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Abstract: To achieve rapid vector maneuvering of a space micro-nano satellite, a micro-sized solid
rocket motor was utilized as its propulsion system, and a micro-jet-vane-thrust-vector control system
was devised. Computational fluid dynamics (CFD) numerical simulations were conducted on the
designed micro-vane structure at various deflection angles to ascertain the lateral force and flow
field characteristics. The motor’s combustion temperature is 1380 K. Therefore, materials such as
45 steel, alumina ceramics, and tungsten–molybdenum alloy were chosen for the jet vanes to carry
out ground-based-motor-jet-ablation experiments and measure the ablation amount. Concurrently,
experimental data, including lateral force, were gathered. The tests demonstrated that despite
45 steel having a higher melting point than the combustion temperature significant ablation still
occurred. Alumina ceramics exhibited defects and experienced ablation and fragmentation post-test.
In contrast, tungsten–molybdenum alloy, being a refractory metal, showed minimal ablation after
testing, making it an ideal material for micro-jet vanes. At a 20◦ deflection of the jet vanes, the lateral
force calculated via numerical simulation was 3.76 N, whereas the lateral force obtained from the test
was approximately 3.8 N, resulting in an error within 1% and validating the numerical simulation’s
validity and accuracy. The jet vanes can generate a maximum steering angle of 8◦, thus ensuring the
micro-nano satellite’s swift vector maneuvering at large angles.

Keywords: solid rocket motor; micro-jet vane; flow field simulation; motor-jet-ablation experiments;
tungsten–molybdenum alloy

1. Introduction

In recent years, with the continuous development of aerospace science and technology,
lightweight and miniaturized designs have become the goals pursued by the aerospace
industry in various countries. Micro-nano satellites have thus emerged as an important
development direction for satellites [1,2]. Internationally, satellite types are often divided
according to mass. Satellites with a mass between 10 and 100 kg are microsatellites, and
satellites with a mass between 1 and 10 kg are nanosatellites. Satellites with a mass of less
than 100 kg are collectively referred to as micro-nano satellites [3]. They are characterized
by high technical content, short development cycles, and low development costs [4]. All
functions of large satellites can be realized through constellation networking. Compared
with traditional large satellites, micro-nano satellites offer significant advantages such as
light weight, small size, and low production costs [5]. They can be launched in various
forms, allowing for numerous launches at a time and low launch costs. Due to the advan-
tages of high integration, a short development cycle, a low launch cost, and fast networking
speed, the micro-nano satellite has attracted more and more attention from all over the
world [6].

Traditional large satellites typically utilize liquid rocket motor propulsion systems
to accomplish their propulsion, attitude-control, and adjustment tasks. This propulsion
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system necessitates fuel tanks, flow-rate-control devices, and other components, rendering
the system complex and causing it to occupy a considerable volume within the satellite. As
a result, it is only feasible for use on large satellites. However, due to constraints regarding
size, payload, and other factors inherent to micro-nano satellites, large propulsion systems
are unsuitable for them, thereby limiting the attitude- and orbit-control capabilities of
micro-nano satellites [7]. Hence, designing a miniaturized, cost-effective propulsion system
that caters to their need for rapid maneuverability is of paramount importance. With the
ongoing advancements in modern science and technology, the swift mobility of micro-nano
satellites has gradually become attainable [8–10].

Currently, with the continuous advancement of micro-propulsion technology, vari-
ous traditional and modern propulsion methods are employed in small thrusters. These
include cold-gas propulsion, mono-component liquid propulsion, bi-component liquid
propulsion, colloid propulsion, field-emission electric propulsion, pulsed-plasma propul-
sion, ion propulsion, and solid propulsion [11]. Among these propulsion systems, liquid
chemical thrusters have the drawback of requiring a storage tank and posing a risk of
leakage. Similarly, cold-gas thrusters necessitate a storage tank, have limited thrust, and
cannot achieve rapid maneuverability [12]. Electric thrusters also suffer from low thrust
and limited maneuverability, along with the need for numerous drive units and bulky
energy-processing units [13]. Solid propulsion technology, on the other hand, offers min-
imal system dependence on micro-nano satellites due to its advantages of high-density
impulse capability, a small volume requirement within the satellite, a simple structure, and
reliable performance [14,15]. Consequently, it is highly suitable for deployment in micro-
nano satellites that are constrained by limited design parameters such as volume, structure,
or weight, thus enhancing the rapid maneuverability of micro-nano satellites [16,17].

