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The rocket ejector refers to a core component of a rocket-based combined cycle (RBCC) engine. The ignition is of critical
significance for rocket ejection. Reliable and stable ignition crucially determines the normal operation of the engine. In this
paper, a thrust chamber with coaxial swirl injector for the RBCC rocket ejection was developed and tested. Gas oxygen
(GOX) and kerosene acted as propellants. As revealed from the test results, the process of ignition pressurizing comprised
four phases. The oxygen prefilling time before ignition slightly impacted the ignition time, whereas it affected the peak
pressure of ignition. In a confined range, the peak pressure decreased as the prefilling time was extended. The ignition was
simulated by building a numerical model, and the results well complied with the experimentally achieved results. The
numerical model is capable of specifically indicating the position of the kernel of fire and the process of flame
propagation. The simulation results reveal that the propellant could form a combustible condition within 4ms. The kernel
was 6mm away from the injector, located at the oxygen and kerosene mixing interface and approaching the upper wall.
The above results reflected the vital role of the central recirculation zone formed by the prefilled oxygen. The ignition
energy was transported near the injector under the convection effect, which ignited the stoichiometric mixture, and the
entire ignition could reach a stable state within 20ms. The numerical model which was developed in this paper can help
clarify the combustion mechanism.

1. Introduction

Along with low-cost reusable space transportation systems
and hypersonic weapon technology continuous development,
the rocket-based combined cycle (RBCC) engine is gradually
recognized. The RBCC engine has a high specific impulse
and a large thrust-to-weight ratio, which can meet the acceler-
ation and cruise requirements of hypersonic aircraft [1–3].
Because of its excellent performance in the full range of ballis-
tic trajectory, the RBCC engine has become one of the most
promising propulsion systems of single-stage to orbit space
plane, as well as the next-generation hypersonic aviation air-
craft [4, 5]. In recent years, many studies have been carried
out to explore the operation law of the RBCC engine. An
et al. [6] investigated the effect of expansion fan on cavity fla-
meholding in a rocket-based combined cycle combustor
fueled by ethylene. Successful ignition and flame stabilization
were achieved in the combustors with d/H = 1:5, 2.0, 4.5,

and 7.5. d/H was the dimensionless distance between the
backward-facing step and the cavity. The result indicates that
the expansion fan also significantly decreased the static pres-
sure in the cavity. Li et al. [7] investigated the two-stage fuel
injection performance of RBCC under scramjet mode using
Reynolds-averaged Navier-Stokes-based CFD modeling. The
result revealed that the appropriate axial fuel injection position
of the first stage could significantly improve the engine perfor-
mance under Mach 6. Shi et al. [8] performed an experimental
study on ejector-to-ramjet mode transition in a divergent
kerosene-fueled RBCC combustor with low total temperature
inflow. According to the results, the embedded rocket in the
RBCC combustor was critical to the ejector-to-ramjet mode
transition, and the ignition and flameholding functions of
the hot rocket plume should be fully exploited in the combus-
tion organization.

Compared with liquid oxygen (LOX), the GOX does not
require any upstream pressure or pump equipment, nor a
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low-temperature supply system, significantly simplifying the
system. Therefore, the rocket ejector developed in this paper
chooses GOX/kerosene as the propellants. Numerous studies
on the ignition of GOX/kerosene have been conducted. Igni-
tion and flame propagation are dependent of various physi-
cal properties in the combustion chamber (e.g., the mixing
ratio of the propellant, the initial pressure and temperature
in the thrust chamber and their heat transfer characteristics,
the total energy deposited by the ignition system, the spark
position, convection velocity, average droplet size, and its
distribution) [9]. Takegoshi et al. [10–12] of the Kakuda
Space Center in Japan performed the tests on the combined
cycle engine rocket ejector ignition under different condi-
tions. Kim et al. [13] observed the ignition transition of
GOX/kerosene spray by directly visualizing the combustion
flow field. It has been found that the early ignition moment
will trigger smooth ignition and long ignition delay. They
also studied the effect of prefilled oxygen content on the
ignition. As the oxygen prefilling time increased, the ignition
delay time decreased and the peak value of global OH ∗
intensity increased exponentially. With the preoxygen injec-
tion time reaching over 14ms, the ignition varied from
smooth ignition to two-step ignition [14]. Sheng et al. [15]
investigated the ignition issue due to the low reactivity of
hydrocarbon fuel when flying at low flight Mach numbers.
They found that the low-temperature ignition reduced from
620 to 160°C by only adding 3% borane-dimethyl sulfide
(BDMS) and provided an effective method to solve the
scramjet ignition problem at low flight Mach numbers.

