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The LOX/methane engine has an admirable performance under a supercritical state. However, the properties of methane change
drastically with varying injection temperature. Because the injector can greatly affect the atomization and combustion, this study
performed a three-dimensional numerical simulation of atomization, combustion, and heat transfer in a subscale LOX/methane
engine to evaluate the effect of the main fluid parameters with different methane injection temperatures and different injectors
on atomization performance and combustion performance. The results show that the larger propellant momentum ratio and
Weber number can improve the heat flux and combustion stability in shear coaxial injector, while the influence in swirl coaxial
injector is relatively small. Moreover, in shear coaxial injector and in swirl coaxial injector, the larger propellant momentum
ratio and Weber number can reduce the droplet size, enhance atomization performance, and improve the combustion efficiency.
The numerical model provides an economical method to evaluate the main fluid parameters and proposes new design principles
of injectors in LOX/methane engine.

1. Introduction

In recent years, the reusable launch vehicle (RLV) has
become the spotlight of aerospace industry, and the LOX
(liquid oxygen)/methane rocket engine is considered its
appropriate power [1–3]. As a propellant for rocket engine,
methane has many advantages such as low carbon deposi-
tion, low cost, high specific impulse, and environmental pro-
tection [4–7]. Because of the importance in liquid rocket
engine, many experimental and numerical researches have
been done on injectors in recent years [8–10]. The shear
coaxial injector combines simple structure with high reliabil-
ity, while the swirl coaxial injector has better droplet mixing
and atomization ability, and they are suitable for gas-liquid
injector and liquid-liquid injector in rocket engine [2, 11].

Various studies have been conducted on injectors in
LOX/methane engine. Yatsuyanagi [12] found the optimal
design for the injector geometry parameters in shear coaxial
injector by investigating the combustion stability and the
combustion efficiency. Because the heat flow is an important

indicator of the thermal protection design, Song and Sun [13]
evaluated the influence of recessed length on wall heat loads
with shear coaxial injector, and the results showed the injec-
tor recesses raised the heat flux. In addition, the atomization
performance is a significant indicator for evaluating the capa-
bility of the injector, which can be represented by the size and
spatial distribution of the droplet; many related studies have
been carried out [14]. Sauter mean diameter (SMD) is a kind
of average particle size and is widely recognized. Through the
optical technique, Banning et al. [15] and Kim and Yoon [16]
all found that SMD declines when the fuel injection temper-
ature increases, and the superheat of fuel can significantly
decrease SMD. The above works show that combustion
efficiency, heat flux, combustion stability, and atomization
performance can be important indicators in the investigation
of the injector.

The numerical analysis has been a good addition to the
experimental research, and the computational fluid dynamics
(CFD) is also an efficient approach [17–19]. Yu et al. [20]
applied the 13-component and 20-step reaction mechanism
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to investigate an oxygen/methane engine, and the results are
consistent with experimental data. Popov et al. [21] investi-
gated the triggering of transverse combustion instability with
a nonlinear wave model, which showed a good accuracy. To
exactly calculate the heat transfer between the chamber wall
and hot gas/coolant is difficult by numerical simulation.
Zhang et al. [22] simulated the flow fields with a steady diffu-
sion flamelet model, and the numerical results showed an
agreement with the experimental results. Through experi-
mental analyses and numerical simulations, Zhang et al.
[23] verified the accuracy of the numerical model to investi-
gate the mechanism of mixing and atomization of the injec-
tor. Consequently, the numerical simulation is suitable for
analyzing the effect of the fluid parameters on combustion
performance and atomization performance.

Focusing on injector, Yang et al. [24, 25] obtained that
the variation of momentum flux ratio and fluid state of
injector with different methane injection temperatures had
an evident effect on flow evolution. Through the experi-
ments, Tian et al. [26] found that the methane injection
temperature at 217K may be the critical temperature, while
the combustion was stable at 234K in a subscale LOX/-
methane engine. It has been widely accepted that the main
fluid parameters have a great influence on combustion and
atomization performance. However, the effect of the main
fluid parameters on combustion and atomization perfor-
mance with different methane injection temperatures and
different injectors needs more consideration, especially
under supercritical state.