In today’s era, the development of micro-nano satellites is increasingly essential for con-
structing space-based attack and defense systems. Achieving rapid mobility in micro-nano
satellites requires quick adjustments to their attitude, enabling them to reach predetermined
orbits or target designated objectives efficiently. Hence, designing a thrust-vector-control
system becomes crucial to enable swift vector maneuvering of the micro-satellite. Thrust-
vector-control technology in solid rocket motors involves altering the gas flow-injection
direction to generate lateral force, thereby changing the aircraft’s flight direction, con-
trolling its flight trajectory and attitude angles, and enhancing its maneuverability and
agility. Various thrust-vector-control methods exist, including spoilers, jet vanes, swing
nozzles, and secondary jets [18]. Among these, jet vanes are commonly utilized due to
their advantages such as large-angle steering, rapid response, simple structure, and high
reliability [19]. Using four jet vanes allows for pitch, yaw, and roll control of the aircraft.
In recent years, many countries have adopted jet-vane-thrust-vector-control technology
for missiles due to its lightweight and miniaturization capabilities [20]. Consequently, jet
vanes can also be employed in micro-nano satellites for thrust vector adjustment, enabling
fast vector maneuvering of these satellites.

The jet vane is positioned at the outlet of the solid rocket motor’s nozzle, subjecting it
to strong erosion from the high-temperature and high-speed gas flow. Consequently, mate-
rials with high-temperature and ablation resistance are extensively utilized. Molybdenum
alloy, which is renowned for its high-temperature resistance, high strength, moderate den-
sity, and affordability, stands out as the most commonly employed refractory metal alloy in
various industries [21]. Presently, tungsten-based alloy materials like tungsten-permeated
copper alloy and tungsten–molybdenum alloy are prevalent choices for jet vane construc-
tion due to their high-temperature and ablation resistance [22]. Burak Sogutcu et al. [23]
used halogen-free steel material and ablation-resistant, tungsten-infiltrated copper as the
vane of the jet vane, and they carried out a ground jet experiment on the solid rocket motor.
Their test shows that the tungsten-infiltrated copper alloy has good ablation resistance.
In recent years, advancements in material science have led to the gradual development
of composite materials [24]. To enhance the lightweight nature of jet vanes, researchers
have fabricated carbon-fiber-composite jet vanes and conducted relevant numerical simula-
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tions and experimental research. Liu et al. [25] conducted numerical simulation analysis
on C/C Composite Jet Vanes, whereas S. Bansard et al. [26] performed ablation tests on
carbon/phenolic composites, utilizing a high-temperature gas flow of liquid aluminum
to simulate the motor’s gas flow. Additionally, Xue et al. [27,28] investigated the thermo-
chemical ablation process of two-dimensional jet vanes with varying deflection angles,
considering the thermolytic effects of carbon/phenolic materials. They employed a fluid–
solid-thermal-coupling calculation method and validated their findings through motor-jet
ablation tests.

However, carbon fiber composites are typically processed by winding, making it
challenging to fabricate them into small, thin micro-jet vanes. Additionally, due to their
thermolytic effect, they are not suitable for micro-jet vanes. Historically, alumina ceramics
and zirconia ceramics have undergone numerous motor-jet ablation tests for consideration
as potential jet vane materials. However, due to their inability to withstand the impact of
high-temperature and high-speed gas flow, the use of ceramics for jet vanes has long been
abandoned. In recent years, with ongoing advancements in material science, new ceramic
materials have been continually developed. For instance, aluminum nitride ceramics exhibit
high thermal conductivity [29]. Additionally, ultra-high-temperature ceramic materials
such as ZrB2, HfB2, ZrC, HfN, and others, with melting points exceeding 3000 ◦C, are
considered ideal thermal protection materials [30,31]. In recent years, high-entropy ceramics
(HECs) have shown excellent performance and great application potential in many fields,
and they have rapidly become a hot spot in the development of high-performance new
materials [32]. Bai et al. [33] used aluminum nitride ceramic material as the vane material
of the jet vane to carry out a ground jet experiment with a solid rocket motor. For smaller
solid rocket motors operating at lower combustion temperatures and total pressures, the
performance requirements for jet vane materials are less stringent. In such cases, it may be
feasible to explore the use of ceramics for jet vanes.

Currently, there is relatively limited research and experimentation conducted on
micro-jet vanes. Designing jet vanes within the size range of tens of millimeters poses
considerable complexity. However, for the advancement of micro-nano satellites, the design
and utilization of micro-jet vanes hold significant development potential. In this study,
the structural design of a micro-jet vane for a solid rocket motor intended for micro-nano
satellites was undertaken. Computational fluid dynamics (CFD) numerical simulations
were conducted to analyze the lateral force generated by the jet vanes at various deflection
angles, yielding temperatures, velocities, and pressure contours. Moreover, jet vanes made
from different materials underwent motor-jet ablation tests to assess their suitability. The
lateral force measured in the tests was compared with simulated results to validate the
accuracy and effectiveness of the numerical simulations. This paper aims to offer insights
for the design and material selection of micro-jet vanes for solid rocket motors utilized in
micro-nano satellites.

