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Abstract
Combustion instability is a major threat to be dealt with during the design and development phase of

new liquid rocket engines. If unpredicted, its onset easily yields to thermal or mechanical failure of the
engine and of the mission as well. The present work focuses on the low-order modeling of combustion
instability. In particular, a recently introduced response function formulation is reported and applied. Its
novelty lies in the indirect link between acoustics and unsteady heat release, which passes through the
modeling of the shear coaxial injector dynamics. Such injector is assumed to be capable of cyclically
accumulating and releasing propellant vortexes where the mixing takes place. Such model is then applied
to two different test-cases, namely one fed by gaseous propellant, i.e. the CVRC test-case, while the other
by supercritical fluids, namely the BKD test-case. Results show how the CVRC instability features are
well reproduced, while several model improvements are needed for the BKD.

1. Introduction

Combustion instability occurs in liquid rocket engines as a result of the coupling between different phenomena, like
hydrodynamics, acoustics and combustion, with detrimental effects on the engine performance or yielding even to the
failure of the system.21

In fact, severe pressure oscillation can be observed, their amplitude can reach the order of magnitude of mean
chamber pressure, yielding to unexpected dynamic and thermal loads. High frequency instability is hard to be predicted,
due to the number of phenomena that might give contribution in its sustainment. In particular, liquid rocket engines are
complex systems in which the characteristics of propellant injection plays a fundamental role. In this sense, phenomena
such as atomization, vaporization and mixing can be part of the instability onset. The wide range of time and length
scales that characterize the above mentioned phenomena together with the chamber acoustics and combustion, governed
by chemical kinetics, makes the investigation even more challenging.

The research in this area is based on the combined use of experiments and a hierarchy of modeling approaches,30

from high-fidelity simulation to low-order models. High-fidelity computations have been widely used for research
purposes, in order to get insights in the phenomenon as supporting tool for the experiments.1–3, 14–17, 27, 31–34 Although
providing a huge amount of details necessary for understanding of phenomena and knowledge enhancement, the high-
fidelity computations must be supported by reduction methods to identify the governing design parameters. Moreover,
such approach cannot be considered as an option for supporting the design phase of a new engine due to the extreme
computational effort required to study a single engine configuration. For these reasons, the development of reliable
low-order models is crucial. Low-order models are usually characterized by some simplifying assumptions for the
flow modeling that, on one side, are capable of reducing the required computational effort, but on the other, lead to
the necessary introduction of suitable response functions. The response function is a term in the governing equations
capable of modeling the coupling between acoustics and combustion.
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Several low-order models have been proposed in the literature. Among those focusing on nonlinear analysis,
Culick and Yang5 proposed a method that has been applied later by Portillo et al.24 for determining the growth rate and
the resulting amplitude of pressure oscillations at limit cycle. In the same area of investigation of nonlinear regime,
Sirignano and Popov28 and Popov et al.,23 proposed a model devoted to the investigation of transverse instability. Last
but not least, Smith et al.,30 used quasi-1D Euler equations for the investigation of longitudinal instability in single
element combustors. All of them are based on a suitable response function.

The final aim of low-order model is to get quick analyses, better understanding and first evaluation of chamber
behavior, by suitably modeling the main driving mechanisms of thermoacoustic combustion instability. Therefore, the
identification of the response function is the core aspect of the above mentioned low-order models, as it should be
capable of retaining the essential physics which governs the coupling occurring in unstable test cases. The process of
response function derivation is usually based on the analysis of experimental data or high-fidelity simulation results.
The n-τ function, based on Crocco’s time lag theory,4 is a possible option for response function selection, which has
been widely used with suitable calibration (see for instance Refs. 6, 8, 24, 40). Different models can be found in the
literature, each one related to a particular coupling mechanism. Some examples are the response function by Matveev,19

particularly suitable for dump combustors where vortex shedding occurs, and the response function proposed by Culick
and Yang,5 based on modal development, and the simplified combustion model proposed in Refs. 23, 28 and used for
the study of transverse instability.

