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Spin separation technology is a key technology for realizing the detection function at the end of the rotational trajectory. It is also a
necessary condition for the fuse control system to adjust its control strategy according to actual combat needs. To explore a new
type of proximity fuse detection method, this article first designs a detection separation mechanism for the end of the trajectory. An
interior ballistic model of the separation mechanism was then established through closed bomb tests and equivalent interior
ballistic equations, and the aerodynamic parameters of the front-stage separation body at the moment of separation were obtained
based on computational fluid dynamics numerical simulation. Finally, a separation dynamics model of the separation mechanism
was established to analyze the motion state after the separation action of the front-stage separation body. The results demonstrate
the feasibility of the proposed separation mechanism. The discrepancy between the simulation and experiment of the velocity
increment for the front-stage separation body is about 1.07%. The attack angle for the front-stage separation body is below 2°, and
the period with a displacement between two stage bodies greater than 3 m is around 0.365 s. This research can provide new ideas

and theoretical references for the design of a similar fuse detection separation mechanism.

1. Introduction

The reliable completion of separation action by the spinning
projectile’s trajectory-end detection separation mechanism is
crucial for the success of flight missions. The trajectory-end
detection separation mechanism, as one of the core compo-
nents of the projectile control system, utilizes target informa-
tion, platform information, and environmental information
to control the fuze according to a predetermined strategy
[1-3]. When conducting dynamic research on separation
mechanisms based on pyrotechnic separation, obtaining
key geometric and physical parameters of the mechanism
dynamics can be challenging. Generally, researchers simplify
mathematical models and combine them with simulation
software for their studies [4].

Regarding the study of dynamic separation in spinning
projectiles with trajectory-end detection, literature [5] states
that the combustion process of propellant in the chamber of

a gun is essentially the same as that in a closed bomb before
the projectile’s motion. Literature [6] uses a closed bomb to
investigate the combustion and gas formation of propellant
under constant volume conditions and combines it with
computational fluid dynamics (CFD) for modeling and sim-
ulation. The effectiveness of the model was verified through
experiments. In literature [7], a separation scheme utilizing
thrusters and lateral rockets as separation energy sources was
designed. Dynamic models were established for the con-
strained separation stage and free-flight stage in a nonrota-
tional state. Dynamic simulations of the separation process
were conducted, resulting in the analysis of the movement
and distribution of the missile fairing. In literature [8], the
internal structure of pyrotechnic separation mechanisms was
optimized. A model of a conical piston impacting a thin-
walled tube damper was established, analyzing the character-
istics of the damper and its relationship with the cone angle
and damper performance. Literature [9] studied the influence
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of different connection methods between missile bodies and
engines on two-stage missile separation. Simulation results
showed that the different connection methods had little
impact on the separation between the missile body and
engine. In literature [10], a system formula for rigid body
dynamics simulation of carrier rockets (including short-
period dynamics) was proposed. It included the inherent
short-period dynamics of stage separation and jettisoned
components. Statistical analysis of the upper-stage separation
process was conducted to study the impact of design variables
on the separation body.

In summary, the current research on the dynamic separa-
tion of projectiles by scholars both domestically and interna-
tionally mainly focuses on the interior ballistic characteristics
of separation mechanisms, the dynamics of projectile-fairing
separation, and the dynamics of projectile-engine separation.
However, there are no existing studies specifically addressing
the dynamic aspects of a trajectory-end detection separation
mechanism for spinning projectiles. Since the carrier of the
separation mechanism is a spinning stabilized projectile, the
essence of the study on the dynamic separation of projectiles
at the end of the trajectory in this paper is to explore the
dynamic separation problem of the projectile detonator sepa-
ration mechanism in a rotating state. Therefore, research on
rotating separation technology becomes a necessary link to
determine the feasibility of the separation mechanism. In
response to the dynamic separation problem of the projectile
detonator separation mechanism in a rotating state, this paper
designs a detection separation mechanism for the end of the
trajectory and studies its dynamic characteristics through
closed bomb experiments and numerical simulation.