In the previous work [10], we studied the influence of
injector structure parameters on combustion performance
with constant methane injection temperature. In this paper,
however, a new three-dimensional numerical model is pro-
vided to study the effect of the main fluid parameters on
combustion performance and atomization performance. As
we know, the fluid parameters will change with the properties
of the propellant and the injector structure parameter. This
paper analyzes the influence of the main fluid parameters
on combustion efficiency, heat flux, combustion stability,
and atomization of a LOX/methane engine with different
methane injection temperatures and different injector
parameters. And the design criteria of the injector struc-
ture parameter in our previous work [10] are analyzed
with different methane injection temperature conditions
to extend their applicable scope. This paper is organized
as follows: in Section 2, the method, setup, and validation
of the model are presented; Section 3 analyzes the effect
of different fluid parameters on combustion performance
and atomization performance; eventually, Section 4 sum-
marizes the conclusions.

2. Methods

2.1. Governing Equations and Numerical Model. The govern-
ing equation is the three-dimensional Reynolds-averaged
Navier-Stokes (RANS) equation in the Eulerian coordinate
system, including continuity, momentum, and energy
equations [27, 28].

∇ ⋅ ρuð Þ = 0,
∇ ⋅ ρuiuð Þ = −∇P+∇ ⋅ τeff ,

∇ ⋅ ρE + Pð Þu½ � = ∇ ⋅ λeff∇T − τeffuð Þ½ �,
ð1Þ

where λeff and τeff are the effective conductivity and the
deviatoric stress tensor.

Using ANSYS FLUENT software in this simulation, the
standard k − ε (SKE) turbulence model is applied to solve
the turbulent flow with the source phase of the gas-liquid
interaction considering the coupling between the gas and
the liquid [10]. Using the simplified mechanism of methane
combustion including 13 components and 18 steps, the eddy
dissipation concept (EDC) model is combined with a
density-based coupling algorithm to simulate the reaction
[29]. In the EDC model, the reactions are assumed occurring
within the fine scales, which means the small turbulent struc-
tures, so the corresponding volume fraction is calculated as
follows [30, 31]:

ξ∗
� �3 = Cξ

� �3 vε

k2

� �3/4
, ð2Þ

where ξ∗ is the length of the fine scales, ∗ denotes the fine-
scale quantities, and ν is the kinematic viscosity, and the vol-
ume fraction constant Cξ is set as 2.1377. It is assumed that
the species react in the fine structures over a time scale τ∗,
when the production rate of component i is Ri.

τ∗ = Cτ

v
ε

� �1/2
,

Ri =
ρ ξ∗
� �2

τ∗ 1 − ξ∗
� �3h i Y∗

i − Yið Þ,
ð3Þ

where Cτ is a time scale constant equal to 0.4082 and Y∗
i is

the fine-scale species mass fraction after reacting over the
time τ∗. The production rate over τ∗ is calculated by the
Arrhenius expression. And the in situ adaptive tabulation
(ISAT) algorithm is used for the numerical integration oper-
ations in the EDC model [32].

It is assumed that the multicomponent gas phase mixture
obeys the Soave-Redlich-Kwong (SRK) equation of real gas
state and meets the local thermodynamic equilibrium
assumption [13, 33]. Properties of the hot gas, including the
density, viscosity, specific heat at constant pressure, and
thermal conductivity, are calculated by the methods in
References [24, 34, 35].

For better efficiency, the calculation for heat transfer in
the thrust chamber with regenerative cooling is divided into
two regions: the combustion chamber and the cooling chan-
nel. The coupled heat transfer model and the combustion
instability evaluation model in our previous study [10] are
adopted in this paper to calculate the coupling heat transfer
and evaluate the combustion instability. A manually iterative
procedure is used to couple the two regions, and the iteration
procedure is specified in Figure 1. Moreover, the heat flux
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and temperature in each cell on the coupling boundary in the
combustion region are the same with that in the cooling
region.

(1) The initial temperature distribution of the chamber
wall is set on the coupling boundary with the one-
dimensional thermodynamic calculation

(2) Achieving the heat flux distribution between the hot
gas and the chamber wall in the combustion region

(3) The heat flux distribution is set on the coupling
boundary in the cooling region channel to acquire,
and the new temperature distribution on the cou-
pling boundary is acquired

(4) Setting the new temperature distribution on the cou-
pling boundary in the combustion region, and calcu-
lating the residual error, which means the difference
between the two distributions. The iteration of step
(2) to step (4) continues until the heat flux is nearly
unaltered

The heat conduction inside the thrust chamber wall is
governed by Fourier’s equation, and the convective heat
transfer is calculated with a modified standard wall function
method.