In the present work, the use of a novel formulation for the response function introduced in Frezzotti et al.7 is
extended to a different application. The formulation is based on the modeling of the response of propellants injection
to pressure oscillations, rather than rely on the more common assumption of linking heat release directly to pressure
oscillations. Such an approach is inspired by several experimental test cases where longitudinal and transverse insta-
bility observed in the combustion chamber are related to a longitudinal dynamics taking place in the injectors which
shows fuel accumulation and release.11, 15, 35 The response function formulation is implemented in a one-dimensional
Eulerian solver which allows for the simulation of longitudinal combustion instability.

The paper is organized as follows. First of all, the numerical model is presented. Then, after introducing the test
cases and the selected geometries, results of the successful application of such model to a gaseous propellant system
are presented. After that, ongoing developments on the application of the model to a supercritical propellant system
are shown. Finally, concluding remarks are reported.

2. Numerical Model

The numerical model has been introduced in Frezzotti et al.7 and addresses the study of longitudinal combustion
instabilities in single element rocket combustors. A one-dimensional modeling is considered, which is referred to as
“quasi-1D” to emphasize that cross-section area changes are allowed as a function of the single spatial variable. The
thorough study of the single element dynamics is considered as a mandatory step towards the modeling and study of
multidimensional problems.

The problem is approached using multi-species quasi-1D Euler equations. The minimum number of species
is considered, which are the fuel, the oxidizer and the combustion products mixtures, the latter being the result of
equilibrium reaction of fuel and oxidizer at stoichiometric proportion. Therefore, the governing equations are:

(ρA)t + (ρuA)x = ω̇ f 1 (1)
(ρAYox)t + (ρuAYox)x = −ω̇ox (2)(
ρAY f

)
t
+

(
ρuAY f

)
x

= ω̇ f 1 − ω̇ f 2 (3)

(ρuA)t +
[(
ρu2 + p

)
A
]

x
− pAx = uω̇ f 1 (4)

(ρe0A)t + (ρuh0A)x = ω̇ f 1h0 f + ηc(ω̇ox ∆ho
f ,ox + ω̇ f 2 ∆ho

f , f − ω̇p ∆ho
f ,p) (5)

where ρ, u, p, Yox and Y f are density, velocity, pressure, oxidizer and fuel mass fraction; e0 and h0 are the specific total
internal energy and total enthalpy which include the kinetic energy, u2/2, and are linked to pressure and density via
the perfect gas law. Source terms on the right hand side represent the contribution of mass addition and combustion.
In particular, ∆h0

f ,ox, ∆h0
f , f and ∆ho

f ,p are the formation enthalpies of the three species; ω̇ox and ω̇ f 2 are the rate of
consumption of oxidizer and fuel per unit length, respectively, which are positive values associated to combustion and
providing products at the positive rate

ω̇p = ω̇ox + ω̇ f 2 (6)
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Figure 1: Fuel addition zone and combustion starting location detail.7

while ω̇ f 1 is the term of mass addition due to fuel injection. Finally, A is the cross-section area and ηc is the combustion
efficiency which multiplies the heat of reaction.

The thermodynamic properties of each species are computed using CEA chemical equilibrium database.20 Ox-
idizer is introduced at the left boundary, where oxidizer mass flow rate and stagnation temperature are considered as
known.

Fuel is introduced in a length l f centered at the abscissa xr, which is representative of the recess position, as
shown in Figure 1. For this reason the fuel mass flow rate source term at steady state is cast as

ω̇ f 1 =


ṁ f

l f
for xr − l f /2 < x < xr + l f /2

0 elsewhere
(7)

Similarly to fuel addition, combustion is modeled identifying a region where combustion reaction occurs. As shown in
Figure 1, a location xc is identified where the combustion reaction is allowed to start, downstream of the dump plane.

Combustion mechanism is modeled as a first order reaction between fuel and oxidizer. Fuel consumption is taken
as proportional to fuel and oxidizer mass fraction according to

ω̇ f 2 =


ṁY f Yox

lc
e−T/Tr for x > xc

0 elsewhere
(8)

while the oxidizer depletion rate, as mentioned, assumes that it reacts with fuel at stoichiometric proportion

ω̇ox = OFst ω̇ f 2 (9)

to form products at the rate ω̇p expressed in Eq. (6). Based on Eq. (8), the reference length lc determines the width of
the main reaction region and the reference temperature Tr determines the shape of the heat release curve. In fact, the
term in parentheses at right hand side of Eq. (5) represents the heat released due to propellant conversion in reaction
products and it is positive according to typical negative values of ∆ho

f ,p and positive or zero values of ∆h0
f , f and ∆h0

f ,ox.
A further parameter to control the amount of heat effectively released during combustion and absorbed by the gases is
the mentioned combustion efficiency ηc.