For gas and liquid mixing combustion, injection forms
primarily comprise the shear coaxial injector and the coaxial
swirl injector. In this paper, the GOX/kerosene coaxial swirl
injection form was adopted. On the whole, the injection
method is capable of achieving better atomization quality
and high mixing efficiency. The liquid and gas discharge
coefficients of this injector were elevated with the increase
in the flow rate pressure drop. With the increase in the
momentum flow ratio, the spray angle turned out to be nar-
rower. The combustion efficiency reduced with the increase
in the mixing ratio and the momentum ratio [16]. Chu
et al. [17] investigated the effects of gas-liquid ratio (GLR)
on the spray and atomization process of a liquid-centered
swirl coaxial injector using the coupled level-set and volume
of fluid (CLSVOF) method. The results show that the atom-
ization process becomes dominated successively by the
instability of the liquid film, strong gas-liquid interaction,
and spray self-pulsation with the increase of GLR. Soller
et al. [18] employed GOX/kerosene coaxial swirl injector in
oxidizer-rich staged combustion cycle engines. Four design
alterations were discussed for their effect on combustion sta-
bility. As revealed from the results, combustion stability
could be regained by tapering of the recess, whereas with
the increase in the fuel injection velocity, satisfactory stabil-
ity was not achieved. The ignition of kerosene spray was
investigated in an aeroengine combustor. Lin et al. [19]
investigated the spark ignition of swirling kerosene spray
flames using a well-defined simplified combustor. The
results indicated that successful ignition sparks were associ-
ated with flame kernels that move upstream towards the

spray nozzle. Nevertheless, the GOX/kerosene swirl injection
thrust chamber has been rarely applied in the rocket ejector
of RBCC.

The performance of the engine in ejection mode criti-
cally impacts the efficiency of the entire RBCC propulsion
system. The ignition of the rocket ejector can determine
whether the starting process can proceed smoothly, which
should be investigated in depth. Though some basic
researches have been conducted on the ignition and com-
bustion characteristics exhibited by GOX/kerosene, these
explorations basically remain at the level of small-scale
experiments or pure theoretical simulations. In this paper,
the ignition of the RBCC rocket ejector with coaxial swirl
injection was analyzed. The general pressurizing law of igni-
tion was explored with the test method. Moreover, the effect
of oxygen prefilling time on ignition delay and pressure peak
was determined by altering the time interval between the
oxidant and fuel entering the thrust chamber. Furthermore,
to elucidate the mechanism of ignition, a numerical simula-
tion model was built. Given the numerical results, the loca-
tion of the core, the flame propagation law, and time scale
were revealed. The conclusion here is of high significance
for predicting and guiding the ignition of the rocket ejector
with coaxial swirl injector.

2. Experimental Setup

2.1. Combustion Chamber and Injector. Figure 1 illustrates
the structure of the burner used here, and the size parame-
ters of the thrust chamber are listed in Table 1. GOX entered
the injector via the oxygen inlet pipeline and subsequently
entered the thrust chamber via the central hole of the injec-
tor. In addition, kerosene entered the injector via the kero-
sene pipeline and then formed a tangential velocity
swirling flow into the thrust chamber through the outer
annular gap of the injector. Figure 2 presents the structure
diagram of the injector.

2.2. Hydraulic Characteristics of the Propellant Feed System.
Figure 3 illustrates the propellant supplying system. GOX
and kerosene were, respectively, supplied through the
upstream tank and then sent into the thrust chamber via
pipelines and valves. The flow rate was controlled by a sonic
nozzle and a venturi tube. Gas-nitrogen acted as a purge gas
for rapid flameout and cooled down. The dynamic pressure
in the combustion chamber was measured using a CYB-
20S/DT pressure transducer, which had an accuracy of ±
0.25%FS and a rise time of 1μs.

