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ABSTRACT

This paper presents the first numerical evidence of an intermittency route to period-2 thermoacoustic instability in a subcritical single-
element liquid rocket engine burning hydrogen peroxide/kerosene as we decrease the equivalence ratio (/) from fuel-rich to fuel-lean. To
achieve this, three-dimensional compressible large eddy simulation algorithms combined with the Euler–Lagrangian framework are used. A
one-equation eddy sub-grid turbulence model with a partially stirred reactor sub-grid combustion model is employed to simulate the spray
turbulent combustion process in a high-pressure liquid-fueled combustor based on open-source platform OpenFOAM. This paper focuses
on examining the transition process of the dynamical states in the thermoacoustic system and the synchronization between multiple subsys-
tems. The results indicate that, as the equivalence ratio reduces continuously (1.5 � / � 0.5), the system dynamics shift from period-1 oscil-
lations (/¼ 1.5) to period-2 oscillations (/¼ 0.5) via intermittency (1.3 � / � 0.9). Under the equivalence ratio of 0.7 (/¼ 0.7), a transient
mode switching between period-1 and period-2 was also observed. The synchronization processes between the pressure and combustion sub-
systems in terms of phase-locking and frequency-locking are responsible for the emergence of complex dynamical states. The cycle snapshots
analysis also provides more details on the synchronization processes between the pressure and the multiple subsystems, such as vortex
dynamics, mixture fraction, and combustion heat release. In summary, this paper sheds light on the complex non-linear thermoacoustic
oscillations and the underlying physical mechanisms related to the two-phase flow of spray combustion in liquid rocket engines using three-
dimensional large eddy simulations, paving the way for developing passive or active control methods.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0151462

I. INTRODUCTION

The emergence of combustion instabilities (CIs) has been a major
challenge for the development of industrial combustion equipment,
such as gas turbines, aero-engines, solid rocket motors, and liquid
rocket engines.1–5 During CIs, large amplitude periodic acoustic oscil-
lations can occur in the combustion chamber, which in turn cause cat-
astrophic damage to the combustion equipment, such as increased
heat transfer, thrust oscillations, and even structural damage. CIs are
the more serious problem in liquid rocket engines because the high
energy density in the combustion chamber makes it easier to establish
a positive feedback loop between unsteady combustion, hydrodynamic
instability, and acoustics.6,7 As a result, investigating CIs in liquid

rocket engines and the corresponding suppression measures has been
a key issue in the rocket propulsion community over the years.8,9

Although a great deal of research on the CIs of liquid rocket
engines has been carried out since the 1950s,10 a thorough and com-
prehensive understanding of the phenomenon of CIs is still lacking.
CIs in liquid rocket engines are a highly non-linear physical process
involving the coupling of multiple sub-processes, such as injection,
atomization, evaporation, hydrodynamics, combustion, and acous-
tics.9,11,12 The mechanisms driving combustion instability are complex
depending on the particular engine configuration and its operating
conditions. The longitudinal combustion instability of a liquid rocket
engine with a single-element coaxial injector is of interest in this paper,
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as it has a simple structure and can also be the most faithful represen-
tation of the physical environment of a full-size engine.13 In coaxial
liquid rocket engines, vortices are formed at the shear layer due to the
interaction of high and low-speed flows.14 The flow separation phe-
nomenon between the high-speed flow containing unburned reactants
and the low-speed flow consisting of many hot products leads to the
formation of a recirculation zone downstream of the dump plane and,
thus, acts as a stabilization mechanism for the flame. Vortex structures
can have a significant effect on the geometry of the flame surface, while
vortex shedding can also generate acoustic waves.15 The shear layer is
excited by the acoustic waves, which in turn leads to oscillations in the
heat release rate. The oscillation of the heat release rate has a further
effect on the acoustic field, either as a damping or a driving effect.16 It
is now widely accepted in both industry and academia that when an
appropriate phase relationship exists between the heat release rate
oscillations and the pressure oscillations, the oscillations will be ampli-
fied and the opposite will be suppressed, as proposed by Lord
Rayleigh.17 In recent years, longitudinal combustion instability has
become an increasing concern in the development of coaxial liquid
rocket engines, due to the coupling effect between the combustion
chamber and the coaxial injector. These oscillations are not easily sup-
pressed by traditional transverse baffles. The research work in this
paper is related to longitudinal combustion instability driven by vortex
shedding and discusses the self-excited instabilities due to changes in
control parameters.

The transition of the system dynamics from a combustion noise
state to a thermoacoustic instability state due to changes in the control
parameters is made via Hopf bifurcation.18 The traditional view was
generally that the dynamical states of the system were either a fixed
point (combustion noise) or a limit cycle state with simple period-1
oscillation (thermoacoustic instability). When the system is in a state
of period-1 (P1) limit cycle, the oscillation is restricted to a constant
amplitude and a single frequency. Based on this understanding, many
predictive tools have been developed to assess the linear or nonlinear
stability of thermoacoustic systems.19–21 The best known of these are
the methods of linear acoustic control equations combined with linear
flame models to predict unstable frequencies and corresponding
acoustic modes at the onset of oscillation.22 However, it is only
recently that the dynamical state of thermoacoustic systems has been
reported to be far more complex than the limit cycle.23 As the ampli-
tude of the oscillations increases, the mechanisms of non-linearity
begin to become active and eventually dominate the dynamics of the
system due to its nonlinear nature, proceeding to the emergence of
complex nonlinear states that are not yet fully understood. It is neces-
sary and urgent for researchers to understand complex dynamical
states beyond the fixed point and simple period-1 oscillation states, as
it directly influences and even over turns the current stage of predictive
tools and passive or active control measures of combustion instability
in liquid rocket engines.

It is only in recent years that increasing research has embraced
the use of nonlinear time series analysis methods derived from the
complex system approach, leading to the discovery of dynamical states
far more complex than period-1 oscillations.24 Recent developments
include the application of a complex system approach to the character-
ization of nonlinear thermoacoustic oscillations and the identification
of dynamical states by research groups represented by Sujith1,25–31 and
Gotoda.32–35 Even in a simple laminar thermoacoustic system with

duct-premixed flame, the dynamical state of the system undergoes
multiple bifurcations as the control parameters (the position of the
flame within the duct) are continuously varied, leading to the emer-
gence of period-1 oscillations, quasi-periodicity, intermittency,
frequency-locking, chaos, and period-n.26 Based on such a simple
experimental thermoacoustic system, researchers have established
three routes to chaos: the quasi-periodic route,29 the frequency-locked
quasi-periodic route,36 and the intermittency route to chaotic thermo-
acoustic instability.37 However, for more industrialized rocket engines,
high Reynolds numbers, molecular scale mixing, and high energy den-
sities introduce greater complexity for thermoacoustic systems.
Thermoacoustic systems in rocket engines also exhibit complex pres-
sure oscillations that cannot be described by the classical Hopf bifurca-
tion. Using nonlinear time series analysis, Guan et al.38 reported the
transition of the dynamical state between period-2 and period-3 dur-
ing the onset of thermoacoustic instability in a solid rocket motor.
Kasthuri et al.39 also reported that the transition from stable operating
conditions to thermoacoustic instability was made via intermittency in
liquid rocket experiments. The two studies mentioned above were lim-
ited to the analysis of time series of pressure measured by experiment
lacking simultaneous examination of the combustion flow fields.
Shima et al.40 investigated the formation mechanism of high-
frequency combustion oscillations in the combustion chamber of a
model liquid rocket engine from the perspective of symbolic dynamics.
The directional feedback between the pressure and combustion oscilla-
tions was identified using the directionality index of the symbolic
transfer entropy. Kasthuri et al.13 investigated spatiotemporal flame
dynamics during the onset of transverse instability in a liquid rocket
engine using a complex network approach. Although the simultaneous
examination of combustion flow fields during period-1 thermoacoustic
instability in liquid rocket engines has been studied, to our knowledge,
there is still a lack of research on combustion flow fields in complex
dynamical states. The simultaneous examination of combustion flow
fields for complex dynamical states, such as period-n, intermittency,
chaos and quasi-periodicity, could pave the way for the suppression of
thermoacoustic instabilities in complex dynamical states.

