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OpenFOAM

Kangkang Guo, Boqi Xu, Yongjie Ren, Yiheng Tong* and Wansheng Nie *

Department of Aerospace Science and Technology, Space Engineering University, Beijjing, China

Self-excited high frequency combustion instability (HFCI) of first-order tangential (1T) mode
was observed in a staged-combustion LOX/Kerosene liquid rocket engine numerically.
Two different kinds of 1T patterns, standing wave mode and traveling wave mode, were
captured in the present work. In the nominal operation condition, the ratio of oxygen-to-fuel
(O/F) was 2.5. Propellant was evenly distributed in all injectors and no HFCI occurred. The
chamber pressure obtained from the numerical simulation and experiment showed a good
agreement, which validated the numerical model. When the mass flow of fuel for two
injectors was modified, severe HFCI occurred. The pressure wave node was located at a
fixed diameter, showing a 1T standing wave mode. As the O/F was set 4.4 and the
propellant distribution was completely uniform, the numerical result yielded a 1T wave
node featured a spinning behavior, which was a traveling 1T wave mode. Once the HFCI
arose, no matter what standing mode or spinning mode, the pressure and heat release
oscillated totally in phase temporally and coupled spatially. The heat release from
combustion was fed into the resonant acoustic mode. This was the thermoacoustic
coupling process that maintained the HFCI.

Keywords: combustion instability, LOX/kerosene liquid rocket engine, sprayFOAM solver, ratio of oxygen-to-fuel,
thermo-acoustic coupling

INTRODUCTION

HFCI remains an unresolved problem for the development of liquid rocket engines (LREs).
Advanced heavy rocket engines are a prominent demand of farther space exploration. However,
HECI still acts as a big obstacle in the way since 1940s (Harrje, 1972; Culick and Yang, 1995). HFCIs
have the characteristics of pressure oscillations at frequencies on the order of kilohertz,
corresponding to the chamber’s resonant acoustic modes. HFCI is extraordinarily destructive,
especially the 1T mode, which can destroy the cooling fluid film attached to the chamber wall and
further give rise to extensive heat transfer to the injector faceplate and chamber wall (Dranovsky
et al., 1994). Therefore, once the HFCI of 1T mode occurs, the combustion chamber would suffer a
severe thermal load even completely be destroyed in some extreme conditions. As shown in Figure 1,
there are three examples that LRE was damaged by HFCL

Rayleigh Criterion (Rayleigh, 1878; Rayleigh and Nachtrieb, 1957) is a widely accepted and
significant consensus used for explaining the maintaining mechanism of thermo-acoustic instability.
Rayleigh thought that the time the pressure was at its peak was when heat was added to a system in an
oscillatory cycle, as the oscillation would be encouraged and the amplitude would increase; but if the
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Examplel

FIGURE 1 | Three damaged LREs caused by HFCI. (A) Example1. (B) Example2. (C) Examplel.

ExamleZ

heat was extracted from the system when the pressure was at its
peak value, the oscillation would be discouraged, and the
amplitude would decrease. Almost every LRE suffered from
HFCI during its development process, and the deep reason
that results in HFCI has not been uncovered until now.
Therefore, HFCI should be paid sufficient attention for its
theoretical and engineering significance. The most firsthand
and effective methods are the full-scale tests. Unfortunately,
the full-scale tests are expensive and time-consuming, and
thus impractical. When the development of a rocket engine is
hampered by HFCIs, the approach usually taken is the trial-and-
error procedures, like the development campaigns of F-1 engine
of the Apollo project (Oefelein and Yang, 1993). There are over
2,000 full-scale engine tests with approximately 100 diverse
injector designs were performed to solve the problems caused
by HFClIs.

With the rapid growth of computer processing power,
computational fluid dynamics (CFD) has become more
prevalent in modeling combustion instabilities. Numerical
simulation methods of different levels, from low to high
fidelity, have been developed over the last decade. Tremendous
efforts have been devoted to building reduced-order models
(Frezzotti et al., 2018) and high-fidelity simulation models
(Garby et al., 2013; Urbano et al., 2016).