2.1 The response function

The most commonly used approach to model the coupling between pressure oscillations and heat release, which drives
thermoacoustic combustion instabilities, is based on direct relationships between them.7 The followed approach to
model such coupling is something different. In fact, it has been shown in the literature that instabilities develop
from the coupling between the chamber and the injection system dynamics, and in particular from the strong pressure
waves causing cyclic fluctuation of the propellant flow. Such behavior has been highlighted for both longitudinal and
transverse instabilities.11, 15, 35 More specifically, CFD simulations have shown that the instability in coaxial injectors
can be driven by one of the propellants accumulation and release process.15

The response function is developed on the propellant addition, rather than on the heat release, with the aim of
keeping as much physics as possible in the low-order model. In the following, for simplicity the response function
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is applied to fuel, keeping in mind that it can also be applied to the oxidizer. Fuel mass flow rate injection model
allows for its accumulation at the injection position and subsequent release in the flow field depending on the local
flow conditions. Such dynamics allows for the fuel to be injected at higher or lower rate than its steady-state value.
The basic criteria followed to build up the response function model are: fuel accumulation and release are based on
pressure fluctuations (null for null fluctuations); the maximum quantity of fuel that can be accumulated at each time
step equals the fuel mass flow rate; and the fuel released cannot exceed the runtime-integrated amount of available fuel
mass.

The approach is implemented embedding the response function in the source term of fuel continuity equation.
The instantaneous mass flow rate ṁ f appearing in Eq. (7) is expressed as

ṁ f = ṁ f ,0 + ṁ′f (10)

where ṁ f ,0 is the nominal fuel mass flow rate and ṁ′f is the fluctuation of mass flow rate generated by unsteady pressure.
The mass flow rate oscillation is modeled as depending on the normalized local pressure oscillation according to

an exponential law by the following expression

ṁ′f = min
 ˆ̇m′f ,

m f ,acc

∆t

 , where ˆ̇m′f = ṁ f ,0

(
e−σ (p′/p0)

− 1
)

(11)

where σ is a calibration parameter, p0 is a reference pressure, sampled just downstream of the mass addition zone at a
position xp, p′ represents the fluctuation in time with respect to the reference value, i.e. p′ = p′(t) = p(t) − p0, and ∆t
is the integration timestep.

In case the fluctuating pressure p′ becomes positive, ˆ̇m′f turns negative and the fuel mass flow rate injected in the
core flow decreases from the nominal value. Assuming that the actual overall fuel mass flow rate ṁ f ,0 is constant, the
missing amount is accumulated in a vortex, assumed to live in the recess, where the shear mixing occurs. Therefore,
the extra mass of fuel available m f ,acc can be defined as:

m f ,acc =

∫ t

0
ṁ′f dt′ (12)

where t is a generic time during integration.
On the other hand, if the local pressure decreases, ṁ′f becomes positive and such amount of fuel mass is partly

or completely released, according to Eq. (11), increasing the local fuel mass flow rate.
The exponential behavior is arbitrarily selected here as a suitable function to have a smooth asymptotic behavior

to zero when p′ > 0. The behavior of the instantaneously released fuel mass flow rate is shown in Figure 2 for
normalized pressure fluctuations in the ±30% range. It has to be noticed that abrupt variations of instantaneous fuel
mass flow rate in time have to be expected in the range of negative values of p′. In fact, if the pressure decreases
in time, the mass flow rate increases but when all the accumulated mass has been released, the mass flow rate value
suddenly reduces to the nominal value. Such behavior can be deduced from Eq. (11), where ṁ′f becomes zero if the
fuel mass m f ,acc is zero.

Since the propellant mass flow rate varies with time, a different amount of it is burnt through the combustion
region yielding to a variable heat release rate in time, producing in turn new pressure fluctuations which close the
thermoacoustic instability feedback loop.