Figure 4 presents the delay characteristics of a practical
liquid rocket engine delivery system. The propellant under-
went a certain delay from the opening of the valve signal
to the injection into the thrust chamber, which was primar-
ily attributed to the valve response time and fluid filling in
the pipeline and head cavity. Figure 5 illustrates the results
of the cold flow test of oxygen and kerosene. Both GOX
and kerosene valves received an opening signal at 0 s. 0 s-
0.16 s comprised the delay time of the oxygen valve and
the filling time of the pipeline before the nozzle, as suggested
from Figure 5(a). At 0.18 s, the pressure in the combustion
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chamber increased, thereby revealing that oxygen began to
enter the combustion chamber at this moment. After 0.7 s,
the combustion chamber pressure accesses into a steady state.
For kerosene, since the kerosene thrust chamber cavity was
significantly bigger than the head cavity, the pressure before
the injection of kerosene could be determined, whereas the
thrust chamber pressure could not be established, as illustrated
from Figure 5(b). Besides, kerosene should go through a cer-
tain length of pipe and head cavity from the preinjection pres-
sure measurement point to the thrust chamber. For this
reason, the accurate time for kerosene to enter the thrust
chamber could not be obtained. The variable here was the fill-
ing time of oxygen, and the opening time of the kerosene valve
remained unchanged. Thus, the time for kerosene to enter the
thrust chamber did not impact the result analysis.

3. Simulation Model and Conditions

3.1. Numerical Methods. Kerosene exhibits numerous advan-
tages (e.g., normal atmospheric temperature and easy storage).
However, kerosene is a complex mixture of components. For

CFD simulation, some kerosene substitute models have been
studied successively to simplify the model and the calculation
[20, 21]. In this paper, a ten-step quasiglobal chemical kinetics
model for kerosene fuel combustion (Table 2) was adopted to
conduct chemical reaction rate calculations. The mentioned
mechanism is capable of simulating the kerosene combustion
accurately, and it exhibits higher computational efficiency
than more complex mechanisms [22].

The Reynolds-averaged Navier-Stokes (RANS) numeri-
cal method was adopted to express the complete gas dynam-
ics model. The Navier-Stokes equation was averaged over
time and then introduced into the model for solution. The
mentioned method involves relatively simplified calculation,
and it is applicable to engineering numerical calculations.

The realizable k-ε model acted as a fluid turbulence
model. The realizable k-ε model introduced constraints on
Reynolds stress, and the treatment of Reynolds stress
remained consistent with real turbulence. Moreover, the
model could more accurately simulate the diffusion velocity
of planar and circular jets. In the calculation of rotating flow,
boundary layer calculation with directional pressure
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Spark
igniter
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Ignition
center

Pressure
point

Pressure
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L2
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p
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Figure 1: Schematic of combustor from different views.

Table 1: Size parameters of thrust chamber.

Geometric features L1 L2 D d l1 l2 l N

Dimension value 148.3mm 11mm 47mm 13.2mm 5mm 2.4mm 22mm 3

GOX
channel

Kerosene
channel

l1 l2

l

Figure 2: Schematic and photograph of combustor injectors.
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gradient, and separation flow calculation, the calculation
results more significantly complied with the practical situa-
tion [23]. The RNG k - ε turbulence model contained two
transport equations of turbulence kinetic energy and dissipa-
tion, as expressed below:
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where k denotes turbulent kinetic energy, ε is the dissipa-
tion rate, σk and σϵ represent the Prandtl numbers corre-
sponding to k and ε, respectively; xi and xj denote the
position coordinate components, the molecular viscosity
coefficient μ = ρCμk

2/σε, the production term of turbulent
kinetic energy k attributed to the average velocity gradient
Gk = μtS

2, the turbulent viscosity μt = ρ1Cμk
2/ε, Cμ is recog-

nized as a function related to the average changed rate and
turbulent flow field, the modulus of the mean rate of strain
tensor S = ffiffiffiffiffiffiffiffiffiffiffiffi2SijSij

p
and Sij = ð1/2Þðð∂ui/∂xjÞ + ð∂uj/∂xiÞÞ.

