L mode, corresponding to
the conditions around 18 s in Figure 2. The third case is
from the very test run depicted in Figure 2 at 31.2 s, during
excitation of the 1T mode.

2.4. Optical diagnostics

During excitation of the 1L or 1T mode, high-speed
cameras are triggered to record the response of the flame via
the optical access windows. Backlit shadowgraph imaging
for observation of the dense oxygen jets and filtered OH*
radiation for the reaction zone are operated in parallel. A
simplified schematic illustration of the optical setup can be
seen in Figure 1. In this work, experimental observations
based on shadowgraph imaging will be considered.
Example shadowgraph images from the 6 MPa, ROF 6
operating condition for three different acoustic conditions
are shown in Figure 3. The upper row shows instantaneous
images and the lower row time-averaged images. The im-
ages on the left side are from the unexcited case, without
acoustic forcing, in the center are images from the 1L case,
and on the right side are images taken from time
31.1e31.2 s in the test in Figure 2, where the 1T mode is
excited to 0.81 MPa amplitude, peak to peak.

3. Numerical model

3.1. Numerical method

The governing equations are three-dimensional filtered
compressible Navier-Stokes equations, which include the
conservation equations of mass, momentum, energy, and
mixture fraction. In this study, an unstructured solver FaS-
TAR (FaST Aerodynamic Routines) [16] developed at the
JAXA Institute of Aeronautical Technology is adopted. The
LES approach is used with the Wall-Adapting Local Eddy-
viscosity (WALE) model [17]. The advection fluxes are
evaluated by the SLAU2 scheme [18], and the viscous and
Figure 3 Example shadowgraph imaging from the experiment. From le
instantaneous images. Lower row: time-averaged images.
diffusion terms are computed by the central differential
formulae with the tighter-coupling correction. The time
integration is carried out by a LU-SGS implicit method with
three internal iterations. The time step size was limited by
CFL conditions, and the maximum CFL number was set
around 2 to reproduce the unsteady phenomena accurately.

In the simulation, one phase fluid is assumed because it is
well-known that the flow under supercritical conditions
could be treated as a dense gas. For very high density fluid
properties, Soave-Redlich-Kwong (SRK) equation of state
(EOS) is adopted for the state equation and thermodynamic
properties. The viscosity and thermal conductivity are
modified by the method of Chung et al. [19]. The critical
constants are taken from Ref. [20,21]. In this study, we
adopt the laminar flamelet concept and alter the chemical
reaction calculations by look-up table constructed by
detailed one-dimensional counter-flow H2/O2 diffusion
flame simulations. The 8 species (H2, O2, OH, H2O, H, O,
H2O2, HO2) and 21 elementary reaction model proposed by
Li et al. [22] is employed to model the H2/O2 reaction
system at high pressures. The chemistry table used in this
study provides the mass fractions of components with the
inputs of mixture fraction, scalar dissipation rate, and fluc-
tuation of mixture fraction. The mixture fraction is defined
by the method of Bilger [23] and the stoichiometric mixture
fraction is 0.111.

3.2. Numerical conditions

The mesh system is mainly composed with hexahedra
mesh (See Figure 4). The minimum cell width is 66 mm and
the total mesh consists of 9.3 M cells. The grid convergence
was investigated under the excited 1T mode condition
which is the condition that the LOx core length was char-
acteristically changed. The results of the LOx core length
using the coarse mesh (1.3 M cells) agreed well with the
results using the fine mesh (9.3 M cells). In this paper, re-
sults with the fine mesh shown in Figure 4 are presented.

Next, the numerical boundary conditions are described.
Figure 5 shows the summary of the boundaries, and Tables
1e3 show the boundary conditions and total mass flow rate
values. In the experiments, the respective injectors are fed by
injection manifolds. Therefore, primary H2 and LOx should
ft to right: unexcited, excited 1L mode, excited 1T mode. Upper row:



Figure 4 Mesh system of xy plane at z Z 0.0 mm (upper) and the zoom at z Z 10.61 mm.

Figure 5 Summary of boundaries for LES simulations.
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be divided by 5 for per-element values, Secondary H2 by 50,
and window cooling H2 by 20. The lengths of the injectors
were determined by making the inlet correspond to the posi-
tion of pressure nodes of their longitudinal (organ pipe)
acoustic modes to obtain the realistic boundary conditions.
Table 1 Summary of injector boundary conditions.

Temperature/K Mass flow rate/(�10�3 kg/s)

Primary H2 279 95 (5 injectors)
Primary O2 127 565 (5 injectors)
Secondary H2 278 899 (50 injectors)
Window cooling H2 281 260 (20 injectors)

Table 2 Summary of wall boundary conditions.