3. Test-cases

Two test-cases are dealt with within the scope of this work. Sorting them by simplicity, the first analyzed test-case is
the Continuously Variable Resonance Combustor (CVRC) experiment, realized and installed at Purdue University with
the objective of investigating the effect of oxidizer post length on instability.39 Such test-case is operated with warm
gaseous propellant, whose temperature does not go below the ambient temperature. Operating at such conditions, the
ideal gas assumption, which has been taken into account in the model, holds. This test case was already studied and
discussed in detail in Frezzotti et al.7 and is reported here for the sake of completeness.

The latter selected test-case is the Research Combustor D (BKD) system, which is installed and tested at DLR in
Lampoldshausen, Germany.11 Such rocket combustor is affected by transverse combustion instability. For the purpose
of better understanding its behavior, the quasi-1D model is used for the study of one of its injectors at representative
thermodynamic and acoustic condition of the BKD chamber. BKD is operated with supercritical propellant and this
aspect represents an additional complication to deal with in the low-order modeling. The study of this latter test case
consitutes the main goal of the present study.

4
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Figure 2: Fuel mass flow rate release curve compared to the nominal value.7

3.1 CVRC test-case

CVRC propellants are hydrogen peroxide, dissociated in water and oxygen on a catalyst bed, and methane, injected
through a single coaxial injector. Both propellant are in gaseous phase. This single element combustor has been widely
studied through a number of experiments and simulations.6, 8, 9, 14–16, 22, 25, 26, 29, 31, 32, 37–39

The characteristic feature of CVRC is the presence of a translating shaft capable of continuously varying the
length of the oxidizer post. Changing the geometry, transition from stability to instability and vice versa is observed. In
particular, the region of short and long post tend to be stable while the intermediate lengths lead to unstable conditions.
As shown from results of test campaign in Yu et al.,39 the transition in the region of short post is more neat, while for the
long post configuration a range of possible transition lengths is observed. In the present study three fixed oxidizer post
length configurations are considered, one in the short post transition region, one in the fully unstable region and one in
the long post transition region. The experimental data for comparison with simulations are taken from the literature,36

as well as average operating conditions15 which are summarized in Table 1.
The procedure to obtain the unstable behavior follows the approach considered in previous works.6, 8, 30 It in-

cludes a first step where a simulation aimed to get a reference steady state flow field is carried out. A steady state
solution is easily obtained numerically with the response function turned off. Then, as a second step, the response
function is activated after some noise has been introduced for a short time to trigger the possible thermoacoustic cou-
pling.

The steady state analysis is useful to verify the capability of the numerical model to reproduce the main features
of the combustor. According to the model the steady-state chamber pressure value obtained by quasi-1D simulations
is the one corresponding to the value that can be obtained calculating the characteristic velocity at equilibrium for the
mixture given in Table 1. This results in a value of c∗ = 1534 m/s, slightly lower than the value of 1563 m/s that can be
deduced from Yu et al.39 and for the given throat diameter, a consequent value of chamber pressure of pc = 1.570 MPa,
which is slightly lower than the declared nominal 1.586 MPa. This value is independent of the length of the oxidizer
post as it assumes ideal burning in the combustor. Compared to average values from experiments at stable and unstable
operations, this pressure value is higher, as expected, because of combustion inefficiencies and possible heat losses9, 15

have not been taken into account. Considering data reported in Yu et al.39 for the stable behavior, a chamber pressure
decreasing from about 1.450 MPa is found, indicating a reasonable initial value of about 93% combustion efficiency.
Lower average pressure values are measured during experiments which are only partially explained by heat losses, as
they should decrease as the chamber walls are heated during time. Another possible explanation comes from the rough
or unstable operation which would highlight a lower average combustion efficiency. Accordingly, it is known from the
literature that if one considers a full combustion of reactants in the CVRC, the resulting chamber longitudinal acoustic
frequencies are significantly higher than those found experimentally.6, 8, 15, 25, 26

To analyze the role of combustion efficiency the value of ηc in Eq. (5) has been changed in order to verify if
a better match with the experimental average pressure reported in Yu et al.39 would be obtained. A comparison of
pressure and first longitudinal frequency evaluated with the selected combustion efficiencies is reported in Table 2, for
the three analyzed test cases. Note that here the numerical frequencies are identified introducing a small amplitude