In summary, recently, there has been increasing evidence indicat-
ing the presence of more intricate nonlinear dynamical states, such as
intermittency, period-n, quasi-periodicity, and chaos, beyond simple
period-1 oscillations (i.e., a limit cycle) in various thermoacoustic sys-
tems. During progressive changes in the control parameters, the
thermoacoustic system undergoes various bifurcations leading to differ-
ent nonlinear dynamical states. However, for a particular engine config-
uration and its operating conditions, the transition of the system
dynamics due to non-linear mechanisms remains to be addressed. It is
urgent to understand the transition process of non-linear dynamical
states in liquid rocket engines. This is because non-periodic thermo-
acoustic oscillations contain multiple frequencies and, hence, different
time scales, leading to the fact that neither current suppression mea-
sures nor reduced-order modeling tools have yet been adapted to such
nonlinear aperiodic-1 oscillations. It is, therefore, necessary to investi-
gate the dynamics of multiple bifurcation processes in a thermoacoustic
system under typical operational environments of liquid rocket engines.

The first aim of this paper is to explore whether complex dynam-
ical states exist in coaxial liquid rocket engines beyond simple period-1
oscillations. The global equivalence ratio is an important parameter in
the liquid rocket community, as it is a measure of the ratio of the
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actual fuel-oxidizer mixture ratio to the stoichiometric mixture ratio in
the combustion chamber. If the mixture is too fuel-lean (low equiva-
lence ratio), the combustion process may become unstable and lead to
combustion oscillations, which can damage the engine or even cause it
to fail. If the mixture is too fuel-rich (high equivalence ratio), the com-
bustion process can become unstable as well, leading to flameouts or
combustion instabilities. Therefore, this paper is focused on the effect
of the equivalence ratio on the transition process of the dynamical
state in the thermoacoustic system. The equivalence ratio is used as a
control parameter and is continuously varied to encompass from fuel-
rich to fuel-lean. Here, we present the first numerical evidence of an
intermittency route to period-2 thermoacoustic instability in a subcrit-
ical single-element liquid rocket engine burning hydrogen peroxide/
kerosene. The second aim of this paper is the simultaneous examina-
tion of the combustion flow fields of thermoacoustic systems in differ-
ent dynamical states. Toward this purpose, three-dimensional large
eddy simulation (LES) combined with the Eulerian–Lagrangian frame-
work are used as a research strategy as this provides high-fidelity simu-
lations of combustion instabilities and detailed information on the
combustion flow field in liquid rocket engines. We perform the post-
process analysis between several subsystems of the combustion flow
field in different dynamical states from the point of view of vortex
dynamics, synchronization processes between heat release rates and
pressures, and cycle analysis of the combustion flow field. A compre-
hensive numerical investigation is performed to provide an in-depth
understanding of the multi-bifurcation processes and the underlying
physical mechanisms in liquid rocket engines with asymptotic changes
in equivalence ratios, paving the way for active control measures of
elaborate aperiodic thermoacoustic oscillations.

II. NUMERICAL FRAMEWORK
A. Governing equations and sub-grid models

The turbulent spray combustion processes were modeled using
the Eulerian–Lagrangian approach within the framework of a com-
plete three-dimensional large eddy simulation. The gas phase was
mathematically described using spatially filtered compressible three-
dimensional Navier–Stokes equations, in which the sub-grid turbu-
lence effect was treated using a one-equation eddy model.41,42 The
liquid phase was considered as a discrete phase, while the droplet tra-
jectory was tracked based on a Lagrangian framework. The flow vari-
able f ðx; tÞ can be decomposed as f x; tð Þ ¼ f x; tð Þ þ ~f x; tð Þ, where
f x; tð Þ is the low-pass filter variable and ~f x; tð Þ is the sub-grid variable.
The mathematical expression for the filtered compressible Navier–
Stokes equations is as follows:
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þ @q~uj

@xj
¼ _Smass; (1)
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where the density, velocity, pressure, enthalpy, and mass fraction of
species k are denoted respectively, by q, u, p, hs; and Yk. Vk;i is the
laminar diffusion coefficient of species k. The gradient diffusion
assumption with the unitary Lewis number (Le¼ 1) is adopted for
modeling the laminar diffusion term for multi-component turbulent
flows in this paper, which has been widely used in the recent litera-

ture.43–45 sij stands for stress tensor. The source terms _Smass,
_Smomentum, _S energy , and _S species stand for the interaction effect between
gas flow field and spray field. These source terms stand for the mass
transfer into gas fields due to the evaporation of liquid droplets, the
momentum transfer between phases, the energy transfer due to phases
and chemical reactions, and the transfer of species, respectively.

Table I shows the critical temperature as well as the critical pres-
sure of the involved substances in this paper. The pressure of the oper-
ating conditions used in this paper is only 1.2MPa, which is below the
critical region for all the substances involved. Therefore, the equation
of state for the ideal gas law is used in this paper to relate the pressure,
temperature, and density of fluids. The equation is expressed as
pV ¼ nRT , where p is the pressure of the gas, V is the volume, n is the
number of moles of gas, R is the universal gas constant, and T is the
absolute temperature. For compressible gases, the density of the gas
mixture changes with the oscillation of the pressure in the combustion
chamber, which is essential for the simulation of unstable combustion
processes. On the other hand, the speed of sound of the gas mixture
also changes significantly with the temperature of the gas and, there-
fore, affects the acoustic propagation process. The gas density and
sound speed of the ideal gas hypothesis as a function of temperature
are drawn in Fig. 1, which are also compared to the measured data
given by the NIST website. Since oxygen, carbon dioxide, and water
vapor occupy almost the entire volume of the combustion chamber,
their thermophysical properties within the temperature range of inter-
est are provided. The n-dodecane in the combustion chamber is
mainly in the form of liquid droplets. Also, the temperature range
openly available on the NIST website is only available up to 658K,
lacking a valid comparison under vapor conditions. Therefore, the
thermophysical properties of fuel vapors are not being compared here.
Based on our results, we observe that assuming an ideal gas provides a
good approximation for thermophysical properties such as density
and speed of sound at operating pressure. Therefore, it is reasonable to
use the ideal gas assumption for subcritical conditions in this paper.
The thermophysical models of the gas phase used in this paper have

TABLE I. Critical temperatures and pressures for these substances.

Substance Critical temperature (K) Critical pressure (MPa)

n-dodecane 658.2 1.8
Oxygen 154.6 5.04
Water 647.3 22.06
Carbon dioxide 304.2 7.38
Nitrogen 126.2 3.39
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been described in detail in our previous papers in 2022,46 in which
Janaf thermophysical model and the Sutherland transport model were
used.