∇ ⋅ λ∇Tð Þ = 0,

qc =
Tw − T f

� �
ρcpC

1/4
μ k1/2p

T∗ ,
ð4Þ

where T∗ and kp mean the nondimensional temperature and
the turbulent kinetic energy, respectively.

Treating the instantaneous pressure by fast Fourier trans-
form (FFT), the combustion stability is analyzed, when the
inlet is imposed with sinusoidal disturbance.

m x, y, z, tð Þ = �m x, y, z, tð Þ 1 + K sin 2πf t − tcð Þð Þ½ �, ð5Þ

where the amplitude K and the frequency f are set as 2.0 and
50Hz, respectively, in this study.

2.2. Droplet Evaluation Model. For the liquid phase, the tra-
jectories of droplets are calculated in the Lagrangian coordi-
nate system with the particle orbit method. A planar
atomization model is applied to the inlet of liquid oxygen,
where the droplet size follows the Rosin-Rammler distribu-
tion [20]. Mass fraction of the droplet with diameter greater
than d is given as follows:

Yd = e− d/�dð Þn∗ , ð6Þ

where Yd is the mass fraction and �d and n∗ are the size con-
stants and the size distribution parameters, respectively,
which are set to 0.01mm and 3.5 as default.

It is the relative velocity of the gas and the liquid that
breaks the droplets in the wave breakup model, which is
appropriate for high-Weber number flows and high-speed

injections, where the breakup of droplets is dominated by
the Kelvin-Helmholtz instability [36]. The time scale of the
breakup and the corresponding sizes of the droplets are
assumed related to the fastest-growing Kelvin-Helmholtz
instability, where the characteristics of the newly formed
droplets are predicted using the wavelength and the growth
rate. The radius of the newly formed droplet is assumed pro-
portional to the wavelength of the fastest-growing unstable
surface wave on the parent droplet as shown in Equation
(7). The rate of change of droplet radius in the parent parcel
is given as Equations (8) and (9).

r = B0Λ, ð7Þ

da
dt

= −
a − rð Þ
τ

, r ≤ a, ð8Þ

τ = 3:726B1a
ΛΩ

, ð9Þ

where B0 and B1 are the model constants and the time con-
stant of breakup, respectively, which are set as 0.61 and
1.73 according to Reference [36] and Reference [37], Λ is
the corresponding wavelength given in Reference [36], a is
the radius of the liquid jet, τ is the time scale of breakup,
and Ω is the maximum growth rate.

Furthermore, the two nondimensional parameters,
propellant momentum ratio and Weber number, are given
as follows:

Mr =
mf vf
movo

,

We =
ρf vf − vo
� �2dl

σo
,

ð10Þ

where mf and mo are the mass flow rate of methane and
LOX, vf and vo are the velocity of methane and LOX, ρf is
the density of methane, σo is the coefficient of surface tension
for LOX, and dl is the characteristic length.

Assuming the temperature
distribution on the coupling

boundary

Temperature distribution

Cooling channel
obtain a new temperature

distribution

Coupling
boundary

Combustion chamber
obtain the heat flux

distribution

Calculate the
residual error (𝜀) Heat flux distribution

Heat flux of the thrust chamber

No
𝜀 <1%

Yes

Figure 1: Schematic of the iteration procedure.
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In this study, the discrete phase model (DPM) is adopted,
and the droplet evaluation model refers to methods in
Reference [23].

2.3. Model Setup and Boundary Condition. The model used in
this study is based on the subscale LOX/methane rocket
engine in Reference [26]. Boundary conditions at methane
and LOX inlets are composed of temperature, mass flow rate,
and initial pressure. The oxygen/fuel ratio is set to 3.6, and
the temperature of LOX is set to 98K.

To evaluate the influence of fluid parameters with differ-
ent methane injection temperatures and injector parameters
on atomization performance and combustion performance,
six new cases with methane injection temperature at 200K
are solved with different configurations such as thickness of
the LOX posts, types and number of the injector, and other
settings shown in Table 1. The effect of different thicknesses
of LOX posts is analyzed by Case 1 to Case 4. Comparison
between Case 1 and Case 6 is used to analyze the effect of
injector number, and the parameters of two kinds of injector
arrangement are shown in Table 2. Comparison between
Case 1 and Case 5 is used to analyze the effect of injector
types.