2. Structure Design of Jet Vanes
2.1. Parameters of the Solid Rocket Motor

Figure 1 illustrates the structure of the combustion chamber of solid rocket motor. As
depicted, the combustion chamber of this solid rocket motor must be thermally protected
using an insulation layer. The thickness of this insulation layer affects the propellant
loading, with a 1 mm increase resulting in a 16% decrease in propellant loading. For
solid rocket motors used on micro-nano satellites, optimizing the impulse-to-mass ratio
involves reducing the insulation layer thickness to accommodate more propellant in a
limited micro-space. Therefore, the combustion temperature of the propellant should be
low to enhance the performance of the solid rocket motor. The parameters of the solid
rocket motor are shown in Table 1.
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Figure 1. Combustion chamber of the solid rocket motor.

Table 1. Parameters of the solid rocket motor.

Parameters of the Solid Rocket Motor Values

Total gas temperature Tc/(K) 1380
Total pressure Pc/(MPa) 8

Specific heat ratio of gas k 1.2
Throat diameter Dt/(mm) 2.5

Pressure at the nozzle outlet Pe/(MPa) 0.2
Temperature at the nozzle outlet Te/(K) 946.6

Gas density at the nozzle outlet ρe/(kg/m3) 0.68
Gas velocity at the nozzle outlet Ve/(m/s) 1605.6

Mach number at the nozzle exit Mae 2.81
Expansion ratio of nozzle εA 7

Thrust Fc/(N) 50

2.2. Theoretical Calculation of the Jet Vane

The thrust Fc of the solid rocket motor is 50 N; in order to make the steering angle
reach more than 5◦, the jet vane needs to provide 5 N of lateral force. As the jet vane is
distributed in a “+” shape, each individual vane needs to provide 2.5 N of lateral force. In
the theoretical design process, the normal force FN of the vane is approximately equated to
the lateral force for vane-design purposes. Thus, FN is 2.5 N.

The relationship between the vane-deflection angle and the curve of lateral force
exhibits good linearity within the range of 0–20◦ [10]. Given that this is a preliminary
design, we aim to maintain a certain design margin. Therefore, we limit the maximum
vane angle δmax to 10◦ for the vane-surface design.

CNδ
is the normal force coefficient of the vane.

CNδ
=

4δmax

57.3
√

Mae
2 − 1

= 0.266 (1)

The vane area S is estimated by the following formula:

S =
2 ∗ FN

CNδ

(
1 − .

s
)
ρeVe

2 = 13.4 mm2 (2)

.
s is the dimensionless vane area loss rate. The area loss rate

.
s of the vane with a shorter

working time can range from 10% to 20%, and here
.
s is 20%.

The theoretical calculation result of the vane area S is 13.4 mm2. Considering that
a large lateral force should be generated as much as possible, the vane area S should be
greater than this value.
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2.3. Design of the Jet Vane

The structure of the designed jet vane is depicted in Figure 2. According to the
theoretical calculation, we are considering a vane area of 30 mm2. In order to make the
lateral force generated by the jet vane larger, the jet vane should be closer to the nozzle
outlet. Because the jet vane is small, the jet vane should be designed as a symmetrical
shape. At the same time, in order to have enough strength to resist the impact of gas flow,
the thickness of the designed jet vane is 1 mm, and its edges are smoothly curved.

Figure 2. Three-dimensional jet-vane schematic.

Figure 3 illustrates the structure of the jet-vane system. As depicted, each of the four
steering engines in this system controls one jet vane individually. The width of the whole
jet-vane system is only 71 mm, and the width of the core area is only 18 mm.

Figure 3. Diagram of the jet-vane system’s structure.

Figure 4 shows the AIM-9X missile, which adopts an advanced jet-vane system, thus
providing it with high maneuverability. Despite its diameter being only 127 mm, our jet
vane is still significantly smaller than that of the AIM-9X.
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Figure 4. The jet-vane system of the AIM-9X missile.

3. Numerical Simulation of Jet Vanes Using CFD

According to the parameters of the micro-sized solid rocket motor, two pairs of jet
vanes are set to deflect simultaneously, with the vane-deflection angle ranging from 0◦

to 20◦. The lateral force generated by the jet vanes under different deflection angles can
be calculated through three-dimensional steady-state numerical simulation using CFD.
Simultaneously, the temperature and pressure distributions on the surface of the jet vanes,
as well as the temperature and velocity contours of the gas flow, can be obtained. This
analysis allows for the examination of the impact of high-temperature and high-speed gas
flow on the jet vanes, as well as the influence of vane deflection on the gas flow.

