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Abstract: Experimental observations together with theoretical analysis were conducted to investigate the break phenomenon
and the corresponding mechanisms of self-pulsation for a liquid-centered swirl coaxial injector with recess number of RN=1.
Instantaneous spray images were obtained based on background light imaging technology with a high-speed camera. By
dynamic analysis of the flow process of the liquid sheet in the recess chamber, a 1D self-pulsation theoretical model was
established, and the self-sustaining mechanisms of self-pulsation were analyzed in depth. The results show that the increase of
the momentum flux ratio will lead to the occurrence of the break phenomenon of self-pulsation for the injector with a larger
recess length, and the frequency and intensity of self-pulsation before and after the break phenomenon differ significantly. The
flow dynamics in the recess chamber sequentially transform from a periodic expansion-dominated flow to a stable flow, and then
develop to a periodic contraction-dominated flow during the break process of self-pulsation. With the occurrence of self-pulsation
before the break phenomenon, the liquid sheet has little effect on the pressure disturbance in the recess chamber. In contrast,
with the occurrence of self-pulsation after the break phenomenon, the pressure disturbance is obviously affected by the liquid
sheet. Based on the theoretical analysis model of self-pulsation, the self-pulsation frequency can be predicted. Furthermore, the
self-sustaining mechanism of self-pulsation before and after the break phenomenon is preliminarily confirmed. The energy
transfer between the gas- and liquid-phase is an important factor for maintaining the self-pulsation process.

Key words: Break phenomenon; Theoretical model of self-pulsation; Pressure oscillation characteristics; Recess; Liquid-
centered swirl coaxial (LCSC) injector

1 Introduction

As the main power source of energy devices for
space applications, liquid-fuel rocket engines are
widely used in the first stage of most carrier rockets
due to their high specific impulse, large thrust, and
adjustable thrust system (Gomet et al., 2014). The
atomization and mixing processes of the propellants
are completed by an injector, after which the propellants
evaporate and burn. Therefore, the injector is crucial
for the stable operation of such engines (Yang and Fu,
2011; Armbruster et al., 2020). Liquid-centered swirl
coaxial (LCSC) injectors are characterized by good

atomization, mixing, and combustion performance,
and are widely used (Fu et al., 2011; Kim JG et al.,
2013; Kim YJ et al., 2014; Li et al., 2017; Giannadakis
et al., 2019), e.g. Russia’s RD-57 engine and China’s
YF-73 and YF-75 engines. This type of injector easily
experiences self-pulsation under certain structural and
operating conditions (Im et al., 2009; Bai et al., 2020b),
and the self-pulsation frequency is between 1 and
10 kHz, which is accompanied by a serious acoustic
scream (Kang et al., 2018).

Self-pulsation was first identified in the LCSC
injector used in the LOx/H2 propulsion system de‐
veloped by the former Soviet Union in the 1970s
(Bazarov and Yang, 1998). Spray self-pulsation will
cause the oscillation of the pressure and mass flow,
which will inevitably lead to the oscillation of the
atomization and combustion processes. Moreover,
the acoustic scream caused by self-pulsation may
be coupled with the acoustic characteristics of the
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combustor and ultimately produce unstable combus‐
tion (Yuan and Shen, 2016; Armbruster et al., 2018).
Bazarov and Yang (1998) summarized the causes and
studied the influencing factors of self-pulsation; they
found that self-pulsation can be weakened or elimi‐
nated by significantly increasing or reducing the re‐
cess length of the inner post of the injector, increas‐
ing the size of the annular gap, and dispersing the
place of liquid flow impingement with a gaseous
stream. Kang et al. (2016a) and Ren et al. (2021a,
2021b) experimentally and numerically studied the
influence of the recess length on self-pulsation and
categorized the flow modes in the recess chamber as
external mixing, critical mixing, and internal mixing.
They reported that self-pulsation is the strongest
when flow is around the critical mixing flow. Bai
et al. (2020b) experimentally investigated the rela‐
tionship between self-pulsation, flame oscillation,
and combustion instability, and indicated that the
flame and supply system produce the same frequency
oscillation during the occurrence of self-pulsation. In
addition, when the self-oscillation frequency and the
first-order natural longitudinal frequency of the com‐
bustor are coupled, combustion instability will be ex‐
cited. Im and Yoon (2013) showed that the important
geo-metrical parameters that affect self-pulsation in‐
clude the recess length of the inner post, the annulus
width, and the size of the air core of the swirl injec‐
tor; while the operating parameters that affect self-
pulsation include the gas-liquid phase velocity, the
mass flow rate, the gas-liquid phase momentum ra‐
tio, the fluid properties, and the backpressure. Im
and Yoon (2013) confirmed that the self-pulsation
frequency is proportional to the Reynolds numbers
of both the gas and liquid, but is mainly controlled
by the Reynolds number of the liquid. Self-pulsation
can reduce the spray quality, and its frequency is
consistent with the frequency of the liquid sheet sur‐
face wave. Bai et al. (2019) and Chu et al. (2021) ex‐
perimentally and numerically studied the influence
of the backpressure on the spray and proposed that
backpressure can change the flow of the liquid sheet
in the recess chamber to enhance or weaken the
blocking effect of the conical liquid sheet on the gas,
thereby affecting the self-pulsation and spray cone
angle. With the increase of backpressure, the spray
changes from a self-pulsated state to a stable state,

and the spray cone angle first increases and then
decreases.