5
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Table 1: CVRC geometrical data and operating condi-
tions.15, 36

Parameter Value
Fuel Mass Flow Rate, kg/s 0.027
Fuel Temperature, K 300
Oxidizer Mass Flow Rate, kg/s 0.320
Oxidizer Temperature, K 1030
Oxidizer Mass Fraction H2O, % 57.6
Oxidizer Mass Fraction O2, % 42.4
Equivalence Ratio 0.8
Throat diameter, cm 2.080
Combustor length, cm 38.1
Combustor diameter, cm 4.500
Recess diameter, cm 2.306
Recess length, cm 1.01
Oxidizer post diameter, cm 2.047
Oxidizer post length (Long), lop, cm 19.05
Oxidizer post length (Medium), lop, cm 12.97
Oxidizer post length (Short), lop, cm 8.89

Table 2: Comparison between numerical7 and experimental39

average pressure and first longitudinal frequency of CVRC. Nu-
merical frequencies are obtained in regime of small amplitude
perturbations.7

lop = 8.89 cm lop = 13.97 cm lop = 19.05 cm
Exp Q-1D Exp Q-1D Exp Q-1D

ηc, % — 80 — 78 — 93
p, MPa 1.40 1.40 1.36 1.38 1.45 1.47
f1, Hz 1379 1750 1324 1395 1260 1350

6
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Figure 3: Parametric analysis on the σ parameter for the test-case with lop = 19.05 cm.7

broadband disturbance on the oxidizer mass flow rate, assuming null response function.

Results shows that frequencies are still higher than experimental but also show that pressure and thus combustion
efficiency is minimum at the most unstable operation, so the interesting consideration that can be drawn from the present
analysis is that results show that during unstable operation of CVRC significant combustion inefficiency occurs.

3.1.1 Unsteady analyses results

In order to carry out the unsteady simulations, the reference pressure p0 needs to be defined. In the present analysis it
is considered as the average pressure experimentally measured during limit cycle and reported for each test-case (i.e.
oxidizer post length) in Table 2.

At first instance, the combustion inefficiency needed to match experimental data in the steady state analysis
has been attributed to the fact that average data are considered during rough or unstable operation, rather than actual
steady-state measures, which is because smooth steady-state data are obviously not available. Therefore, if such an
inefficiency comes from averaging the unsteady behavior, it has to be found as a result of the unsteady analysis. For
this reason 100% efficiency (or ηc = 1) has been assumed for the unsteady analyses.

The only free parameter left in the model is the response function calibration parameter σ. For this reason, a
sensitivity analysis to this parameter has been carried out for each configuration. Figure 3 shows the σ sensitivity
analysis carried out for the test-case having lop = 19.05 cm. The figure shows the pressure trend sampled at the step
as a function of time, for different values of σ. It is quite clear that above a certain threshold value, once the unstable
conditions have been obtained, the effect that such parameter has on the solution is not significant: even if the shape of
the signal changes slightly, its amplitude, frequency and overall shape remain unchanged. Sensitivity analyses on the
test-cases having lop = 13.97 cm and lop = 8.89 cm are not shown since they provide analogous results. Therefore, a
suitable value for σ is chosen for each configuration above the mentioned threshold.

Results of the unstable simulations for each of the three geometrical configurations are shown in Figure 4.
Pressure traces sampled at the backstep as a function of time are compared to the experimental paths available in the
literarture.25, 31

In each analyzed geometrical configuration it is possible to recover the global system behavior (rough combus-
tion or instability). In particular, for the test-case having lop = 13.97 cm (medium) unstable behavior is observed, in
agreement with the experiments. The test-case with lop = 8.89 cm (shorter) shows pressure oscillations close to the
instability limit according with the experiments, while for the case lop = 19.05 cm (longer), experimentally character-
ized by both stable and unstable operative conditions, the unstable load point is well reproduced. The characteristic
frequencies at limit cycle are summarized in Table 3. The longer configuration simulation is able to reproduce both
amplitude and frequency of the experimental pressure signal. The medium length configuration shows good agreement
in frequency but its amplitude is lower (∼ 50%), while the shorter geometry lacks in frequency (∼ 20%) but reproduces
quite well the amplitude of the pressure trace of the engine. An important aspect that has to be remarked is that in each
simulation the shape of the pressure signal is reproduced with significant agreement. This means that the main gasdy-
namic and thermal events taking place inside the engine are caught by the model, even if the formulation is strongly
simplified.
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Figure 4: Comparison between obtained limit cycles7 and experimental data of CVRC.25, 31