Moreover, the density, viscosity, specific heat, and some
other properties of methane will change drastically with
temperature. The injection temperature of 234K for meth-
ane is recommended in Reference [26]. As methane
becomes supercritical when the temperature goes above
190K under high pressure, 200K and 234K are chosen as
the methane injection temperatures for comparison in the
present work. Therefore, Case 7 and Case 8 with methane
injection temperature at 234K, which have the same work-
ing condition as the case in our previous work [10], are
chosen to study the impact of the fluid parameters with dif-
ferent methane injection temperatures in the shear coaxial
injector and in swirl coaxial injector by comparing with
Case 1 and Case 5.

The engine model with 12 injectors and the schematic of
coaxial injector are shown as Figure 2, where δ means the
thickness of the LOX post. Because the geometry of the
engine is periodical along the circumferential direction, a 45
degree in Case 1 to Case 4 and Case 7, a 30 degree in Case
6, and a 90 degree in Case 5 and Case 8 of thrust chamber
are taken as computational domains. The structural grid is
used for spatial discretization with appropriate refinement
near the outlet of injectors for raising the grid quality.

2.4. Model Validation. In our previous work [10], part of the
model has been verified by comparison with experiments in
References [26, 38]. The combustion model and the combus-
tion instability evaluation model are verified with experi-
ments by Beijing Aerospace Propulsion Institute (BAPI)
[26] in Figure 3(a), where the subplots show the FFT results
with dynamic injection pressures. The coupled heat transfer
model is validated by a comparison between our numerical
simulation and the experiment done by Locke et al. [38] at
different chamber pressure conditions in Figure 3(b), where
the numerical simulation results obtained by Song and Sun
[13] are also used for comparison. The grid convergence
analysis is performed by comparing the numerical simulation
results of the wall temperature at different grid levels in
Table 3. As Figure 4 shows, the solution using the base grids
is independent of the adopted grid. In addition, using the
methods in References [39, 40], the accumulated error in
the transient simulation of the combustion instability
evaluation model has been calculated, which is less than
1.5%, and the reliability is more than 12.6, also validating
the combustion stability analysis with the adopted grid.

The droplet evaluation model used in this study refers to
the model established by Zhang et al. [23], which has been val-
idated by comparison with the experiments in Reference [41].

In conclusion, satisfying consistency between the results
of existing experiments and our numerical simulation proves
the accuracy of the model established in this paper. The

Table 1: The fluid and structure parameters of each case.

Case
Methane

temperature (K)
Coaxial injector

type
LOX post thickness

(δ) (mm)
Injector number Mr We Dl (mm) Ref Reo

Case 1 200 Shear 0.25 12 2.06 278.9 8.0 371321 467803

Case 2 200 Shear 0.35 12 2.06 278.9 8.0 362657 467803

Case 3 200 Shear 0.50 12 2.06 278.9 8.0 346567 467803

Case 4 200 Shear 1.00 12 2.06 278.9 8.0 315623 467803

Case 5 200 Swirl 0.25 12 1.26 212.6 6.1 389887 581628

Case 6 200 Shear 0.25 18 2.05 219.6 6.3 433208 368395

Case 7 234 Shear 0.25 12 4.41 544.7 8.0 723501 467803

Case 8 234 Swirl 0.25 12 2.70 415.4 6.1 759676 581628

Table 2: Parameters of injector arrangement.

No. Injector number LOX post thickness (δ) (mm) Dl (mm) D3 (mm) D4 (mm) D5 (mm) D6 (mm)

Case 1 12 0.25 8.0 15 113 46 89

Case 6 18 0.25 6.3 12.25 113 46 89

4 International Journal of Aerospace Engineering



model will be applied to evaluate the effect of fluid parame-
ters with different methane injection temperatures and
different injector parameters on combustion performance
and atomization performance.

3. Results and Discussion

The eight cases with different fluid parameters are carried
out, and the results show that fluid parameters such as the
propellant momentum ratio, the Weber number, and the
Reynolds number have noticeable influence on combustion
and atomization characteristics. In the following part, the
combustion efficiency, heat flux, combustion stability, and
atomization performance are discussed, respectively.

