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Future space missions are considering the use of green space propulsion, and H;O;/kerosene bipropellant
is one of effective alternatives for rocket propellant. In addition, for a 100-N-class thruster of
H,0,/kerosene, it is important to design the proper injector. In this study, according to different values
of the geometric constant A which determines the initial swirl intensity of the injected fluid, five coaxial
swirl injectors are designed to check the thruster’s performance. From the test and experiment results,
it is found that with an increase in A, coaxial-swirl injectors can aid in the mixing of oxidant and fuel
but increase the average temperature of faceplate, thus significantly reducing the flame length. However,
a large or small value of A is not conductive to improve the combustion efficiency. In addition, the
pressure oscillation (Pjy) inside of the chamber gradually becomes intense. Among all cases, Case 3
(A =3.0), exhibits optimal performance for a 100-N-class H,0;/kerosene thruster.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

With the goal of meeting new requirements for attitude con-
trol during spacecraft and satellite missions, green propulsion re-
search studies have been conducted to develop new systems that
are safer and easier to handle and use green and nontoxic pro-
pellants to achieve high performance at low cost. Thus, a num-
ber of the investigated propellants were hydrogen peroxide [1],
kerosene, ammonium dinitramide (ADN) [2,3] and hydroxylammo-
nium nitrate (HAN) [4] for thrusters, the Table 1 demonstrates
the properties of some green mono-, and bi-propellants. Among
these monopropellants, H;0, was used as an oxidizer component
of bipropellants and as a monopropellant since the early days of
rocket development because of its storable characteristic. Hyper-
golic HyO,/kerosene bipropellant is an effective alternative for the
present propulsion systems [10,11], in which hydrogen peroxide at
a high concentration becomes an oxidizer to kerosene. A propellant
based on hydrogen peroxide has a number of advantages, such as
high density, zero toxicity, and high specific impulse [12].

The injector design is critical because it controls the perfor-
mance and heat transfer characteristics of the combustor and de-
termines whether combustion instabilities will occur. A transverse
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injector is used in a dump-combustor configuration to investigate
the autoignition characteristics of JP-8 in decomposed hydrogen
peroxide; specifically, fuel-rich autoignition is limited at contrac-
tion ratios less than 6 and in the presence of high hydrogen per-
oxide concentrations [13]. Using numerical simulation, Li et al. [14]
found that a H,0,/kerosene coaxial shear injector causes the com-
bustion chamber to be divided into the following zones: rapid
high-temperature pyrolysis zone, oxidization zone and equilibrium
flow zone. In a previous experiment, non-intrusive optical diagnos-
tics was employed to study the combustion behaviors and flame
stabilization of a coaxial swirl injector and a coaxial shear in-
jector, including gaseous hydrogen/gaseous oxygen (GO,/GH) and
gaseous methane/gaseous oxygen (GCH4/GO3) [15,16]. The method
may also be employed in H,0O,/kerosene bipropellant.

However, a few challenges still exist in the development of the
injector of the H,0;/kerosene bipropellant 100-N-class thruster.
The thruster must have a small mass flow rate, low weight and
small size, which require the injector and combustor to not only
have a small structure but also ensure flow conditions for au-
toignition and good mixture. In addition, compared with the
N, 04-derivative/NyHg-derivative rocket propellant system, the pro-
pellant mixture ratio of H,O/kerosene can reach 7.5 [9], thus
making it difficult to mix a small amount of fuel with the oxi-
dizer.

To address these challenges, this paper presents a design for
coaxial swirl injectors based on the previous injector design
achievements [17,18]. Hulka et al. [19,20] conducted a series of
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Table 1
The properties of some green propellants.
Propellant Toxicity (LD50 Mass ratio Vacuum Density Isp x 103 Ref.
orally mg/kg) (oxidizer/fuel) Isp (5) (kg/m3-s)
Monopropellant LMP-101 1360 rats - 246.94 350.65 [5]
HAN (100%) 325 rats - 217.85 398.67 [4]
90% Hy0; 376 rats - 170 235.96 [1,6]
Bipropellants LOX and - 2.74 343.57 35245 [7,8]
Kerosene >5000 rats
90% H,0; and 376 rats 7.5 290 375.37 [7,9]
Kerosene >5000 rats
) Combustor
H>0: inlet Kerosene inlet
%
// z
o
7
7
z///
Silver screen catalyst bed ~ Swirl injector Nozzle
Fig. 1. Schematic of the laboratory rocket engine.
Table 2
The main physical properties of 90% H,0, and kerosene.
Propellant Temperature Pressure Density Viscosity Ref.
(K) (MPa) (kg/m3) (Pa-s)
90% Hp0, 293 0.101 1386.7 1.25x 1073 [22]
Decomposed H,0, 1030 2.8 723 3.66 x 1072 NIST
Kerosene 300 2.8 780 1.21 x 1073 [23]