Boundary condition

Chamber wall Slip wall, adiabatic
Injector wall Non-slip wall, adiabatic
Faceplate wall Non-slip wall, adiabatic
Secondary nozzle wall Non-slip wall, adiabatic

Table 3 Summary of outlet boundary conditions.

Unexcited cases Excited cases

Main nozzle 0th order extrapolation 0th order extrapolation
Secondary nozzle 0th order extrapolation Slip wall/0.1 MPa pressure
The boundary conditions indicated in Tables 1e3 were
the same for all acoustic cases. All walls are assumed to be
adiabatic. The boundary conditions of injectors and face-
plate walls are non-slip wall and others are slip wall. The
outlet conditions of the main and secondary nozzles are
zero-order extrapolation for the case without siren excita-
tion. With siren excitation, the outlet condition of the sec-
ondary nozzle is switched alternately from a 0.1-MPa
pressure boundary to a slip wall boundary condition at the
1L or 1T frequency.

4. Results and discussion

4.1. Comparison of the resonant modes

4.1.1. CFD result of unexcited case
First, the calculation of the unexcited case was carried

out without forcing for about 100 ms until the result stabi-
lized. After that, to implement the FFT analysis, the calcu-
lation was performed for a further 60 ms.

The pressure history at PCCdyn2 and its PSD are shown
in Figure 6. Note that the peak in the experimental data
below 3 kHz is an artifact, and that the PSD is normalized
by the chamber pressure to compare the CFD results with
the experimental data in Figure 6. The time average com-
bustion chamber pressure (Pcc) is 5.88 MPa, which is in
good agreement with measure pressure of 6.07 MPa in the
experiment.



Figure 6 Pressure history (left) and PSD (right) at the location of PCCdyn2.
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From the PSD, the frequencies of the 1L and 1T modes
in the numerical simulation are identified as 3491 and
4595 Hz, respectively. These values are higher than those
obtained in the experiment which were 3395 Hz (1L) and
4373 Hz (1T). A description of these differences is provided
in a later section. The acoustic amplitude of PCCdyn2 is
calculated from the bandpass filtered power spectral density.
The bandpass filtered amplitudes are 2862 Pa between 3441
and 3541 Hz for the 1L mode and 2197 Pa between 4545
and 4645 Hz for the 1T mode. The bandpass filtered
amplitude in experiments are 1900 Pa between 3345 and
3445 Hz for the 1L mode and 1544 Pa between 4323 and
4423 Hz for the 1T mode. Comparing with the experimental
data, the numerical amplitudes are around 51% higher for
the 1L and 42% higher for the 1T modes.

From these results, the frequencies to be used for siren
excitation in the subsequent 1L and 1T mode numerical
cases are determined to be 3491 Hz and 4595 Hz,
respectively.

4.1.2. CFD results of acoustically forced cases
Using the quasi-steady unexcited case result at 0.02 s in

Figure 6 as the initial condition, the forced 1L and 1T mode
cases were calculated. Complete pressure histories under
quasi-steady regions are shown in Figure 7.

The acoustic amplitude of PCCdyn2 is calculated from
the bandpass filtered power spectral density for the 1L, and
high-pass filtered power spectral density for the 1T. These
post-processing methods are the same as for the experi-
ments. The amplitudes are 0.20 MPa between 3441 and
3541 Hz for the 1L mode, and 0.77 MPa above 4545 Hz for
the 1T. This is higher than the 1L and 1T amplitudes ob-
tained in the experiment of 0.081 and 0.37 MPa, respec-
tively. Because the boundary condition in the LES
simulation is switched abruptly between open and closed,
the mass flow modulation of the outflow is not smooth like
in the experiment, and a strong pressure wave is generated.
Comparing with the experimental data, the numerical am-
plitudes are around 147% for 1L and 108% for 1T. The
average pressures of the 1L case is 6.16 MPa and the 1T
case is 6.22 MPa, which are slightly higher than the corre-
sponding experimental values. This is also considered to be
the influence of the siren excitation boundary condition in
the LES simulation.
4.1.3. Detailed comparison by mode shape evolution
Before comparing the numerical and experimental results

for the excited cases, some explanation of the acoustic
response observed in the BKH experiment is required.