The recess length is one of the key structural
parameters of self-pulsation (Kim et al., 2007b; Yang
et al., 2008; Ahn et al., 2014; Li et al., 2016; Ranade
and Frederick, 2019), but the mechanism of its effect
on self-pulsation remains unclear. Huang et al. (1998)
believed that self-pulsation is the result of the oscilla‐
tion of the annular gas on the outlet wall of the inner
injector and the natural frequency of the central gas
core resonance. Im et al. (2009) found that the oscilla‐
tion frequency of the liquid sheet surface wave is con‐
sistent with the self-pulsation frequency, and posited
that the oscillation of the liquid sheet surface wave is
the cause of self-pulsation. Kang et al. (2016b) and
Eberhart and Frederick Jr (2017a, 2017b) believed
that self-pulsation is related to the Kelvin-Helmholtz
(K-H) instability at the gas-liquid interface, and that
self-pulsation will occur when the K-H vortex energy
is sufficient to overcome the inertia of the liquid. Bai
et al. (2018) posited that the periodic blockage effect
of the liquid sheet in the recess chamber is the deci‐
sive factor that causes self-pulsation of the LCSC in‐
jector. Previous studies have shown that the break phe‐
nomenon of self-pulsation will occur for the LCSC
injectors with a larger recess length (Bai, 2020). In
other words, with the increase of the gas mass flow
rate, the spray will change from the self-pulsated state
to the stable state, and then back to the self-pulsated
state. Moreover, self-pulsation before and after the
break phenomenon is considered to be dominated by
different mechanisms (Bai, 2020).

It has been determined that the break phenome‐
non of self-pulsation greatly influences the atomiza‐
tion and combustion properties of the liquid-fuel rock‐
et engine. However, research on the spray characteris‐
tics before and after the break phenomenon, as well
as on the dominant mechanisms, is preliminary. In the
present study, the pressures at different axial positions
inside the recess chamber were measured and ana‐
lyzed using high-frequency pressure sensors. An obser‐
vation of the spray pattern with varying momentum
flux ratios (J) was undertaken. Experiments with a
transparent injector were performed to investigate the
flow modes of the break phenomenon in the recess
chamber. Theoretical analysis was carried out to study
the liquid sheet’s motion rule in the recess chamber. A
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theoretical model of self-pulsation was established to
predict the self-pulsation frequency and further reveal
the self-sustaining mechanisms of self-pulsation before
and after the break phenomenon.

2 Experimental

2.1 Experimental facilities

The experimental system consisted of a propel‐
lant supply system, an LCSC injector, a spray collec‐
tor, a Photron FASTCAM SA-X2 camera (Japan),
and a Aertai (ART) data acquisition system (China).
As shown in Fig. 1, a cold non-contact spray test was
conducted at atmospheric pressure with filtered water
and dry air as the simulation media. Data on the pres‐
sures of the liquid- and gas-collecting chamber were
collected with piezoelectric pressure sensors, the mea‐
surement accuracy of which was 0.5% full scale (FS).
The liquid mass flow rate was measured by a turbine
flow meter, the measurement accuracy of which was
0.5% FS. Moreover, data on the gas temperatures and
pressures were measured to calculate the volume flow
rate of the gas simulation medium.

The LCSC injector used in the test is shown in
Fig. 2. It includes an internal swirl injector and an
external annular gap. The key structural parameters
are reported in Table 1. The liquid enters the swirl

chamber through four tangential holes uniformly ar‐
ranged in the circumferential direction, and is then
ejected with a conical liquid sheet after traveling
through the contraction section and the straight sec‐
tion. The atomization process is completed via inter‐
action with the annular gas injected into the recess
chamber at high speeds. To observe the flow process
in the recess chamber, an external quartz glass noz‐
zle, a high-speed camera, a small pressure sensor,
and an external metal nozzle were used to carry out
the experiments.