The atomization effect, breakup effect, evaporation rate, drag
force, heat transfer, and the interaction between droplet and wall are
briefly described by sub-models listed in Table II. The liquid evapora-
tion boiling (LEB) model in OpenFOAM is used to simulate the evap-
oration of liquid droplets. The LEB model is a mass transfer model
that takes into account both the diffusion and convection of vapor
from the droplet surface. The LEB model also includes models for the
heat transfer between the droplet and the gas phase, as well as for the
change in droplet size due to evaporation. When the ambient pressure
exceeds the saturated vapor pressure of the liquid, the non-
equilibrium boiling model should be used. Conversely, if the ambient
pressure is lower than the saturated vapor pressure of the liquid, the
evaporation model should be employed. In particular, a simplified
D2-theory provides the evaporation rate under normal equilibrium
evaporation in the LEB model. For a more detailed mathematical
description of these spray sub-models, refer to the literature.47 The
partially stirred reactor (PaSR) sub-grid combustion model adopted in

this paper accounts for the interaction between the turbulence effect
and finite rate chemical reactions and has been widely utilized to simu-
late rocket combustion.46,48,49

B. Numerical details

1. Physical model

As shown in Fig. 2, the computational configuration for this
paper is a single-element coaxial liquid rocket engine with an oxidizer
post, a combustion chamber, and a choked nozzle. Hydrogen peroxide
at a concentration of 90% is used as an oxidizer, which is dissociated
into high-temperature 58% water vapor and 42% oxygen (by weight)
at 1030K before entering the burner. Kerosene droplet at room tem-
perature enters the combustion chamber coaxially with the oxidizer at
the dump plane (x ¼ 0). The simplified spraying approach is a gas-
centered, liquid swirl injector element. The calculation parameters

FIG. 1. Comparisons of thermophysical properties of gas-phases between the calculated results (solid line) and NIST data (circle line). Density: (a) oxygen, (b) water vapor,
and (c) carbon dioxide. Sound speed: (d) oxygen, (e) water vapor, and (f) carbon dioxide.

TABLE II. Spray sub-models.

Models Name

Atomization None
Secondary breakup ReitzDiwakar

Evaporation Liquid evaporation boil
Heat transfer RanzMarshall

Wall interaction Rebound
Drag force Sphere FIG. 2. (a) Overview of the computational domain. (b) The x � y plane (z ¼ 0)

marked by the monitoring points.
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were sourced from experimental research conducted at Purdue
University.50 The time traces of pressure, velocity, temperature, mass
fraction of oxygen, and mass fraction of kerosene are monitored by
probe 1 and probe 2. The locations of the monitoring points are shown
in Fig. 2(b). Probe 1 (0.0127, 0.022, and 0m) is located near the wall
and the pressure antinode of the first-order acoustic mode of the com-
bustion chamber. Probe 2 (0.01, 0.01, and 0m) is located at the initial
shear layer, where the vortex flows through. The frequency corre-
sponding to the highest peaks of its velocity spectrum is identified as
the vortex-shedding frequency.16

To investigate the transition process of combustion stability, the
equivalence ratio is used as the research variable in this paper. It is well
known that the equivalence ratio has a significant impact on combus-
tion instability. The mass flow rate of the kerosene is systematically
altered because the mass flow rate of the kerosene is very small com-
pared to the total mass flow rate of the oxidizer and, therefore, has lit-
tle effect on the cold flow field. Table III summarizes the calculated
conditions used in this paper. The range of values for the equivalence
ratio decreases gradually from 1.5 to 0.5. The assumption of a uniform
droplet size distribution was adopted, where a size of 50 lm was the

common intermediate diameter for engine operating conditions.51

Subcritical turbulent combustion was established at an operating pres-
sure of 1.2MPa in the combustion chamber, which is below the critical
pressure of kerosene (2.3MPa).

2. Chemical kinetic mechanism

Liquid kerosene, as a mixture, is a hydrocarbon fuel commonly
used in the rocket propulsion community. In turbulent combustion
simulations of kerosene, n-dodecane (C12H26) is used as an alternative
fuel in this paper because of its accessible physicochemical properties
and chemical kinetic mechanism.42 The single-step global chemical
reaction mechanism is considered here to balance computational accu-
racy and efficiency, which has already proven to be effective in simu-
lating combustion instability in rocket engines.52–54 The rate of
chemical reactions was calculated using the following equations:

kf ¼ ATbexp � Ea
RT

� �
; (5)

_xk ¼ d product½ �
dt

¼ �kf fuel½ �c oxidizer½ �d; (6)

where kf , A, b; and Ea are forward reaction coefficient, pre-
exponential factor, temperature exponent, and activation energy,
respectively. The detailed chemical reaction mechanism and related
parameters are shown in Table IV.

Using CHEMKIN, the adiabatic combustion temperatures and
main product species (H2O and CO2) of C12H26-1-Reaction (a global
chemical mechanism) and C12H26-269-Reactions (54 species, a skel-
etal mechanism proposed by Yao et al.55) were calculated at an initial
temperature of 1200K and pressure of 1.2MPa. Figure 3 shows the
results, which indicate that the simulation results for global chemical
reaction kinetics are worse when the equivalent ratio is greater than
1.0 compared to those obtained using the skeletal mechanism. In
fact, it is difficult for single-step chemical reactions to work effec-
tively across a wide range of equivalence ratios. However, in the fuel-
lean conditions that are of greater interest in this paper, the results
are similar to those obtained from detailed chemical reaction kinet-
ics. More complex pressure oscillations (beyond simple period �1)
occur under fuel-lean conditions, as we will see later. Therefore, in
order to balance calculation accuracy and efficiency, we have chosen
to continue using the single-step chemical reaction mechanism for
subsequent calculations.

TABLE III. Computational conditions.

Case 1 2 3 4 5 6 7

Equivalence ratio 1.5 1.3 1.1 1.0 0.9 0.7 0.5
Kerosene mass flow rate, g/s 77 67 57 52 47 37 26
Kerosene temperature, K 300
Uniform kerosene diameter, lm 50
Cone angle 90�

Parcels per seconds 20 000 000
Oxidizer mass flow rate, g/s 231
Oxidizer temperature, K 1030
Operating pressure, MPa 1.2

TABLE IV. Chemical kinetic mechanism.

Reactions A, s�1 Ea, J/(kg molÞ b c d

C12H26 þ 18:5O2 ! 12CO2 þ H2O 5e8 15780 0 0.25 1.5

FIG. 3. Comparisons between the global single-step chemical mechanism and the skeletal mechanism proposed by Yao et al.,55 in terms of adiabatic combustion temperature,
H2O mole fraction and CO2 mole fraction as functions of equivalence ratio at p¼ 1.2 MPa and Tinitial¼ 1200 K.
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3. Boundary conditions and initial conditions

For the inlet of the oxidizer post, the combination of constant
mass flow rate and zero-pressure gradient boundary conditions is
adopted to represent the oxidizer flow through the post and the com-
plete acoustic reflection conditions at the inlet. This is because the
choked oxidizer slots are also attached to the front of the oxidizer post
in the experimental setup, which is not included in the computational
domain instead the pressure boundary condition with zero-gradient
(rigid acoustic boundary). The exit pressure boundary condition is set
to wave transmissive condition, which ensures the acoustic choked
nozzle condition. The walls are set to be no-slip, impermeable, as well
as adiabatic. The spray conditions are set to be cone injection model,
where the cone angle is set as 90�. The constant mass flow rate condi-
tion of the fuel droplet is set here.