The acoustic response over the course of the test with
excitation is shown in Figure 8. Plotted are the signal am-
plitudes from each of the sensors, obtained using the Hilbert-
Huang transform of the signals after band-pass filtering
around the evolving excitation frequency with a bandwidth
of 100 Hz. The amplitude of the 1L mode is maximum at the
peak response frequency (fR1L_exp) of 3288 Hz and the 1T
peak response frequency (fR1T_exp) is 4450 Hz.

The relative amplitudes measured at each sensor location,
together with relative phase information also provided by
the Hilbert-Huang transform, can be used to produce a two-
dimensional reconstruction of the acoustic pressure distri-
bution in the combustion chamber according to the pro-
cedure described by Beinke et al. [24,25]. The reconstructed
pressure field in the combustion chamber is displayed for
several frequencies from below to above fR1L_exp and
fR1T_exp. These snapshots illustrate how the mode distribu-
tion evolves as the forcing frequency (fex) approaches and
passes through the mode frequencies.

(a) symmetric response

A further aspect of the acoustic response in BKH to be
considered is the asymmetric amplitude response of the 1T
mode. The resonance frequency of the 1Tmode is observed to
increase during transverse forcing, resulting in a fR1T_exp up to
Figure 7 Pressure histories of all acoustic cases.



Figure 8 Acoustic response from a BKH test with ramped acoustic excitation.
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5% higher than the unforced value (f01T) [14,26,27]. In
Figure 8, this manifests as a skew of the 1T response peak
toward higher frequencies, with a shallower approachflank on
the lower frequency side of fR1T_exp and a steeper drop off on
the higher frequency side. A recent study [27] used a low-
order model to show that this effect can most likely be
attributed to the response of the flames to the transverse
acoustic velocity perturbation. The flames decrease in length
causes a change in the speed-of-sound distribution in the
combustion chamber which increases f01T. When passing
above fR1T_exp, there is a quickly changing amplitude
response and acoustic mode distribution as the flame recovers
from the diminishing perturbation intensity and fR relaxes
back down to its unexcited value away from the continuously
increasing fex. No such flame response to 1L mode excitation
is observed in BKH, and so fR1L_exp is similar in value to f01L
and the response peak is approximately symmetric.

(b) LES model response

The amplitude response from the LES model for the 1L
and 1T excited cases is overlaid on Figure 8. The 1L
response from the six probe locations appears at the applied
fex of 3544 Hz, and the 1T response at 4551 Hz. In the
amplitude plot it is immediately evident that the values of fex
applied in the model do not correspond to f0 in the
experiment, and that the response amplitude in the model is
greater than in the experiment. The greater amplitude is
attributed to the hard excitation boundary condition applied
to the secondary nozzle opening which results in forcing
amplitudes greater than in the experiment.

(c) Identify equivalent response

The following approach was used to compare the
equivalent responses from the experiment with those ob-
tained in the two simulations. The amplitudes of both the
experimental and numerical results were normalized to the
amplitude at sensor PCCdyn2. These are displayed for the
1L mode on the left of Figure 9 and for the 1T mode on the
right of Figure 9. Vertical dashed lines in Figure 9 indicate
fR1L_exp and fR1T_exp. The distribution between sensor am-
plitudes now has a common scale for the experimental and
numerical results.

As explained above, the acoustic field distribution inside
the BKH chamber changes as the excitation frequency
varies. An ordinary least squares regression method was
used to determine which experimental frequency exhibited
the most similar acoustic distribution to the model results.
The least squares residual was computed as the sum of the
square of the difference between the experimental and
model normalized dynamic pressure sensor amplitudes at all



Figure 9 Normalized amplitude response for the 1L mode (left) and 1T mode (right) cases.
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sensor positions for each excitation frequency. The mini-
mum value of the least squares residual indicated the fre-
quency at which the relative normalized amplitudes between
sensor positions best matched the model results. This
analysis found that the acoustic pressure distributions of the
experiment and the model best matched for the 1L and 1T
modes at frequencies of 3340 Hz and 4380 Hz, respectively.
The arrows in Figure 9 indicate at which frequency the
acoustic response of the model and experiment best match.
For the 1L mode, this frequency is 52 Hz higher than
Figure 10 Comparison of acoustic pressure distributions from expe
fR1L_exp, and for the 1T mode, the match is at a frequency
70 Hz below fR1T_exp.