The organization of this paper is as follows: Section 2 intro-
duces the structure, working principle, and parameter design
and analysis of the separation mechanism. In Section 3, closed
bomb tests and simulations of the separation mechanism are
conducted, followed by a comparative analysis of the results
and an investigation of its internal ballistic characteristics.
Section 4 establishes an aerodynamic model for the presepara-
tion body of the separation mechanism and analyzes the results
of the aerodynamic simulation calculations. Section 5 focuses on
studying the dynamics characteristics of flight vehicle separation,
with a particular emphasis on the separation velocity, displace-
ment difference, and variation of the attack angle of the pre-
separation body. Finally, Section 6 provides the research
conclusions.

2. Separation Mechanism Structure Principle
and Parameter Design

2.1. Structure and Operating Principles of the Separation
Mechanism. The logic diagram of the separation mechanism
designed in this paper is shown in Figure 1.

As shown in Figure 1, when the projectile reaches the
target area, the annular ejection propellant container will be
immediately ignited. The resulting high-pressure gas will
propel the front-stage separation body and shear off the
copper shear pin. At the same time, the wire will detach
from the main body along with the front-stage separation
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body at a velocity, flying toward the target area. When the
front-stage separation body contacts the target or an obsta-
cle, it receives a feedback electrical signal. This feedback
signal serves as the basis for the projectile’s fuze control
system to determine the next instruction. The model of the
separation mechanism is shown in Figure 2(a), and the main
dimensions are presented in Figure 2(b). The parameter
descriptions can be found in Table 1.

The separation mechanism is mainly composed of detec-
tion module 1, base 2, detection module housing 3, wire 4,
copper shear pin 5, annular ejection propellant container 6,
and main body 7. The detection module 1 is welded to wire 4
and integrated with the detection module housing 3 through
a polyurethane potting compound, forming a cohesive unit.
This unit is fixed on the base 2 using threaded connections to
form the front-stage separation body. The annular ejection
propellant container 6 is secured in the annular groove of the
main body 7 with screws. The front-stage separation body
and the main body are held together by two copper shear
pins 5, forming a complete separation mechanism.

2.2. Parameter Design and Analysis of Separation Mechanism.
After the separation action of the separation mechanism,
assuming the velocity of the separation mechanism body is
Vo, and the velocity of the front-stage separation body relative
to the body is V}, where vy—v, =Av >0, with Av representing
the velocity increment of the front-stage separation body
relative to the main body, The front-stage separation body,
after completing the separation, can maintain a stable flight
distance of L, for at least t,,,,. As shown in Figure 1, if the
separation between the two stages fails, the projectile’s fuze
control system will not receive feedback signals and cannot
make judgments for the next instruction.

Parameter design is a crucial aspect of the separation
problem, as the scientificity of parameter design directly
impacts whether the separation mechanism can successfully
achieve the intended objectives [11]. Parameter design mainly
includes the force design requirements and mechanism
parameter design [12]. The longitudinal separation force is
primarily provided by the annular ejection propellant con-
tainer. Once the separation command is issued, the annular
ejection propellant container immediately exerts its effect.
According to the law of conservation of energy, to reliably
complete the separation action, the work done by the thrust F,
generated by the combustion of propellant must satisfy.

N

F, -s>%m(;)2, (1)

where s represents the internal ballistic displacement of the
front-stage separation body, t represents the duration of
action inside the annular ejection propellant container, and
m represents the mass of the front-stage separation body.

After the separation mechanism completes the separa-
tion action, the relationship between the total external force
F; acting on the front-stage separation body, the flight dis-
tance L.y and the velocity increment Av relative to the
main body must satisfy.
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FIGURE 1: Logic diagram of the separation mechanism.

E;
(Vk - VO) + %tmax > Av,
)

(Vk - VO)tmax + Eﬁtrznax > Lmax»

where F;=R+ F;+ G, where R represents the total aerody-
namic force, F; represents the tension in the wire, and G
represents gravity.

According to the actual requirements of a certain type of
artillery shell fuze, the following predetermined parameter
requirements are proposed for the velocity increment Av of
the front-stage separation body, the change in attack angle 6,
and the displacement difference Al between the two stages, as
shown in Table 2.