cold-flow studies to optimize the design of coaxial swirl injectors
for liquid rockets. Compared with jet injectors, the non-uniform
mixing of propellants is avoided and the mixing efficiency is
significantly improved. In addition, the injector is less suscepti-
ble to choking and cavitation [21]. The coaxial swirl injector has
good mixing and promotes the reduction of the flame length,
both of which improve the thruster’s efficiency and decreases the
thruster’s weight.

2. Experimental setup
2.1. Lab-scale rocket engine configurations

All tests are conducted in a lab-scale rocket engine system. The
rocket engine consists of the following (as shown in Fig. 1): sil-
ver screen catalyst bed, injector, combustion chamber and nozzle.
In this paper, a previous lab-scale 100-N-class engine is employed
[14], but the coaxial swirl injector is used. The length and inner
diameter of the combustion chamber are 100 mm and 30 mm, re-
spectively. The diameter of the nozzle throat is 6.8 mm. Because
the engine requirement is a 100 N thrust, through aerodynamics,
it is easy to determine that the total mass flow rate is approxi-
mately 50 g/s and the diameter of nozzle exit is 12.62 mm.

Here, 90% hydrogen peroxide and kerosene are pressurized with
a regulated nitrogen gas manifold system. With a propellant mix-
ture ratio of 7.5, the mass flow rate of 90% hydrogen peroxide and
kerosene are 43.7 g/s and 6.3 g/s, respectively. In addition, when
hydrogen peroxide passes through kerosene, it is decomposed into
high-temperature mixture gas of water vapor and oxygen. The
temperature reaches 1030 K, and the mass concentrations of O;
and HyO are 42.3% and 57.7%, respectively.

2.2. Injector design

Because the mass flow rate of kerosene is too small, kerosene is
injected by the jet atomizer in the center, and decomposed hydro-
gen peroxide is injected via the four swirl injection atomizer in the
outer annulus. Thus, the design is divided into two parts: liquid jet
injector and gas swirl injector. Table 2 indicates the main physi-
cal properties of the propellants used in the design. The properties
of decomposed H;0, (mass concentration: 42.3% Oy, 57.7% H,0) is
calculated by NIST.

2.2.1. Liquid jet injector

Usually, the jet injector design is primarily based on conserva-
tion of mass and Bernoulli’s equation. However, the hydraulic loss
coefficient and the injector configuration must be considered in
the real injector, which makes the design procedure complicated.
Thus, the explicit expression of mass flow rate can be written as

Ti’lj:/,(,.Aj.,/ZpkAp (1)

where u is defined as the injector flow coefficient, p; is the den-
sity of kerosene, Ap is the pressure drop of injector and A; is the
flow area at the injection exit. The flow coefficient is affected by
many factors, including the injector configuration, pressure drop,
and physical properties of fluid. To make the expanding jet reach
the injector wall, the injector passage must be sufficiently long,
with a L;/d; greater than 1.5 [17]. China No. 3 aviation kerosene
is employed in the experiment. Finally, one obtains

dj =0.6 mm

(2)

In addition, all of the co-axial swirl injectors include the same
jet injector in their design.
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Fig. 2. The physical model of the coaxial swirl injector.