Combined experimental and computational studies have
shown a promising path for investigating combustion
instabilities. A continuously variable resonance combustor
(CVRC), developed at Purdue University specifically for the
investigation of longitudinal combustion instability, has been
studied both experimentally (Miller et al, 2007; Yu et al,
2012) and numerically (Harvazinski et al, 2015). The results
indicated that combustion instability was associated with periodic
vortex shedding. Subsequently, a seven-element (Pomeroy and
Anderson, 2016; Popov and Sirignano, 2016) and a nine-element
(Orth et al., 2018; Gejji et al., 2020) sub-scale rocket combustor
was designed to boost self-excited transverse instabilities. In-
depth numerical simulations (Tudisco et al., 2016; Harvazinski
et al., 2019) based on the experimental setup were performed. It
was found that the mass flow rate of the outer injectors was
altered by the transverse pressure waves resulting in a sudden heat
release, which eventually triggered the transverse combustion
instability. A multi-injector cryogenic propellant rocket
combustor, characterized by 1T mode self-excited combustion

instability, was conducted in the German Aerospace Center
(Gréning et al, 2016; Hardi et al, 2016; Armbruster et al,
2020; Klein et al., 2020). Urbano et al. (2016) conducted a
corresponding high-fidelity calculation, which is a landmark
work for its high accuracy and enormous computing load.
Both the experimental analysis and numerical results indicated
that the 1T mode thermoacoustic instability was strongly coupled
with oxidizer injectors.

In this paper, the HFCI of a Kero/LOX LRE is studied
numerically based on OpenFOAM (Open Source Field
Operation and Manipulation), and the mechanism of
combustion instability is analyzed. Previous experiment
research (Bibik et al., 2008a; Bibik et al., 2008b) has indicated
that the 1T HFCI mode has two behaviors: standing wave and
traveling wave. The work in this paper concentrates on detailing
the mechanisms of the two patterns of 1T HFCI mode.

NUMERICAL SIMULATION MODEL

In gas-liquid two-phase spray combustion, the most
mainstream methods are Lagrange-drop and Eulerian-fluid
(LDEF). In the LDEF frame, the gas phase is processed as a
continuous medium while the liquid phase is treated as discrete
particles, and the interaction between the gas phase and discrete
particle phase is considered. In the current work, the oxidizer is
gaseous while the fuel is liquid. Therefore, the gaseous oxidizer
is modeled in a Eulerian framework, while the liquid fuel is
modeled in a Lagrangian framework. Compressible Reynolds-
averaged Navier-Stokes (RANS), the most widely used
numerical simulation method in engineering, was adopted in
this paper.

Governing Equations and CFD Solver

The CFD calculations were performed based on OpenFOAM,
which is an open-source, object-oriented code developed by
OpenCEFD. In this work, the sprayFoam solver, a spray and
combustion code, was used. Eulerian-Lagrangian simulation
framework was adopted. The gas phase is solved in an
Eulerian framework and governed by Navier-Stokes (N-S)
equations with chemical reactions, where the equations are
considered to be continuous in space and time. The general
form of the governing equation, which is the conservative three-
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TABLE 1 | Chemical reaction mechanism.

Reaction A Ea Nkero noz

CyoHog + 18.50,—12C0,+13H,0 2.587E9 1.256E8 0.25 1.5

Local Refined Mesh

FIGURE 2 | Unstructured mesh.

dimensional N-S equations in a rectangular coordinate system, is
given as follows (Veynante and Vervisch, 2002).

oo o(F-F) o(G-6.) ofA-m,)
—+ + + =] (1)
ot 0x dy 0z

Where U is the conservative variable vector, t is the time
variable, F, G, H and E,, év, H, are the convection item
vectors and viscous term vectors, respectively, and J denotes
the source term vector. Equation of components (continuity
equation), momentum equation, and energy equation in the
directions of x, y, and z are all included by the above
equation.