3.1. Combustion Efficiency. The correlation between combus-
tion efficiency and propellant fluid properties is studied by
the chamber pressure from Case 1 to Case 8, which share
the same total mass flow rate. Methane’s Reynolds number
varies from Case 1 to Case 4 by changing the LOX post thick-
ness. As the LOX post thickness in Case 4 increases four
times comparing to Case 1, the Reynolds number of methane
decreases by 15.0%. The pressure declines by 3.98% from
~7.03MPa (Case 1) to ~6.75MPa (Case 4) (see subplot in
Figure 5(a)). This is because the reduction of the methane’s
Reynolds number weakens the mixing of propellants, which
further leads to a decline of atomization and combustion effi-
ciency. It can be observed in Figure 5(a) that the changes in
propellant momentum ratio and theWeber number with dif-
ferent injector types almost have no influence on combustion
efficiency. According to Table 1, when the injection temper-
ature rises from 200K to 234K, the propellant momentum
ratio and theWeber number rise, which result in the increase
of chamber pressure in shear coaxial injectors from
~7.03MPa (Case 1) to ~7.10MPa (Case 7), while the cham-
ber pressure in swirl coaxial injectors (Case 5 and Case 8) is
basically the same. Hence, the propellant momentum ratio
and the Weber number hardly influence the combustion
efficiency.

The mass fraction of water, which can be used for
combustion performance evaluation, is also investigated,

as shown in Figure 5(b). The products accumulate in the
recirculation zone results in a higher water mass fraction
near the injection panel with the minimum level at x =
0:05m in Case 1. The water mass fraction rises rapidly
downstream between x = 0:05m and x = 0:20m, indicating
the main combustion region. From there on, the water
mass fraction rises gradually and reaches 38.9% at the out-
let of the nozzle. According to the definition of combus-
tion length, the axial distance from the injection panel to
where the water mass fraction is 90% of the ideal condi-
tion, that is, 38.14% in this model as indicated by the dot-
ted red line in Figure 5(b). The trends in Case 2, Case 3,
Case 4, and Case 7 are basically the same as Case 1. Nev-
ertheless, when the Reynolds number of methane declines
as the thickness of the LOX post increases, the water mass
fraction declines at the corresponding axial position, and
the combustion length increases gradually. When the
Reynolds number of methane in Case 4 decreases by
15.0% comparing to Case 1 as the LOX post thickness
increases four times, the minimum water mass fraction
at x = 0:05m declines by 48.29%. As the propellants are
not fully reacted in Case 4, the combustion efficiency
declines.

Compared to the results of shear coaxial injector men-
tioned above, we can find that the water mass fraction rises
rapidly adjacent the injection panel and then grows smoothly
using the swirl coaxial injector, which results from the
absence of the recirculation zone (Case 5 and Case 8). When
the propellant momentum ratio and the Weber number
increase as the injection temperature changes from 200K to
234K, the water mass fraction rises at the corresponding
axial position. The combustion length in Case 8 is 47.63%
shorter than that in Case 1, so the length and the weight of
the chamber can be reduced with swirl coaxial injector as a
benefit. From the results of water mass fraction, the propel-
lants have complete combustion in Case 1, Case 5, Case 7,
and Case 8; thus, the pressure is almost the same in
Figure 5(a).

Investigation on the influencing factors on combustion
efficiency suggests that a decrease of methane’s Reynolds
number resulting from an increase in the LOX post thickness

D5
D6

D3

D4D3D2D1

CH4

CH4

LOX post

LOX

(a) (b)

𝛿

Schematic of injector Schematic of engine with 12 injectors

Figure 2: Schematic of engine model and injector.
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Table 3: Various grid arrangements.

Grid types Methane injector LOX injector Thrust chamber Cooling channel

Coarse grids 2 × 5 × 80 12 × 10 × 80 40 × 20 × 70 40 × 12 × 70
Base grids 4 × 10 × 90 18 × 15 × 90 60 × 25 × 80 60 × 16 × 80
Fine grids 6 × 15 × 100 24 × 20 × 100 80 × 30 × 90 80 × 20 × 90
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can bring a decrease in the combustion efficiency nonuni-
formly. However, analysis of the effect of different injection
temperatures shows that the propellant momentum ratio
and the Weber number have almost no influences on the
combustion efficiency, while the two parameters are nega-
tively correlated with the combustion length.