Table 3

Main design parameters of the swirl injector.
Case A " Ap Tc Thx Lpy

(MPa) (mm) (mm) (mm)

1 6.7 0.095 0.80 8.80 1.55 8.00
2 4.8 0.119 0.80 7.87 1.60 8.00
3 3.0 0.168 0.80 6.62 1.66 8.00
4 13 0.308 0.80 4.89 173 8.00
5 0.5 0.477 0.80 3.93 1.96 8.00

2.2.2. Gas swirl injector

Compared with the jet injector, the ideal swirl injector design
is based on Bernoulli’s equation, conservation of mass energy and
conservation of momentum. The gas swirl injector has a flow char-
acteristic of center swirl intensity. The oxygen is injected tangen-
tially into the center post of the injector through tangential inlets
to create a swirling flow. Thus, the gas swirl injector consists of
three major parts: tangential inlets, a vortex chamber, and an at-
omizer. Fig. 2 shows the physical model of coaxial swirl injector.
The swirl injector has an important dimensionless number - the
geometric characteristic constant, A, which determines the initial
swirl intensity of the injected fluid. The constant is defined as

Rpxtc

AcR
_ cbx: (3)

A= 2
Ainrc nry,

where A. is the atomizer area, r; is the atomizer radius, n is the
number of tangential inlet passages, Aj, is the total area of tan-
gential inlets, rpy is the radius of tangential inlets and Ry, is the
radial location of the tangential inlets. The geometric characteristic
constant A can also be expressed by other forms [24]; one of the
forms is as follows:

RpxVi
A= bxVin

(4)

where v;, is the tangential velocity of the tangential inlet passages
and v, is the axial velocity of the injection. Thus, according to
the properties of decomposed hydrogen peroxide, using orthogo-
nal experimental design, five swirl injectors are considered; the
main design parameters are presented in Table 3. p is the flow
coefficient, Lyy is the passage length of tangential inlet and Ap is
pressure drop of injector. The details of design procedure can be
found in Ref. [17,24].

Fig. 3a indicates the final assembly of the coaxial swirl injector.
Decomposed hydrogen peroxide enters six holes and then forms
the swirl flow through the four inlet passages of the vortex cham-
ber. Kerosene is injected from the side and forms the jet flow.

I'cVa

H,0, decomposition

Kerosene

Kerosene

Fig. 3. (a) The assembly of the coaxial swirl injector. (b) The assembly of the coaxial
jet injector.

Next, kerosene and decomposed hydrogen peroxide are mixed in
the front of the combustion chamber. And the coaxial jet injec-
tor is shown in the Fig. 3b. Decomposed hydrogen peroxide enters
six holes and then forms the jet flow through the chamber of the
injector.

3. Simulation model
3.1. Physics model

In the CFD simulation, kerosene injection is substituted by the
“Plain Orifice Atomizer” (POA) model and the Discrete Phase Model
(DPM). The detailed descriptions of the abovementioned models
are given in Ref. [14]. The main parameters used in the POA model
are as follows: inner diameter of kerosene tube: 0.6 mm; tube
length: 6 mm; and mass-flow rate of kerosene: 6.3 g/s. A realiz-
able k-¢ turbulence model is employed that exhibits superior per-
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Fig. 4. Geometric model and grids.

formance for flows involving rotation and boundary layers under
strong adverse pressure gradients, separation, and recirculation.

The equation of state employed in the study is the Peng-
Robinson (PR) cubic equation, which is mainly applied to the fol-
lowing: multicomponent mixtures, high-pressure phase equilibria,
supercritical fluids, and reservoir fluids [25]. The equation is given
by

RT a

P= -
V—-b V24+2bV b2

(5)

where R is the universal gas constant and V is the molar volume.
The coefficients (a and b) represent the attraction and repulsion
effect among molecules, respectively.

The combustion in the liquid rocket belongs to a typically tur-
bulent flamelet regime. In all cases, the Reynolds number of cold
state kerosene in injector is about 1.053 x 10%; thus, a flamelet
approach is used to model the non-premixed combustion. More-
over, non-equilibrium effects and a PDF-treatment are considered
in the turbulent combustion. Many research works have investi-
gated the mechanism of China No. 3 aviation kerosene [26,27].
In this study, a high-temperature combustion skeletal mechanism
[27] containing 79 species and 330 reactions is employed in the
thermochemistry calculations.