3. The Internal Ballistic Characteristics of the
Separation Mechanism

To further investigate the internal ballistic characteristics of
the separation mechanism, this section conducts closed bomb

tests at different temperatures to obtain the chamber pressure
fand the burning rate coefficient u; of the propellant. These
parameters are then used as inputs for the separation dynamic
model calculation of the separation mechanism.

3.1. The Comparative Analysis of Simulation and Experimental
Results. In this section, the combustion characteristics of the
pyrotechnic product used in the separation mechanism under
constant volume conditions are studied through closed bomb
tests. Two important parameters, peak pressure Py, and peak
time Ty, are obtained from the experimental results. These
parameters are then used to determine the chamber pressure f
and burning rate coefficient u,; in the propellant burning rate
equation, which is used for the internal ballistic characteristics
analysis of the separation mechanism.
According to the first law of thermodynamics [13],

dQ = dE + pdW., (3)

where dQ represents the change in thermal energy entering
the working volume, dE represents the change in the internal
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FIGURE 2: Schematic diagram of the separation mechanism: (a) model schematic diagram; (b) main dimensions schematic diagram.
TasLe 1: The material for the main parts.
Number Part Material Mass (g)
1 Detection module —
2 Base Copper
3 Detection module housing Aluminum alloy 50
4 Wire Copper
5 Copper shear pin H62 brass
6 Annular ejection propellant container Aluminum alloy
7 Main body Aluminum alloy 2.176 x 10*
TaBLE 2: Predetermined parameters. the mass of gas generated by propellant combustion, and Q,,
Number Parameters Value  Tepresents the heat of explosion of. t.he propellapt.
— Under constant-volume conditions, especially for the
1 Velocity increment Av (m/s) 40-50 :
= . closed bomb device, the chamber pressure can be expressed
2 Angle of attack variation & (°) <10 as follows:
3 Displacement difference Al (m) 3-10

energy of the gas, and pdW represents the change in work
done by the gas expansion.

Under constant-volume conditions, due to the small vol-
ume of the propellant itself, the contribution of PAW can be
neglected. Therefore, it can be assumed that all the thermal
energy generated by the combustion of the propellant is
converted into the internal energy of the gas. As the mass
of the gas w, = wy continuously increases, the correspond-
ing heat also increases.

Q= Qng s (4>

where @ represents the mass of the propellant charge, y
represents the ratio of burned propellant mass, @, represents

_Rlet//_fa)_y/ 5
PE— Ty (5)

where f = RT| R represents the gas constants, f represents the
chamber pressure, T represents the explosive temperature,
and W represents the volume of the propellant gas.

From the above equation, it can be inferred that under
constant volume conditions, the chamber pressure depends
on the ratio of burned propellant mass. When the ratio of
burned propellant mass is y, the equation becomes p,, = p,
W,, =W Therefore,

_ foy
Py = Wv/’ (6)

where W,, represents the free volume of the chamber.
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FiGURE 3: Closed bomb device. 1—Ignition mechanism interface, 2—Exhaust port, 3—Metal body, 4—Pressure sensor interface, 5—Ignition

mechanism (a—c).

According to Equation (6), it can be inferred that the
maximum pressure value P, under constant volume con-
ditions occurs at the moment when the propellant combus-
tion is completed. Therefore,

fw

Wy —aw’

Pmm = Py=1 (7)

where W, represents the initial volume of the medicine
cabinet.

Introducing the concept of packing density A =g and
substituting it into the equation above,

__fA
Pom =T 7 (8)

To study the performance of propellant at different tem-
peratures and avoid randomness in experiments, closed
bomb tests were conducted at +70, +20, and —55°C, with
three tests performed at each temperature. The closed bomb
device, shown in Figures 3(a) and 3(b), consists of a pressure
sensor interface 1, an exhaust port 2, a metal body 3, and an
ignition mechanism interface 4. The ignition mechanism, as
shown in Figure 3(c), is specifically designed to simulate real-
world operating environments and is typically used to test
the actual output pressure of pyrotechnic products as a basis
for assessing their output capabilities.