3.2. Heat Flux. In Figure 6(a), we have demonstrated the heat
flux diagram along the axial direction. The axial heat flux in
Case 1 rises from the injection panel to x = 0:07m, then drifts
slightly before the nozzle, where the cross-sectional area of
the thrust chamber contracts sharply in the convergent part
of the nozzle with the axial heat flux rising drastically and
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Figure 5: The numerical results of combustion efficiency analysis.
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reaching the maximum near the throat. In the expansion part
of the nozzle, the axial heat flux declines as the cross-
sectional area enlarges. The similar trend is observed in Case
2 to Case 4 as well. However, as the Reynolds number of
methane declines with the increase of LOX post, the axial

heat flux value declines at the corresponding axial position.
In Case 4, where the LOX posts are four times thick as that
of Case 1, the maximum axial heat flux decreases by
49.81%. Such difference can also be interpreted by the incom-
plete combustion which has already been discussed in
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Figure 5(b). In Case 4, the propellants do not react
completely before the throat, leading to less heat release by
combustion. Moreover, the incompletely reacted low-
temperature gas flow absorbs more energy from high-
temperature products, which further reduces the heat flux.

The circumferential heat flux at the throat is shown in
Figure 6(b), which has a period of 90° in the polar coordi-
nate depending on the arrangement of the injection panel.
The inner and outer injectors are set at intervals of 90°

and 45°, respectively, in Case 1, and the variation of circum-
ferential heat flux at the throat is small as the result of
complete combustion. Moreover, the minimum heat flux
appears periodically on the symmetric line of every two
adjacent outer injectors due to the cooling effect of the
unreacted oxygen. Comparison between Case 1 and Case
4 shows a similar trend of circumferential heat flux with
almost the same maximum value. However, when the Reyn-
olds number of methane decreases from Case 1 to Case 4,
the minimum value of circumferential heat flux declines.
In Case 4, we observe a drop of circumferential heat flux
by 56.67% as the methane’s Reynolds number decreases
15% compared to Case 1.

The trends of axial heat flux are different between the
swirl and the shear coaxial injectors. Axial heat flux in swirl
injectors rises quickly nearby the injection panel and is
280% larger in Case 5 at x = 0:2m than that in Case 1. This
is because of the radial movement of LOX in swirl coaxial
injector, which moves the mixing and combustion position
closer to the injection panel, while this is one of the deficien-
cies of swirl coaxial injector as high temperature nearby the
injection panel may cause thermal damage to its structure.
The axial heat flux in Case 5 decreases due to the cooling
channel before the convergent part of the nozzle and reaches
maximum at the throat with a 20.80% rise compared with
Case 1. As shown in Figure 6(b), the circumferential heat flux
at the throat is almost the same in the polar coordinate in
Case 5 and Case 8 because of the complete combustion of
the propellants.

The effect of temperature on heat flux is evaluated by
examining the data of Case 1, Case 5, Case 7, and Case 8 in
Figure 6. The propellant momentum ratio and the Weber
number increase as the methane injection temperature rises
from 200K to 234K. The axial heat flux does not change
obviously in swirl coaxial injector, while in shear coaxial
injector, it increases in the convergent part of the nozzle
and the maximum rises 13.46% in Case 7 compared to
the value in Case 1 as the result of the completeness of
combustion. When the methane injection temperature
rises, the momentum ratio and the Weber number increase
as the methane velocity increases, which strengthens the
mixing of the propellant making the combustion efficiency
in Case 7 higher than that in Case 1. Furthermore, the
maximum and minimum circumferential heat flux at the
throat rises by 4.02% and 8.43%, respectively, in Case 7
compared to Case 1, while this is not the case with a swirl
coaxial injector.

By analyzing the heat flux under different injection con-
ditions, it is found that when the Reynolds number of meth-
ane declines as the LOX post thickness enlarges, the axial and
circumferential heat flux declines. Additionally, the swirl
coaxial injector makes the combustion region nearby the
injection panel and increases the heat flux, which results in
higher requirement for thermal protection of the structure.
When the propellant momentum ratio and the Weber num-
ber increase with elevated methane injection temperature,
the axial and circumferential heat flux rises in the thrust
chamber using shear coaxial injectors, while the phenome-
non is not obvious using swirl coaxial injectors.