3.2. Geometric model, mesh generation and boundary conditions

The geometric model of injector and grids are shown in Fig. 4,
where the mesh of exhaust plume is not shown but Fig. 4b is
right elevation of exhaust plume. Four tangential inlets represent
the tangential inlet passages of the vortex chamber. The exhaust
plume is used to calculate the flow characteristics of the nozzle.
The test of grid sensitivity is conducted in all cases. In Case 3, ad-
equate grid independence is satisfied with a mesh of 541419 cells,
in which the minimum mesh volume and maximum mesh volume
are about 8.489 x 10714 m3 and 2.952 x 10~8 m3, respectively.
Minimum orthogonal quality of mesh is 0.40. Currently important,
the grids near the wall, in the center of chamber and the throat are
refined to ensure the y* lower than 5. The boundary conditions of
the inlet and outlet are set as the mass flow inlet and the pres-
sure outlet, respectively. Because the combustion residence time is
short in the combustion chamber, the heat transfer through the
chamber wall can be ignored, and the wall is considered as no-
slip, adiabatic wall in the simulation. And the pressure is given as
1 atm for the pressure outlet of exhaust plume and 28 atm for the
mass flow inlet, respectively. Thus, the fluctuation of pressure is
not considered.

In the simulations, the residuals of all components are lower
1073, Concurrently important, the mass flow rate of the inlet,
49.975 g/s is close to that of the outlet, 50.023 g/s. Therefore, the
simulations are regarded as steady state solution.

4.0

3_5_- Inlet pressure of catalyst

/

3.0+
Outlet pressure of catalyst

\
|

Combustion chamber pressure

2.5]
2.0
1.5]
1.0]
0.5

Pressure (MPa)

0.0
0.5

10 12 14 16 18 20 22 24 26 28 30
t(s)

Fig. 5. The process of the hot-fire test.

4. Results and discuss
4.1. Hot-fire testing

Five co-axial swirl injectors are separately installed into the lab-
scale engine. The operating pressures of the catalyst bed and com-
bustion chamber are measured during the tests. In addition, the
outlet temperature of the catalyst and the actual mass flow rate
of HyO, are measured. Fig. 5 depicts the pressure data measured
by the pressure sensors. During the tests, H,O, is injected 11 s
before kerosene is injected, and the pressure of combustion cham-
ber reaches 1 MPa at that moment. Kerosene is injected at 17 s,
and the autoignition induces the chamber pressure reaches 2 MPa,
thereby improving the inlet pressure and outlet pressure of cata-
lyst, but the pressure drop of catalyst remains at a fixed value. The
outlet temperature of the catalyst increases to over 600°C. Some
slight pressure perturbations still were observed in the steady-
state operation; however, such perturbations are not relevant in
obtaining the steady-state parameters. Because of the lack of cool-
ing system, the hot-fire test lasts for approximately 4 s to avoid
damaging the thruster.

Fig. 6 shows the evolution of the hydrogen peroxide mass flow
rate measured by the Coriolis mass flowmeter. Between 12 s and
17 s, the dashed field in Fig. 6 is induced by the false signal from
the vibration of the opening valve. Subsequently, from 17 s to shut
down, the average mass flow rate remains at a value of approxi-
mately 42 g/s, which is close to the design value. The uncertainty
of mass flow is 0.035%.

4.2. Flow field analysis

Five cases are simulated using CFD. To verify that the simu-
lation results are reasonable, the simulation values are compared
with the measured values, including the pressure of the combus-
tion chamber, the geometric characteristic constant A and the flow
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Fig. 6. The evolution of the Hy0, mass flow rate.
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Fig. 7. The pressure of the experiment and the simulation.

characteristics of the nozzle. Case 3 is chosen as a comparison ob-
ject, and the other cases exhibit similar results.

Fig. 7 shows comparison results of the average chamber pres-
sure of five cases. One pressure sensor is installed in the inlet
of combustion chamber. The pressure of the experiment is the
average value of the pressure sensor with time. The pressure of
simulation is the average value of the axial line. The average simu-
lation values are higher than 2 MPa, and the maximal relative error
is found for Case 1, 18.04%. Thus, Case 1 is not considered a reli-
able one but is used as a reference. The adiabatic wall employed
in the simulation is one of the main reasons for the higher pres-
sure. Moreover, the pressure of the experiment is a time-averaged
value, whereas the pressure of simulation is a steady-state value.
Thus, high relative errors in the experiment are possible.

