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To investigate the self-pulsation characteristics of a liquid-centered swirl coaxial injector with liquid oxygen (LOX) and gas hydrogen
(GH,) as the working mediums under supercritical condition, a numerical simulation was employed. The transient simulation of the
flow and injection process of cryogenic propellant was carried out using the RNG k — ¢ turbulence model, VOF model, and Peng-
Robinson equation of state. The frequency spectrum of calculated pressure oscillation agreed with the experimental data. The
amplitude-frequency characteristics of recess region, LOX, and GH, paths when self-pulsation occurs were analyzed. The effects of
operating parameters, such as the flow rate of LOX or GH, and the initial GH, temperature, on the self-pulsation, were evaluated
specifically. Results reveal that the self-pulsation results from the periodic variation of pressure and velocity caused by the periodic
blocking of annular gas by the liquid sheet. The dominant frequencies of pressure oscillation in the recess region, upstream of
LOX, or GH, path are diverse. But for the points in each region, the dominant frequency is about the same. When the LOX/GH,
mixing ratio increases, the liquid sheet thickness and the number of liquid filaments increase. The position where filaments are
massively broken into droplets moves further downstream. For the same mixing ratio, the flow rate of LOX has a greater impact
on the atomization features. The pressures corresponding to low or high frequency increase when the initial GH, temperature

raises. The higher temperature would shift the dominant oscillation between the low and high regimes.

1. Introduction

The atomization performance of the liquid-centered swirl coax-
ial (LCSC) injector is superior due to the shearing effect between
the gas and the centrifugal liquid sheet, so it is widely used in
liquid rocket engines, such as YF-73, YF-75, RL10-A, and RD-
57 [1-3]. However, due to the collision between the gas and lig-
uid sheet being too violent in the recess chamber of the injector,
it may cause the pressure and flow rate constantly varying at the
injector outlet. This is reflected in the periodic oscillation of the
liquid phase in the spray field, which is called self-pulsation
phenomenon [4-6]. Self-pulsation oscillation could greatly
affect the propellant atomization process and would cause a
strong whistling sound at the injector outlet. The pressure and
flow oscillations caused by self-pulsation oscillations in the
injector may be coupled with acoustic oscillations generated

by the injector or other structures, such as the injection panel
or combustion chamber. Once this coupling occurs, unstable
combustion may be initiated, which in turn damages the struc-
ture of the combustion chamber. It may even increase the rate
of combustion, which can lead to destruction of the combustion
chamber walls and damage the entire thrust system [7, 8].
Therefore, attenuating combustion instability by means of sup-
pressing the self-pulsation oscillations of the injector is essential
for improving engine safety.

The characteristics and the mechanism of self-pulsation
have been the focus of many scholars’ research for a long
time. Self-pulsation phenomenon is mainly manifested as a
constant oscillation in pressure and flow rate at some loca-
tions of the injector resulting from the time-delayed feed-
back of the gas and liquid collision [5, 9]. Based on this,
Bazarov [6] proposed a linear theoretical model that views
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the liquid sheet as a flexible valve flap. The gas flow can change
its position and shape. The gap between the liquid sheet and
the inner wall of the injector fluctuates with the variation of
the gas flow velocity, thus generating pressure fluctuations in
the inlet channel. Eberhart et al. [10, 11] further analyzed that
the swirl injector has a hydraulic instability, and this hydraulic
instability and self-excited oscillations are highly related.
When the injector is sensitive to changes in some fluid param-
eters near the outlet, it is likely to produce self-pulsation oscil-
lations due to the hydraulic instability. However, Bai et al. [4]
suggested that the self-pulsation is caused by the periodic
blocking effect of the conical liquid sheet, resulting in periodic
pressure oscillation inside the recess chamber. The pressure
reacts to the liquid sheet and then causes it to oscillate. The
self-pulsation is described as liquid film periodically blocking
gas-type self-pulsation and gas periodically squeezing liquid
film-type self-pulsation according to the oscillation frequency
of self-pulsation before and after the abrupt crossing. Further-
more, Huang et al. [12] proposed that the mechanism of self-
pulsation is that the vortex shedding at the inlet of the hydro-
gen injector induces an acoustic resonance between the annu-
lar slit gas and the gas vortex at the center of the liquid injector.
Based on this, an acoustic model of injector whistling is pro-
posed. The gas flow velocity, the sound velocity of the gas hol-
low, and the ratio of the length of gas annulus to that of gas
hollow will affect the resonance.

For the LCSC injector with liquid oxygen (LOX) and gas-
eous hydrogen (GH,) as the working medium, the self-
pulsation phenomenon would occur under specific geometric
structure and operating conditions. In recent years, many sim-
ulations [13-16] and experimental [17-19] studies have been
conducted to explore the effect on the amplitude and fre-
quency characteristics of self-pulsation oscillations by varying
some structural parameters of the injector, or by changing the
operating conditions. Investigations on the structure parame-
ters have focused on the width of the gas annular slit [17], the
length of the recess section of the inner injector [19, 20], the
diameter of the inner injector [5], and the size of the gas
nucleus formed during injector operation [20, 21], all of which
can change the amplitude and frequency characteristics of
self-pulsation. Im et al. [5] found that the self-pulsation is sup-
pressed when the gas annular slit width increases, while the
gas flow is blocked by the liquid sheet when the annular slit
width decreases. The gas-liquid phase interaction is enhanced,
and the intensity of self-excited oscillations is increased. By
numerical simulation and some experiments at ambient tem-
perature for LCSC injector, Bai et al. [4] found that if the
annular slit width becomes larger when the gas-liquid ratio
is very small, then the self-pulsation will become weaker. If
the annular slit width becomes larger again when the gas-
liquid ratio is not that small, the self-pulsation will not become
weaker as described earlier. In terms of the recess length of the
inner injector, Bazarov [6] found through experimental stud-
ies that when the recess length is not zero, the injector will gen-
erate self-pulsation. However, if the recess length is zero, that
is, there is no recess section, then the injector in operation will
be in a stable state, and no self-pulsation will occur. Eberhart
[22] found that both recess and nonrecess injector will occur
self-pulsation oscillation. Self-pulsation is more pronounced
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with recess, which means that the recess of internal injector
is not a necessary condition to generate self-pulsation. In
terms of gas nucleus size, Im and Yoon [21] studied that at
small gas nucleus sizes, the conical liquid film produced dom-
inant surface waves and violently collided with the annular
gas. This interaction would cause the self-pulsation. The liquid
sheet excited by self-pulsation breaks section by section, pro-
ducing many liquid filaments and blocks. These liquid fila-
ments come into contact at the center of the injector and
then appear in the shape of a “string” after collision. Kang
et al. [20] also studied the effect of this aspect and found that
if the size of the gas nucleus is relatively large, the spray will
not break to form many liquid filaments as described earlier
but will continuously form a ring-like liquid ligament.