2.2 Experimental conditions

The test conditions are reported in Table 2.
The liquid mass flow rate was kept constant, and
the gas mass flow rate was varied within a certain
range according to the flow characteristics in the re‐
cess chamber. The deviations of the gas and liquid

Fig. 1 Experimental system (LED: light emitting diode)

Fig. 2 Schematic diagram of the LCSC injector

Table 1 Geometric parameters of the LCSC injector

Parameter
Nozzle diameter, Dc (mm)

Length of straight section, Lc (mm)

Inner diameter of annular gap, Dg,ir (mm)

Outer diameter of annular gap, Dg,or (mm)

Diameter of swirl chamber, Dk (mm)

Length of swirl chamber, Lk (mm)

Diameter of tangential hole, Dt (mm)

Swirl radius of liquid flow, Rsw (mm)

Contract angle, α (°)

Expansion angle, θt (°)

Recess length, Lr (mm)

Value
4.7

40.05

8

9

10.2

10.2

2

4

90

10

8
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mass flow rates were less than 2% and 4%, respec‐
tively. The recess number (RN) is defined as a di‐
mensionless parameter, which divides the recess
length (Lr) by the inner diameter of the oxidizer post
(Dg,ir), RN=Lr /Dg,ir.

2.3 Experimental techniques

Background light imaging technology was used
to capture transient images of the self-pulsated spray
and the recess chamber. It included the use of a high-
speed camera (Photron FASTCAM SA-X2) and a
surface light source (Opt-APA3024-2). The exposure
time of the camera was set at 50 μs, the sizes of the
transient spray images were 1024×512, and the frame
rate was set as 20 000 frames/s. The spray oscillation
frequency was obtained by processing the transient
spray images. Firstly, the raw images, with and with‐
out spray, were used to subtract the background and
converted to gray images. Secondly, an appropriate
threshold was selected to transform the gray images
into binary images. Thirdly, the spray width was ob‐
tained based on a measurement line placed at 1.5Dg,or

distance from the injector face. Finally, applying the
three steps to 2000 instantaneous self-pulsated spray
images obtained a time series of the spray width, and
then the frequency and intensity of the spray width
were obtained via the fast Fourier transform (FFT)
of the time series of the spray width.

A high-frequency pressure sensor (Model XCQ-
80-7BARA, Kulite Semiconductor Products, the
USA) was used to determine the pressure oscillation
in the recess chamber. The electrical signal output
from the high-frequency pressure transducer was col‐
lected by the ART acquisition system at a sampling
frequency of 1024 kHz and a sampling period of 3 s.

3 Results and discussion

3.1 Break phenomenon of self-pulsation

The development of the surface wave of liquid
sheet, the oscillations of the annular gas and gas core,
and the gas-liquid interaction in the recess chamber
lead to a complicated spray formation (Kim et al.,
2007a). Shear forces between both propellants lead to
an instability of the liquid jet and finally to a disinte‐
gration into ligaments and droplets (Lux and Haidn,
2009). Therefore, atomization characterizing dimen‐
sionless numbers such as the momentum flux ratio J
(J =(ρv2 )g /(ρv2 )l ) take into account the relative motion
of the two fluids. Fig. 3 presents the spray images and
frequency spectra of the LCSC injector under different
conditions with RN=1, from which it can be seen that
the spray pattern changes significantly with the increase
in J. As depicted in Fig. 3a, the spray pattern shows a
more stable cone under low J (J=1.05), and with the
increase of J (J=3.14), self-pulsation occurs and forms
a Christmas-tree-like shape (Fig. 3b), after which the
spray transforms to a stable state (J=8.90), as plotted
in Fig. 3c. At that time, the high gas injection velocity
increases the droplet velocity outside the liquid sheet,
and the spray exhibits fuzzy boundaries. However, the
spray width is relatively stable and the spray angle
stays nearly constant due to the stable gas-liquid shear
layer. Finally, self-pulsation occurs again under high J
(J=12.48), as shown in Fig. 3d. At this time, the turbu‐
lence of the spray is greatly strengthened, and asym‐
metric distribution of the spray occurs on the outer
edge of the liquid sheet in vortexes of different scales
(Ranade and Frederick, 2019). The spray width at the
stable state is found to remain almost constant on the
same section perpendicular to the injection faceplate.

Table 2 Experimental conditions and parameters

Test No.