The initial conditions for calculating the computational domain
include static nitrogen at a pressure of 1.2MPa and temperature of
2000K. Herein, the operating conditions can be quickly established.

C. Numerical procedure

The numerical framework developed in this work was solved
numerically using the finite volume method (FVM) based on the
open-source platform OpenFOAM-6 with a modified version of
the sprayFOAM solver. The PIMPLE algorithm was used to deal with
the coupling between pressure and velocity. The operating condition
simulated in this paper is a model liquid rocket engine with a high
Reynolds number. Therefore, the Eulerian implicit scheme has been
adopted to balance computational efficiency and accuracy, which has
also been employed in recent numerical studies.46,56,57 The second-
order central difference scheme was used to discretize the convection
term and the diffusion term. An adjustable time step method was used
to avoid numerical instability, and the corresponding CFL number
was set to 0.6. The calculation time step is approximately 8� 10�8s.

III. VALIDATION OF NUMERICAL FRAMEWORK

In this section, two benchmark flows for the validation of the
numerical framework are discussed. The self-excited combustion
instability of a hydrogen peroxide/kerosene engine working at critical
pressure conditions is simulated in the first benchmark case, which is
used to validate the turbulence effects and the chemical reaction mech-
anism of this paper. The second benchmark case simulates the vapor-
izing spray process of n-dodecane regardless of chemical reactions to
validate the two-phase interaction and evaporation model.

A. Benchmark 1

The experiment used for verification comprised a single-element
liquid rocket engine, designed at Purdue University.50 A gas-central,
liquid-swirl coaxial injector element was selected to couple the com-
bustion chamber and choked nozzle, as shown in Fig. 4. Liquid kero-
sene was used as a liquid-phase fuel while a hot mixture at a
temperature of 1030K including 58% water vapor and 42% oxygen by
weight was used as a gas-phase oxidizer. The design operating pressure
of the combustion chamber was 2.4MPa, which is close to the critical
pressure of 2.3MPa for kerosene. The benchmark experiment was
conducted at a nominal mixture ratio (O/F) of about 6.3. The total
mass flow rate was 0.535 kg/s. Further details can be found in the liter-
ature.50 The variable length of the combustion chamber was discretely

varied from 25.4 to 88.9 cm. When the length of the combustion
chamber was fixed at 38.1 cm, high amplitude pressure oscillations
were experimentally observed. Unstable combustion occurred at the
frequency of 1502Hz, which is the first-order acoustic frequency of
the combustion chamber.

The n-dodecane (C12H26) was used as an alternative fuel to
replace the highly complicated mixture of JP-8 fuel. To enable further
simplification of the analysis, the fuel was modeled as a vapor state
represented by the perfect gas assumption, thereby neglecting the
interaction of the gas and liquid phases. The assumption of an axisym-
metric calculation domain was also adopted. The feasibility of neglect-
ing gas–liquid interactions and the axisymmetric calculations are
discussed in detail in Ref. 52, which is not the main focus of this paper.
The pressure trace in the combustion chamber was monitored at point
A (0.0127, 0.022, and 0m) near the antinode of first-order acoustic
mode. It is also worth noting that the temperature of the fuel vapor
was uncertain, as the ideal gas assumption was adopted. Therefore, the
temperature of kerosene vapor was parameterized for this study with
all three operating conditions above the critical temperature. The sen-
sitivity of the LES results to the grid resolution has been discussed ear-
lier in numerical simulations by the authors,46 where the
computational domain is the same as in Fig. 4.

Figure 5 shows the time evolution of pressure at different tempera-
tures of kerosene vapor and the results of the fast Fourier transform
(FFT) at the time interval of 35 to 50ms. The experimentally observed
high amplitude instability is reproduced by the numerical simulation
results. Table V further compares the dominant frequencies and ampli-
tudes with the experimental measurements under three conditions with
different kerosene vapor temperatures. The calculated results for the
three dominant frequencies are consistent, with an error of 2% from the
experimental results. The relatively small frequency errors indicate that
the numerical framework is able to solve the acoustic modes of the sys-
tem very well. However, the errors in the amplitudes corresponding to
the three operating conditions are 39.7%, 25.2%, and 17.2%, respec-
tively. The prediction error of the amplitude can be attributed to the
simplification of the gas–liquid interaction effect and the assumption of
axisymmetric computation neglecting the vortex-stretching effect. In
summary, the numerical simulation results for Benchmark 1 validate
the numerical framework for turbulent combustion calculations of ker-
osene and the ability to capture self-excited instabilities.

B. Benchmark 2

The experimental setup for Benchmark 2 involved ECN Spray A
cases42 designed by Sandia National Laboratory. The liquid fuel n-
dodecane was injected from a single hole into a constant volume
chamber. The high pressure (6MPa) and high temperature (900K)

FIG. 4. Schematic diagram of the axisymmetric computational domain in
Benchmark 1.
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mixture filled the ambient chamber, including 89.71% nitrogen, 3.77%
water vapor, and 6.52% carbon dioxide by weight. The diameter of the
injector hole was small (9� 10�5 m), and the injection pressure was
high (150MPa), which facilitated the rapid atomization of kerosene as
well as its evaporation. For a more detailed presentation of the experi-
ment, reference can be made to Ref. 43. In this study, the numerical
calculations are based on a three-dimensional cube where the cross
section is a square of 70� 70mm and the height is 180mm. The grid
is refined near the fuel injection nozzle, where the refined area is also a
cube with sides of 16� 16mm and a height of 78mm. The minimum
grid volume in the entire calculation area is 1:25� 10�10 m3, while
the maximum grid volume is 4:4� 10�10 m3. The total number of
hexahedral meshes is 2.2 � 106, which satisfies the need for grid-
independence. The adjustable calculation time step method is used,
where the maximum value of the CFL number is set to 0.25. The time
step of the solution is about 5� 10�7 s. The time evolutions of the liq-
uid as well as the vapor from the evaporation process during the time
interval of 1.5ms after the start of the injection are the focus.

Figure 6 shows a comparison of the experimental measurements
with the results of the large eddy simulation. Vapor, as well as liquid
penetration length, was used as post-processing variables. The liquid
and vapor penetration length are defined as the distance from the noz-
zle to the furthest axial location, where both the liquid volume and the
vapor mass fraction are 0.1%.43 The numerical simulation results for
both the liquid penetration length and the vapor penetration length
are in good agreement with the experimental measurements for an

injection time interval between 0 and 1.5ms. The results of
Benchmark 2 verify the validation of the Eulerian–Lagrangian frame-
work together with the spray sub-models used in this paper.