To summarize the above, most of the current studies focus
on the structure of the injector. However, there are relatively few
studies on the effect of operating conditions on the self-
pulsation characteristics, which only mainly involve the back-
pressure, gas-liquid ratio, and real hot test conditions. Im and
Yoon [21] pointed out that the backpressure can significantly
suppress the dominant surface waves of the liquid sheet, which
leads to the suppression of self-pulsation. Among the many
influencing factors, liquid momentum is the inertial term and
suppresses self-excited oscillations. Gas momentum is the per-
turbation term, which promotes self-excited oscillations. Bai
et al. [18] proposed that with the increase of backpressure,
self-pulsation is intensified initially and then suppressed, while
self-pulsation frequency fluctuates within a certain range.
Backpressure affects self-pulsation by transforming the flow
pattern in recess chamber and then strengthening or weaken-
ing the blocking actions of the conical liquid sheet. By means
of numerical simulation, Chu et al. [14] thought that the atom-
ization process becomes dominated successively by the insta-
bility of the liquid film, strong gas-liquid interaction, and
spray self-pulsation when increasing the gas-liquid ratio. With
a larger gas-liquid ratio, self-pulsation occurs, which is found
to determine the flow structures inside the spray cone and to
generate, shed, and dissipate vortices periodically. Except for
the flow rates of each propellant, scholars [23] have found that
the self-pulsation can be motivated by the phase change from
liquid to vapor which happens when the preheat temperature
of the gas flowing through the burner exceeds the boiling tem-
perature at the operating pressure. However, this mechanism
of the self-pulsation due to the propellant phase change caused
by the temperature change is unclear. For the LOX/GH, pro-
pellant in the real hot test condition, Qiao [24] employed sim-
ulation to analyze the self-pulsation mechanism under
supercritical conditions and specifically analyzes the effects
of recess length and gas core size on the self-pulsation oscilla-
tion. But the effects of LOX/GH, flow rate, mixing ratio, and
temperature on the self-pulsation characteristics under super-
critical conditions are not addressed.

Most of the studies on the self-pulsation of LCSC injec-
tor are focused on the ambient temperature conditions,
and the research on the self-pulsation for the cryogenic fluids,
such as LOX and GH,,, under supercritical conditions is scarce.
There is still a lack of understanding of the self-pulsation
mechanism under such supercritical conditions. However,
when the propellant used in a rocket engine is sprayed from
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FIGURE 1: LOX/GH, swirl coaxial injector: (a) injector assembly; (b) three-dimensional fluid domain.

the storage tank to the combustion chamber, its flow condi-
tion is exactly in a supercritical state. In this paper, with the
intents of analyzing the mechanism of self-pulsation for
LCSC injector with LOX and GH, as the working medium
under supercritical conditions and to study the self-
pulsation characteristics at various parts (such as recess

region, LOX path, and GH, path) of the injector, a simula-
tion model is developed. In addition, the effects of the oper-
ating conditions such as the flow rates of LOX and GH,,
the LOX/GH, mixing ratio, and the initial GH, tempera-
ture on the self-pulsation characteristics are also analyzed
specifically.



TaBLE 1: Geometrical parameters of the LOX/GH, swirl coaxial
injector.
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TaBLE 2: Operating conditions of the LOX/GH2 swirl coaxial
injector in hot test.

Dimensionless parameters Values Operating conditions Values
D,/D, 1 Flow rate of GHzmg (g/s) 161
L,/D, 13.15 Flow rate of LOX ri; (g/s) 134
Inner injector D,,/D, 0.32 Temperature of GH, inlet (K) 33.7
R/D, 0.34 Temperature of LOX inlet (K) 116.2
D,/D, 128 Ambient pressure (MPa) 8.68
Ambient temperature (K) 800
D,/D, 1.74
Outer injector D,,/D, 0.32
L,/D, 043 state, which is liquid. The working substance (i.e., hydrogen)
. in the outer injector reaches the supercritical state for both
Recess region AL/D, 0.43 pressure and temperature, which is a gas-like state.

Note: D, is the diameter of swirl chamber, i.e., the reference size; L, is the
length of swirl chamber; D,, is the diameter of tangential hole, the
number of which is 4; R, is the swirl radius; D, is the outer diameter of
inner injector; D; is the diameter of outer injector outlet; D, is the
diameter of inlet hole, the number of which is 8 x3 row; L, is the
distance between each row of inlet holes; AL is the recess length.

2. Numerical Setup

2.1. Injector Model. As depicted in Figure 1(a), the liquid
oxygen (LOX)/gas hydrogen (GH,) injector involved in this
paper is a liquid-centered swirl coaxial injector, which has
the same construction as the injector in reference [24]. The
inner part is a liquid pressure-swirl injector, which is fed
with a cryogenic fluid, (i.e., liquid oxygen) from four tangen-
tial holes. The outer part is a gas direct-current injector,
which is fed with gaseous hydrogen from outer multiholes.
The liquid is driven by pressure and rotates through the tan-
gential hole of the inner injector into the swirl chamber. The
liquid rotates against the wall to form a swirl liquid film, and
a gas hollow vortex is formed in the center of the injector
channel. After the liquid film flows out of the inner injector,
its tangential velocity is gradually converted into radial veloc-
ity. The liquid film thickness gradually decreases, and the lig-
uid film expands to form a conical liquid film. The gas is
driven by pressure through the outer injector into the annular
gap between the outer and inner injectors and collides with the
conical liquid film at the recess region. Under the action of
centrifugal force and gas-liquid shear, the conical liquid film
is destabilized, broken, and atomized. The three-dimensional
fluid of the flow channel inside the injector is shown in
Figure 1. The dimensionless geometrical parameters of the
injector are listed in Table 1, in which the reference size of
the diameter of swirl chamber D, is 4.7 mm. The typical oper-
ating conditions in real hot test are listed in Table 2.