The functioning process of the closed-bomb devices is as
follows: First, the tested pyrotechnic product is assembled
inside the ignition mechanism 5, creating an independent

test sample, as shown in Figure 3(c). Then, the assembled
test sample is screwed into the ignition mechanism interface
4 of the closed bomb device, while the pressure sensor is
installed together with the pressure sensor interface 1. Finally,
the ignition mechanism 5 is electrically ignited using a DC
power source, causing the pyrotechnic product to burn. As a
result, the pressure sensor outputs the pressure value, allow-
ing the determination of the output pressure and its variation
characteristics of the pyrotechnic product under constant
chamber volume conditions.

In this experiment, the inner cavity volume of the closed
bomb device was 10ml, and the mass of the pyrotechnic
composition was 200 mg.

By establishing the interior ballistics equation under con-
stant volume conditions, we can obtain two key parameters
of propellant: chamber pressure f and burning rate coeffi-
cient u;. The experimental and simulation results are shown
in Figures 4-6, and it can be observed from the pressure
curve that the simulation results are in good agreement
with the experimental results. At different temperatures,
the pressure curve gradually increases from zero until it
reaches a stable state. Under constant-volume conditions,
during the initial ignition phase, the chamber pressure
increases gradually as the propellant burns. When the pro-
pellant gases fill the container, the chamber pressure will
remain stable until the explosion is completed.

During the experimental process, the pressure sensor
may collect some data that approaches zero as time increases
during the initial combustion stage of the propellant. This
can lead to a time lag between the experimental and simu-
lated pressure curves, requiring a shift in the time axis of the
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FIGURE 6: —55°C: (a) #1; (b) #2; (c) #3.
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TaBLE 3: Table of test and simulation of closed bomb tests.

Temperature (42 P, P u

o) = Number (MPa) (MPa) Error (%) (e7-mm-(MPa/s)) (M]J;kg)
1 7.55 7.51 0.53 2.5 0.355

+70 2 7.51 7.31 2.70 2.4 0.348
3 7.57 7.50 092 25 0350
1 7.36 7.31 0.54 2.1 0.344

+20 2 731 7.19 1.60 20 0342
3 7.25 7.08 2.34 1.9 0.338
1 707 7.08 0.05 16 0341

-55 2 7.20 7.08 1.67 1.6 0.331
3 7.10 7.07 0.42 16 0339

simulated pressure curve to ensure the accuracy of internal
ballistic parameters. The error in the initial pressure curve in
the experimental data can be ignored as it does not affect the
peak pressure and peak time of propellant combustion, as
shown in Figures 4(c) and 6(c).

Based on the experimental data and the solution of the
constant volume interior ballistics equation, the peak pressure
Poao combustion rate coefficient u;, chamber pressure f, and
the error between the experimental and simulated results Error
are shown in Table 3 for different temperatures. P, represents
the peak chamber pressure from the experiment, while Py«
represents the peak chamber pressure calculated in the simula-
tion. By comparing the experimental data with the simulation
results, the maximum error in the simulated peak pressure is
2.7%, and the minimum error is 0.05%. This indicates that the
error in the simulated results of interior ballistics under different
temperatures can be controlled under constant volume conditions.

The main reasons for the discrepancies between the sim-
ulation and experimental results can be analyzed as follows:

(1) After the test sample is used, the closed bomb device is
not thoroughly cleaned, leaving some residue inside.
This residue reduces the internal volume of the closed
bomb device, resulting in fluctuations and higher read-
ings in the pressure sensor data, as shown in Figure 4(b).

(2) Continuous experiments can result in a decrease in
oxygen content inside the closed bomb device, lead-
ing to a lower burning rate of the test sample propel-
lant, as shown in Figure 5(b).

To ensure the reliability of the experiment, assurance is
provided from three aspects: repeatability, accuracy, and
quality of data acquisition.

Repeatability: The experimental samples are divided into
three groups: high temperature (+70°C), room temperature
(4+20°C), and low temperature (—55°C). Each group under-
goes three repeated tests to ensure repeatability.

Accuracy: The results of the nine test groups are compared
and analyzed with the simulated results. The experimental
results are found to be consistent with the theoretical expecta-
tions, ensuring the accuracy of the experimental results.

Quality of data acquisition: The experimental samples,
test equipment, and data acquisition devices used in the
experiments are reliable instruments provided by Liaoning
Northern Huafeng Special Chemical Co., Ltd. This ensures
the high-quality collection of experimental data.