Fig. 8 depicts the results of the geometric characteristic con-
stant A. The design value is obtained by using Eq. (3), and the
simulation value is calculated using Eq. (4). In Eq. (4), vi; and v,
are substituted by the respective simulation area-weighted average
values. The comparison of Fig. 8 proves that the geometry model-
ing of the gas swirl injector is reasonable, which reveals that the
results are mainly affected by A in the simulation.

The flow characteristics of the nozzle are calculated by the ex-
haust plume, which releases gases from the nozzle outlet. The
atmospheric pressure is 1.036 x 10° Pa in the test, but the exit
pressure of the nozzle is only 7.525 x 10% Pa, as obtained from
the simulation of case 3. According to the Laval nozzle, this situa-
tion can generate overexpansion. Thus, Fig. 9b shows the location
of high static pressure in case 3. Because of high temperature ra-

—&— Design A
—&— Simulation A

Geometric characteristic constant

Casle 1 Casle 2 Casle 3 Casle 4 Casle 5

Fig. 8. The design and simulation of the geometric characteristic constant.
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i
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a. Mach disk image of the experiment

Pressure (Pa)

e H.‘.o. -0 |
110000 N
105000 11—
100000 0 10 20 30 40 50 60 70 80 90 100110120130
X (mm)

b. Static pressure contour of the simulation

Fig. 9. The location of Mach disks in the experiment and the simulation.

diation, a series of Mach disks, namely, the white color shades
of image in Fig. 9a, can be captured by using a thermal infrared
imager. In the plume zone, through aerodynamics, the location of
high static pressure is at the location of high temperature. The lo-
cation of the visible Mach disks (see Fig. 9a) and the location of
high static pressure (see Fig. 9b) are similar in Fig. 9. The location
of Mach disks is the characters of flow and combustion. And it is
mainly decided by configuration of nozzle and adiabatic exponent.
The latter is affected by combustion in chamber. Thus, the position
of Mach dishes between simulations and experiments compare is
compared, through which numerical methods are validated.

The temperature contours near the injector faceplate for the
coaxial swirl injector and the coaxial jet injector are shown in
Fig. 10. In the temperature contour from simulations, the length
from inlet of combustion chamber to the zone of high tempera-
ture is defined as the flame length, L.. The coaxial jet injector is
designed and simulated in the same conditions, except for the dif-
ferent injection type.

From Fig. 10, the flame length of the coaxial jet injector is
approximately 84 mm. However, Fig. 11 indicates that the swirl
injectors produce a far shorter flame length than the coaxial jet
injector, and the flame length increases with the decrease of A.
Meanwhile, the swirling flow yield centrifugal force that generates
a low-pressure zone in the axial line of the inlet zone of chamber,
and the high temperatures produced in the high-pressure zone are
then rolled back into the low-pressure zone. This process induces
the recirculation zone in the central line (Fig. 12). These results
are similar to the results obtained by Cai's research [15]; i.e., the
coaxial swirl injector has two recirculation zones in the simulation:
one is located between the injector inlet and the chamber wall
(called ORZ), and the other is located in the central line (called
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Fig. 12. Recirculation zone induced by swirling flow.

IRZ), which is crucial to the flame length and the combustion ef-
ficiency. Fig. 13a and Fig. 13b show that with a decreasing value
of A, IRZ becomes thin and long. Thus, the mixing of oxidizer and
fuel occurs more easily in the thin and long layer with a small A.
Different from the coaxial shear flame length, the slight swirl flow
helps make the flame area broad and mix the oxidizer with the
fuel. Meanwhile, the inner recirculation zone (IRZ) becomes weak;
thus, combustion occurs in the minor area, and the flame length
becomes short. In contrast, the strong swirl flow causes the oxi-
dizer to flow along the wall, which broadens the combustion area;
however, the jet injector is in the centerline, and a small amount
of fuel is entrained in the swirl flow. Thus, the flame length rises
with the increase of A.
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Fig. 14. The average temperature of faceplate in simulation.