The liquid spray is modeled in a Lagrangian framework. A
standard discrete droplet method (DDM) approach is used. To
calculate the evolution of the location and velocity components of
the parcels, a set of differential equations along the trajectory of
each particle is solved. Each parcel stands for a class of identical
and non-interacting droplets. To model interaction between
discrete droplets and continuous phase, the parcels are tracked
through the physical space in a Lagrangian manner based on the
mass, momentum, and energy exchange with the gas phase. In
the present work, the coneNozzleInjection model served as the
injection model, where the atomization cone is set as 90°
according to the experimental result. The Rosin-Rammler
distribution model, as the most widely used model, was
adopted with an average droplet diameter equal to 50 pm. The
RanzMarshall model was used to model the droplet heat transfer.
Meanwhile, the dispersive and break-up models were not
considered.

Tangential Combustion Instability on OpenFOAM

TABLE 2 | Boundary conditions of internal flow field.

NO Name Boundary condition

1 injector inlet mass flow inlet

2 injector face no-slip and thermal- isolation wall
3 chamber wall no-slip and thermal- isolation wall
4 nozzle outlet pressure outlet

TABLE 3 | Configuration of chamber and initial parameters.

Parameters of Kerosene/LOX Value
LRE

diameter of chamber (mm) 200
diameter of throat (mm) 98
length of chamber (mm) 400
mass flow of fuel (kg/s) 13/10.5
inlet temperature of fuel (K) 450
mass flow of oxidant (kg/s) 32.5/46.2
inlet temperature of oxidant (K) 600
pressure of outlet (pa) 101325
temperature of outlet (K) 300
propellant mixture ratio (O/F) 2.5/4.4

Discretization Scheme and Solution of the

Equation

The finite volume method (FVM) was adopted to discretize the
governing equation mentioned above. For the strong nonlinear
coupling of N-S equations, the coupling between pressure and
velocity was modeled by the PIMPLE algorithm (Veynante and
Vervisch, 2002). As for the discretization process for viscous
terms and convective terms, interface interpolation with second-
order precision was achieved with the central difference scheme
and Van Leer scheme, respectively. The backward difference
scheme with second-order precision is applied for the time term.

Chemical Reaction Mechanism

It is difficult to obtain an accurate chemical reaction process
because kerosene is a mixture of hundreds of components. In this
paper, Ci,Hys served as the alternative fuel and a single-step
global chemical reaction mechanism is adopted to model the
chemical reaction process. The chemical reaction rate is
calculated by the following equation.

Ky = Ae ™/ TeefioCo? )

Where A is the pre-exponential factor, E, is the activation energy, T'is
the temperature with unit K, and cxgro and cp, denote the molar
concentration of kerosene and oxygen with unit mol/cm®, respectively.
The specific chemical reaction mechanism is listed in Table 1.

Turbulent Model and Turbulent Combustion
Model

Regarding the turbulent model, in consideration of calculated
quantity, the standard k — & two equations model is chosen. The
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FIGURE 3 | Standing wave 1T vibration mode structure.
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FIGURE 4 | Traveling wave 1T vibration mode structure.

Wave Node

eddy-dissipation (ED) model is selected to model the interaction
between turbulence and chemical reactions. The ED model is
established based on the Eddy Break-Up (EBU) model (Peters,
2000). In the ED model, it is assumed that the combustion process
is mixing-limited and the complex chemical kinetic rates are
negligible (Peters, 2000; Veynante and Vervisch, 2002).
Undoubtedly, the non-premixed flames for the staged-
combustion rocket motor in the present work are mixing-
controlled.

Mesh, Boundary Conditions, and Geometry
Parameters

Unstructured mesh is used in paper, as is shown in Figure 2.
The mesh contains about 1.38 million cells, and the region near
the injector face is refined, since the chemical reaction takes
place in this region. The boundary conditions of the
computational domain are listed in Table 2. The geometrical

parameters of the LRE and initial conditions in this work are
detailed in Table 3.

COMBUSTION CHAMBER ACOUSTIC
THEORY

The LRE chamber can be simplified into a cylinder with two

closed sides. The wave equation in the cylinder is given below (Yu
et al., 2012).

(=x/2 1=37/4 Traveling wave
15
12+ e 3 it o TPIRTRIN
<9l
A 9
S
Y
6
3 -
0 1 1 1 1 1 1
S 10 15 20 25 30 35
t/ms
FIGURE 5 | Numerical simulation based on experiment (probe is near
the wall and 50 mm downstream from injector faceplate).
2 2 2 2
ap,:czap/+ap/+laipl+iap, (3)
ot? ox: or* r or r? o

Where p' represent the pressure disturbance, ¢ is chemical

equilibrium acoustic velocity, and x, r, 6 are the cylindrical
coordinates.
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FIGURE 6 | Injectors with uneven distribution of propellant.