3.3. Combustion Stability. The combustion instability evalua-
tion model is applied to investigate the impact of propellant
fluid properties on combustion stability. With an injection
disturbance, the combustion is more stable with larger LOX
post thickness, as shown in Case 1-Case 4 in Figure 7(a).
There is no combustion oscillation phenomenon in all cases,
so the declined Reynolds number of methane almost has no
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Figure 8: The numerical result of temperature distribution and streamlines.
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Figure 9: Continued.
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obvious impact on combustion stability, which is consistent
with the conclusions in Reference [42]. To analyze the effect
of injector number on combustion stability, comparison
between Case 6 and Case 1 is conducted, while the former
has more injectors, larger LOX’s Reynolds number and
Weber number. The FFT result shows that there is a 100Hz
low-frequency oscillation with the amplitudes of 0.4MPa.
As there are more injectors, the recirculation area shrinks
and the combustion stability weakens.

To compare the combustion stability of the two injector
types, we also impose injection disturbances on mass flow
rate to swirl coaxial injectors (Case 5 and Case 8). In
Figure 7(b), the thrust chamber pressure is stable, i.e., stable
combustion, so there is no need for FFT processing. Further-
more, the increased propellant momentum ratio and Weber

number, as the result of risen methane injection temperature,
have no obvious effect on combustion stability especially for
in swirl coaxial injector.

By analyzing the combustion stability with different pro-
pellant fluid properties, it is found that the Reynolds number
of methane, the propellant momentum ratio, and the Weber
number have little effect on combustion stability for either
shear coaxial injector or swirl coaxial injector. Instead, the
scale of the recirculation zone, varying with the Reynolds
number of LOX and the velocity of propellants, may have
influence on the combustion stability.

3.4. Atomization Performance. In order to analyze the impact
of propellant fluid properties on atomization, 4 cases (Case 1,
Case 5, and Case 7 to Case 8) of two injector types are
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Figure 9: Comparison of the SMD distribution radial direction at the same axial position in different cases.
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investigated with same velocity magnitude and total mass
flow rate. As shown in Figure 8, the streamlines and the tem-
perature contours of the longitudinal center plane of the
chamber in different cases are compared. Shear coaxial injec-
tors are used in Case 1 and Case 7, and swirl coaxial injectors
are used in Case 5 and Case 8. In Figure 8, the expansion of
the combustion reaction area nearby the injection panel can
be verified, corresponding to the analysis of water mass
fraction in Section 3.1. The propellants injected in Case 5
and Case 8 have radial velocity, which brings better mixing
than Case 1 and Case 7. Meanwhile, in Case 5 and Case 8,
the recirculation zone disappears and when the temperature
is higher, the flow is more stable. In addition, although the
methane injection temperature varies, the effect of propel-

lant momentum ratio and Weber number on the streamline
is negligible.

The distribution characteristic of the Sauter mean
diameter (SMD) is analyzed for evaluation of the droplet.
The SMD can be expressed as follows:

SMD = ∑ns
ii=1d

3
ii

∑ns
ii=1d

2
ii

, ð11Þ

where dii represents the diameter of the ii-th particle.
The results are calculated using the following computing

method and shown in Figures 9 and 10. In axial direction,
some cross sections with an interval of dx = 1mm are taken
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Figure 10: Comparison of the SMD distribution along radial direction in specific case at different axial positions.
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and divided into one circular and several annular multiple
subregions with same radial width of dr = 1mm. The SMD
of each subregion is computed by Equation (11).

The SMD distributions along the radial direction at x =
0:013m (x/D = 1/8), x = 0:026m (x/D = 1/4), x = 0:052m
(x/D = 1/2), and x = 0:104m (x/D = 1) downstream the injec-
tion panel are shown in Figure 9. The mixing zones have
unique characteristics. As we can see from Figures 9 and 10
that the value of the SMD near the centerline and injectors
is larger due to the recirculation zone and the insufficient
fragmentation of the droplets, respectively; SMD in other
regions is smaller. As shown by comparing the value of
SMD at the four selected axial positions, the droplet diameter
gradually decreases along the axial direction due to the atom-
ization, collision, and breakup of the droplets. It can be seen
that the atomization performance of the swirl coaxial injector
is obviously better than the shear coaxial injector. The SMD
is reduced by nearly 75%. The droplet diameter in the swirl
coaxial injector distributes uniformly in radial direction at
the axial position x = 0:052m due to the radial velocity, indi-
cating that the droplets from the inner and outer injector
have mixed with each other. In the shear coaxial injector,
the droplet diameter at smaller radius decreases as the axial
distance increases. When the axial position reaches
x = 0:104m, the diameter of droplets in the middle of the
thrust chamber reduces significantly, indicating that the
droplet has left the recirculation zone in Figure 8.