Furthermore, the coefficients in the above realizable k–ε
equations included C1 = max ½0:43, ðη/η + 5Þ�, η = Sk/ε, σk
= 1:0, σϵ = 1:2, and C2 = 1:9.

The chemical reaction rate was determined by adopting
the Arrhenius formula, and the eddy current dissipation
concept (EDC) model was selected to simulate the interac-
tion between the chemical reaction and the turbulence. This
model is capable of simulating the detailed chemical reac-
tion mechanism. The chemical reaction was assumed to
occur in a small vortex. With the reactant components
reaching a sufficiently uniform molecular level and the tem-
perature reaching the reaction temperature, the reaction
could proceed. In other words, the consumption of propel-
lant was largely determined by the mixing level of fuel and
oxygen. The reaction time was regulated by the survival
time of the small vortex and the time required for the
chemical reaction. The scale of the small vortex was calcu-
lated as

γ = Cξ

νε

k2

� �1/4
, ð3Þ
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Figure 3: Piping and instrument diagram of the combustion experiment facility.
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where γ denotes the mass fraction of reactants in the
fine structure, Cξ represents the volume ratio constant, ν
is the kinematic viscosity of the dissipation zone, and ε
and κ represent the turbulent energy dissipation rate and
turbulent kinetic energy, respectively. In this time scale,
matter was subject to a time scale τ∗, as defined below:

τ∗ = Cτ

ν

ε

� �1/2
, ð4Þ

where Cτ denotes the time scale constant. The reaction
rate is defined as

ϖi

ρ
= γ2χ

τ∗
Y0
i − Y∗

i

� �
, ð5Þ

where ρ represents the density of the reactant, χ
denotes the reaction fraction of the fine structure, χ = 1;
Y∗
i represents the mass fraction of component i in the fine

structure, and Y0
i expresses the original mass fraction of

component i outside the reactor. The chemical reaction of

the small vortex took place under equal conditions. The ini-
tial conditions referred to the current composition and
temperature in the unit. The numerical integration method
was adopted to calculate the reactant state Y∗

i .
The coupled algorithm based on the pressure solver was

taken to solve the continuous equation of the flow field, the
momentum equation, the energy equation, the turbulence
equation, and the chemical reaction equation.

3.2. Mesh Methods and Boundary Conditions. Oxygen was
injected in a straight line at the center of the injector, and
kerosene rotates through three spiral gaps in the circumfer-
ential direction of the injector and entered the thrust cham-
ber. The injector consisted of 6 evenly distributed nozzles,
which was presented in Figure 6. Since the model was char-
acterized by circumferential symmetry, one-sixth of the
combustion chamber was used for the simulation to simplify
the calculation. 3D structured meshes with nodes all exceed-
ing 350000 were draw out. The mesh and boundary condi-
tions are illustrated in Figure 7. To enhance the calculation
accuracy near the wall, enhanced wall treatment, which
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Figure 5: Pressure of cold flow test data: (a) GOX and (b) kerosene.

Table 2: Chemical reaction mechanism.

Reaction considered A b E

1. C10H20+5O2 <=>10CO+10H2 2:00E + 16 0.0 52000.0

2. CO+O+M <=> CO2+M 5:30E + 13 0.0 -4540.0

3. CO+OH <=> CO2+H 4:40E + 06 1.5 -740.0

4. H2+O2 <=> OH+OH 1:70E + 13 0.0 48000.0

5. H+O2 <=> OH+O 2:60E + 14 0.0 16800.0

6. OH+H2 <=> H2O+H 2:20E + 13 0.0 5150.0

7. O+H2 <=> OH+H 1:80E + 10 1.0 8900.0

8. OH+OH <=> H2O+O 6:30E + 13 0.0 1090.0

9. H+H+M <=> H2+M 6:40E + 17 -1.0 0.0

10. H+OH+M <=> H2O+M 2:20E + 22 -2.0 0.0

Figure 6: The nozzle distribution of injector.
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was a near-wall modeling method combining a two-layer
model with so-called enhanced wall functions was adopted.
The first node of the computational meshes was adjusted
to 0.01mm, so the y-plus value was equal to 1 approxi-
mately. Moreover, the results of mesh dependency con-
ducted indicated the mesh satisfied the numerical
simulation under the nodes quantity exceeding 300000.