The physical properties of real fluid for LOX and GH,, pro-
pellants are considered in this study. The critical point of oxy-
gen is 154.58 K and 5.043 MPa. The critical point of hydrogen
is 33.19K and 1.313 MPa. According to the operating condi-
tions in Table 2, when the working substance is injected
through the injector, the pressure of the working substance
(i.e., oxygen) in the inner injector reaches the supercritical
state, and the temperature does not reach the supercritical

2.2. Mathematical Model

2.2.1. Turbulence Model. In the spray field of the gas-liquid
swirl coaxial injector, there is strong cyclonic flow in the
liquid film, and the physical parameters at the gas-liquid
interface change rapidly, so the RNG k — & model is used
for the turbulence model in the numerical simulation [25,
26]. The mathematical method of renormalization group
(RNG) used in this model is derived from the transient
Navier-Stokes equation. The RNG k —¢& model has good
computational power for strong cyclonic flow because the
effect of cyclonic flow on turbulence is incorporated in this
model. The RNG theory provides analytical formulas for
the Prandtl number of the turbulence unlike the standard
k—¢ model, which is specified by the user. Further,
although the k —& model is generally used in the case of a
high Reynolds number, the RNG k—¢ model takes into
account the effect of a low Reynolds number and is still appli-
cable in the case of the low Reynolds number [27, 28]. There-
fore, for the research object of this paper, the RNG k — e model
is calculated more accurately and reliably compared to the
standard k — € model. The governing equations for the turbu-
lent kinetic energy k and its dissipation rate ¢ in RNG k- ¢
model are, respectively,

0 0 0 ok
57 (PR) + 5 (pkuy) = = (“k.”eff ax) + G+ Gy —pe= Yy +Sp
i j j

0 0 0 Oe €
3t (pe) + . (peu;) = % <‘xe#eff 8x> + Cls%(Gk +C3:Gy)
i ] ]
2
&€
~Coupr ~Ro+S

e

(1)

where p is the fluid density; u; is the component of the fluid
velocity; p is the viscosity of fluid; G, is the generation of tur-
bulence kinetic energy due to the mean velocity gradients; G,
is the generation of turbulence kinetic energy due to buoyancy;
Y, is the contribution of the fluctuating dilatation in com-
pressible turbulence to the overall dissipation rate. The quan-
tities o and «, are the inverse effective Prandtl numbers for k
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FIGURE 3: Frequency spectrums of pressure oscillation in the recess region with three different grid systems: (a) coarse grid; (b) intermediate

grid; (c) fine grid.

and e, respectively. At high Reynolds number conditions,
o =a, =1.393; C,, and C,, are empirical constants, taken
as 1.42 and 1.68, respectively; C,, is a constant; S; and S,
are other defined source terms; pg is the effective viscosity
coefficient. R, is the additional term added to the governing
equation of &. x; and x; are the coordinate components.

2.2.2. VOF Model. The volume of fluid (VOF), as an inter-
face tracking method, assumes that two or more kinds of
fluids are not interpenetrating. This model can capture the
phase interface between gas and liquid in the injector and
easily ensure mass conservation [29]. The VOF model
defines the volume fraction « to distinguish the gas and
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liquid. The gas is generally defined as the first phase and the
liquid as the second phase. When a = 0, it is considered that
there is no liquid in the whole computational fluid domain.
When « =1, there is no gas in the fluid domain. When 0 <
a <1, it is considered that there is a gas-liquid mixture in
the fluid domain [30]. Phase interface tracking is achieved
by solving the volume fraction continuity equation, and the
transport equation of volume fraction is

(o7 (o) s

0 - . .
3t (ap)+V - (“leW) = (mgl - mlg)’

where p, and pare the density of the gas and liquid
phase, respectively. a; and «; are the volume fraction of

the gas and liquid phase, respectively, and a; + a; = 1. v g

and v, are the velocity of the gas and liquid phase, respec-
tively. 7iny, is the mass flow rate that the liquid converts to
the gas. ri1,; is the mass flow rate that the gas converts to
the liquid.

The VOF model solves the momentum equation in the
entire fluid domain, where the results obtained from the cal-
culation are used by other terms. This greatly improves the
efficiency of the calculation. The specific momentum equa-
tion is as follows:

gl

% (PV) +V- (p??) = _VP+V- [ﬂ (V;+V7T)] e pgs ﬁ’
3)

where P and F represent the pressure and surface tension,
respectively. The physical parameters in the transport equa-
tion are determined by the constituent phases present in the
control body, such as the density p=a,p  + ap;. The other

physical parameters are similar. Moreover, the two phases
share an energy equation:

2 (EYV - [F(pE+P)] =V (kaVT),  (4)

where k. is the effective thermal conductivity. E is the
energy, and T is the temperature, both of which are mass-
averaged variables.

2.2.3. PR State Equations of Gas. When the injector is oper-
ated under real test conditions, the temperature and pressure
of hydrogen are in a supercritical state. At this point, the
ideal gas model is no longer applicable, as the effects of the
actual gas must be considered. Most models use a general
form of the cubic equation of state to describe the fugacity
coefficient:

_ R a(V 1)
T V-b (V-b)(V 46V +e)

p (5)

where V is the molar volume. In the Peng-Robinson (PR)
equation of state, § = 2b, e = b*, and 1 = b:

P RT a
V-b V2426V -1

(6)
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F1cure 5: Contours of flow field of the injector: (a) volume fraction contour of LOX; (b) pressure contour; (c) velocity contour; (d) density contour.