The intrinsic acoustic frequency of the combustion chamber is
shown as follow (Huzel and Huang, 1992),

Where ay,, represents the transverse eigenvalues, Ry and L, are
the radius and length of the chamber, respectively, and m, n, g
represent the tangential, radial, and axial directions,
respectively.

Theoretically, there are two kinds of solution of tangential
acoustic mode, they are standing wave solution and traveling
wave solution, shown as Eqs 5, 6, respectively (Yang and
Anderson, 1995).

p= Acos(qﬂ%)],n(mxm,%) cos mb cos wt (5)

" x r
p'= Acos<an0>Im<mxm,,R0) cos (mf + wt) 6)

Tangential Combustion Instability on OpenFOAM

Where

For the standing wave solution, the nodal diameter is located
at a fixed position, and the standing wave 1T mode structure
could be demonstrated by Figure 3. In the traveling wave
solution, the nodal diameter is spinning around the center of
the cycle. Its changing process is depicted in Figure 4.

ANALYSIS OF NUMERICAL SIMULATION
RESULTS

There are three cases being calculated based on the numerical
simulation model built in the present work: casel is based on
experimental conditions, while case2 and case3 are aimed at
exploring two kinds of 1T HFCI mode.

Validation of Numerical Simulation Model
Under the nominal conditions, the mass flow rates of fuel and
oxidizer are 13.0 kg/s and 32.5 kg/s, respectively, resulting in an
O/F of 2.5. The chamber pressure under nominal conditions was
about 12MPa in the experimental test. The numerical
simulation based on the experimental conditions is carried
out. Propellant is evenly distributed to 91 injectors. The
pressure-time history is shown in Figure 5 and the chamber
pressure remained at 11.80 MPa, resulting in an error of 1.67%
compared with its experimental counterpart. The error is
reasonable and the validation of the numerical simulation
model can be verified.

Standing Wave Pattern of 1T HFCI
In case2, O/F = 2.5, and the only difference from casel is that the

fuel mass flow rate of No.l and No.2 injectors in Figure 6 is
changed. Half of the fuel for No.1 injector is allocated to No.2
injector. This non-uniform distribution leads to severe HFCI.
The pressure-time trace and its FFT (Fast Fourier Transform
Algorithm) result are given in Figure 7. The probe location is
50 mm away from the injector faceplate and near the chamber
wall. The dominant frequency is 3524 Hz. In case2, the chemical
equilibrium acoustic velocity is 1145.3 m/s, which could be

pressure

50 60 70 80 90 100
t/ms

20 30 40

pressure history

result of pressure.

FIGURE 7 | Pressure history and its FFT result of case2 (probe is near the wall and 50 mm downstream from injector faceplate). (A) pressure-time trace. (B) FFT

B 3
. —FFT pressure O/F=2.5

[N}
T

7.242

Amplitude

T

0 2 4 6 8

10 12 14 16 18 20
JkHz
FFT result of pressure
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FIGURE 8 | Pressure and heat-release changing process within half a period in case2. (A) Pressure contours within half a cycle. (B) Heat-release contours within
half a cycle.
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FIGURE 9 | Relationship between pressure and heat-release in case2 (probe is near the wall and 50 mm downstream from injector faceplate). (A) pressure and
heat-release history. (B) partial enlarged detail of (A).
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FIGURE 10 | Pressure history and its FFT result of case2 (probe is near the wall and 50 mm downstream from injector faceplate). (A) pressure-time trace. (B) FFT

result of pressure.
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calculated by CEA (Chemical Equilibrium with Applications)
from NASA (McBride and Gordon, 1996). The theoretical
intrinsic frequency of 1T mode (according to Eq. 4) for case2
is 3729 Hz, and the difference between the numerical result and
the theoretical value is 5.5%. Therefore, it is believed that 1T
HECI appears in case2 based on preliminary judgment.