1

2

3

4

5

6

7

8

9

∆pl (MPa)

0.65

0.65

0.65

0.65

0.65

0.65

0.65

0.65

0.65

ṁl (g/s)

160

160

160

160

160

160

160

160

160

∆pg (MPa)

0.038

0.114

0.303

0.494

0.673

0.739

0.973

1.400

1.790

ṁg (g/s)

2.4

5.3

11.0

15.3

20.2

22.8

28.8

41.2

51.0

J

1.05

3.14

6.42

8.90

11.51

12.48

17.04

22.55

27.23

RN

1

1

1

1

1

1

1

1

1

Test equipment

High-speed camera, high-frequency
pressure transducer

∆pl is the liquid pressure drop, ∆pg is the gas pressure drop, ṁl is the liquid mass flow rate, and ṁg is the gas mass flow rate
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Fig. 3 Instantaneous spray images and frequency spectra: (a) steady spray, J=1.05, Reg=10 085.95; (b) self-pulsated
spray, J=3.14, Reg=22 411.65; (c) steady spray, J=8.90, Reg=64 123.49; (d) self-pulsated spray, J=12.48, Reg=89 296.23. f is
the self-pulsation frequency, A is the self-pulsation amplitude, and Reg is the gas Reynolds number. Reprinted from (Bai
et al., 2021), Copyright 2021, with permission from Elsevier
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However, the self-pulsated spray width oscil‐
lates periodically. Fig. 4 shows the variations of the
spray width oscillation frequency and intensity with
J. According to the findings, the dark blue regions
in the figure represent the stable-spray area, and the
latter stable-spray region represents the zone of the
break phenomenon of self-pulsation. Before the occur‐
rence of break phenomenon, the self-pulsation fre‐
quency is nearly unchanged, but after the disappear‐
ance of break phenomenon it decreases slightly.

Overall, the self-pulsation frequency after the
break phenomenon is 1500 Hz higher than that before
it. This is because, before the break phenomenon, the
force of the annular gas on the liquid sheet is weak
due to the low gas momentum. Moreover, the liquid
sheet is characterized by a long radial movement dis‐
tance. After the break phenomenon, the gas has high‐
er momentum. The annular gas exerts a strong force
on the liquid sheet, which greatly limits the radial
movement of the liquid sheet in the recess chamber.
Furthermore, the radial movement distance of the
liquid sheet in a period is reduced, the initial radial
velocity of the liquid sheet remains nearly unchanged,
and the time in which the liquid sheet moves within a
period is reduced. Thus, the self-pulsation frequency
increases after the break phenomenon compared with
that before the break phenomenon.

3.2 Characteristics of pressure oscillation in the
recess chamber

3.2.1 Self-sustaining mechanism of self-pulsation

The recess length is considered as one of the
most crucial factors that influence the spray pattern of

the LCSC injector. Both Kang et al. (2016a) and Bai
et al. (2018) explored the influences of the recess
length on the self-pulsated spray, and found that the
spray transforms from a stable state to a self-pulsated
state with the increase of the recess length. The vari‐
ation of the recess length affects the gas-liquid inter‐
action process, which leads to the transformation of
the spray pattern. The physical process of the break‐
ing and atomization of the strongly swirling liquid
sheet after its collision with the annular gas in the
recess chamber is very complex. Thus, the pressure
oscillation time series of the self-pulsated state, moni‐
tored by the high-frequency pressure sensor on the re‐
cess chamber wall, are used as a reference, and four
moments within an oscillation period are selected as
the research object. The moments of concern and the
corresponding pressure positions are shown in Fig. 5.

Four typical working conditions are selected to
analyze the liquid flow dynamics in the recess cham‐
ber. As shown in Fig. 6, due to the influence of the re‐
fraction of quartz glass, black streaks inevitably appear
in the images. However, the shape of the liquid sheet
is still clearly visible. The white dashed line in the fig‐
ure indicates the boundary between the recess cham‐
ber and the annular gap. When J is extremely low (J=
1.05), the spray state is stable, and the liquid sheet in
the recess chamber also shows a stable cone, as
shown in Fig. 6c. With the increase of J (J=3.14), a
self-pulsated spray appears. At that time, due to the
low gas-liquid momentum ratio, the gas-liquid interac‐
tion is weak, and the liquid sheet continues to squeeze
the gas, which reduces the gas circulation area. More‐
over, the gas pressure outside the liquid sheet increases,
which increases the force preventing the liquid sheet
from approaching the recess chamber wall. The radial
velocity of the liquid sheet decreases rapidly until the

Fig. 4 Variations of the frequency and amplitude of self-
pulsation with J. References to color refer to the online
version of this figure

Fig. 5 Distribution of the moments of concern within an
oscillation period
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liquid sheet hits the recess chamber wall or the radial
velocity decreases to zero, after which it increases in
the opposite direction. The liquid sheet then moves
toward the centerline of the injector, the gas circula‐
tion area continues to increase, the gas pressure out‐
side the liquid sheet decreases rapidly, and the resul‐
tant force of the liquid sheet drives the liquid sheet
closer to the recess chamber wall. This reciprocating
gas-liquid interaction causes the spray width to oscil‐
late periodically.