IV. RESULTS AND DISCUSSION
A. Verification of grid independence

To improve the quality of the numerical simulation, two different
meshes were used to verify the grid-independence. Mesh 1 consisted
of 4.1 � 106 hexahedral cells, while mesh 2 was enhanced in the longi-
tudinal direction and contained a total of 5.2 � 106 hexahedral cells.
The smallest radial grid size was 60lm, located at the wall and shear
layers. Figure 7 compares the time traces of the pressure and the
results of the fast Fourier transform (FFT) at time intervals between 15
and 30ms in case 1. High amplitude instabilities were captured by
both meshes. The pressure rise stage as well as the high amplitude
instability stage of both grids is well matched. The calculation results
of the two meshes are compared in terms of the unstable frequencies
and the amplitudes using FFT technology. On the one hand, the char-
acteristics of the oscillations are well captured, although there is still
some difference in their amplitude. On the other hand, each operating
condition in mesh 1 consumed approximately 49 000 CPU core hours
in a 50ms calculation time. Therefore, to balance computational

TABLE V. Comparison of dominant frequencies and amplitudes with experimental
measurements in Benchmark 1.

Benchmark 1 Experiment 1030K 800K 600K

Frequency, Hz 1502 1533 1533 1533
Amplitude, kPa 297 179 222 246

FIG. 6. Liquid and vapor penetration length in non-reacting spray A case; solid
lines: LES results; broken lines: experimental measurements.42

FIG. 5. Pressure traces and corresponding FFT results monitored at point A. The instability frequencies and amplitudes measured by the experiment were 1502 Hz and
297 kPa, respectively.58
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efficiency as well as computational accuracy, mesh 1 was adopted as
the subsequent computational mesh for this paper.

B. Thermoacoustic instability: Period-1 oscillation

The first insight is the spatial distribution of the flow field. Figure
8 shows a snapshot of the instantaneous combustion flow field in case

1 for t¼ 45ms. Vortices are formed at the shear layer downstream of
the dump plane, due to the interaction between the high-velocity flow
and the low-velocity flow. The flame is stabilized in the recirculation
zone. The vortex structure has a significant effect on the heat release
distribution like gas-fueled propulsion systems and even controls the
flame structure in such liquid-fueled spray combustion systems, which
can be attributed to the rapid evaporation of liquid droplets in the
recirculation region and, thus, their accumulation downstream of the
dump plane. When acoustic oscillations are introduced, the interac-
tions between subsystems, such as vortex dynamics, combustion, and
species, becomemore complex. This paper aims to reveal the evolution
of the underlying complex pressure oscillations for these subsystems
as well as provide a more important insight into physical
understanding.

Figure 9 illustrates the detailed dynamics of the pressure oscilla-
tions in case 1. Band-pass filtering techniques as well as phase space
reconstruction techniques are employed to understand the linear and
non-linear behavior of the pressure oscillation, respectively. The raw
pressure traces are artificially segmented into four-time segments: the
rise in mean pressure due to the ignition process colored black, the
transition stage colored red, the pressure oscillation stage colored blue,
and the decay stage of the pressure oscillation colored green. During
the onset of thermoacoustic instability, the frequency characteristics of
the pressure consist of the dominant mode at 1300Hz along with
higher-order modes, where 1300Hz is identified by the theoretical
analysis as the first-order longitudinal (1L) acoustic frequency of the
combustion chamber. As the pressure evolves in time, the amplitude
corresponding to the 1L acoustic mode is always greater than the
higher-order harmonics. Considering that the bandpass filtering

FIG. 7. Time evolution of the pressure (a) and (b) monitored at probe 1 for different
meshes and corresponding FFT results (c) and (d); mesh 1: 4.1 � 106 hexahedral
cells; mesh 2: 5.2 � 106 hexahedral cells.

FIG. 8. Instantaneous snapshots of the flow field: vorticity magnitude (1/s), temperature (K), heat release rate (W/m3), mass fraction of kerosene vapor, and mass fraction of
oxygen in case 1.
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technique is a linear tool, the phase space reconstruction technique is
used to analyze the non-linear states of the dynamics. In the first seg-
ment (black), the trajectory of the phase diagram initially starts at a
single point and gradually spirals outward, indicating period-1 (P1)
oscillations during the initial growth. In the second (red) and third
segments (blue), the phase trajectory in the embedding space is tensed
into a single-loop structure, also indicating P1 oscillations. In the
fourth segment (green), the phase trajectory starts with existing P1
oscillations and gradually spirals down toward the center of the
embedding space. It is noteworthy that the geometry of the phase
space trajectory at this point remains a single-loop structure, indicat-
ing P1 oscillations in the pressure decay segment. Although the
dynamical characteristics of pressure are well understood, the simulta-
neous examination of subsystems, such as combustion as well as vor-
tex dynamics, is still necessary to obtain a further understanding of the
driving mechanism of combustion instability.

The vortex-related dynamics were monitored at probe 2, where
the vortex flowed through. Figure 10 shows the time series of velocities
in the y-direction and the results of the FFT for three different time
segments. The dominant frequency of the flow oscillation in the first
segment between 1 and 10ms is 1222Hz, indicating that the frequency
of vortex shedding is also 1222Hz. During the second and third seg-
ments, the frequency of vortex shedding was identified as 1300 and
1243Hz, respectively. Due to the P1 thermoacoustic oscillations at the
second segment, the temperature and speed of sound in the combus-
tion chamber are increased, thus leading to higher acoustic frequen-
cies. In summary, the dominant frequency of vortex shedding during
the P1 thermoacoustic oscillation is the first-order longitudinal (1L)

acoustic frequency, both in the initial, self-sustaining, and decaying
phases of the oscillation. The complexity of thermoacoustic oscillations
indicates that the dynamics are beyond simple period-1, which may
manifest in the non-sinusoidal behavior of the dominant mode.

To obtain the dynamical response of the combustion subsystem
during P1 oscillations, the time series of kerosene mass fraction, tem-
perature, as well as oxygen mass fraction are plotted in Fig. 11. The
corresponding phase portraits during the P1 oscillation are also recon-
structed to reveal the non-linear state of the P1 oscillation. We observe
that the amplitude of the subsystem response shows a significant varia-
tion with time. The amplitudes of these subsystems were significantly
reduced during the initial phase and the decay phase of the oscillation.
During the P1 oscillation at the time interval between 20 and 30ms, a
clear repeating pattern of phase portraits was observed, showing a
stretched trefoil-knot-like structure. This structure is quite different
from the phase portraits of pressure oscillations, which depict a single-
loop structure. During the P1 thermoacoustic instability, there is a
periodic raising of the temperature as well as the mass fraction of the
species at the shear layer due to the high amplitude acoustic waves,
which in turn leads to the steepening of the compression wave front
into a combustion steep-fronted wave.

C. Intermittency route to period-2 oscillation

Changing the global equivalence ratio affects the fuel-to-oxidizer
ratio of the mixture throughout the combustion chamber, which in
turn affects the local equivalence ratios at different points. The local
equivalence ratio is important because it affects the combustion

FIG. 9. (a) Time evolution of pressure signals monitored at probe 1; (b)–(e) The filtered time evolution of pressure corresponding to the first three orders of acoustic mode.
Mode 1: 1300 Hz. Mode 2: 2600 Hz. Mode 3: 3900 Hz; (f)–(i) Reconstructed phase portraits for four different time segments. The time delay s is equal to one-quarter of the
oscillation period.
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characteristics at each point, even if the overall diffusion flame still
occurs at a local equivalence ratio of 1. This paper is focused on the
effect of global equivalence ratios on thermoacoustic instability.
However, the bifurcation behavior of the system transitioning from
the period-1 (P1) limit cycles to other non-linear states when the

equivalence ratio is continuously reduced remains to be discussed. An
in-depth understanding of how a system transitions to complex states
is necessary as it can guide the design stage of the liquid rocket
engines, paving the way for active control measures. This section
shows the intermittency route (1:3 � / � 0:9) to period-2 (P2)

FIG. 10. (a) Time evolution of velocity in the y direction monitored at probe 2; (b)–(d) Enlarged time series; and (e)–(g) corresponding FFT results.