The following equation defines the compressibility of the
gas:

_PV_ V. aVRT
"RT V-b VZi2bV-b*

(7)

The parameters a and b are determined by the compo-
nents using the simple mixing law:

=
M=

I
—
-~

I
—

X, X;,/a;a;,

o

S
Il
M=
X
oyl

Il
—

where N is the number of components in the mixture. The
pure component parameters can be obtained using a rela-
tionship with the Peng-Robinson constant, which are shown

as follows:

R*T?,
a;= <0.457247 —)

ol

2
T 172
. {1 +(0.37464 + 1.54226w, - 0.26992w? ) <1 - (T—) ,

i

RT,,
b;=0.07780 -,

i

©)

where T is the critical temperature, p_; is the critical
pressure, and w; is the eccentricity coefficient of the i-th
component. The PR equation of state is obtained on the
basis of the improved Soave-Redlich-Kwong (SRK) equa-
tion. The accuracy is higher compared to the Redlich-
Kwong (RK) model and SRK model [31]. Therefore, the
PR real gas equation of state model is used in this paper
for numerical simulation.
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2.3. Numerical Scheme and Accuracy Verification

2.3.1. Computing Domain and Numerical Method. When
self-pulsation phenomenon occurs in the gas-liquid swirl
coaxial injector, there will be a strong gas-liquid interaction
in the recess region. The distribution of gas-liquid phases
and the pressure gradient in the flow field are constantly
changing. Therefore, a high density of grid is required in
the numerical simulation to ensure the accuracy of the cal-
culation, so as to capture the detailed flow field structure
characteristics inside and outside the injector during the
self-pulsation process. In the simulations of this paper, the
physical state of the real fluid of the liquid oxygen/gas
hydrogen propellant under the extreme operating conditions
in the hot-fire test experiments is considered. In order to
meet the computational requirements and shorten the com-
putation time, an axisymmetric two-dimensional computing
domain is adopted here for numerical simulation. The com-
puting domain consists of the internal area of the inner swirl

injector, the area of gas annular slit, the recess region, and the
external flow area downstream of the injector. The structure of
hydrogen-collecting cavity part is retained. The structure of
oxygen-collecting cavity and the tangential inlet of oxygen in
the inner injector are simplified. The schematic diagram is
shown in Figure 2. To capture the oscillation information, a
variety of monitoring probes were set inside the computing
domain. Probe points A~E are located at the recess region of
the injector. The liquid path takes the probe points F~J, and
the gas path takes the probe points K~N.

Firstly, the model of computing domain of the LOX/GH,
injector is meshed with a global structure-grid size of
0.045mm. In order to increase the computational accuracy,
the grids in the recess region are encrypted by employing
an adaptive structured mesh refinement method. The
refined grid size is 0.03 mm, and the growth rate is 1.1. In
addition, boundary layers are created at the wall surface,
and the mesh transition is ensured to be uniform. The size
of the first boundary layer is set to 0.015 mm, and the growth
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rate is 1.15. In total, 8 boundary layers were generated. The
total number of initial grids generated is 336570.

In the simulation, the four tangential holes of the inner
injector are simplified to a line in the two-dimensional com-
puting domain. According to the structural and operating
parameters in Tables 1 and 2, the radial velocity of the
LOX inlet can be solved by

y= (10)
prD, D,y

The tangential velocity can be solved by

m,

(11)

VvV, = ———
t 5
prDyy

where D, and D,; are the diameter of the swirl chamber and
the diameter of the tangential hole of the inner injector,
respectively. In the Fluent solver, the velocity-inlet boundary
condition was set at the LOX inlet. The mass flow-inlet
boundary condition was used for the GH, inlet. The outlet
was set as the pressure-outlet boundary condition. The cen-
ter axis of the injector was an axisymmetric boundary condi-
tion. The other boundaries adopted nonslip wall conditions.
The operating conditions for the injector and the ambient
conditions of combustion chamber were set according to
the parameters listed in Table 2.

The RNG k — ¢ turbulence model was used to calculate
the strong cyclonic flow process in the gas-liquid coaxial
injector. The VOF model was adopted to capture the inter-
face of the gas-liquid two-phase flow, where liquid oxygen
is the main phase and gaseous hydrogen is the secondary
phase. The energy equation was considered, and the PR
equation of state was used to ensure the accuracy of the cal-
culation for the supercritical operating conditions. More-
over, a pressure-based solver was used for transient

calculations. The symmetry of the model is rotational sym-
metry. The solution method adopted the pressure-implicit
with splitting of operators (PISO) algorithm [13, 32]. Con-
sidering the size of the grids, the iteration step length was
selected as 5x 1077s, and the number of iteration steps
was 8000.

2.3.2. Grid Independence Study. The grid-independence ver-
ification is performed with the given operating conditions.
Using the same meshing method, three sets of grid systems
for the computational model were created by adjusting the
global grid size. These three grid systems were the coarse
grid (260 thousand cells), the intermediate grid (330 thou-
sand cells), and the fine grid (400 thousand cells), respec-
tively. The self-pulsation process of the LOX/GH, injector
was simulated on these grids. The oscillation frequency of
the pressure at a point in the recess region during self-
pulsation is chosen as the criterion for discriminating the
grid independence. Figure 3 displays the self-pulsation fre-
quencies (i.e., the frequencies of pressure oscillations in the
recess chamber [33]) obtained by the fast Fourier transform
(FFT) of pressure-time trace. The dominant frequencies of
pressure oscillations calculated from the three grid systems
are 10714 Hz, 11806 Hz, and 11882 Hz, respectively. The dif-
ference between the dominant frequencies from the coarse
and the intermediate grids is 9.1%. The difference between
the dominant frequencies from the intermediate and the fine
grids is only 0.64%. At this point, it can be considered that
the calculated results are convergent and independent of
the number of the grid cell. Thus, given the computing cost
and simulation accuracy, the intermediate grid system was
adopted for the present study.

2.3.3. Validation of Experimental Data. To verify the accu-
racy of the numerical simulation method, the frequency
spectrum of pressure oscillation at the recess region of the
injector, calculated under the intermediate grid system, was
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TaBLE 3: The operating conditions that vary the flow rate of GH,
for the simulation.

Group 1 2 3 4 5

Flow rate of LOX 1, (g/s) 134 134 134 134 134
Flow rate of GHzmg (g/s) 130 143 161 183 212
LOX/GH, mixing ratio 1.03 093 083 073 0.63
Excess oxygen coefficient  0.128 0.116 0.104 0.091 0.078

compared with the experimental data. The experimental data
are the pressure oscillations measured at the oxygen-collecting
cavity of the same injector in reference [24] under the same
operating conditions in the hot-fire test. As shown in
Figure 4, the dominant frequency of the pressure oscillation

present in the injector during the hot test experiment was about
10632 Hz. The dominant frequency of the pressure oscillation
in the injector recess region was calculated numerically to be
11806 Hz. The difference between them is 11.04%. At the peak
of the pressure oscillation and before reaching the peak, the
pressure values during the hot test are higher than the simulated
results. The experimental pressure peak (7250Pa) is 10.69%
larger than the simulated pressure peak (6550 Pa). The main
reason for these differences is that the dominant frequency of
pressure oscillations in the simulation is calculated from the axi-
symmetric two-dimensional computing domain. In addition,
the computing domain established by the numerical simulation
simplifies the structures of the tangential holes and oxygen-
collecting cavity in the LOX/GH, injector. Therefore, the values
of pressure oscillations generated in the simulation are reduced.
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The errors in the dominant frequency and amplitude of the
pressure obtained from the simulation and experiment are
within acceptable range. And seen from the change trend of
pressure oscillation, the simulated and experimental results
are in good agreement. This indicates that the accuracy of the
numerical model of the injector developed in this study is high
enough to carry out the following study of the self-pulsation
characteristics.