The self-pulsated spray at this time is thought to
be caused by a periodic blocking of the annular gas

channel by the liquid sheet, as indicated by the light
arrow in Fig. 6a. At a medium J (J=8.90), the spray
transforms from the self-pulsated state to the stable
state, and the shape of the liquid sheet in the recess
chamber has changed little, as shown in Fig. 6d. At
that time the gas-liquid shear layer is relatively stable
and the gas channel is directly connected to the outer
atmosphere. Consequently, the gas-liquid interaction
in the recess chamber occurs in a relatively balanced
state. At high J (J=12.48), the self-pulsated spray ap‐
pears again. As shown in Fig. 6b, many small drop‐
lets that are stripped off the liquid sheet by the gas

Fig. 6 Liquid sheet flow pattern in the recess chamber under typical working conditions: (a) self-pulsated spray before
the break phenomenon; (b) self-pulsated spray after the break phenomenon; (c) steady spray at minimal J; (d) steady
spray under the break phenomenon
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injected at high speed fill up the small recirculation
area at the outlet wall of the inner nozzle and blur
the gas-liquid interface. However, the movement pro‐
cess of the liquid sheet can still be distinguished. Un‐
der high-momentum gas injection, the liquid sheet is
squeezed to move toward the centerline of the injec‐
tor, thereby increasing the pressure of the gas core in‐
side the liquid sheet. Simultaneously, the pressure
outside the liquid sheet decreases, and the resultant
force of the liquid sheet stops it from moving to the
centerline of the injector. Finally, the gas pressure
outside the liquid sheet squeezes it toward the center‐
line again, after which it returns to the recess cham‐
ber wall. The self-pulsated spray at this time is
thought to be caused by the periodic squeezing of
the liquid sheet by the annular gas.

3.2.2 Pressure oscillation in the recess chamber

When self-pulsation occurs, the pressure out‐
side the liquid sheet in the recess chamber oscillates
periodically, at a frequency the same as that of the
spray width (Bai et al., 2020b). Therefore, the peri‐
odic change of the liquid sheet in the recess chamber
is the direct cause of the pressure oscillation in the
recess chamber (Chu et al., 2020). Fig. 7 presents the

pressure oscillation time series and frequency spec‐
trum in the recess chamber under the four typical
working conditions.

If the self-pulsated spray appears before the
break phenomenon (J=3.14), the annular gas channel
in the recess chamber is blocked by the liquid sheet.
The gas-liquid interaction is relatively weak with a
self-pulsation frequency of 2507 Hz. The pressure
outside the liquid sheet rises, and the peak pressure
reaches 0.215 MPa, which is about 212% of standard
atmospheric pressure. When the high pressure outside
the liquid sheet in the recess chamber stops the liquid
sheet from moving to the recess chamber wall and
causes it to reverse to the injector centerline, the gas
channel opens, the pressure decreases, and the mini‐
mum pressure value is 0.02 MPa, which is about
20% of standard atmospheric pressure, as shown in
Fig. 7b. When the spray state is stable (J=1.05, 8.90),
the pressure in the recess chamber and the spray
width oscillation exhibit no obvious dominant fre‐
quency. At this time, the pressure value is stable and
tends to 0.12 MPa, which is close to atmospheric pres‐
sure, as shown in Figs. 7a and 7c.

For the self-pulsated spray after the break phe‐
nomenon (J=12.48), the self-pulsation frequency

Fig. 7 Pressure time series and frequency spectrum in the recess chamber: (a) J=1.05; (b) J=3.14; (c) J=8.90; (d) J=12.48
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becomes 4247 Hz due to violent gas-liquid interac‐
tion in the recess chamber. The high-momentum gas
first squeezes the liquid sheet to move toward the
centerline of the injector, the gas pressure on the re‐
cess chamber wall decreases, and the minimum pres‐
sure value is 0.085 MPa. When the gas pressure out‐
side the liquid sheet is less than a certain critical val‐
ue, the liquid sheet moves to the recess chamber
wall, which increases the gas pressure; at that time,
the peak pressure is 0.22 MPa, as shown in Fig. 7d.
The analysis indicates that the peak pressure oscilla‐
tion in the recess chamber caused by the self-pulsated
spray is higher after the break phenomenon than that
before the break phenomenon, but its oscillation
amplitude is lower than that before the break phe‐
nomenon. This is because as the momentum of the
gas injection increases, the force hindering the move‐
ment of the liquid sheet increases, and the amplitude
of the liquid sheet movement in the radial direction
decreases.