FIG. 11. Time series of mass fraction of fuel vapor (a), temperature (b), and mass fraction of oxygen (c) monitored at probe 2; enlarged time series during period-1 (P1) oscil-
lation (d)–(f); and corresponding reconstructed phase portraits (g)–(i) during P1 oscillation.
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thermoacoustic instability (/ ¼ 0:5) by continuously reducing the
equivalence ratio (/). A transient mode switching between P1 and P2
was also observed under the equivalence ratio of 0.7 (/ ¼ 0:7). The
time evolution from the intermittency route to P2 oscillations will be
discussed in detail below in terms of pressure oscillations as well as
vortex dynamics.

Figure 12 shows the time series of pressure, the corresponding fil-
tered time series of the first three order acoustic modes, and the phase
portraits in cases 2–5. Similar dynamic characteristics of the raw pres-
sure traces are observed, which is called intermittency using the termi-
nology of dynamical systems theory. During intermittency, periodic
oscillations with high amplitude are followed by non-periodic oscilla-
tions with low amplitude. Although the physical time of the simulation
is limited by computing resources to 50ms, the intermittent changes
in pressure amplitude are still well captured and can in turn provide a
detailed explanation of the physical mechanisms. When the equiva-
lence ratio is reduced from 1.3 to 0.9, the duration time of the periodic
oscillations is reduced from 20ms to about 10ms. The results based
on the filtered time series of the first three acoustic modes show that
the amplitude of the pressure oscillations corresponding to the first-
order acoustic modes is always greater than that of the higher

harmonics during periodic oscillations in intermittency. This also indi-
cates that during the periodic oscillation in intermittency, the system
dynamics are dominated by period-1 (P1) oscillations. In contrast,
during non-periodic oscillations in intermittency, especially in cases
3–5, the amplitude of the pressure oscillations corresponding to the
second-order acoustic modes is always non-negligible and even
exceeds that of the first-order acoustic modes. This also indicates that
the system dynamics are dominated by oscillations beyond simple P1.
In the phase portraits of intermittent oscillations, the phase trajectory,
as it evolves in time, first spirals outward into a single-loop structure
and eventually invades the center of the embedded space as a solid
region. Again, the results indicate that the system dynamics spontane-
ously transition between period-1 (P1) and aperiodic oscillations dur-
ing intermittency.

It has been shown previously that the dynamical state of the
system undergoes a transition from period-1 (P1) oscillations
(/ ¼ 1:5) to intermittent oscillations (1:3 � / � 0:9Þ as the equiva-
lence ratio is continuously reduced. However, a new dynamical state
of period-2 (P2) oscillations were observed with a further decrease in
the equivalence ratio. The understanding of the physical mechanisms
underlying the intermittency route to P2 thermoacoustic instability

FIG. 12. Time series of pressures (a)–(d) undergoes intermittency in cases 2–5; filtered pressure traces corresponding to the first three orders of acoustic modes (e)–(h).
Mode 1: black. Mode 2: red. Mode 3: blue; reconstructed phase portraits for time intervals between 1 and 50ms (i)–(l).
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is both academically interesting and engineeringly necessary. Figure
13 shows the raw time series of pressure in cases 6–7, the filtered
results corresponding to the first two orders of acoustic modes in
cases 6–7 and a magnified view of the waveform in case 7. At the
beginning of the calculation time, the combustion chamber experien-
ces a spontaneous increase in average pressure and oscillation ampli-
tude. The filtered results based on the pressure also show that the
oscillation amplitude of the first-order acoustic mode is much larger
than that of the higher harmonics in the time interval from 1 to
10ms, indicating the occurrence of a P1 thermoacoustic instability.
As time evolves further, the waveform of the oscillation becomes
more complex. In case 6, the filtered results show the alternating
dominance of amplitudes corresponding to first-order (1L) acoustic
modes and those corresponding to second-order (2L) acoustic
modes, indicating the transitions between P1 oscillation dominance
and P2 oscillation dominance. An enlarged view of the waveform for
case 7 also provides details of the transition between P1 and P2 oscil-
lations in the system dynamics, as well as the complete P2 oscilla-
tions over a time interval of 45 to 50ms. The P1 oscillation will only
produce a single set of peaks and troughs at each acoustic oscillation
period from a waveform perspective. In contrast, the P2 oscillation
produces two sets of peaks and troughs per oscillation period. In the
waveform view, these are marked by circles as well as triangles,
respectively.

In summary, the dynamic state of the system in liquid rocket
engines is more complex than previously thought. On the one hand,
the system exhibits intermittent and period-2 dynamic states in addi-
tion to the fixed-point or simple period-1 limit cycle in the parameter
space of the equivalence ratios in this paper; on the other hand, the
dynamical state of the system undergoes a series of possible transitions
from the P1 state to the P2 state or from the P1 state to the

combustion noise state as time progresses. Although the dynamical
state of the system in parameter space has been investigated, the
intrinsic physical mechanisms remain the focus of attention in the
rocket propulsion community, as these could pave the way for our
future active control measures.

To investigate the transition process of the vortex dynamics in
the intermittency, the velocity in the y-direction of case 2 is shown in
Fig. 14. The three different time segments correspond to different
dynamical states of the intermittent oscillation: the growth segment of
the oscillation state, the decay segment of the oscillation state, and the
non-periodic oscillation segment. The dominant frequencies of the
vortex shedding for the three different time segments are 1222,
1299Hz and a wideband spectrum range, respectively. The vortex
shedding frequency remains the first-order (1L) acoustic frequency
during the period portion of intermittency, implying that the system
dynamics are dominated by the period-1 (P1) oscillation. By way of
contrast, in the aperiodic portion of intermittency, the amplitude spec-
trum is broadband, encompassing a wide range of frequencies from
1000 to 5000Hz with low amplitude.

The vortex dynamics of case 7 are shown to provide insight into
the physical mechanism of period-n oscillations. As shown in Fig. 15,
the velocity in the y-direction is monitored at probe 2. The FFT results
corresponding to three different time segments are presented to pro-
vide an insight into the evolution of the vortex dynamics during the
initial oscillation phase, the transition phase where the P1 oscillation
gives way to the P2 oscillation, and finally the complete P2 oscillation
segment. The dominant frequencies of vortex shedding in three differ-
ent time segments are 1333 (1L), 2800 (2L), and 2900Hz (2L), respec-
tively. In the initial segment of the oscillation, the vortex shedding
frequency remains at the frequency of the 1L acoustic mode. In the lat-
ter two segments, the vortex shedding frequency shifts from the 1L

FIG. 13. Time series of pressure moni-
tored at probe 1 in cases 6 and 7 (a) and
(b); filtered pressure traces corresponding
to the first two orders of acoustic modes
(c) and (d). Mode 1 (1300 Hz): black.
Mode 2 (2600 Hz): red; magnified view of
the waveform during the transition
between period-1 and period-2 oscillations
in case 7 (e); magnified view of the wave-
form during period-2 thermoacoustic insta-
bility in case 7 (f). Every peak and trough
labeled by a discrete colored marker.
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mode to the 2L mode. More interestingly, the amplitude of the velocity
oscillations corresponding to the 1L acoustic mode remains high dur-
ing the transition time segment. However, in the final time segment,
the amplitude of the velocity oscillations corresponding to the first-

order acoustic mode almost disappears. In conclusion, in coaxial liquid
rocket engines, different oscillation states can be attributed to different
vortex-shedding modes, offering further insights into the relevance of
vortex dynamics.