3. Results and Discussion

3.1. Self-Pulsation Mechanism and Analysis of Amplitude-
Frequency Characteristics

3.1.1. Analysis of the Self-Pulsation Mechanism. According to
the numerical model and method established above, the cal-
culated results of the internal and external flow fields of the
LOX/GH, swirl coaxial injector are shown in Figure 5, which
are, respectively, the volume fraction contour of LOX, pres-
sure contour, velocity contour, and density contour for the
full flow field. The pressure in the pressure contour is the
gauge pressure, and the initial pressure (i.e., ambient pres-
sure) of the external flow field of the injector is 8.68 MPa.
From the volume fraction contour of LOX (Figure 5(a))
and the density contour (Figure 5(d)), it can be seen that
the thickness of liquid oxygen film is large at the injector
inlet but then decays rapidly. The film thickness basically
does not change until it reaches the recess region. At the

recess region, the liquid oxygen film is destabilized and oscil-
lated by the action of the annular slit gas. Then, it is broken
under the action of gas-liquid shear force to form liquid fila-
ments and liquid lumps, which are further broken down-
stream to form numerous small liquid droplets. Analysis of
Figures 5(b) and 5(c) shows that the pressures at the LOX
and GH, inlets are relatively high. At the annular slit inlet of
GH,, the velocity of hydrogen flow increases due to the sudden
decrease of the flow area, resulting in a decrease of the pressure
at this position. At the recess region, the liquid film oscillates
and breaks up periodically due to the shearing and entraining
effects of the gas on the liquid phase. There are high-pressure
point and low-pressure point in this vicinity.

At the recess region of the injector, the periodic self-
pulsation phenomenon can be explained by two factors:
the centrifugal force of the conical liquid sheet and the resis-
tance of the gas flow from the annular slit. When the centrif-
ugal liquid film flows into the recess region from the inner
injector, the tangential velocity of the liquid film is gradually
converted into radial velocity. At this time, the centrifugal
force of the liquid film is greater than the resistance of the
annular gas flow, and the liquid sheet expands toward the
wall of the recess chamber. Then, the resistance of the annu-
lar gas flow to the liquid film will increase, resulting in a
higher pressure. When the centrifugal force of the liquid
sheet is balanced with the resistance of the annular gas flow,
the liquid sheet continues to move toward the wall of the
recess chamber due to the inertia. The resistance of the
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annular gas flow to the liquid sheet is further increased,
resulting in a further increase in pressure. When the out-
ward expansion speed of liquid sheet decreases to zero, the
pressure in the blocked region of the recess region reaches
the maximum. At this point, the resistance from the annular
gas flow is greater than the centrifugal force of the liquid
sheet. Therefore, the liquid sheet contracts toward the cen-
ter, and the blockage region is opened, resulting in a rapid
decrease in pressure. After that, the continuous flow of the
liquid film starts the next cycle of self-pulsation oscillation
at the recess region.

3.1.2. Amplitude-Frequency Characteristics of Recess Region.
Many studies have shown that the recess region of the
liquid-centered swirl coaxial injector is an important factor
affecting the occurrence of self-pulsation, so the amplitude-
frequency characteristics of the recess region are first ana-
lyzed here. Five monitoring probes were set up in the recess
region, which is depicted in Figure 2. The pressure-time
curve and the frequency spectrum of pressure at different

probes of the recess region are calculated and shown in
Figure 6. Moreover, the dominant frequencies of pressure
oscillations at the five probes and their dominant pressures
(i.e., the pressure corresponding to the dominant frequency)
are extracted from this figure, as shown in Figure 7.
According to Figures 6 and 7, the dominant frequencies
of pressure oscillations at the five probes of A~E are all
9502 Hz, which means that the dominant frequencies of
pressure oscillations at different observation points in the
recess region are the same when self-pulsation occurs.
Therefore, the selection of the location of the monitoring
probes in the recess region has little influence on the correct
extraction of the dominant frequency of the oscillation.
From the pressure-time traces of each monitoring probe,
it can be found that the pressure of all monitoring points at
the recess region basically shows periodic oscillations. This is
because the centrifugal liquid sheet periodically blocks the
annular gas path at the recess region, which causes periodic
oscillation and disturbance of the liquid sheet, then resulting
in periodic pulsation of the pressure. In addition, although
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TaBLE 4: The operating conditions that vary the flow rate of LOX
for the simulation.

Group 1 2 3 4 5
Flow rate of LOX ri7; (g/s) 101 117 134 149 165
Flow rate of GH,r, (g/s) 161 161 161 161 161
LOX/GH, mixing ratio 063 073 083 093 1.03
0.078 0.091 0.104 0.116 0.128

Excess oxygen coefficient

the dominant frequency of pressure oscillation is the same at
different monitoring probes, the corresponding dominant
pressure for the frequency varies greatly. Comparing the
dominant pressures of monitoring points A, B, and C, it
can be known that the dominant pressure of probe A >the
dominant pressure of probe B>the dominant pressure of
probe C. That is to say, in the recess region, the closer to
the downstream position, the lower the dominant pressure
is, which is consistent with the information shown in the
pressure contour in Figure 5(b). Comparing the dominant
pressure at the four monitoring points of B, E, C, and D, it
can be seen that the dominant pressure of probe B> the
dominant pressure of probe E, and the dominant pressure
of probe C > the dominant pressure of probe D. That is, in
the recess region, the closer to the position of the gas annular
slit is, the lower the dominant pressure is. This results from
the larger gas flow rate from the annular slit, which causes
the pressure in this area to decrease.