3.2.3 Pressure disturbance in the recess chamber

For the LCSC injector with RN=1, two high-
frequency pressure detection points are set in the re‐
cess chamber, as shown in Fig. 8. Monitoring points
1 and 2 are located on different axial positions in the
recess chamber; monitoring point 1 is 6 mm away
from the injection faceplate, while monitoring point
2 is 3 mm away from the injection faceplate. A Ku‐
lite sensor is used to collect high-frequency pressure
data, and the pressure distributions of the recess
chamber at different monitoring points before, dur‐
ing, and after the break phenomenon are obtained, as
shown in Fig. 9. The analysis reveals that when the
self-pulsated spray appears before the break phenom‐
enon (J=3.14), the annular gas pressure in the recess
chamber decreases along the flow direction. This is
because the gas is blocked by the liquid sheet at the
outlet of the annular joint, and the gas-liquid interac‐
tion becomes intense, which causes a certain pres‐
sure loss. The pressure loss from monitoring point 1
to monitoring point 2 is about 10 kPa.

The analysis of the four cycles from 0.0030 to
0.0045 s reveals that there is almost no phase differ‐
ence between the pressure curves of the two monitor‐
ing points, as presented in Fig. 9a. It indicates that
the propagation speed of the pressure disturbance is
very fast under this working condition, and that the

liquid sheet has little effect on the disturbance. After
the break phenomenon (J=12.48), the self-pulsated
spray causes the annular gas pressure in the recess
chamber to increase along the flow direction. This is
because the gas at the outlet of the annular joint acts
on the liquid sheet, which causes the liquid sheet to
instantaneously have higher energy. Then the high-
energy liquid sheet continuously blocks the low-
energy gas near the injection faceplate in the recess
chamber, causing continuing increase in the gas pres‐
sure. Analysis of the pressure curves of the two moni‐
toring points of the recess chamber under this work‐
ing condition indicates that the pressure disturbance in
the recess chamber propagates down-stream from the
outlet of the annular gap, but the propagation speed
is obviously affected by the liquid sheet. There is a
12% phase difference between the pressure time series
of the two monitoring points, as shown in Fig. 9c.

It is worth noting that with the occurrence of the
break phenomenon of self-pulsation, the pressure
amplitudes outside the liquid sheet in the recess cham‐
ber still reach approximately 25% of the average con‐
dition, which may give rise to combustion instability.
With the increase of J from 7.30 to 8.90, the high-
pressure area in the recess chamber gradually changes
from monitoring point 1 to monitoring point 2, as
shown in Fig. 9b.
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Fig. 8 Locations of monitoring points. Reprinted from
(Bai et al., 2021), Copyright 2021, with permission from
Elsevier
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3.3 Theoretical analysis model for self-pulsation

Experimental studies show that when self-pulsation
occurs, the movement of the liquid sheet in the recess
chamber is closely related to the pressure of the annu‐
lar gas channel. During self-pulsation, the interaction
between the annular gas and the conical liquid sheet is
in an unstable state. Therefore, by taking the liquid sheet
element as the analysis object, a 1D unsteady analysis
of the movement trajectory of the liquid sheet and the
annular gas pressure in the LCSC injector with RN=1

is carried out. The oscillation period, the time series
of the gas pressure outside the liquid sheet in the re‐

cess chamber, and the trajectory of the liquid sheet in

the recess chamber are determined by theoretical cal‐

culation. Then the theoretical analysis and calculation

results are compared with the experimental results to

verify the practicality and feasibility of the theoretical

model.

To simplify the analysis, the assumptions are as

follows:

Fig. 9 Pressure time series at different positions on the recess chamber wall: (a) self-pulsated spray before the break
phenomenon (J=3.14); (b) steady spray during the break phenomenon (J=7.30 and 8.90); (c) self-pulsated spray after
the break phenomenon (J=12.48)
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(1) The liquid phase is incompressible and
inviscid;

(2) The energy loss in the flow process is
neglected;

(3) The static pressure difference between the
upstream and downstream of the liquid sheet is
ignored;

(4) The volume force is not considered;
(5) The total pressure loss in the gas phase is

ignored.
According to assumptions (1) and (4), the liq‐

uid sheet elements in the recess chamber are mainly
subjected to the gas pressure inside and outside the
liquid sheet, centrifugal force, and surface tension
(Chen and Yang, 2014). Among them, the centrifugal
force and the gas pressure inside the liquid sheet
cause the liquid sheet to expand outward, and the
surface tension and the gas pressure outside the liq‐
uid sheet cause the liquid sheet to contract inward.
Numerical simulation studies have found that when
self-pulsation occurs, the amplitude of pressure oscil‐
lation inside the liquid sheet is much lower than that
outside the liquid sheet (Bai, 2020). In order to sim‐
plify the analysis, it is assumed that the pressure in‐
side the liquid sheet is equal to the ambient pressure.
A coordinate system is established on the injector axis
symmetry plane; the center of the liquid sheet element
is the origin, the radial velocity direction of the liquid
sheet is the r axis, and the normal direction outside
the liquid sheet is the n axis, as shown in Fig. 10.