Oxygen was injected into the thrust chamber along the
centerline with the mass flow inlet. The discrete phase
method was adopted to simulate kerosene droplets. More-
over, the starting point of the droplets calculation domain
was taken at the outlet of the kerosene swirl nozzle. The inlet
velocity was calculated by the flow formula. In addition, the
nozzle thread lift angle reached 30°, and the velocity vector
of the kerosene inlet could be calculated as the entry condi-
tion of droplets. Table 3 illustrates the specific inlet bound-
ary conditions.

The outlet condition of the thrust chamber adopted the
pressure outlet. The internal symmetry plane adopted peri-
odic boundary conditions. Since this paper did not consider
the boundary heat transfer effect, the remaining walls used
adiabatic wall boundary conditions.

3.3. Ignition Model. The spark ignition model in ANSYS
FLUENT was exploited for the numerical simulation. The
submesh spark model was transferred to the CFD mesh via
a representative volume of CFD cells. Such a volume was
spherical and exhibited a fixed diameter computed as the
local turbulent length scale at the spark location. Neverthe-
less, to ensure that this representative volume was not
extremely large (relative to the size of the combustor) or
too small (relative to the cell size), the radius of the represen-
tative sphere, was calculated as

rt =max ro + 3Δ, min 1
2 lt , ro + 10Δ

� �� �
, ð6Þ

where ro denotes the user-specified initial spark radius, Δ
represents the cell length scale, and lt expresses the turbulent
length scale.

ANSYS FLUENT defines c = ðr/rtÞ3 as the reaction prog-
ress in the representative volume, where r represents the
spark radius. The temperature and species composition

(denoted by φ) in the representative spherical volume at
the respective time-step were calculated as

φ = cφb + 1 − cð Þφu, ð7Þ

where φb denotes the equilibrium burnt composition and φu

represents the unburned composition. The mentioned com-
positions were fixed in time and uniform in space.

The ignition energy of the electric spark igniter applied
in this research test was 1 J, and the ignition frequency was
50Hz. For the simulation, the ignition energy remained set
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Pressure
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Figure 7: Mesh overall view (a) and partial enlarged view of injector (b).

Table 3: Numerical inlet conditions.

_m (g/
s)

Vx (m/
s)

Vy (m/
s)

Vz (m/
s)

P0
(MPa)

GOX 22.92 — — — 2

Kerosene inlet
1

3.47 13.06 0 22.54 —

Kerosene inlet
2

3.47 13.06 19.52 -11.27 —

Kerosene inlet
3

3.47 13.06 -19.52 -11.27 —

Channel Signal timeing chart On (ms) Off (ms)
GOX

Kerosene
Igniter

N2 purge

150
0

150
5200

5050
5050
2850

10200

0s 1s 2s 3s 4s 5s

Figure 8: Ignition time sequence of three test conditions.

Figure 9: Pictures of hot-firing test for typical operating condition.
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to 1 J. The ignition center was the position of the electrode of
the test igniter, and the initial radius of the spark reached
1mm. The ignition energy was turned on while supplying ker-
osene droplets to the combustion chamber and it was turned
off after 5ms. The mentioned duration also complied with
the working characteristics of high-energy igniter [24]. It was
assumed that ignition could be achieved in this period, so
the issue of the frequency of the converter was ignored.

4. Results and Discussion

4.1. Test Results of Ignition Pressure Building. In this section,
the general law of combustion chamber pressure was
explored by performing the ignition test. Subsequently, the
effect of oxygen prefill time on the ignition was discussed
by altering the ignition sequence.

Figure 8 illustrates the control sequence of the engine
ignition test. The oxygen valve and the igniter were opened
simultaneously, 150ms later than the fuel valve. After the
system operated for nearly 5 sec, the oxidizer valve and the
fuel valve were closed. Moreover, the nitrogen valves were
opened to turn off the system. The thrust chamber was fixed
on the thrust bench by using the fixing device. Figure 9 pre-
sents the scene image of the hot-firing test.