The mass of the oxidizer flows with the chamber wall more
easily with a large A, and the combustion occurs in the vicinity
of the faceplate and chamber wall, inducing the faceplate of swirl
injector yield high temperature. Thus, the average temperature of
faceplate gradually rises with the increase of A (Fig. 14). Moreover,
Fig. 15 shows the five faceplates obtained after the experiment. It
is obvious that the faceplates of Cases 1 and 2 have slight burns,
whereas the other cases have bright faceplates.
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Fig. 16. Combustion efficiency and pressure instability of the 100-N-class thruster.
4.3. Thrust chamber performance
The characteristic velocity efficiency, (1), which is a crucial fac-

tor to evaluate how the propellants are effectively combusted, is
defined as

Coxp o

Ne = —— x 100% (6)
ideal

where Cj,,, is the ideal characteristic velocities and CZ,, is the

experimental characteristic velocity. The former can be obtained

from the NASA CEA code, and the Cg,, values of the five cases are

calculated using the following equation:
Pc o A
Cexp = Cit (7)
Mot

where A, is the nozzle throat, P, denotes the average chamber
pressure and ri1,; represents the total mass flow rate of the pro-
pellants. Fig. 16 shows combustion efficiency in the experiment
and the simulation as a function of geometric parameter A. It is
obvious that Case 3 reaches the highest combustion efficiency. In
addition, in the simulation results, with the value of A increasing,
the mass of the oxidizer flows more easily along the chamber wall,
thus weakening the mixing effect; thus, the combustion efficiency
reduces. However, a decrease in A indicates that the tangential
momentum of oxygen also decreases, which makes the mixing
scheme close to that of the coaxial jet injector. The coaxial jet in-
jector has a high axial velocity but thin interface with kerosene.
Therefore, poor mixing results in a low combustion efficiency. Con-
sequently, Cases 4 and 5 have low combustion efficiency.

The combustion instability was measured in terms of the pres-
sure oscillation ( Pjps) inside the chamber [28], defined as

x 100% (8)
ave
where Ppax and P, are the maximum and minimum pressures
during steady state test, respectively and Pgye is the average cham-
ber pressure during the steady state test. Fig. 16 indicates that

the combustion instability is strengthened with the value of A in-
creasing. Tests from Ref. [28] indicate that the principal mode of
combustion instability induced by coaxial injector mostly follows
the first order tangential vibration mode. In addition, the tangen-
tial mode instability is predominant, particularly in the vicinity
of the injector [29]. The pressure sensor of combustion chamber
is installed near the injector. Thus, tangential momentum increas-
ing may cause the tangential vibration more intensive, which may
well be the reason why the combustion instability is intense with
a large A. The instability requires more experimental studies to
identify the main reasons. In addition, the pressure sensor should
be installed far from the swirl injector.

5. Conclusion

This research was devoted to determining a feasible coaxial
swirl injector to use in a 100-N-class HO;/kerosene thruster. An
experiment and the CFD method were employed during the steady
state ground test. The geometric parameter constant A was shown
to greatly affect the characteristics of the combustion flame and
performance of thruster. The main results are summarized as fol-
lows.

(1) Due to centrifugal force, the swirl flow increases the mixing
effect of the fuel and oxidizer, thus significantly reducing the
flame length. Increasing the value of A can help reduce the
flame length at the expense of the heat conduction of the face-
plate.

(2) A large or small value of A is not conducive to improve the
combustion efficiency. In the experiment, Case 3 (A = 3.0)
reaches the highest combustion efficiency of 93.88%. For the
combustion stability, the pressure oscillation (Pj,s) inside the
chamber gradually becomes more intense with an increase
in A.

(3) For actual application, the pressure oscillation of Case 3 (A =
3.0), 6.67%, is slightly higher than the recommended 5% dur-
ing steady-state operation. However, overall, Case 3 (A =3.0),
has the optimal performance for 100-N-class H,O,/kerosene
thruster of the five cases considered. The A between 1.3 and
3.0 may be more reasonable.

Future work will utilize more experimental measures to observe
the flame structure of the swirl coaxial injector in a combustion
chamber. In addition, the cooling equipment should be installed in
a long-time steady state test, eventually realizing actual applica-
tion.
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