3.1. Physical Model

To conduct the three-dimensional steady-state CFD simulation, the working fluid
domain of the solid rocket motor equipped with jet vanes is extracted as the physical model,
as illustrated in Figure 5. The blue arrows pointing towards the fluid domain represents
fluid entering the domain; hence, this blue surface serves as the inlet boundary. The red
arrows pointing away from the fluid domain represent fluid exiting the domain; thus, the
red surfaces represent the outlet boundary. The gray surfaces represent the wall boundary.

Figure 5. Physical model of the working fluid domain.
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3.2. Mathematical Models

This study uses three-dimensional steady-state simulation, so the N-S equation in
the form of weak conservation in the three-dimensional coordinate system [34] is selected,
which is based on the state equation, the mass conservation equation, the momentum
conservation equation, and the energy conservation equation.

The state equation is as follows:

P = ρRT (3)

The mass conservation equation is as follows:

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (4)

The momentum conservation equation in x direction is as follows:

∂ρu
∂t

+
∂(ρuu)

∂x
+

∂(ρuv)
∂y

+
∂(ρuw)

∂z
+

∂P
∂x

=
1

Re

(
∂τxx

∂x
+

∂τxy

∂y
+

∂τxz

∂z

)
(5)

The momentum conservation equation in y direction is as follows:

∂ρv
∂t

+
∂(ρvu)

∂x
+

∂(ρvv)
∂y

+
∂(ρvw)

∂z
+

∂P
∂y

=
1

Re
(

∂τxy

∂x
+

∂τyy

∂y
+

∂τyz

∂z
) (6)

The momentum conservation equation in z direction is as follows:

∂ρw
∂t

+
∂(ρuw)

∂x
+

∂(ρwv)
∂y

+
∂(ρww)

∂z
+

∂P
∂z

=
1

Re
(

∂τxz

∂x
+

∂τyz

∂y
+

∂τzz

∂z
) (7)

The energy equation is as follows:

∂(ρe)
∂t + ∂(ρue)

∂x + ∂(ρve)
∂y + ∂(ρwe)

∂z + ∂(ρu)
∂x + ∂(ρv)

∂y + ∂(ρw)
∂z =

1
Re

∂(τ xxu+τxyv+τxzw+qx)
∂x + 1

Re
∂(τ xyu+τyyv+τyzw+qy

)
∂y

+ 1
Re

∂(τ xzu+τyzv+τzzw+qz)
∂z

(8)

In the above equations, e = RT
γ−1 + 1

2 (u
2 + v2 + w2), τxx = 2

3 µ(∇·→v ) + 2µ ∂u
∂x ,

τyy = 2
3 µ(∇·→v ) + 2µ ∂v

∂y , τzz = 2
3 µ(∇·→v ) + 2µ ∂w

∂z , τxy = µ( ∂v
∂x + ∂u

∂y ), τxz = µ( ∂w
∂x + ∂u

∂z ),

τyz = µ( ∂v
∂z +

∂w
∂y ), qx = K ∂T

∂x , qy = K ∂T
∂y , qz = K ∂T

∂z , and ∇·→v = ∂u
∂x + ∂v

∂y + ∂w
∂z .

In these formulas, u, v, and w are the velocity components in the x, y, and z directions,
respectively. ρ is gas density; T is the gas temperature; P is gas pressure; µ is the gas
dynamic viscosity coefficient; K is the gas thermal conductivity; γ is the specific heat ratio;
Re is the Reynolds number; and R is the gas constant.

The turbulence model employed is the k-ωSST two-equation turbulence model. Dur-
ing the operation of the solid rocket motor, highly complex turbulence phenomena occur
within the gas flow inside the combustion chamber. Therefore, selecting the appropriate
turbulence-simulation method and model is crucial for simulating turbulent flow accurately.
The k-ωSST two-equation turbulence model, widely utilized in engineering, accounts for
the influence of turbulent shear stress transport processes, making it suitable for both
low-Reynolds-number effects and turbulent regions far from the wall. Consequently, this
simulation utilizes the k-ωSST two-equation turbulence model. Introduced by Menter [35]
in 1993, the k-ωSST two-equation turbulence model, also known as the shear stress trans-
port k-ω model, is a hybrid model. In comparison with the standard k-ω model, the k-ωSST
model incorporates a transverse dissipation derivative term and considers turbulent shear
stress transport processes in defining turbulent viscosity.
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The transport equation of the k-ωSST two-equation turbulence model is as follows:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj
[(µ + σkµt)

∂k
∂xj

] + Pk − β∗ρωk (9)

∂
∂t (ρω) + ∂

∂xi
(ρωui) =

∂
∂xj

[(µ + σωµt)
∂ω
∂xj

]

+ γ
vt

P
k
− βρω2 + 2(1 − Ft)

ρσω2
ω · ∂k

∂xj
· ∂w

∂xj

(10)

In the formula, ρ is gas density; µ is molecular viscosity; β∗, σk, γ, β, σω, and σω2 are
constant coefficients; and the right side of Equation (9) is the diffusion term, the turbulent
kinetic energy generation term Pk, and the dissipation term. The last item of Equation (10)
is the cross-diffusion term.