According to Figure 10, the pressure building of the
combustion chamber could fall to four parts, i.e., the propel-
lant atomization mixing phase, the ignition phase, the pres-
sure build-up phase, and the stable combustion phase.

The pressure before the oxygen injection (PO,inj) began to
rise at 0.32 s. After a delay of nearly 30ms, the pressure in the
combustion chamber (PC) began to increase, demonstrating that
oxygen began to fill the combustion chamber, and the pressure

before the fuel injection (PF,inj) increased as impacted by oxygen
filling. This state continued till 0.65 s, and the three pressures
appeared to surge, thereby demonstrating that ignition
occurred at this time. Accordingly, nearly 0.3 s was taken from
the initiation of oxygen injection into the thrust chamber to
the occurrence of ignition. In a very short period, the combus-
tion chamber pressure increased from 0.33MPa to 2.15MPa.
According to the pressure curve, PF,inj was always lower than
PC in this stage. The reason for this phenomenon was that a
stainless steel pipe was installed between the measuring point
and the sensor, and the compressibility of the air in the elbow
caused the measurement delay. The purpose was to avoid sen-
sors directly contacting with kerosene. This does not mean
that the fuel injection was blocked because the upstream pres-
sure was significantly larger than the thrust chamber pressure.

Due to the prefilling of oxygen in the thrust chamber,
excess oxygen continued to burn with the added kerosene,
which further increased the thrust chamber pressure. After
1.62 s, the combustion chamber pressure tended to be stable
and then changed into the stable combustion stage. Further-
more, the ignition phase was mainly discussed here.
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Figure 10: Pressure curve for measuring points in the system.

Table 4: Valve opening and ignition signal setting for three
working conditions.

Working
condition

Fuel valve
opening signal

(ms)

Oxidizer valve
opening signal (ms)

Ignition
signal (ms)

Case 1 0 150 150

Case 2 0 50 50

Case 3 0 0 0
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By regulating the opening time of the oxygen valve, the
effect of the oxygen prefilling time on the ignition was explored.
Table 4 lists the time sequence of the valve opening signal and
the ignition. The oxygen valve signal was delayed by 150ms,
50ms, and 0ms from the fuel valve signal. The ignition signal
was opened synchronously with the oxygen valve opening sig-
nal. Under the three working conditions, before the kerosene
entered the thrust chamber, the ignition energy reached the
rated state. Subsequently, the consistency was ensured.

Figure 11 presents the test results. The three working condi-
tion curves all contained four phases of the pressure building,
indicating that ignitionmoments were nearly 650ms. Therefore,
the oxygen prefilling time insignificantly impacted the ignition
timing. Pressure peaks occurred in all three cases, i.e.,
2.25MPa, 1.66MPa, and 1.05MPa, respectively. The higher
oxygen content in the combustion chamber before ignition gen-
erated a smaller ignition pressure peak. In the presence of prein-
jected oxygen in the combustion chamber, the kerosene droplets
entered the combustion chamber and instantly burned violently
with oxygen, thereby resulting in pressure peaks. Under the
extremely high oxygen content, the propellant O/F flow ratio
in the combustion chamber was extremely small, probably inhi-
biting the occurrence of deflagration. Thus, to avoid deflagration
in the ignition phase, the oxygen preinjection time should be
regulated to avoid the optimal O/F flow ratio interval.

4.2. Analysis of Ignition Stage

4.2.1. Analysis of the Pressurizing Process. To explore the
ignition in depth, the ANSYS FLUENT platform was
employed to conduct a transient simulation of the ignition.
The model was built to simulate the identical ignition tested