(d) Assessment of agreement

This exercise identified the closest match of relative
acoustic amplitudes between sensor locations in the nu-
merical and experimental data which gives insight into the
relationship between fex and fR in the simulation. The
agreement between the modal distribution in the simulation
riment and simulation at equivalent acoustic response frequencies.
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and the equivalent distribution at the matched experimental
frequency is very good. For the 1L mode, the ordinary least
squares residual (OLSR) of 0.003 is nearly two orders of
magnitude lower than at the actual simulation frequency of
3544 Hz. For the 1T mode, the OLSR of 0.001 is more than
two orders of magnitude lower than at 4551 Hz. This can
also be illustrated qualitatively in Figure 10, where the
‘equivalent’ response distributions from model and experi-
ment are reconstructed and compared. Note that the pressure
fields in this subsection have been reconstructed by the
signals from each sensor in the CFD result, as done in the
experiments, i.e., the pressure fields are not the same as the
fields obtained by CFD simulations. The overall good
agreement indicates that the model captures the acoustic
response of the experiment well.

It is also noteworthy that the match between the 1T mode
response in the simulation and the experiment indicates a
fR1T_exp higher than f01T in the simulation. This is consistent
with the asymmetric acoustic response observed in the
experiment due to flame retraction under transverse acoustic
forcing, and therefore suggests that the model is also able to
reproduce this phenomenon. This ability will later be
Figure 11 Comparison of mean flame topology. (a) Unexcited case (Lef
Excited 1L mode (Left: Experimental shadow graph, Right: LES pseudo-sh
Right: LES pseudo-shadow graph).
confirmed in this work through the consideration of optical
imaging of the flame response in BKH.

4.2. Average flame topology

In this section, the structure of the flame by the LES
simulations will be compared with that observed in the
experiment with shadowgraph imaging. The topology of the
flame in a time-averaged sense will first be assessed, fol-
lowed by analysis of the mechanism of LOx jet shortening
in the 1T case.

A qualitative comparison of the average flame topology
for the three cases is presented in Figure 11. The comparison
is based on the interpretation of intensity gradients in time-
averaged shadowgraph images from the experiment, which
have been established in past work to represent the boarders
of the dense oxygen jets and features of their breakup
[10,14]. Shadowgraph images averaged over a time span of
100 ms are shown in the left-hand column of Figure 11.
Features relevant to the topology of the dense oxygen jets
are traced in blue in order to highlight them and to overlay
them on a comparable result from the simulation.
t: Experimental shadow graph, Right: LES pseudo-shadow graph). (b)
adow graph). (c) Excited 1T mode (Left: Experimental shadow graph,
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This comparable numerical result, displayed in the right-
hand column of Figure 11, is a pseudo-shadowgraph image
produced by performing a Laplacian to density on xy-plane
and integrating the results along the z-direction. Note that
refraction and diffraction of light is not taken into consider-
ation. The images shown here are the average from a time
span of around 20 ms. Longer image sequences of a duration
approaching that of the experimental data were not obtained
in the output of the simulation, so the comparability with the
time-averaged images from experiment is limited.

Notwithstanding this limitation, several points of simi-
larity can be identified by considering the overlay of traced
features on the pseudo-shadowgraph images. Beginning with
the unexcited case in Figure 11(a), the course of the center-
lines of the three visible LOx jets, shown as green dashed
lines within the figure, is matched well in the simulation. The
outer jets begin to deflect noticeably outwards from about
Figure 12 Comparisons of LO
30 mm downstream of injection, outlined by the thick blue
lines, and this outward deflection is captured by the model.
Due to the dynamic nature of the natural breakup mecha-
nism, the appearance of the jet becomes smeared with
increasing downstream distance, and no clear end of the jet
can be identified. The boarders of the jet are no longer clearly
discernible from about 60 mm downstream, which is where
the tracing ends. This extent of the discernible intact core of
the LOx jet appears to be captured well in the pseudo-
shadowgraph of the simulation. All jets exhibit diffuse
expansion of material away from the central jet approxi-
mately 20 mm downstream of the injection plane in
Figure 11(a), traced by thin blue lines. These features are not
identifiable in the pseudo-shadowgraph from the simulation.

The 1L case in Figure 11(b) appears qualitatively
much the same as the unexcited case. In a time-averaged
sense the mean paths and breakup of the LOx jets are
x core length of three cases.
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apparently undisturbed by the excited longitudinal chamber
mode.