The SST k-ω model is calculated by mixing the k-ω turbulence model and the k-ε
turbulence model. The coefficients of the inner k-ω turbulence model are σk1 = 0.85,
σω1 = 0.5, β1 = 0.075, β∗ = 0.09, and γ1 = 0.5532. The outer k-ε turbulence model is
transformed into the form of a k-ω turbulence model and the coefficients of the transformed
turbulence model are taken as σk2 = 1.0, σw2 = 0.856, β2 = 0.0828, β∗ = 0.09, and γ2 = 0.44,
respectively.

The eddy viscosity coefficient of the SST k-ω turbulence model is expressed as

µt =
a1k

max(a1ω, ΩF2)
(11)

In the formula, a1 is the Bradshaw constant, taking the value of 0.31; Ω is the absolute

value of vorticity, Ω = |∆ ×
→
V| (

→
V is the velocity vector of flow); and F2 is the switching

function. In the SST k-ω turbulence model, for wall turbulence F2 = 1, and for free shear
turbulence F2 = 0.

The expression of the switching function F2 is

F2 = tanh
(

arg2
2

)
(12)

arg2 = max(
2
√

k
0.09ωy

,
500y
ρy2ω

) (13)

Concurrently, the wall surfaces are taken into account using the standard wall function.

3.3. Simulation Conditions for Motor Jet-Ablation Test

The grain of this solid rocket motor comprises a composite propellant. As we are
conducting fluid simulations, we only require knowledge of its gas properties. The gas
property parameters are presented in Table 2.

Table 2. Property parameters of the gas.

Parameters of the Gas Values

Total gas temperature Tc/(K) 1380
Molecular weight/(g/mol) 26.885

Specific heat capacity/(J/(Kg·K)) 2975.3

Based on the actual operational performance of the micro-sized solid rocket motor
equipped with micro-jet vanes, the steady-state simulation conditions for the working
process are established as follows:

(A) Inlet: The pressure-inlet boundary is adopted at the Inlet boundary. The total pressure
is set to 8 MPa and the total temperature is set to 1380 K.

(B) Wall: The adiabatic solid wall boundary is adopted without considering the exchange
of energy between the fluid domain and the solid wall.
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(C) Outlet: Because the tests are carried out in an atmospheric environment, the outlet
boundary is set as the pressure-outlet boundary, with a pressure of 101,325 Pa and an
ambient temperature of 323 K.

3.4. Grid Independence Verification

We set the deflection angle of the jet vanes to 20◦. Due to the irregular structure
of the jet vanes, we employ an unstructured grid-generation method to analyze grid
independence by varying grid sizes. Table 3 displays the lateral forces calculated through
numerical simulations under different grid settings.

Table 3. Lateral force values under various grid settings.

Size of the Grid Number of Grids Lateral Force (N)

0.2 mm 9,115,316 3.79
0.3 mm 3,249,412 3.77
0.4 mm 1,767,302 3.78
0.5 mm 1,354,466 3.76
0.6 mm 911,809 3.02
0.7 mm 760,415 3.21
0.8 mm 689,252 3.04
0.9 mm 641,845 3.23
1 mm 615,419 3.01

According to Table 3, as the grid size increases, so does the deviation in the calculations. To
strike a balance between calculation accuracy and efficiency, we opt for a grid size of 0.5 mm.

3.5. Simulation Results and Analysis

Figure 6 displays the lateral forces calculated by numerical simulation. It is evident
that as the vane-deflection angle increases, the lateral force generated by the jet vanes
gradually increases. At a vane-deflection angle of 20◦, the maximum lateral force generated
is 3.76086 N.

Figure 6. Lateral force obtained by simulation.

Figure 7 depicts the pressure contours on the surface of the jet vanes at various
deflection angles. It is evident that the high-pressure area is situated at the tip of the jet
vanes near the outlet of the nozzle. With the consistent deflection of the jet vanes, which is
influenced by the high-speed gas flow, the pressure on the surface of the jet vanes facing
the nozzle progressively intensifies, leading to the generation of lateral force.
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Figure 7. Pressure contours on the surface of the jet vanes; (a) deflection 0◦; (b) deflection 2◦;
(c) deflection 4◦; (d) deflection 6◦; (e) deflection 8◦; (f) deflection 10◦; (g) deflection 12◦; (h) deflection
14◦; (i) deflection 16◦; (j) deflection 18◦; and (k) deflection 20◦.