in case 1 where the oxidation valve and the fuel valve open-
ing time interval reached 150ms. According to Section 2.2,
kerosene injection time could not be determined here,
whereas the oxygen injection time before ignition could be
indicated from a pressure curve. For case 1, the actual oxy-
gen filling time was 300ms according to Figure 10. As
impacted by the prefilling of oxygen, kerosene would be
ignited in a very short period after entering the thrust cham-
ber. Accordingly, the cold flow simulation of oxygen for
300ms was performed first, and then, kerosene droplets
were injected to complete the ignition. To verify the accu-
racy of the model, the identical pressure measurement point
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Figure 11: Combustion chamber pressure of three ignition test conditions.
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was adopted to compare the pressure build-up process dur-
ing the ignition. The relevant results are presented in
Figure 12. The numerical results well complied with the test
results (pressurizing period and pressure peak value),
thereby proving the accuracy of the simulation and the rea-
sonableness of the assumptions here. To express the pressur-
izing of the chamber specifically, the starting point of
ignition delay time was defined, i.e., the combustion cham-
ber pressure reached 15% (higher than the oxygen filling
pressure) of the stable pressure, and the endpoint was
defined as the pressure peak. Under the O/F flow ratio of
2.2, the stable pressure of combustion chamber reached
2.5MPa, so the starting and ending pressures of ignition
were 0.37MPa and 2.15MPa, respectively. For this reason,
the pressurizing periods in the simulation and the test were
14ms and 20ms, respectively. In order to further verify the
accuracy of the simulation model, case1 was simulated in
steady state. Figure 13 shows the steady-state pressure distri-
bution under this condition. The simulation result of com-
bustion chamber pressure was 2.5MPa (gauge pressure),
while the steady-state pressure of the test result was
2.43MPa as shown in Figure 10. The error is only 2.9%.
Therefore, the CFD model could reflect the real combustion
state of the thrust chamber.

4.2.2. The Formation of Flame Kernel and Flame
Development. The overall ignition of the jet flame fell to
two phases, i.e., the formation of the initial fire core, as well
as the flame propagation along the jet to initiate the whole
flame. Sufficiently, high ignition energy and uniform propel-
lant mixing refer to the necessary conditions for successful

ignition [25]. Specific to turbulent nonpremixed combus-
tion, Figure 14 presents several characteristics of the igni-
tion, schematically showing the flame propagation in the
turbulent fuel jet after successful ignition [26, 27]. ξst
denotes isolines of the stoichiometric mixture fraction, and
ξlean and ξrich represent the isolines corresponding to the
lean and rich static flammability limits. The area between
ξlean and ξrich was the ignition area, since the propellant mix-
ing in this area was subject to the flammable conditions. As
the ignition energy tended to be accumulated in this area, a
small kernel would be generated at a certain position, dis-
playing an approximately spherical reaction zone (1). This
flame exhibited premixed characteristics, whereas due to
the nonpremixed flow, the combustible equivalent ratio var-
ied in a limited range. Such a scenario can be termed as the
propagation of a premixed flame in a stratified mixture,
demonstrating that the fluctuation of the turbulent mixture
fraction was in the flammability limit. Next, the flame would
be propagated by complying with the stoichiometric mixture
fraction, i.e., it might actually move along the ξst isoline.
Lastly, the flame propagation turned out to be a stable turbu-
lent jet flame, attached to the nozzle or lift, which was deter-
mined by the jet and coflow velocity [28].

Figure 15 illustrates the numerical simulation of flame
propagation in the combustion chamber. At 0 s, kerosene
droplets started to be injected into the combustion chamber,
and oxygen formed a stable flow field (Figure 16). The cen-
tral recirculation zone (CRZ) exhibited a large scale before
ignition, with a span of nearly 80mm. Kerosene and oxygen
were mixed and atomized at the injector for nearly 4ms, and
ignition occurred around the injector rather than close to the

MPa: 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

Figure 13: Steady state pressure distribution of case 1.
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Figure 14: Schematic of the kernel expansion process following localized ignition. U1: the fuel-carrying fluid; U2: the oxygen-carrying fluid;
1: kernel immediately following ignition; 2: small turbulent stratified-charge premixed flame; 3A: turbulent stratified-charge premixed flame,
3B: edge flame, low mixture fraction gradient; 3C: edge flame, high mixture fraction gradient [26, 27].
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Figure 16: Streamlines of oxygen injection 0.3 s. Background are colored by mean axial velocity.
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igniter. This result is explained as after the spark was prop-
agated rapidly, the heat and free radicals generated at the
spark convection to the flammable area, and ignition
occurred [29, 30]. In addition, the laminar flame simulation
indicated that transportation of the heat and free radicals
might facilitate forced ignition [31]. The mentioned ignition
method via energy transport was not dependent of the mix-
ing characteristics of the propellant in the ignition spark
region, the ignition was more reliable, and the ignition delay
was shorter. The ignition timings of the three different work-
ing conditions were basically identical, thereby verifying the
previous argument. During the flame propagation, the prop-
agation speed at the wall of the combustion chamber
exceeded that of the central area. After nearly 7.1ms, the
flame was propagated to the throat area.