Table 3: Comparison between numerical7 and experimen-
tal25, 31 limit cycle resonant frequencies of CVRC.

lop = 8.89 cm lop = 13.97 cm lop = 19.05 cm
Exp Q-1D Exp Q-1D Exp Q-1D

f1, Hz 1379 1075 1324 1287 1260 1297
f2, Hz 2734 2150 2653 2562 2520 2580
f3, Hz 3882 3237 3979 3587 3780 3878
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Figure 5: The post length has been recomputed in order to preserve the acoustic characteristic time of the supercritical
fluids.

3.2 BKD test-case

BKD engine is an even more interesting test-case to be analyzed since its design parameters are compliant to those of a
real life-size upper stage. It is fed by hydrogen and oxygen, both at supercritical pressure and the former at supercritical
temperature while the latter at subcritical temperature. Its operative pressure can be increased up to 8 MPa. Such system
is affected by transverse combustion instability10–13 and, as mentioned in Section 3, the aim of the present work is to
focus the attention on only one of its injectors, using the presented one-dimensional low-order model. For such a
reason, several modeling assumption have been introduced. What is presented in this section is the current state of
development of the model aiming to its application to supercritical fluids, and an overview of the critical modeling
aspects.

Supercritical fluids would require real gas models whereas at the present status of development the approach
can only deal with perfect gases. Therefore, the supercritical fluids have to be replaced with equivalent ideal gases.
BKD is operated with oxygen and hydrogen respectively injected at 111 K and 96 K, thus thermally perfect gases O2
and H2 have been taken into account, at those temperatures. Accordingly, a modified injector is considered to keep
the same acoustic behavior as the real one while retaining the perfect gas assumption. Since real and ideal gases have
significantly different acoustic features at that thermodynamic state, in order to match the acoustic characteristic timing
of the actual injector, the length of the oxidixer post (Lg) has been recomputed by taking the real gas properties from
the National Institute of Standards and Technology (NIST) database18 and imposing the acoustic time to be preserved

( L
u + a

−
L

u − a

)
r

=

( L
u + a

−
L

u − a

)
i

(13)

where subscript r stands for the real gas features of BKD while i for the ideal gas quantities. The corresponding
geometrical model is shown in Figure 5.

As far as the combustion chamber is concerned, since the BKD engine is affected by self-excited combustion
instability, its one-dimensional length (Lc) has been chosen in such a way it has the same characteristic acoustic timing
of the actual, measured, transverse instability frequency of BKD.

Lc =
a

2 f1T,BKD
(14)

where f1T,BKD is the experimentally measured resonant frequency. Using such kind of modeling the problem has been
reduced to a single dimension and preserves its self-excited nature. BKD geometric and operative parameters, for both
the real engine and the equivalent single injector systems with perfect gas, are summarized in Table 4.

The response function formulation needs a slight modification: it has to be recast to consider oxidizer accumu-
lation, rather than fuel. The reason for such need lies in the combustion model. As stated in Section 2 and shown
in Eq. (9), the model assumes stoichiometric combustion and produces a stoichiometric equilibrium mixture. Since
BKD is a fuel rich system, differently from CVRC, it is easy to figure out that an additional release of fuel mass would
produce a major dilution of the mixture which would produce no increase in the instantaneous heat release rate in turn.
If the oxidizer is accumulated, on the other hand, the model is able to behave correctly being able to burn a major
amount of stoichiometric mixture, in case such event takes place.
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Table 4: BKD geometrical data and operating conditions for the whole
system10–13 and for the single injector system here designed.