Figure 8 displays the temperature contours on the surface of the jet vanes at various
deflection angles. It is evident that due to the influence of the high-temperature gas flow,
the high-temperature area is situated at the tip of the jet vanes near the outlet of the nozzle.
Moreover, as the deflection of the jet vanes increases, the temperature on the surface of the
jet vanes facing the nozzle also gradually increases.

Figure 8. Temperature contours on the surface of the jet vanes; (a) deflection 0◦; (b) deflection 2◦;
(c) deflection 4◦; (d) deflection 6◦; (e) deflection 8◦; (f) deflection 10◦; (g) deflection 12◦; (h) deflection
14◦; (i) deflection 16◦; (j) deflection 18◦; and (k) deflection 20◦.
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Figure 9 illustrates the temperature contour of the gas flow obtained through numerical
simulation. As depicted in the figure, with the steady deflection of the jet vanes and their
obstructive influence, the ejection distance of the high-temperature gas flow gradually
diminishes. Additionally, the gas beam becomes more dispersed, deviating gradually to
one side, with the deflection direction of the gas flow aligning with that of the jet vanes.

Figure 9. Temperature contours of the gas flow; (a) deflection 0◦; (b) deflection 2◦; (c) deflection 4◦;
(d) deflection 6◦; (e) deflection 8◦; (f) deflection 10◦; (g) deflection 12◦; (h) deflection 14◦; (i) deflection
16◦; (j) deflection 18◦; and (k) deflection 20◦.

Figure 10 illustrates the velocity contour of the gas flow obtained through numerical
simulation. It is evident from the figure that the gas flow exhibits high velocity near the jet
vanes, resulting in a strong scouring effect on them. Furthermore, with the steady deflection
of the jet vanes, and due to the obstructive action of the vanes, the ejection distance of the
high-speed gas flow gradually decreases. Consequently, the gas beam gradually disperses
and deviates in the direction of the jet vanes’ deflection.

Figure 10. Velocity contours of the gas flow; (a) deflection 0◦; (b) deflection 2◦; (c) deflection 4◦;
(d) deflection 6◦; (e) deflection 8◦; (f) deflection 10◦; (g) deflection 12◦; (h) deflection 14◦; (i) deflection
16◦; (j) deflection 18◦; and (k) deflection 20◦.
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In summary, under the influence of the gas flow, the tip of each jet vane experiences
high temperature and high pressure and is subjected to high-speed gas flow, increasing
the likelihood of vane damage in this region. Additionally, the deflection of the jet vanes
significantly alters the gas flow direction, generating effective lateral force. As the deflection
angle increases, the lateral force exerted by the jet vanes gradually increases as well.

4. Jet Vane Ablation Test for Motor Jets

The theoretical working time of the micro-sized solid rocket motor is 2 s. To acquire
more data and ensure the accuracy of the steering engine deflection, the deflection angular
speed of the steering engines was set to 60◦/s after several attempts. The maximum
deflection angle of the jet vanes was set to 20◦, allowing the vanes to be deflected for
1.5 sinusoidal cycles, thus enabling the test to capture at least three peak lateral forces.

4.1. Initial Material Selection for Jet Vanes

Currently, the research and utilization of materials for jet vanes primarily involve
tungsten–copper alloy, tungsten–molybdenum alloy, and other refractory alloys, as well
as ceramic materials and lightweight materials such as carbon fiber composites. Given
that the combustion temperature of this micro-sized solid rocket motor is 1380 K, with a
total pressure of 8 MPa and a thrust of 50 N, the combustion temperature is relatively low
and the gas flow emitted from the nozzle is moderate during operation. Consequently,
the conditions for material selection for the jet vanes are not overly stringent, providing
a wider selection range. However, carbon fiber-composite materials are unsuitable for
manufacturing micro-jet vanes and are therefore not considered as a viable material option
in our tests.

The melting point of 45 steel is approximately 1773 K, which exceeds the combustion
temperature of this micro-sized solid rocket motor. Considering its low cost, 45 steel was
initially chosen as the material to use for the jet vane when conducting the motor-jet-ablation
test. Figure 11 illustrates the system of the 45 steel jet vanes.

Figure 11. System of 45 Steel jet vanes.

The melting point of alumina ceramic ranges between 1923 K and 2263 K. Considering
its lightweight properties, alumina ceramic was also chosen as a material for the jet vanes.
The system of the alumina-ceramic jet vanes is depicted in Figure 12.