The thermodynamic calculation was conducted with
chemical equilibrium with applications (CEA). RP-1 was
used as the fuel to replace kerosene, and the O/F, nozzle
expansion ratio, and combustion chamber pressure were
set as 2.2, 4, and 2.5MPa, respectively, according to the
working conditions. The theoretical value of the combustion
flame temperature of the propellant was nearly 3400K.
Accordingly, the isosurface was extracted to explore the
flame surface propagation using this temperature
(Figure 17). As clearly observed from the figure, before
4ms, the high-temperature zone was deformed as impacted
by the central recirculation zone and gradually moved radi-

ally into the injector direction. At nearly 4.6ms, a kernel
exhibiting the diameter of the injector (2mm) was gener-
ated. The kernel was 6mm away from the injector, located
at the oxygen and kerosene mixing interface and
approaching the upper wall. Afterwards, the kernel was
developed rapidly along the axial direction, reaching a scale
of nearly 15mm in 5ms. With the injection of the propel-
lant, the flame was propagated upstream and downstream
in the range of stoichiometric mixture fraction. In 6ms-
20ms, the central recirculation zone was involved in the
flame propagation. The common method of stabilizing the
flame in high-speed gases is using a recirculation zone,
which can be generated by using a bluff body or a strong
swirl. The flame was propagated rapidly in the downstream
direction after flowing, and the recirculation zone should
be fully ignited to successfully create and stabilize the overall
flame [9]. As impacted by the flow velocity too high to
spread directly, the flame should reach the bottom of the
recirculation zone via the convection of the recirculation
flow.

5. Conclusion

In this paper, ignition tests and simulations were performed
for the rocket engine combustion chamber applied in RBCC
engine. The ignition and combustion of the GOX/kerosene
swirl injection were investigated, which achieved an easier
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Figure 17: Isosurface of T = 3400K of statistically stationary stabilized flame for fine mesh. The surface is colored by instantaneous axial
velocity.
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prediction of the mixed flow behavior of the propellant. The
results and discussion help optimize existing calculation
methods to be more feasible in predicting experimental
results. The main conclusions are shown below:

(1) The pressurizing of ignition largely fell to four
phases, i.e., the propellant atomization mixing phase,
ignition phase, pressure build-up phase, and stable
combustion phase. It took nearly 1.4 s from the
beginning of ignition to the stability of combustion
chamber pressure

(2) The ignition delay under typical working conditions
was nearly 20ms. The oxygen prefilling time slightly
impacted the ignition timing, primarily affecting the
size of the ignition pressure peak. In a confined
range, the ignition pressure peak declined with the
extension of oxygen prefilling time

(3) As revealed from the numerical calculations, under
prefilled oxygen, the ignition energy moved radially
along the injection panel as impacted by CRZ. As a
result, the kernel 6mm away from the injector was
formed. In 2ms, after the kernel was formed, the
flame was rapidly propagated along the axial direc-
tion in the range of the stoichiometric mixture frac-
tion. Subsequently, the flame was propagated in the
CRZ by convection and then reached a steady state
after nearly 20ms

Nomenclature

Variables

L1: Total length of combustion chamber
L2: Distance between pressure measuring point and

injector panel
D: Diameter of cylinder section of combustor
d: Combustor throat diameter
l1: Diameter of oxidant inlet section of injector
l2: Diameter of oxidant outlet section of injector
l: Total length of injector
N : Number of spiral grooves
τ: Time interval
τign: Ignition delay time
_m: Mass flow rate
V : Velocity
P: Pressure
T : Temperature
O/F: Oxidizer/fuel mixture ratio
U : Axial velocity.

Subscripts

O: Oxidizer
F: Fuel
SN: Sonic nozzle
inj: Injection
VT: Venturi tube
C: Combustion chamber

sq: The sequence of valve signal
op: Valve opening.

Data Availability
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