3.1.3. Amplitude-Frequency Characteristics of LOX Path.
Five monitoring probes F~] were selected upstream of the
LOX path (i.e., liquid channel) of the injector, as shown in
Figure 2. It is used to explore whether the injector would
cause the upstream LOX path to also oscillate in pressure
or flow when the self-pulsation occurs, as well as the
amplitude-frequency characteristics here. The pressure-

time trace and the frequency spectrum of pressure at differ-
ent monitoring points of the upstream LOX path are calcu-
lated and shown in Figure 8. The dominant frequencies of
pressure oscillations at these five points and their corre-
sponding dominant pressures were extracted from this fig-
ure, as shown in Figure 9.

According to Figures 8 and 9, the oscillation trend of the
pressure with time and the amplitude-frequency characteris-
tic curve at the five probes of F~] are basically the same. The
dominant frequency of pressure oscillation at each point is
1500 Hz, which indicates that the oscillation frequency at
each point in the upstream region of the LOX path is basi-
cally the same. As the monitoring point moves downstream
along the LOX path, the corresponding dominant pressure
value decreases. However, the decrease in the dominant
pressure was small, with only a 7.83% change from point F
to point J.

3.1.4. Amplitude-Frequency Characteristics of GH, Path.
Four monitoring probes K~N were selected upstream of
the GH, path (i.e., gas channel) of the injector, as shown
in Figure 2. It is used to explore whether the injector would
cause the upstream GH, path to also oscillate in pressure or
flow when the self-pulsation occurs, as well as the
amplitude-frequency characteristics here. The pressure-
time trace and the frequency spectrum of pressure at differ-
ent monitoring points of the upstream GH, path are calcu-
lated and shown in Figure 10. The dominant frequencies of
pressure oscillations at these four points and their corre-
sponding dominant pressures were extracted from this fig-
ure, as shown in Figure 11.

According to Figures 10 and 11, the oscillation trend of
the pressure with time and the amplitude-frequency charac-
teristic curve at the four probes of K~N are basically the
same. The dominant frequency of pressure oscillation at
each point is 5251 Hz, i.e., the oscillation frequency at each
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point in the upstream region of the gas annular slit is basi-
cally the same. As the monitoring point moves downstream
along the GH, path, the corresponding dominant pressure
decreases. At first, the decrement of the dominant pressure
was very small, with a change of only 1.86% from probe K
to probe M. However, the decrement in the dominant pres-
sure from probe M to probe N is significant, with a change of
25.6%.

Combined with the analysis for the recess region and the
LOX path above, it can be seen that the dominant frequen-
cies of pressure oscillation in these three different regions
(recess region, upstream of the LOX path, and upstream of
the GH, path) are different when the self-pulsation occurs.
However, for the monitoring points in each region, the dom-
inant frequency of pressure oscillation is approximately the
same. Therefore, there may be a transition region between
these different pressure monitoring regions, and the domi-
nant frequency of pressure oscillation at each point in this
transition region should be different.

3.2. Effect of the Operating Conditions on the Self-
Pulsation Characteristics

3.2.1. The Effect of the Flow Rate of GH,. The operating con-
ditions were changed by varying the oxidizer-to-fuel mixing
ratio. And the effect of different flow rates of GH, on the
self-pulsation performance of the injector was investigated
first. Referring to the existing hot test experiments, the

parameters of operating conditions of the simulation are
determined as shown in Table 3. The calculated contours
of oxygen volume fraction under different flow rates of
GH, when the self-pulsation occurs are shown in Figure 12.

According to the contours, it can be seen that the liquid
film is already partially broken into droplets at the injector
outlet at a higher hydrogen flow rate of 212 g/s. The thick-
ness of the remaining unbroken liquid filament is thin.
There is almost no continuous liquid filament downstream
of the injector, and the generated droplets are also very
small. While the hydrogen flow rate is 183 g/s, the liquid film
at the injector outlet just starts to generate droplets. The
thickness of liquid film and the distribution of liquid fila-
ments at this point are significantly greater than those at a
hydrogen flow rate of 212 g/s. In the downstream, there are
some continuous liquid filaments that have not yet broken
into droplets. When the hydrogen flow rate is reduced to
161 g/s, there is still a continuous liquid film at the injector
outlet. There are also some liquid filaments downstream of
the outlet, and the generated droplets are relatively large.
When the hydrogen flow rate is 143 g/s, the liquid film thick-
ness at the injector outlet will be larger. And there are more
liquid filaments and liquid lumps in the downstream. The
droplet size is relatively larger, and the number of droplets
is smaller. When the hydrogen flow rate is further reduced
to 130 g/s, there are more large liquid filaments and liquid
lumps, and fewer small droplets in the downstream. At this
point, it can be clearly observed that the self-pulsation
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oscillation causes the liquid phase present a periodic distri-
bution in space: one strand after another of liquid filaments
is continuously ejected from the injector outlet. On the
whole, as the flow rate of GH, gradually decreases, the shear-
ing force of the gas on the liquid film weakens. The continu-
ity of the liquid film at the recess region becomes better and
less likely to break. The position where the liquid filaments
generated by the liquid film are massively broken into drop-
lets moves further downstream.

The pressure-time plots and the frequency spectrum of
pressure for different flow rate of GH, are shown in
Figure 13. From the frequency spectrum graphs, it can be
seen that for all conditions of different flow rate of GH,,
there are relatively violent pressure amplitudes and oscilla-
tions roughly around the oscillation frequencies of 6000 Hz
and 10000 Hz. This is especially true for the condition of a
higher GH, flow rate. For the convenience of summarizing
the law, these two oscillation frequencies are defined as low
frequency and high frequency of pressure oscillations,

respectively. Their corresponding pressures are defined as
low-frequency pressure and high-frequency pressure,
respectively. The subsequent studies on the effects of the
flow rate of LOX and the initial temperature of GH, have
made similar distinctions and will not be repeated. In this
way, the high/low frequencies of pressure oscillation and
their corresponding pressures for different flow rates of
GH, were obtained as drawn in Figure 14.