Because the liquid sheet angle θ changes slightly
when the liquid sheet moves closer to, and away

from, the recess chamber wall within a period, the cur‐
vature in the n direction approximates to infinity, and
the effects of the centrifugal force Cn in the n direc‐
tion and the surface tension Sn are small. Thus, they
are ignored. The centrifugal force Cr and the surface
tension Sr in the r direction are respectively calculated
as follows:

Cr = ρ lω
2(r) h (r) cos θ

dS
r
 (1)

Sr = 2σ
dS
r
 (2)

where ρl is the liquid density, ω(r) is the circumferential
rotation speed of the liquid sheet, r is the radial dis‐
placement, h(r) is the thickness of the liquid sheet, dS is
the area of the liquid sheet element, and σ is the surface
tension coefficient, which is 0.073 for air and water.

The pressure outside the liquid sheet in the recess
chamber can be calculated by the gas mass flow rate
and the gas Mach number. The gas mass flow rate is
calculated as

ṁg=
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Fig. 10 Force analysis of the liquid sheet element
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where the critical pressure ratio is σcr = ( 2
k + 1 )

k
k - 1

 pe

is the ambient gas pressure, P is the total pressure of
the gas, Tg is the total temperature of the gas, R is the
gas constant, A(r) is the circulation area of the gas at
the position of the liquid sheet, k is the specific heat
ratio, and Cd is the gas flow coefficient.

There are three situations for calculating the cir‐
culation area of the gas: internal mixing, critical mixing,

and external mixing. The range of self-pulsation is the
largest in the internal mixing state, so the theoretical
analysis model first considers that the injector is in
internal mixing state, the liquid sheet does not contact
the recess chamber wall, and when the liquid sheet ele‐
ment moves to the nearest wall of the recess chamber,
the gas Mach number at this position is 1. Based on

that, the circulation area is calculated as follows:

A(r)=
1
4
πD2

gor - π (r +
h(r)
2 ) 2

. (4)

According to the gas mass flow rate formula, the

relationship between the total pressure P and the radial

displacement r of the liquid sheet is calculated as
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where Δ = ṁg ( )Cd A(r)
2k

( )k - 1 RTg

.

Thus, the gas static pressure pout(r) and the gas

injection speed ug can be solved by the isentropic rela‐
tion, as follows:

pout (r)=
P

( )1 +
k - 1

2
M 2

k
k - 1

 (6)
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Then, the gas Mach number M is calculated as:
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where Ts is the static temperature. The relationship

between Tg and Ts satisfies the following equation:

Tg

Ts

= 1 +
M 2 (k - 1)

2
. (9)

Therefore, the gas Mach number can be simpli‐

fied as follows:
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The thickness h(r) of the liquid sheet, the circum‐
ferential velocity ω(r) of the liquid sheet, the radial
velocity v(r) of the liquid sheet, and the liquid sheet

angle θ in the recess chamber can be respectively solved
by the conservation of mass, angular momentum, and

energy, as follows:

h (r) =
ṁ l

ρ lu0 × 2πr
 (11)

ω(r) =
ω0( )r0 -

h0

2
r

 (12)
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where u0 is the initial axial velocity of the liquid
sheet, v0 is the initial radial velocity of the liquid
sheet, ω0 is the initial circumferential velocity of the
liquid sheet, h0 is the initial thickness of the liquid
sheet, and r0 is the initial position of the liquid
sheet element.

According to the force analysis, the resultant
force F of the liquid sheet element in the radial direc‐
tion is obtained as follows:

F= ( )p in-pout (r) dS

cos θ
-
ρ lω

2( )r h ( )r cos θdS
r

-
2σdS

r


(15)

where pin is the gas pressure inside the liquid sheet in
the recess chamber, which is approximately equal to
the environmental pressure pe.

Therefore, the acceleration of the liquid sheet
element is as follows:

d2r
dt2

=
p in - pout (r)

ρ lh ( )r (cos θ)2
+
ω2 (r)

r
-

2σ
ρ lh ( )r r cos θ

. (16)

This completes the establishment of the 1D self-
pulsation model. The initial conditions, namely u0,
v0, ω0, h0, and r0, can be solved by the theoretical
model of the liquid sheet angle established by Bai
(2020). Therefore, only the gas and liquid mass flow
rates and the injector structure need to be known to
obtain the time series of the liquid sheet movement
position, the time series of the gas pressure outside
the liquid sheet in the recess chamber, and the self-
pulsation frequency and intensity.