By using Equation (8), the chamber pressure f can be
obtained, which is only related to the peak pressure P,
and the burning rate coefficient u, obtained from the closed
bomb tests. From Figures 4 to 6, it can be observed that at
+70°C, the average time for the pressure during propellant
combustion to reach its peak is the shortest, approximately 2
ms; at +20°C, it is approximately 2.33 ms; and at —55°C, it is
the longest, approximately 2.83 ms.

3.2. Internal Ballistics Model. During the separation process,
the thrust generated by the propellant serves as the initial
driving force for the motion of the front-stage separation
body. To obtain this propulsion force, it is necessary to solve
the interior ballistics of the front-stage separation body. The
interior ballistics equations can provide three instantaneous
parameters of the front-stage separation body at the
moment of separating from the launch tube: velocity, pres-
sure (thrust), and displacement. Velocity is a key parameter
that influences the motion state of the front-stage separa-
tion body after completing the separation action. It also
serves as an input parameter for studying the aerodynamic
characteristics of the front-stage separation body during its
flight after separation. The magnitude of velocity affects the
effective detection distance of the front-stage separation
body. For a detailed analysis of the effective detection dis-
tance, please refer to Section 5.3.

In this study, the front-stage separation body is secured
to the launch tube using two brass shear pins with a diameter
of 1.2mm. The shear strength of the brass material is
300 MPa. Therefore, each copper shear pin exerts a shear
force of 339.12 N, which translates into an ignition pressure
of Py=2.54 MPa for the front-stage separation body. The
internal ballistic characteristics of the launch mechanism
can be obtained by using an equivalent launch model based
on the classical internal ballistic equations, as shown below
[14-18]:
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TaBLE 4: Main parameters of interior ballistics.

Parameter Value Parameter Value

Launch tube diameter (d (m)) 0.022 Covolume «a (m3/kg) 0.001

Projectile mass (m (kg)) 0.05 Propellant charge (w (kg)) 2%x107*

Chamber volume (V, (m?)) 1.6%x107° Burning rate index (n) 1

Launch tube length (/; (m)) 0.008 Types of propellant CsH(NO,);0,Pb - H,O + BPN
Projectile starting pressure (P, (MPa)) 2.54 Propellant density p (kg/m3 ) 1,100

Thermal coefficient of propellant (0) 0.5 Cutting force per copper pin (F, (N)) 339.12

Copper pin diameter (r. (mm)) 1.2 Cutting strength of copper pins (P, (MPa)) 300
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FiGure 7: Interior ballistics curves: (a) chamber pressure curves; (b) displacement and velocity curves.

w =xz(1+ Az + pz?),
dz  uy
@l
dv
(me: Sp, (9)
a
a
SP(l, +1) =foy - Q(pmv,
2

where y represents the mass fraction burned of the propel-
lant; y, A, u are shape characteristics of the propellant, which
depend solely on its shape and dimensions; z represents the
relative thickness of the propellant; t represents time; u; repre-
sents the burning rate coefficient; e; represents half of the origi-
nal thickness of the propellant grain; P represents gas pressure; #
is the burning exponent; ¢ represents the secondary work coef-
ficient; m represents the mass of the front-stage separation body;
v represents the velocity of the front-stage separation body; S
represents the cross-sectional area of the launch tube; / represents

the displacement of the front-stage separation body; J,, represents
the contraction length of the free volume in the combustion
chamber; f represents the propulsive force generated by the pro-
pellant; @ represents the mass of the propellant; € represents the
adiabatic coefficient. The main calculation parameters for the
above internal ballistic equations are shown in Table 4.