According to Figure 14, it can be seen that both the low-
frequency pressure and the high-frequency pressure
decrease during the reduction of the flow rate of GH, from
212g/s to 130g/s. And the decrease rate of low-frequency
pressure is obviously larger than that of high-frequency
pressure. When the flow rate of GH, is 212 g/s and 183 g/s,
the low-frequency pressure is higher than the high-
frequency pressure. In these two cases, the dominant fre-
quency of pressure oscillation is around 6000 Hz
(Figures 13(d) and 13(e)). For the latter three conditions of
lower flow rate of GH,, the high-frequency pressure is
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higher than the low-frequency pressure. Moreover, the dom-
inant frequency of pressure oscillation is roughly distributed
around 10000 Hz for these three conditions (Figures 13(a)-
13(c)). In general, the dominant frequency of pressure oscil-
lation increases from around 6000 Hz to around 10000 Hz as
the flow rate of GH, that feeds to the injector decreases. And
both high and low frequencies of pressure oscillation gener-
ally decrease with decreasing the flow rate of GH,
(Figure 14). In addition, it can be seen from the pressure-
time trace in Figure 13 that the reduction in the flow rate
of GH, suppresses the amplitude range of pressure oscilla-
tions when the self-pulsation occurs.

3.2.2. The Effect of the Flow Rate of LOX. Five flow rates of
LOX were selected according to the oxidizer-to-fuel mixing
ratios corresponding to the operating conditions designed
in the last subsection to investigate the effect of the flow rate
of LOX on the self-pulsation characteristics. The specific
operating parameters are shown in Table 4. The calculated
contours of oxygen volume fraction for different flow rates
of LOX when the self-pulsation occurs are shown in
Figure 15.

According to the contours, it can be seen that when the
flow rate of LOX is 101 g/s, the liquid film has already started
to break into liquid droplets at the injector outlet. There is
almost no continuous liquid filament downstream of the
injector outlet. Compared with the following operating con-
ditions, the liquid/gas ratio of 0.63 is relatively small at this
time, so the process of liquid filament breaking into droplets
transitions quickly. When the flow rate of LOX is 117 g/s, the
liquid filament with good continuity starts to appear at the
downstream position of the injector outlet. When the flow
rate of LOX is 134 g/s, there are more liquid filaments and
liquid lumps at the downstream. The continuity of liquid fil-
ament is better at the recess region, and the thickness of lig-
uid film increases. At the flow rate of LOX of 149 g/s, the
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numerous liquid lumps downstream of the outlet are con-
nected to each other by a continuous liquid filament. And
the number of large liquid filaments and large liquid lumps
becomes more. The thickness of liquid film at the recess
region also increased significantly. In addition, it can also
be observed that at this time, due to the more intense degree
of self-pulsation oscillation, the liquid filaments decomposed
by the liquid film are distributed periodically and regularly
in space. The performance is that strands of liquid lumps
and filaments are continuously ejected from the injector out-
let. When the flow rate of LOX increases to 165 g/s, the lig-
uid film thickness at the recess region is larger. The
continuity of the liquid filament at the outlet remains good.
However, since the flow rate of GH, is relatively small com-
pared to the LOX at this time, the self-pulsation perfor-
mance is not so obvious. The liquid film breaks up
irregularly into filaments and lumps from a position further
downstream from the injector outlet. Obviously, the atomi-
zation performance at this time is poor. Overall, as the flow
rate of LOX gradually increases, the thickness of the liquid
film at the recess region becomes thicker. The continuity of
the liquid filament becomes better and less likely to break.

The degree of periodic self-pulsation oscillation becomes
more and more severe at first and then turns into unstable
random oscillation. The liquid filaments and lumps gener-
ated by the liquid film are also of different sizes and
unevenly distributed in space.

The pressure-time plots and the frequency spectrum of
pressure for different flow rate of LOX are presented in
Figure 16. The high/low frequencies of pressure oscillations
and their corresponding pressures (i.e., low-frequency pres-
sure/high-frequency pressure) at different flow rates of
LOX are extracted from these plots as depicted in Figure 17.

According to Figure 17, it can be seen that the low-
frequency pressure decreases during the increase of the
LOX flow rate from 101g/s to 165 g/s. However, the high-
frequency pressure increases first and then decreases. As in
the case of changing the flow rate of GH,, the dominant fre-
quency of the self-pulsation oscillation changes during the
increase of the flow rate of LOX. In the first two cases, the
dominant frequency of pressure oscillation is still around
6000 Hz (Figures 16(a) and 16(b)). For the last three condi-
tions, the dominant frequency of pressure oscillation is
around 10000 Hz (Figures 16(c)-16(e)). This effect of the
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LOX flow is similar to the effect brought by the GH, flow.
That is, the self-pulsation oscillation at higher LOX/GH,
mixing ratio has a larger dominant frequency of pressure
oscillation; at lower LOX/GH, mixing ratios, the dominant
frequency of pressure oscillation is also smaller. With the
increase of the flow rate of LOX, the increase of high and
low frequencies of pressure oscillation is not very significant
(Figure 17). Moreover, it can be seen from the pressure-time
curves in Figure 16 that the change of the flow rate of LOX
does not have a great effect on the peak range of pressure
oscillation during self-pulsation oscillation.

3.2.3. The Effect of the LOX/GH, Ratio. Combining the
research results in sections 2.2.1 and 2.2.2, the effect of the
LOX/GH, mixing ratio on the self-pulsation characteristics

can be analyzed. Some phenomena and laws of the effect
of the LOX/GH, mixing ratio on the spray morphology
can be found. With the increase of mixing ratio, the liquid
film thickness at the recess region gradually increases. The
number of liquid filaments and liquid lumps gradually
increases, and the continuity of liquid filaments becomes
better. The position of the liquid filament massively broken
into liquid droplets is increasingly moving downstream of
the injector outlet. That is, the atomization performance of
the injector will be deteriorated. In addition, the increase
of the mixing ratio will intensify the phenomenon and
degree of self-pulsation oscillation.

With the same mixing ratio, it is obvious that changing
the flow rate of LOX has a greater effect on the liquid film
thickness, the number of liquid filaments, and the position
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of the broken into droplets than that when changing the flow
rate of GH,. To verify this conclusion, the flow rate of LOX
was further increased to 280g/s with reference to Table 4.
The calculated contour plot of oxygen volume fraction is
shown in Figure 18. It can be seen that the continuity of the
liquid filament generated by the liquid film becomes signifi-
cantly better at this working condition. The phenomenon of
the self-pulsation oscillation is more significant. Liquid lumps
and liquid filaments are sprayed from the injector in the form
of periodic distribution in space. This spray pattern is macro-
scopically closer to the “Christmas tree” spray field in the
experiment [20].