The 1T case in Figure 11(c) exhibits significant differ-
ences to the unexcited and 1L cases, reflecting the strong
response of the LOx jets to transverse acoustic velocity. As
explained in previous work [9,14], the intact part of the LOx
jets shortens as the breakup is driven by accelerated strip-
ping and entrainment of oxygen from the jet surface into the
oscillating transverse acoustic flow. The intact part of the
central jet tends to remain steady under this mechanism, and
so its boundaries and extent can be clearly identified in the
time-averaged shadowgraph image. The outward deflection
of the upper and lower jets also increases under the 1T mode
perturbation. These three features - the form and length of
the central jet and the increased deflection of the outer jets -
are captured well in the simulation.
Figure 13-1 Pressure fields and iso-surface of density at 10 kg/m3 for 1 a
10, 15, and 20 mm from the injection plane. (a) 1T mode: Phase Z 0. (b)
4.3. Summary of comparison, link to acoustic
response

The shortening of the LOx jets seen in Figure 11(c) for
the 1T case is accompanied by a shortening of the extent of
the flame and increased density of energy release in the
upstream part of the combustion chamber [9,14]. This is
believed to be responsible for the asymmetric acoustic
response of ramped excitation of the 1T mode, as discussed
previously in Section 4.1.3. The good agreement between
the response of the LOx jets in the experiment and the
simulation explains why the model could reproduce the
acoustic field distribution in the combustion chamber so
well. In all, the model is able to reproduce well features of
the flame topology and its acoustic response as described in
shadowgraph imaging.
coustic cycle between 16.07 and 16.29 ms, at cross-sections located 5,
1T mode: Phase Z 1/4p.
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4.4. Acoustic velocity response

It is difficult to judge the length of the LOx core in the
pseudo-shadowgraph images obtained from the numerical
simulation. Iso-surfaces of density are found to be more
appropriate for determining core length. Figure 12 shows
density iso-surfaces for determining the LOx core length in
the three cases. There is no way to relate structures dis-
cerned in the experimental shadowgraph images to specific
values of oxygen density, so a trial-and-error approach was
adopted. The left column of Figure 12 shows iso-surfaces of
100 kg/m3, and the right column of 10 kg/m3, averaged over
20 msec. These density values were chosen so that the ef-
fects of the siren were clear.

Based on a qualitative comparison with the shadowgraph
imaging in Figure 11, it is estimated that the density of the
experimentally observed LOx core lies between 10 and
100 kg/m3. From now on, the length of the LOx core in the
Figure 13-2 Pressure fields and iso-surface of density at 10 kg/m3 for 1 ac
(d) 1T mode: Phase Z 3/4p.
numerical simulation will be defined by density iso-surfaces
of 10e100 kg/m3.

In Figure 12, the numerical results in the 1L case are
qualitatively the same as the open case in terms of LOx core
length and shapes. However, the length of the LOx core is
shortened and flattened in the 1T case. To discuss the 1T case
in detail, Figure 13 shows the pressure field and density for
one cycle in every quarter cycle. The result shows that the
LOx core is greatly flattened and spread as it extends down-
stream. The Strouhal number is St Z f1TDLOx/uLOx Z 1.31.
From the results of Gonzalez-Flesca et al. [13], it is difficult to
distinguish the effect of velocity fluctuation on the LOx core
with high St. Indeed, from the instantaneous pressure fields
and density traces at the planes at xZ 5e20 mm, it is difficult
to distinguish variation at the edge of the LOx core. To clarify
the density fluctuation, the one-cycle average RMS of the
density fluctuation are shown in Figure 14. From the RMS
distribution it is confirmed that the edge of the LOx core has
oustic cycle between 16.07 and 16.29 ms. (c) 1T mode: PhaseZ 1/2p.



Figure 14 Cross-sections of one-cycle averaged density (upper row) and RMS of density (lower row) at x Z 5e20 mm.
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large fluctuations, and the low-density LOx here moves under
the influence of acoustic velocity. Later, we will explain the
shape of the LOx core in a forced 1T case.

As explained earlier in section 4.1.3(b), the boundary
condition of the secondary nozzle in the LES simulation
produces a strong pressure wave, so the pressure amplitude
is higher than in the experimental data. Therefore, a second
excited 1T mode case (1T2) was carried out in order to
obtain a lower pressure amplitude than in the original 1T
case (1T1). Numerical experiments have shown that
increasing the secondary nozzle closing time, i.e., the period
during which the boundary condition of the secondary
nozzle was the slip wall condition, decreases the pressure
amplitude and velocity fluctuation. This is because the mass
flow rate of the secondary nozzle greatly depends on the
closing time. Therefore, the 1T2 case was run with a nozzle
closing time of 1.75 times that of 1T1. Note that the times
shown in Figures 15 and 16 were the times when the results
were quasi-steady states. For the case of 1T2, it cost more
Figure 15 v-velocity histories at x Z 25e200 mm, y Z
time to be stable compared to the case 1T1. Therefore, the
times for Case 1 and Case 2 were different.