Parameter Value
Real system Single injector

Fuel Mass Flow Rate, kg/s 0.96 0.0229
Fuel Temperature, K 96 200
Oxidizer Mass Flow Rate, kg/s 5.75 0.1369
Oxidizer Temperature, K 111 200
Equivalence Ratio 1.323 1.323
Throat diameter, cm 5 0.77
Combustor length, cm 20 7.63
Combustor diameter, cm 8 1.24
Recess diameter, cm 0.45 0.45
Recess length, cm 0.20 0.20
Oxidizer post diameter, cm 0.36 0.36
Oxidizer post length, lop, cm 7 2.13

3.2.1 Steady state analysis

First of all the steady state is computed turning the response function off. Differently from the case of CVRC, BKD
steady state shows a chamber pressure which is lower than the experimental value. In particular the appearing value
is 7.23 MPa while the actual average chamber pressure of the real engine is 8 MPa. This is justified by the chamber
temperature which is about 450 K lower with respect to the equilibrium adiabatic temperature. The issue lies in the
assumption of stoichiometric combustion: chemical equilibrium is nonlinear while the model assumes stoichiometric
combustion plus dilution. Such linearization represents a critical aspect of this kind of formulation because it introduces
an error especially when dealing with species having significantly different properties with respect to the others, e.g.,
hydrogen. As a first approximation to fix this issue, the effective acoustic chamber length (Lc, see Eq. (14)) has been
recomputed using the resulting lower temperature of 3111 K, rather than the adiabatic flame temperature of 3579 K.

3.2.2 Preliminary unsteady operations results

The unsteady analyses have been carried out analogously to the CVRC test-case, with one difference: the response
function calibration parameter σ needs an upper limit now that accumulation of oxidizer is being considered. It is
reasonable to believe that also the heavier oxidizer can be accumulated into vortexes, at the recess location, but it is
not possible to assume that the oxidizer mass flow rate gets completely disrupted. For such reason the maximum mass
flow rate allowed to be instantaneously accumulated, and then released, is constrained to the specific amount allowing
the flow mixture to reach the stoichiometric value locally, i.e. the value allowing for the maximum heat to be released
during combustion.

Results are shown in Figure 6. The BKD single injector system shows self-excited instability and a limit cycle
is reached. Its dominant frequency is 39.1 kHz, while the resonant frequency of the BKD engine system is ∼10 kHz.
The reason of the fact that their ratio is that close to four lies in the fact that the system oscillates on the fourth chamber
longitudinal resonant frequency, as shown by the unsteady pressure field in Figure 6c. Such phenomenon tells that a
feedback loop exists, even if it is around the wrong harmonic. Figure 6b shows the instantaneous oxidizer mass flow
rate being affected by accumulation or release, at the recess location during limit cycle.

The reasons of such kind of coupling still need to be further investigated. One reason could lie in the fact that, as
previously mentioned, the 1T resonant frequency of the BKD engine system has been used to determine the chamber
length. This is a quite strong assumption given the fact that such frequency is the outcome of a fully coupled strongly
nonlinear operating system. Switching from a nonlinear system to another it is not straightforward that those linearized
acoustic lengths should be comparable.

4. Conclusions

A recently introduced low-order model for thermoacoustic combustion instability has been used in this work to compare
results which can be obtained for quite different test-cases. The coupling between pressure oscillations and propellant
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injection has been applied to two different test-cases: the former is the CVRC engine, fed by gaseous propellant in
oxidizer rich proportion, while the latter is BKD engine, fed by supercritical fuel and oxidizer in fuel rich proportion.

The CVRC application showed that the model works quite well, when dealing with hot gases. CVRC limit
cycle is recovered for each of the three simulated geometrical configurations, within a certain threshold. An important
outcome is that the shape of the experimental signal is well reproduced, meaning that the main gasdynamics events are
captured by the model.

The BKD application is much more challenging both for the fact that it operates supercritical propellant and
because its geometry has been reduced to an equivalent one-dimensional domain approximating the engine transverse
instability features. This preliminary work aimed to reproduce the instability of a single load point. Also in this case,
instability arises. The resonant frequency is four times the actual one and the reason is that the reduced single injector
system fluctuates on its fourth longitudinal resonant frequency. Based on these preliminary results the continuation of
the study aims to extend modeling to real fluids and to improve the modeling of the mixture properties, in conditions
different from nominal, due to dilution with fuel or oxidizer during the mass flow ratio oscillation phases.
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