Combining the effects of flow rate of GH, and flow rate
of LOX on the amplitude-frequency characteristics of the
self-pulsation oscillation, it can be seen that either changing
the flow rate of GH, or the flow rate of LOX, as long as the
LOX/GH, mixing ratio increases, will make the dominant
frequency of pressure oscillation change from low frequency
to high frequency when self-pulsation occurs. However, the
flow rate of GH, and the flow rate of LOX have different
effects on the amplitude range of the pressure oscillation
during self-pulsating. The effect of flow rate of GH, is
greater than that of LOX. Therefore, the dominant frequency
of pressure oscillation when self-pulsation occurs can be
controlled from low to high frequency or from high to low
frequency by adjusting the value of the LOX/GH, mixing
ratio. This could prevent the pressure oscillation frequency
of the self-pulsation of the injector from coupling with the
acoustic oscillation frequency of the combustion chamber,
thereby ensuring the safe operation of the engine.

3.2.4. The Effect of the Initial Temperature of GH,. The initial
temperature of the GH, supplied to the gas-liquid swirl
coaxial injector would influence the unstable combustion
in the engine. Considering that there is a certain correlation
between self-pulsation oscillation and combustion instabil-
ity, it is necessary to investigate the effect of the initial tem-
perature of GH, on the self-pulsation characteristics. Four
different operating conditions were arranged here, in which
the flow rates of LOX and GH, were 134g/s and 161g/s,
respectively. The initial temperatures of GH, for these condi-
tions were 33.7K, 43.7K, 53.7K, and 63.7K. In this way, the
effect of the initial temperature of GH, on the amplitude-
frequency characteristics of the self-pulsation was investigated.
The calculated contours of oxygen volume fraction at different
initial temperatures of GH, are shown in Figure 19. The vari-
ations in the liquid film thickness at the recess region of the
injector, as well as the change in the distribution of the liquid
filaments and liquid lumps generated downstream, are not
particularly obvious as the initial temperature of GH,
increases. The phenomenon and extent of self-pulsation oscil-
lations generated in the injector are not significantly enhanced
by the increase of the initial GH, temperature. Therefore, the
physical properties of propellants would not have an apparent
impact on the flow and atomization characteristics of liquid
sheet in the coaxial injector.

The pressure-time graphs and the frequency spectrum of
pressure for different initial temperatures of GH, are shown
in Figure 20. The high/low frequencies of pressure oscilla-
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tions and their corresponding pressures for different initial
temperatures of GH, were extracted from these graphs, as
shown in Figure 21.

Figure 21 reveals that the variation of the initial temper-
ature of GH,, has little effect on the low/high frequencies of
the pressure oscillation but has a great effect on the value
of the oscillation pressure. Both the low-frequency pressure
and the high-frequency pressure increase with the increase
of the initial temperature of GH,. In particular, the high-
frequency pressure of self-pulsation is only 7045 Pa at the
initial GH, temperature of 33.7 K. However, when the initial
GH, temperature is 63.7K, the high-frequency pressure of
self-pulsation reaches 31029 Pa, which has a larger variation.
The initial temperature of GH, also has a similar increasing
effect on the low-frequency pressure of self-pulsation. In
addition, referring to Figure 20, the change of the initial tem-
perature would cause the dominant frequency of pressure
oscillation to vary between the high and low frequencies.

4. Conclusions

Numerical investigations for the self-pulsation characteristics in
supercritical state of a LOX/GH, swirl coaxial injector under
various operating conditions have been presented. The GH, is
axially injected into the recess chamber through the gas annu-
lus, and the LOX is introduced from tangential holes. The
RNG k — ¢ turbulence model, VOF model, and PR state equa-
tions are employed to simulate the propellant injection process.
The accuracy of the numerical model is verified by comparing
with the experimental data. Specifically, the amplitude-
frequency characteristics of the recess region, LOX, and GH,
path when self-pulsation occurs are analyzed. The mechanism
of the self-pulsation is also discussed. Besides, the effects of var-
ious operating parameters on the self-pulsation oscillation are
clarified. The conclusions are drawn as follows.

(1) The self-pulsation mainly arises from the liquid
sheet that periodically blocks the gas annulus at the
recess region, which in turn causes periodic varia-
tions in the pressure and velocity at the injector out-
let. The cyclic process of self-pulsation oscillation is
dominated by two factors: the centrifugal force of
the conical liquid sheet and the resistance of the sur-
rounding annular gas flow to it

(2) When the self-pulsation occurs, the dominant fre-
quencies of pressure oscillation in different regions
(recess region, upstream of the LOX, or GH, path)
are diverse. But for the monitoring points in each
region, the dominant frequency is approximately the
same. In the recess region, the closer to the down-
stream of the outlet and the position of the annular slit
is, the lower the dominant pressure is. As moving
downstream along the LOX path, the dominant pres-
sure slightly decreases. As moving downstream along
the GH, path, the dominant pressure first decreases
slowly and then decreases significantly

(3) With increasing the LOX/GH, mixing ratio, the
spray performance would be deteriorated observably.
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The liquid film thickness at the recess region gradu-
ally increases. The position where the liquid filament
is massively broken into droplets is further down-
stream of the outlet. With the same mixing ratio,
changing the flow rate of LOX has a greater effect
on the atomization features, such as liquid sheet
thickness, filament continuity, and droplet size, than
that when changing the flow rate of GH,. The dom-
inant frequency of pressure oscillation when self-
pulsation occurs can be controlled to a high or low
level by adjusting the LOX/GH, mixing ratio. This
may prevent the pressure oscillation frequency cou-
pling with the acoustic oscillation frequency in the
combustion chamber

(4) The initial temperature of GH, rarely influences the
flow and atomization characteristics (e.g., the liquid
sheet thickness, the distribution of liquid filaments)
while it would change the dominant frequency and
corresponding pressure apparently during the self-
pulsation. The pressures of low-frequency and
high-frequency increase with the increase of the tem-
perature. The variation of the initial temperature
would shift the dominant frequency between the
high and low regimes. Hence, more attentions
should be paid to the fuel temperature to make sure
the engine safety
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