The velocity histories and one-cycle averaged iso-surface
of density of the 1T1 and 1T2 cases are shown in Figures 15
and 16, respectively. In Figure 15, the velocity amplitude of
the 1T2 case is smaller compared to the 1T1 case, as desired.
In addition, in Figure 16, the averaged iso-surface of the
density in the 1T2 case becomes longer compared with the
original 1T1 case.

Core length measurements from Hardi et al. [10] are
shown in Figure 17. The set of points included are from
BKH tests with operating conditions corresponding to those
of the current test case, namely at a combustion chamber
pressure of 6 MPa with ambient hydrogen injection tem-
perature (TH2). Intact core length values (L) are normalized
by the inner diameter of the oxygen injector, or ‘LOx post’
(D). The acoustic pressure amplitude is estimated by
multiplying the RMS of the dynamic pressure signal from
PCCdyn2 by the square root of 2. While in Refs. [10] the
0 mm, and z Z 0 mm. (a) Case 1T1. (b) Case 1T2.



Figure 16 One-cycle averaged iso-surface of density at 10 kg/m3. (a) Case 1T1 (16.07e16.29 ms). (b) Case 1T2 (22.26e22.47 ms).
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dynamic pressure signal was first high-pass filtered to
include all acoustic content, here the signal was band pass
filtered around the 1T mode response. This way, the value
represents the contribution to the pressure amplitude which
corresponds to the velocity amplitude of the 1T mode at the
centerline of the combustion chamber. The experimental and
numerical results were treated the same way. Pressure
amplitude is normalized by mean combustion chamber
pressure (Pcc).

On the upper horizontal axis, the acoustic velocity
amplitude (u0) at the axis of the chamber is displayed. It is
estimated using u0 Z p0/rc, assuming an ideal 1T mode
distribution and using values of r and c for the bulk equi-
librium mixture in the combustion chamber calculated with
CEA [28]. The local values of r and c around the central
LOx jet may differ from the bulk values, and with them the
estimated value of velocity amplitude. Therefore, the ve-
locity amplitude scaling on the upper axis is given for
reference purposes only.

The intact length of the central LOx jet from the LES of
the 1T1 and 1T2 cases are overlaid on the experimental data
set in Figure 17. The error bars represent the range of
Figure 17 Length of intact LOx core vs. acoustic pressure ampli-
tude of the 1T mode.
maximum core length measured from the density iso-surface
of 10 kg/m3 to minimum core length for the density iso-
surface of 100 kg/m3, averaged for one cycle. The 1T1

point lies at an L/D of 8.5 and amplitude of 7.36%, slightly
higher than the maximum amplitude reached in the experi-
ment. To assist the comparison, an exponential curve was fit
to the data set and extrapolated beyond the amplitude of the
LES result. The LES result lies only 0.56 L/D above the
extrapolated experimental result, and the vertical error bars
describing the uncertainty in the intact core length encom-
pass the extrapolation. The error bars for the 1T2 point at
L/D Z 9.7 also encompass the fit curve. Therefore, the LOx
core response in the model can be said to match the
experimental observation well.

4.5. Acoustic pressure response

The effects of velocity and pressure fluctuations for
conditions representative of the experimental test case
have so far been presented. However, the excitation of the
1L mode (pressure fluctuation) in the experiment is
weaker than for the 1T mode (velocity fluctuation).
Therefore, numerical experiments were conducted for the
1L case with stronger pressure amplitude. A siren
boundary condition similar to that for the secondary
nozzle was developed for the main nozzle in order to
excite the 1L mode more effectively. At the center of the
main nozzle, an obstacle with 15% of the area of the main
nozzle was set as a wall boundary with siren forcing. The
resulting histories of pressure and u-velocity, and density
iso-surfaces of this 1L2 case are compared with the orig-
inal 1L case in Figure 18. The pressure at PCCdyn2 is
around 1.5 MPa, and the velocity amplitude at (x, y,
z) Z (0.1, 0, 0) is around 300 m/s. These fluctuations in
pressure and u-velocity are much greater than in the
original 1L (1L1) and even 1T cases. However, in the
density iso-surfaces in Figure 18, the length of the LOx
core is only slightly shorter in the 1L2 case because the u-
velocity fluctuation is parallel to the jet and only reaches
significant amplitudes from around x Z 55 mm. Thus, it
can be concluded that the influence of transverse velocity
fluctuations on the flame is the most important for flame
shortening.