Figure 10 compares the SMD of the shear coaxial injector
in Case 1 and Case 7 with the swirl coaxial injector in Case 5
and Case 8. When the propellant momentum ratio and the
Weber number increase as methane injection temperature
rises, the overall value of SMD decreases. However, the
SMD increases near the center of the thrust chamber. More-
over, the droplets become more concentrated and decrease
near the combustion chamber wall. As the density of meth-
ane decreases with the increase of temperature, the methane
injection speed increases, so the high-speed methane takes
the liquid oxygen droplets farther downstream, enlarging
the recirculation zone using the shear injector. Because of
the impact of high-speed methane, the breakup effect of the
liquid oxygen droplet is strengthened, and the atomization
performance is improved. The reduced value of SMD is
consistent with the conclusions in Reference [23].

As shown by analyzing the atomization performance in
cases with different propellant fluid properties, the diameter
of droplets reduces with higher Weber number and propel-
lant momentum ratio. While using swirl coaxial injector,
the droplet diameter is reduced by about 75%, indicating a
better atomization performance. However, a combustion
zone adjacent to the injection panel requires demanding
thermal protection for using swirl coaxial injector.

4. Conclusions

This paper establishes a three-dimensional numerical model
based on a typical subscale LOX/methane engine, which has
been verified by the experiments in the literature. With the
help of the new model, numerical cases of different fluid
parameters are carried out to analyze their effect on com-

bustion performance and atomization performance. The
main conclusions drawn from the results are summarized
as follows:

(1) The analysis of combustion efficiency demonstrates
that the combustion efficiency declines as the
Reynolds number of methane decreases with the
increasing LOX post thickness. And the combustion
length of the swirl coaxial injector reduces by
47.63% compared to the shear coaxial injector

(2) The fluid parameters have little effect on combustion
stability. Analysis of the effect of different fluid
parameters on combustion performance shows that
the axial heat flux and circumferential heat flux
decline as the Reynolds number of methane
decreases. When it declines by 15.0% as the LOX post
thickness augments by four times, the maximum
axial heat flux declines by 49.81% and the minimum
circumferential heat flux reduces by 56.67%. The
axial heat flux and circumferential heat flux rise in
shear coaxial injector as the propellant momentum
ratio and Weber number increase with the rising
methane temperature. When propellant momentum
ratio rises by 214% and Weber number rises by
250%, the maximum axial heat flux rises by 13.46%,
while these two parameters almost have no effect in
swirl coaxial injector, but the axial heat flux is 280%
bigger near the injection panel in swirl coaxial injec-
tor comparing to the shear coaxial injector, which
results in higher requirement for the thermal protec-
tion of injector structure

(3) The swirl coaxial injector has better atomization per-
formance than the shear coaxial injector, and the
value of SMD is reduced by about 75%. Moreover,
when the Weber number and momentum ratio
increase as the methane injection temperature rises,
the diameter of LOX droplets reduces. According to
our previous work and this paper, the effect of LOX
post thickness and injector type on combustion effi-
ciency and heat flux in different methane injection
temperatures shows the same trend

This model provides a reliable and effective method for
analyzing the effect of fluid parameters with different meth-
ane injection temperatures and different injector parameters
on combustion performance and atomization performance
in LOX/methane engine under supercritical state. The
research results provide new design principles for the injector
structure and the inlet condition in LOX/methane engine,
and show that these principles are applicable at different
injection temperatures. Future work will be devoted to the
analysis of the effect of fluid parameters with different swirl
coaxial injector parameters on combustion performance
and atomization performance in LOX/methane engine.

Nomenclature

D: Diameter, mm

14 International Journal of Aerospace Engineering



kp: Turbulent kinetic energy, m2/s2

P: Pressure, Pa
T : Temperature, K
T∗: Nondimensional temperature, K
x: Axial position, m
δ: LOX post thickness, mm
ε: The residual error
λ: Thermal conductivity, W/(m·K)
λeff : Effective conductivity
ρ: Density, kg/m3

τ: Breakup time
τeff : Deviatoric stress tensor.

Abbreviations

DPM: Discrete phase model
EDC: Eddy dissipation concept
FFT: Fast Fourier transform
RANS: Reynolds-averaged Navier-Stokes
RLV: Reusable launch vehicle
SKE: Standard k − ε
SMD: Sauter mean diameter
SRK: Soave-Redlich-Kwong.
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