As a refractory metal, tungsten–molybdenum alloy possesses a high melting point
of 2883 K. Considering factors such as reliability and endurance, tungsten–molybdenum-
alloy jet vanes were also fabricated for the motor-jet-ablation test. The system of the
tungsten–molybdenum-alloy jet vanes is illustrated in Figure 13.
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Figure 12. System of alumina-ceramic jet vanes.

Figure 13. System of tungsten–molybdenum-alloy jet vanes.

4.2. Introduction of the Test Equipment

The test equipment is constructed as depicted in Figure 14.

Figure 14. Test equipment.
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The thrust of the solid rocket motor is approximately 50 N. According to CFD simu-
lation, the lateral force generated by the deflection of the jet vanes is only a few newtons.
Therefore, the selected three-dimensional force sensor is the DYDW-005 multi-dimensional
force sensor, which has a range of 0 to 200 N and a sampling frequency of 10 kHz.

The pressure sensor used in the test is a high-precision piezoresistive sensor with a
sampling frequency of 10 kHz and a measurement range of 0–20 MPa.

4.3. Ablation Analysis of 45 Steel Jet Vanes

Figures 15 and 16 depict the ablation of the 45 steel jet vanes after the test. As can be
seen from these two figures, there is obvious ablation at the tips of the jet vanes near the
nozzle outlet, resulting in a reduction in the area of the jet vanes.

Figure 15. Condition of the 45 Steel jet vanes after testing.

Figure 16. Photograph comparing erosion in 45 steel jet vanes.

Laser scanning was utilized to measure the ablation of these 45 steel jet vanes.
According to Figure 17, the error between the measured value and the actual value is
within 1%. The measurement results, shown in Figure 18, reveal that the ablation amount
is significant at the tips of the jet vanes near the outlet of the nozzle, aligning with the
high-temperature and high-pressure area on the surface of the jet vanes in the simulation.
The maximum ablation amounts are 0.84 mm, 1.07 mm, 1.34 mm, and 0.66 mm, respectively.
The reason for the ablation is attributed to the high-temperature and strong-pressure area
at the tip of each jet vane near the outlet of the nozzle, coupled with the high gas flow
speed in this region. Although the total temperature does not reach the melting point of
45 steel, the high-speed erosion of high-temperature gas particles also causes significant
ablation at the tips of the jet vanes.



Aerospace 2024, 11, 384 15 of 22

Figure 17. Analysis of errors by laser scanning; (a) the measured value of a standard part; and (b) the
design size of a standard part.

Figure 18. Results of ablation measurements for the 45 Steel jet vanes; (a) jet vane 1; (b) jet vane 2;
(c) jet vane 3; and (d) jet vane 4.

4.4. Ablation Analysis of Alumina-Ceramic Jet Vanes

The ablation of the alumina-ceramic jet vanes after the test is depicted in Figures 19 and 20.
As we can see, there was still significant ablation at the tips of the jet vanes, resulting in a
reduction in the area of the jet vanes. Additionally, a short section of the tip of the jet vane on
the right side of the figures was broken off.

Figure 19. Condition of alumina-ceramic jet vanes after testing.
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Figure 20. Photograph comparing erosion in alumina-ceramic jet vanes.

Laser scanning was utilized to measure the ablation of the alumina-ceramic jet vanes,
and the measurement results are depicted in Figure 21. According to this figure, it is
evident that significant ablation occurs at the tips of the jet vanes near the outlet of the
nozzle, consistent with the high-temperature and high-pressure area on the surface of
the jet vanes that was simulated by CFD. The maximum ablation amounts are 0.66 mm,
1.35 mm, and 0.79 mm, respectively. Furthermore, jet vane 4 was partially broken, and
lengths ranged from 0.66 mm to 1.24 mm. Considering the characteristics of alumina
ceramics, their susceptibility to internal defects may contribute to the damage incurred by
the jet vanes due to the action of high-temperature and high-speed gas flow.

Figure 21. Results of ablation measurements for alumina-ceramic jet vanes; (a) jet vane 1; (b) jet vane 2;
(c) jet vane 3; (d) jet vane 4.

4.5. Ablation Analysis of Tungsten–Molybdenum-Alloy Jet Vanes

The ablation of the tungsten–molybdenum-alloy jet vanes after the test is depicted in
Figures 22 and 23. As can be seen from the figures, there was no obvious ablation at the tip
of the jet vanes.

Laser scanning was utilized to measure the ablation of the tungsten–molybdenum-
alloy jet vanes, and the measurement results are shown in Figure 24. It is evident that
the tungsten–molybdenum-alloy jet vanes exhibited no significant ablation. Therefore,
tungsten–molybdenum alloy emerges as an ideal material for micro-jet vanes.
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Figure 22. The condition of tungsten–molybdenum-alloy jet vanes after testing.