Figure 18 Pressure history at PCCdyn2 and velocity history at (x, y, z)Z (0.1, 0, 0) (upper row) and iso-surfaces of density with a background of
u-velocity fluctuation amplitude for 1 cycle (below) between 17.48 and 17.76 ms. (a) History of pressure. (b) History of u-velocity. (c) Cutoff
density Z 100 kg/m3. (d) Cutoff density Z 10 kg/m.3.
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4.6. Mechanism of LOx core shortening and flattening

The mechanism of LOx core shortening will now be
explored in more detail. Distributions of pressure and v-
velocity fluctuation for the unexcited, 1L, and 1T1 cases are
shown in Figures 19e21, respectively. In Figures 19 and 20,
Figure 19 Cross-sections of pressure (top) and v-velocity fluctuation (bo
100 kg/m3 averaged between 16.07 and 16.35 ms.
there are only slight differences in the velocity fluctuations
between the unexcited and 1L cases. The velocity fluctua-
tion is larger in the 1L case because the pressure wave
propagates with a component in the y-direction when the 1L
mode is excited by the secondary nozzle. In the 1T case in
Figure 21, the v-velocity fluctuations are strong in
ttom) for the unexcited case. The white contour line is for a density of



Figure 20 Cross-sections of pressure (top) and v-velocity fluctuation (bottom) for 1 cycle of the 1L case. The white contour line is for a density
of 100 kg/m3 averaged between 16.07 and 16.35 ms.
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accordance with the 1T mode distribution. At the edges of
the flattening LOx core, the pressure is lower compared to
the upper and lower regions.

The role of this pressure distribution on LOx core short-
ening has been explained by Hakim et al. using Bernoulli's
theorem [11]. Hakim et al. reported that, as the velocity
around the LOx core increases, the pressure decreases and
the core is stretched sideways, which also shortens it. The
pressure drop at the sides of the core in the LES result in
Figure 21 is DP: �14:2�103 Pa. The coordinates used for
Figure 21 Cross-sections of pressure (top) and v-velocity fluctuation (bot
contour line is for a density of 100 kg/m3.
comparison are (x, y, z) Z (15, 0, �10) and (15, 2.5, 0). The
value obtained from theory as presented by Hakim et al. at
these points is �15:6�103 Pa. The reason for a lower
pressure drop in the LES than the theoretical value is that the
surface of the LOx core does not work sufficiently as a cy-
lindrical rigid wall. Furthermore, the density decreases with
increasing downstream distance.

Notwithstanding the limitations of applying Bernoulli's
theorem to a non-rigid surface, the theory of Hakim et al.
has been extended to take into account the divergence of the
tom) for 1 cycle of the 1T case between 16.07 and 16.29 ms. The white



Figure 22 Cross sections of heat release rate for the unexcited (upper row) and 1T cases (lower row) at x Z 15 mm. The snapshots from left to
right are at quarter-cycle intervals for one cycle between 16.07 and 16.29 ms. The white contour line is for a stoichiometric mixture fraction of
0.111.
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LOx core from a simple cylinder. The theory uses elliptical
forms to approximate the flattening of the core under the
influence of transverse velocity fluctuations, and is pre-
sented in the Appendix. This approach is used to determine
the pressure profile for the LOx core as it flattens steadily
with increasing axial distance. As would be expected, the
elliptical shape increases the v-velocity at the major axes of
the LOx core, and the pressure drop further increases. Thus,
the tendency to further flattening occurs.

To further elaborate on the LOx core shortening mech-
anism for the 1T case, Figure 22 shows the heat release rate
and density over one cycle at every quarter cycle for the
unexcited and 1T cases. The heat release rate was calculated
by the dot-product of the rates of progress and the molar
enthalpies obtained from the instantaneous field of the mass
fractions. Compared to the unexcited case, the surface area
of the flame is much larger in the 1T case because of the
LOx core spreading. This results in a greater heat release
rate which reflects the accelerated consumption of pro-
pellants, also contributing to LOx core shortening.

5. Conclusions

High pressure H2/O2 rocket flame response under
acoustically excited states was studied experimentally and
numerically. The configuration studied was the DLR
experimental combustor BKH, with five injection elements,
optical access, and an acoustic excitation system.
Experimental and numerical data sets were compared on the
basis of combustion chamber acoustics and visualization of
flame topology.

The boundary conditions of the numerical model cause
the acoustic conditions within the combustion chamber to
differ from those in the experiment. A method was devel-
oped to compare the equivalent acoustic response of the
simulation to the experiment, although the frequencies and
amplitudes of the resonance modes differed. The resulting
comparison showed good agreement, and indicates the
ability of the model to recover the dynamic flame response
to a forced acoustic field.