The theoretical deviation of the calculated self-
pulsation frequencies before and after the break phe‐
nomenon with the experimental self-pulsation fre‐
quencies is found to be less than 9%, as shown in
Fig. 11. Therefore, the credibility of the model was
verified. However, the self-pulsation model is inca‐
pable of determining whether self-pulsation occurs.

Fig. 12 presents the theoretical calculations of
the time series of the movement positions of the liquid
sheet in the recess chamber before and after the break
phenomenon of self-pulsation, as well as the pressure
outside the liquid sheet in the recess chamber.

After the occurrence of self-pulsation, the liquid
sheet element in the recess chamber moves periodi‐
cally. Before the break phenomenon of self-pulsation
(J=3.14), the liquid sheet element first approaches,
but does not reach, the recess chamber wall. With
the decrease of the radial velocity of the liquid sheet
element to zero, the distance between the liquid sheet
element and the recess chamber wall is 0.4 mm, after
which the liquid sheet element reverses to 1.3 mm
away from the centerline. Under this working condi‐
tion, the amplitude of the movement of the liquid
sheet element is 2.8 mm (Fig. 12a), and the calculated
peak pressure of the liquid sheet outside the recess
chamber is 210 kPa (Fig. 12b). After the break phe‐
nomenon of self-pulsation (J=12.48), the liquid sheet
element first weakly approaches the recess chamber
wall, and then immediately moves toward the center‐
line of the injector. Under this working condition, the
amplitude of the movement of the liquid sheet ele‐
ment is 2 mm (Fig. 12a), and the decrease of the am‐
plitude reduces the peak and amplitude of the gas
pressure outside the liquid sheet in the recess cham‐
ber (Fig. 12b). The transformation in the radial posi‐
tion of the liquid sheet element is the same as that of
the liquid sheet flow pattern obtained by experiment.

Fig. 13 exhibits the relationship between the
momenta of the gas and liquid phases under different
working conditions. The gas- and liquid-phase momenta
change periodically and have the same period, but the
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phase difference is T/2. Therefore, in the same peri‐
od, the peaks of the momenta of the gas and liquid
phases appear alternately (Fig. 13a), and the energies
of the gas and liquid phases are periodically trans‐
ferred to each other to maintain the self-pulsation. In
general, the liquid-phase momentum is greater than
the gas-phase momentum both before and after the
break phenomenon of self-pulsation. This is because

only a portion of the liquid-phase momentum is used
to transfer energy to amplitude of the gas-phase mo‐
mentum oscillation of self-pulsation after the break
phenomenon is decreased (Fig. 13b), while that of
the liquid-phase momentum is increased. This is be‐
cause the gas mass flow rate is higher after the break
phenomenon of self-pulsation; while the gas-phase
owns a higher momentum, the liquid-phase momen‐
tum is nearly unchanged. Therefore, the energy trans‐
ferred from the gas phase to the liquid phase within
a cycle is greater, while the energy transferred from
the liquid phase to the gas phase is relatively little.

4 Conclusions

Experimental investigations of the break phe‐
nomenon of self-pulsation, self-pulsation characteris‐
tics before and after the break phenomenon, and
flow dynamics in the recess chamber generated by a
LCSC injector under different J conditions have been
presented and analyzed. Moreover, a theoretical model
for self-pulsation was proposed to analyze the oscilla‐
tion characteristics of the liquid sheet during self-
pulsation. The critical conclusions of the present study
are as follows.

1. As the momentum flux ratio (J) increases, the
break phenomenon of self-pulsation for the LCSC
injector with a larger recess length occurs. The self-
pulsated spray is more symmetric before the break
phenomenon, and the turbulence of the spray is greatly
strengthened, leading to an asymmetric distribution of
the spray after the break phenomenon. When the break
phenomenon of self-pulsation occurs, the gas-liquid
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shear layer is relatively stable and the spray cone
angle remains almost constant.

2. The flow dynamics in the recess chamber se‐
quentially transform from a periodic expansion dom‐
inated flow to a stable flow, and then develop to a pe‐
riodic contraction-dominated flow during the break
process of self-pulsation. Before the break phenome‐
non, the liquid sheet has little effect on the pressure
disturbance propagation speed in the recess chamber.
After the break phenomenon, the pressure distur‐
bance propagation speed is obviously affected by the
liquid sheet. There is a 12% phase difference be‐
tween the pressure time series of the two monitoring
points.

3. Based on the theoretical analysis of the 1D
unsteady flow process of the liquid sheet, it is pre‐
liminarily proved that the self-sustaining mechanism
of self-pulsation changes from the periodic blockage
of the conical liquid film before the break phenome‐
non to the periodic squeezing effect of the annular gas
after the break phenomenon, and the self-pulsation
frequency can be better predicted. Moreover, the en‐
ergy transfers between the gas- and liquid-phase play
a key role in maintaining the self-pulsation process.
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