Figure 23. Photograph comparing erosion in tungsten–molybdenum-alloy jet vanes.

Figure 24. Results of ablation measurements for tungsten–molybdenum-alloy jet vanes; (a) jet vane 1;
(b) jet vane 2; (c) jet vane 3; and (d) jet vane 4.

5. Comparative Analysis of Experiment and Simulation

There is no obvious ablation observed on the tungsten–molybdenum-alloy jet vanes,
indicating that the results of this motor jet-ablation test are excellent. Consequently, the
experimental data from this test are compared with the simulation results.
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Figure 25 depicts the pressure of the combustion chamber as obtained from the test.
As observed, the pressure within the combustion chamber ranges between 8 and 10 MPa,
initially rising before declining.

Figure 25. Pressure curve of the combustion chamber.

Figure 26 displays the lateral force obtained from the test. As depicted, there are four
peaks in the lateral force during the operational cycle, with peak intervals aligning with
the designed rotation of the jet vanes. The first three peak values are approximately 3.8 N,
and the fourth peak value is around 3 N. This phenomenon is attributed to the decrease in
combustion chamber pressure at 2.2 s, leading to a reduction in the lateral force generated
by the jet vanes. The peak value of the lateral force from simulation is 3.76 N, with the error
in the first three lateral force peaks being less than 1%, demonstrating the effectiveness and
accuracy of the numerical simulation.

Figure 26. Lateral force curve of the test.

Figure 27 illustrates the thrust curve obtained from the test. As depicted, three troughs
in thrust are evident at the front and middle sections, with a descending slope observed at
the tail end. This pattern aligns with the occurrence of the four peak times of the lateral
force, suggesting that the jet vanes exerted a certain obstructive influence on the gas flow,
thereby generating resistance and diminishing the thrust.
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Figure 27. Thrust curve of the test.

The steering angle is the vector angle between lateral force and thrust, representing
the steering capability facilitated by the jet vanes. The steering angle curve obtained from
the test is depicted in Figure 28. As illustrated, the maximum steering angle occurs when
the four lateral force peaks manifest, with a peak value of approximately 8 degrees. This
signifies that the designed jet vanes exhibit excellent thrust vector-control performance,
enabling substantial angle adjustments and extensive maneuverability.

Figure 28. Steering angle curve of the test.

A high-speed framing camera was used to capture the gas flow in the test, with the
camera’s maximum frame rate set at 3000 frames per second. The comparison between the
gas flow image and the temperature contour is presented in Figure 29. It can be observed
that when the jet vanes were deflected at 0◦, the gas flow remained undisturbed and was
concentrated, aligning with the temperature contour. When the jet vanes were deflected
to 20◦, the gas flow inclined towards the direction of the vanes’ deflection. Additionally,
due to the obstructing effect of the jet vanes, the gas flow became more dispersed, and its
length was reduced, which corresponds to the simulation results.
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Figure 29. Gas flow visualization and temperature contours; (a) as flow image when the deflection
angle is 0◦; (b) temperature contour when the deflection angle is 0◦; (c) gas flow image when the
deflection angle is 20◦; and (d) temperature contour when the deflection angle is 20◦.

6. Conclusions

To realize the rapid vector maneuverability of the micro-nano satellite, a solid rocket motor
equipped with micro-jet vanes is an appropriate choice. The following conclusions can be drawn
from the simulations and the motor jet-ablation tests of the designed micro-jet vanes:

(1) As a refractory metal, the tungsten–molybdenum-alloy jet vanes exhibited no signifi-
cant ablation during the experiment, indicating that tungsten–molybdenum alloy is an
ideal material for micro-jet vanes. In contrast, the 45 steel jet vanes showed extensive
ablation. Additionally, the alumina-ceramic jet vanes experienced fragmentation and
ablation due to defects in the alumina ceramics, suggesting that 45 steel and alumina
ceramics are not suitable materials for micro-jet vanes.

(2) Meanwhile, the deflection of the gas flow in the test matches the temperature contour.
When the deflection of the jet vanes is 20◦, the peak lateral force obtained from the test
is approximately 3.8 N, whereas the calculated lateral force from numerical simulation
is 3.76 N, with an error of less than 1%. The fact that the simulated lateral force
values matched those obtained from experiments demonstrates the accuracy of the
simulation results.

(3) The steering angle is the vector angle between lateral force and thrust, representing
the steering capability facilitated by the jet vanes. The peak steering angle generated
by the jet vanes is approximately 8◦; thus, this system of jet vanes can achieve a strong
steering capability and ensure rapid vector maneuvering of the micro-nano satellite at
large angles and across a wide range.
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