Flame topology was studied by visualizing the dense
oxygen jet, or LOx core, of the shear coaxial injection el-
ements with shadowgraph imaging in the experiment, and
with density iso-surfaces in the simulation. It was found that
the LOx core length became shorter under transverse (v-
velocity) forcing, and that flame shortening did not occur
under longitudinal (pressure) forcing. The mechanism for
LOx core shortening under v-velocity perturbations was
explored. The LOx core becomes shorter because it spreads
and flattens in the direction perpendicular to the v-velocity.
The transverse spreading and flattening could be explained
by the pressure distributions from the numerical simulation.
A previous explanation for the spreading using the unsteady
Bernoulli's theorem has been expanded to use elliptical
geometry to approximate the cross-sectional form of the jet
under the influence of the v-velocity.
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Appendix. Pressure drop around an elliptical
cylinder
Figure A1 Schematics of a cylinder and an elliptical cylinder in z-
and Z-plane respectively.
In this appendix, the flow field around an elliptical cyl-
inder is derived by Joukowski transformation of the flow
around a cylinder to calculate the pressure drop around the
elliptical cylinder.

The flow field around a cylinder is represented in a
complex plane z, and the flow field around the elliptical
cylinder to be obtained is denoted by plane Z (Figure A1).
Complex velocity potential around the cylinder can be

written as W Z U

�
z expð� iaÞþR2expðiaÞ

z

�
, where R is

radius, U is the uniform velocity with angle a in z-plane.

Joukowski transformation is defined ZZ zþ A2

z
. Then the

flow around the elliptical cylinder with the axes a, b (cor-
responds to major and minor axis respectively) can be
written as W Z 4þ iJZ
U

�
expð�iaÞ

2 ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 � 4A2

p
þZÞþ 2expðiaÞR2ffiffiffiffiffiffiffiffiffiffiffiffi

Z2�4A2
p

þZ

�
, where RZ aþb

2 ,

AZ
ffiffiffiffiffiffiffiffiffi
a2�b2

p
2 , 4 and J are the real and imaginary parts of the

velocity potential respectively. Then the velocity field is
obtained by differentiation with Z,

dW
dzhu� ivZU

 
expð�iaÞ

2

�
1þ Zffiffiffiffiffiffiffiffiffiffiffiffi

Z2�4A2
p

�
�

2expðiaÞR2
�
1þ Zffiffiffiffiffiffiffiffiffi

Z2�4A2
p

�
ð
ffiffiffiffiffiffiffiffiffiffiffiffi
Z2�4A2

p
þZÞ2

!
.

Below, assuming aZp=2 and we focus on the velocity
field at the (a, 0) coordinate point in the ZZ X þ iY plane to
evaluate the maximum pressure drop. For later use a Z εc

and b Z c/ε are set. After some computation, we have v4
vt Z

v
vtReðW ÞZ 0, uZ Re

�
dW
dz

�
Z 0, and vZ� Im

�
dW
dz

�
Z

Uð1þε
2Þ.

When εZ 1 a well-known result for a circular cylinder is
reproduced. (the velocity of the y component is 2U ). The
velocity field does not depend on the size of the ellipse (c).
The velocity of the y component increases as it becomes flat
in the direction perpendicular to U.

The pressure drop is calculated based on the unsteady

Bernoulli equation. v4
vt þ p

r
þ u2

2 Z 0, by substituting v4=vt,

u and v calculated above and replacing U as the actual
acoustic velocity fluctuation, i.e., U/u0cosð2pftÞ,
the pressure can be obtained as pxZa;yZ0 Z �r

2u
2
���
xZ1;yZ0

Z

� r
4u

2
0f1þcosð4pftÞgð1þ ε

2Þ2, and pxZN;yZ0 Z � r
2U

2 Z�
r
4u

2
0f1þcosð4pftÞg.
Thus, the pressure drop is obtained as DpZ pxZa;yZ0 �

pxZN;yZ0 Z � r
4u

2
0f1þcosð4pftÞgfð1þ ε

2Þ2 � 1g.
When ε Z 1, the results of Hakim et al. around the

circular cylinder is reproduced (� 3
4 ru

2
0). At ε Z 1.3 (cor-

responding to the shape expressed in Figure A1 right), the
average pressure drop doubles (� 6:2

4 ru20). Therefore, as the
ellipse becomes flattened, the velocity around the ellipse
increases, and the pressure decreases more on the left and
right sides of the ellipse. This would enhance the additional
flattening in the direction perpendicular to U (the direction
of the acoustic velocity) observed experimentally and
numerically.
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