The pressure and heat-release evolution process within half an
oscillation cycle in cross-section x = 50 mm are detailed in
Figure 8. Where there is a pressure peak, there is a heat-
release peak, so pressure and heat-release are coupled spatially.
Pressure and heat-release peaks move along a diameter line back
and forth, and the nodal diameter remains unchanged, so the
HECI is a standing mode in case2.

Figure 9 shows the temporal relationship between pressure
and heat-release. Apparently, the pressure and heat-release
oscillate in phase. What occurs in case2 is in accordance with
the Rayleigh Criterion both spatially and temporally. By means of
the pressure and heat-release contours and their temporal
relationship, the thermal-acoustic =~ coupling can be
demonstrated more clearly.

Traveling Wave Pattern of 1T HFCI

When the value of O/F arrives at 4.4, and all 91 injectors share
uniform propellants. A severe HFCI occurs, which is proven to be
a traveling wave 1T mode. The pressure-time trace and FFT result
are given in Figure 10.

Obviously, the pressure-time trace indicates that it is an equal-
amplitude oscillation, and the dominant frequency is 3738 Hz.
The chemical equilibrium acoustic velocity is 1092.2 m/s,
calculated by CEA, so the theoretical 1T frequency is 3556 Hz.
The error between the numerical and theoretical values is 4.8%.
Therefore, an initial judgment can be made that a 1T mode HFCI
occurs when O/F value reaches 4.4.

Five probes in a transverse section (x = 50 mm, 50 mm away
from injector faceplate) and their pressure-time traces are shown in
Figure 11. The pressure of probe0, located at the center of the cycle,
remains nearly constant, while the other 4 probes that are near the
chamber wall show nearly constant amplitude. Two probes which
are 180°apart (probel and probe3, probe2 and probe4) have reverse
phase: when the pressure value of probel reaches the peak of the
wave, the pressure value of probe3 nearly arrives at its lowest value.
Also, it is clear that the pressure peak successively arrives at
probel —probe2—probe3—probe4—probel. Therefore, a
conclusion can be drawn that it is a spinning 1T HFCI mode
and the direction of rotation is counter-clockwise. This conclusion
can be proven further by the pressure and heat-release contours at
the transverse section (x = 50 mm) within one cycle, and the
contours are shown in Figures 12A,B.

An important feature is that the peak values of pressure and the
heat-release always remain synchronous spatially. The relationship
between pressure and heat-release in probel is shown in Figure 12C,
and pressure and heat-release oscillate in phase. Obviously, the
pressure and heat-release coupling process drives the HFCL

Tangential Combustion Instability on OpenFOAM

CONCLUSION

From the numerical simulation results and analysis above, the
following three conclusions were reached:

1. HFCl is sensitive to initial conditions. Compared with casel, a
subtle change of propellant distribution in case2 leads to severe
HFCI. The only difference between casel and case2 is the
injection distribution, Therefore, the comparison between
casel and case2 could indicate that the subtle change of
propellant distribution exerts a significant effect on HFCL
The only difference between casel and case3 is the operating
condition (O/F). Therefore, the comparison between casel
and case3 could indicate that the O/F has a great influence
on HFCIL

2. The two different 1T modes were captured numerically:
standing mode with a constant nodal diameter and
traveling mode with spinning nodal diameter.

3. Whether the 1T HFCI is in standing mode or traveling mode,
the pressure and heat-release oscillated in phase both
spatially and temporally, which accords with Rayleigh
Criterion. It is the coupling process between pressure and
heat-release that drives and maintains the thermo-acoustic
instability.
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NOMENCLATURE

U conservative variable vector

7 source term vector

T temperature (unit: K)

CxERO molar concentration of kerosene (unit: mol/cm?)
€0, molar concentration of oxygen (unit: mol/cm?)

p' pressure disturbance (unit: Pa)

C chemical equilibrium acoustic velocity (unit: m/s)

Tangential Combustion Instability on OpenFOAM

Oy transverse eigenvalues

R, radius of the chamber (unit: m)
Ly length of the chamber (unit: m)
V viscous

KERO kerosene

O, oxygen

m tangential directions

N radial directions

1 axial directions
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