FIG. 15. (a) Time evolution of velocity in the y direction monitored at probe 2 in case 7; (b)–(d) Enlarged time series and (e)–(g) corresponding FFT results.

FIG. 14. (a) Time evolution of velocity in the y direction monitored at probe 2 in case 2; (b)–(d) Enlarged time series and (e)–(g) corresponding FFT results.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 065145 (2023); doi: 10.1063/5.0151462 35, 065145-13

Published under an exclusive license by AIP Publishing

 13 January 2025 07:09:57

pubs.aip.org/aip/phf


D. Synchronization process

The intermittency route to the period-2 thermoacoustic instabil-
ity has been studied in Sec. IVC in terms of pressure oscillations as
well as vortex dynamics evolution. However, combustion instability in
LREs is a self-organizing process resulting from the mutual interaction
between hydrodynamics, acoustics, and combustion subsystems. In
recent years, growing evidence has shown that the phenomenon of
mutual synchronization between these subsystems is responsible for
the onset of combustion instability.23 Synchronization is the phenome-
non of rhythm matching between two or more coupled subsystems.
This common phenomenon was first discovered by Huygens in the
17th century1 when he observed that two pendulum clocks hung from
the same beam were eventually locked into a state where the oscilla-
tions between them shared the same amplitude and frequency due to

the action of the beam. The coupling type and coupling strength
between the oscillating subsystems determine the characteristics of
synchronization. The thermoacoustic instability due to synchroniza-
tion was first investigated in thermoacoustic systems by Pawar et al.28

They concluded that the transition from the combustion noise state to
the strong thermoacoustic instability state is through an intermittent
phase synchronized (IPS) state (intermittency) and phase synchro-
nized (PS) state (weak thermoacoustic instability state) and measuring
the synchronization of acoustic pressure and unsteady heat release
rate. In this regard, three different thermoacoustic states are discussed
in this section using synchronization theory, i.e., period-1 oscillation,
intermittency, and period-2 oscillation.

As the equivalence ratio decreases from fuel-rich to fuel-lean,
three different stability regions are observed. Figure 16 demonstrates

FIG. 16. Filtered time series of normalized pressure perturbation p0ðVÞ using a zero-phase-shift bandpass filter in the range of 100–10 000 Hz in cases 1, 2, and 7 (a)–(c)
monitored at probe 2; filtered time series of normalized heat release rate feedback q0ðVÞ (d)–(f) monitored at probe 2; the overlapped time series of p0ðVÞ (black) and q0ðVÞ
(red) during the state of period-1 oscillation (g) and (m), intermittency (h) and (n), and period-2 oscillation (i) and (o); the corresponding overlapped normalized amplitude spec-
trum of p0ðVÞ (black) and q0ðVÞ (red) during the state of period-1 oscillation (j) and (p), intermittency (k) and (q), and period-2 oscillation (l) and (r).
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the synchronization of pressure and heat release rates in three different
dynamical states. At an equivalence ratio of 1.5, high amplitude acous-
tic pressures are observed as well as heat release rates. As discussed
earlier, at this point, the system dynamics are dominated by period-1
oscillations, whether in the growth phase, self-sustaining phase, or
decay phase of the oscillation. At the beginning of the oscillation, in
time intervals from 1 to 10ms, we observe a transition from a phase-
synchronized state (weak thermoacoustic instability) to an amplitude-
synchronized state (strong thermoacoustic instability). The oscillation
of the heat release rate is rapidly amplified from a low amplitude oscil-
latory state to a period-1 limit cycle state. The sharp dominant peaks
of the FFT result in both states emerging from the pressure oscillations
and the heat release rate oscillations. For both heat release rate oscilla-
tions and pressure oscillations, the sharp peaks in the FFT results and
the overlapping dominant frequencies reveal the emergence of peri-
odic oscillations in the dynamical system and the behavior of fre-
quency locking under period-1 limit cycle oscillations.

At a much lower equivalence ratio condition (/ ¼ 1:3), we note
typical intermittent dynamical characteristics, namely, the transition
of flame dynamics from a period-1 oscillating state to a non-oscillating
state with low amplitude. There is always a time lag between the pres-
sure signal and the heat release rate signal during the period-1 oscilla-
tion, representing a weak thermoacoustic instability state at this point.
In the non-oscillatory state, both the pressure oscillation and the
heat release rate oscillation are non-periodic, indicating that the sys-
tem is driven by turbulence-induced background noise. As shown in
Figs. 16(k) and 16(e), during the initial oscillation segment, the domi-
nant frequencies of the pressure signal as well as the heat release rate
signal overlap around the first-order acoustic frequency, indicating the
frequency-locked behavior of the period-1 oscillation. However, in the
non-periodic segment of the intermittent oscillation, different domi-
nant frequencies exist for the heat release signal and the acoustic pres-
sure signal and the oscillation frequency of the heat release rate deviate
from the acoustic frequency, indicating that these signals are not
locked.

As the equivalence ratio decreases further (/ ¼ 1:5), we observe
that the system dynamics eventually transition to a period-2 oscillation
state, wherein the system dynamics grow initially through a period-1
oscillation pattern, and then transition to a period-2 oscillation.
During the period-1 oscillations, the system dynamics are only in a
state of phase synchronization (weak thermoacoustic instability). As
time passes, both the pressure traces and the heat release rate traces
appear to be characterized by period-2 oscillations, that is, the presence
of two sets of peaks and troughs in each oscillation period. As shown

in Figs. 16(l) and 16(r), for the initial segment, the dominant frequen-
cies of the two different signals are locked at first-order longitudinal
(1L) frequencies. However, for the period-2 oscillation segment, the
dominant frequency of the acoustic oscillation is the first-order longi-
tudinal acoustic frequency, while higher-order harmonics coexist. The
dominant frequency for the heat release rate, on the other hand, is the
second-order harmonic frequency, while the first-order acoustic fre-
quencies coexist. In summary, the dynamics of synchronization
between the pressure traces and the heat release rate traces, in terms of
phase-locking and frequency-locking in the time domain as well as in
the frequency domain, provides further insight into the physical mech-
anisms underlying the intermittency route to the period-2 thermo-
acoustic instability.

E. Evidence from combustion flow fields

This section attempts to provide evidence for the intermittency
route to period-2 oscillations and an underlying physical understand-
ing from the cycle analysis of the combustion flow fields. Six moments
of interest were selected for each cycle in the cycle analysis to highlight
the unstable behavior of the different dynamical states corresponding
to the period-1 oscillations (a), the non-oscillations in the intermit-
tency (b), and the period-2 oscillations (c) shown in Fig. 17. In this sec-
tion, the three-dimensional flow field was sliced and expanded in two
dimensions, with the x-axis coordinates ranging from �1 to 10 cm
and z¼ 0. For an analysis of the mixing characteristics of the fuel as
well as the oxidizer, the mixture fraction (Z) is defined as

Z ¼ �stYfuel � Yoxygen þ Y0
oxygen

�stY0
fuel þ Y0

oxygen
; (7)

where �st ¼ 3:5, Y0
fuel ¼ 1, and Y0

oxygen ¼ 0:42. Yfuel and Yoxygen are the
local mass fraction of fuel and oxygen, respectively. The stoichiometric
mixture fraction is 0.107.

The first observation was carried out during period-1 oscillation
in case 1. As shown in Fig. 18, a snapshot analysis within a cycle is per-
formed, including vorticity magnitude, mixture fraction, and the heat
release rate. The snapshot analysis starts at the time T1 when the pres-
sure wave propagates to probe 1, also located at the head of the com-
bustion chamber. Large-scale coherent structures are formed
downstream of the dump plane subject to high-pressure waves. The
interaction of spray combustion with acoustics under subcritical con-
ditions has been less frequently discussed in laboratory-scale engines,
compared to purely gaseous flames. The structure of the vortex

FIG. 17. Time series of the pressure of the cycle analysis monitored at probe 1. Case 1: (a), case 2: (b), case 7: (c). The marked red circles represent different moments of
interest.
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dynamics is still a dominant factor, controlling the distribution of the
mixture fraction as well as the flame structure, even when spray com-
bustion and two-phase flow are present. In the presence of acoustic
waves, the stoichiometric mixing fraction line (white lines, Z¼ 0.107)
and the flame surface become more wrinkled, thus increasing the total
amount of heat release. It can be qualitatively understood that the
redistribution of fuel by vortex dynamics in the presence of acoustic
waves can act as a potential driving mechanism for instability.
However, under the operating conditions described in this paper, there
are still similar conclusions to those for gaseous flames. This can be
attributed to the fact that the high temperature of the oxidizer at
1030K accelerates the evaporation process of the fuel droplet, thus
allowing the turbulent diffusion effect to remain the dominant process
in the combustion rate, while the evaporation effect is less influential.
As the cycle progress to time 2, time 3, and time 4, the pressure near
the dump plane decreases continuously during the propagation of the
pressure wave downstream of the combustion chamber. The absence
of significant wrinkling in either the mixture fraction line or the flame
face also indicates the lack of combustion near the dump plane.
Finally, the cycle evolves to the T5 and T6 moments and the pressure
wave reaches its maximum near the dump plane at T6. The distribu-
tion of stoichiometric mixture fraction lines and heat release is still
clearly wrinkled and forms a large coherent structure near the dump
plane, representing that one cycle of oscillations is also completed in
the combustion flow field at this point. In conclusion, when a period-1

thermoacoustic instability occurs, the various subsystems of the com-
bustion flow field, such as mixture fraction, vortex dynamics, and heat
release, all reach a synchronous state with the evolution of the pressure
oscillations over time.

During the period-1 oscillations in intermittency, similar com-
bustion flow field dynamics to those discussed in case 1 are observed
and are, therefore, not repeated here. Figure 19 illustrates the time evo-
lution of the combustion flow fields under non-periodic oscillations in
intermittency. One of the most obvious differences is that no large-
scale coherent structure is formed downstream of the dump plane.
Both the stoichiometric mixture fraction lines and the flame surface
are more continuous, and no obvious wrinkles are observed. It is note-
worthy that we can still observe the evolutionary processes of vortex
dynamics. Recall from the previous discussion that at this point, there
is no frequency locking between the pressure oscillations, vortex
dynamics, and heat release oscillations. The flame still exists to oscil-
late in its intrinsic dynamical mode.

Figure 20 illustrates the results of the cycle analysis of the com-
bustion flow fields undergoing period-2 oscillations in case 7. The mix-
ture fraction is significantly reduced in the recirculation zone because
the global equivalence ratio of case 2 is the lowest. The basic feature of
period-2 oscillations is the presence of two different sets of peaks and
troughs within a single acoustic oscillation period, which means that
the initial shear layer is excited by two sets of high-pressure waves. At
T1 and T3, the high-pressure waves pass through the initial shear layer

FIG. 18. Cycle snapshots for case 1 dur-
ing the period-1 oscillation. Left image:
vorticity magnitude (1/s). Middle image:
mixture fraction. Right image: heat release
rate (W/m3).
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and, therefore, large-scale coherent structures are observed, resulting
in an abrupt heat release. At moments T2, T4, and T5, the high-
pressure waves propagate downstream of the combustion chamber
and, therefore, no wrinkled flame surface is observed near the dump
plane. Subsequently, at the moment T6, the time-synchronous process
of the combustion flow fields over one cycle within period-2 oscilla-
tions is completed.

V. CONCLUSIONS

In this paper, three-dimensional large eddy simulation algo-
rithms combined with the Euler–Lagrange framework are carried out
to treat turbulent spray combustion processes in a single-element liq-
uid rocket engine, based on the open-source platform OpenFOAM-6
with a modified version of SprayFOAM. After verification of the
numerical framework and grid independence, the equivalence ratio
(/) is used as a control parameter and is continuously varied to
encompass from fuel-rich (/ ¼ 1:5) to fuel-lean (/ ¼ 0:5). We
observe that the transition of dynamical states from period-1 oscilla-
tions (/ ¼ 1:5) to eventually period-2 states (/ ¼ 0:5) is via intermit-
tency (1:3 � / � 0:9). In particular, transient modes switching
between period-1 (P1) and period-2 (P2) was also observed when the
equivalence ratio was 0.7 (/ ¼ 0:7). Based on the simultaneous exam-
ination of the pressure traces and the multiple subsystems of the com-
bustion flow field, the following conclusions can be also obtained.

1. During the P1 thermoacoustic instability, the vortex shedding is
dominated by the first-order longitudinal acoustic frequency
(1L). The consequent high-amplitude acoustic oscillations cause
a cyclical increase in temperature and mass fraction of the spe-
cies at the shear layer. This, in turn, steepens the compression
wave front, which is represented in the phase portraits diagram
of the combustion subsystem, such as temperature and mass
fraction of reactants.

2. During the intermittency, the system dynamics transition
between P1 and aperiodic oscillations. The vortex shedding fre-
quency remains at the 1L acoustic frequency during the periodic
portion of intermittency. By contrast, the vortex dynamics are
governed by combustion noise during the aperiodic portion of
intermittency.

3. During the P2 thermoacoustic instability, the vortex shedding is
dominated by the second-order longitudinal acoustic frequency
(2L). At an equivalence ratio of 0.5, the vortex shedding fre-
quency remains at the frequency of the 1L acoustic mode initially
and later shifts from the 1L mode to the 2L mode, eventually
leading to the P2 oscillation.

4. The intricate nonlinear dynamical states, including period-1,
period-2, and intermittency, are found to be caused by the
mutual synchronization between the acoustic field and the flame
heat release rate. As the equivalence ratio gradually decreases,
the bidirectional coupling between these subsystems leads to a

FIG. 19. Cycle snapshots for case 2 dur-
ing the non-oscillation state in intermit-
tency. Left image: vorticity magnitude (1/s).
Middle image: mixture fraction. Right
image: heat release rate (W/m3).
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dynamic transition from intermittency to synchronization with
period-2 oscillations. The analysis of cycle snapshots also offers
additional information about the synchronization processes that
take place between the pressure and several subsystems, such as
vortex dynamics, mixture fraction, and combustion heat release.
Moreover, the emergence of a large-scale coherent structure
between several subsystems of the combustion flow field is also
responsible for driving the period-n oscillations.
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