As shown in Figure 7(a), taking the internal ballistic
results at +22°C as an example, the duration of the barrel
pressure of the launch tube is 5.05ms, and the maximum
chamber pressure P,, is 37.71 MPa. When the pressure gen-
erated by the combustion of the propellant in the chamber is
less than the ignition pressure of the front-stage separation
body, the front-stage separation body remains stationary, as
shown in segments A—C of Figure 7(a); when the pressure
generated by the propellant in the chamber is greater than
the ignition pressure of the front-stage separation body, the
front-stage separation body begins to move, as shown in
segment C—P,, of Figure 7(a). At this time, the effect of
the gas generation rate of the propellant on the chamber
pressure is greater than the effect of the increase in chamber
volume after the motion of the front-stage separation body,
and the pressure curve continues to rise until these two
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FiGure 8: Interior ballistics curves at different temperatures: (a) chamber pressure curves; (b) displacement curve; (c) velocity curves.

effects reach a balance, and the chamber pressure reaches the
maximum value P,,. With the continuous acceleration of the
front-stage separation body, its acceleration and velocity also
increases continuously. After the front-stage separation body
starts to move, the effect of the increase in chamber volume
becomes dominant over the effect of the gas generation rate,
and the chamber pressure begins to decrease. The acceleration
of the front-stage separation body decreases with the decrease
in chamber pressure, but the velocity of the front-stage sepa-
ration body continues to increase until it is completely sepa-
rated from the launch tube. This is shown in segments P,,—D
of Figure 7(a) and the velocity curve in Figure 7(b).

As mentioned earlier, the front-stage separation body is
initially secured by two symmetric copper pins before
launch. Only when the chamber pressure exceeds the initia-
tion pressure does the front-stage separation body start to
move. Therefore, the chamber pressure acting on the front-
stage separation body, loaded with the pins, is represented as
A-B-C and C-D in Figure 7(a).

As shown in Figure 7(b), the length of the internal ballistic
of the launch tube is 8 mm, and the maximum velocity of the
front-stage separation body when it separates from the launch
tube is 40.94 m/s. Since the chamber pressure at the initial
combustion of the propellant does not exceed the initiation
pressure Py, the displacement and velocity of the front-stage
separation body are approximately zero at the initial moment.
When the chamber pressure exceeds the initiation pressure
Py, the two copper pins are sheared, and the front-stage sepa-
ration body begins to move until it completely separates from
the launch tube. The internal ballistic curves at different tem-
peratures are shown in Figure 8.

4. External Ballistic Aerodynamic Simulation of
the Front-Stage Separation Body

Studying the dynamic coefficients, drag, lift, and other forces
experienced by the front-stage separation body during flight
is a necessary condition for investigating whether the front-
stage separation body can successfully separate, and it serves

A

6} >
X

FIGURE 9: Schematic diagram of overall aerodynamic forces.

as input for calculating the separation dynamics model of the
front-stage separation body.

4.1. Force Analysis on the Front-Stage Separation Body. Once
the front-stage separation body completes its separation, the
propellant thrust immediately disappears and is mainly
influenced by the total aerodynamic forces.

As shown in Figure 9, the total aerodynamic force R can
be decomposed into horizontal component R, and vertical
component R, (or along the axial direction of the front-stage
separation body, it can be decomposed into axial force R4 and
normal force R,, perpendicular to the axial direction). Due to
the presence of the pitching moment M, the front-stage sep-
aration body will generate an angle of attack § during its flight.
Where P represents the pressure center, and O represents the
center of mass. The positive directions of the coordinate sys-
tem are all based on the positive direction of the X-axis.

4.2. Aerodynamic Force Model. The relationship between R,,
Ry, Ry, and R,, can be obtained from Figure 9.

R, =R, cosd+ R, sind,

: (10)
R, =R, cosé — Ry siné.
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TaBLE 5: Simulation condition parameter settings.

Medium Absolute pressure (Pa) Grid model Mach number Temperature (K) Rpm

Ideal gas 101,325 Slip grid 0.9 300 10,062

(a)

(b)

FiGure 10: Schematic diagram of the computational grid for the model shape: (a) overall schematic diagram of the computational grid; (b)

boundary schematic diagram of the computational grid.

The moment of the total aerodynamic force R on the
center of mass of the front-stage separation body is as
follows:

2
PVi

Sk SLim,. (11)

M, =

where p represents the air density at separation altitude; vy
represents the flight speed of the separated body relative to
the air; S represents the maximum windward area of the
separated stage; L is the reference length, often taken as the
specific model’s length or diameter; m, is the static moment
coefficient.

By replacing the total aerodynamic force R with R, and
R,, we can obtain the relationship between the pitching
moment M, and the drag R,, lift R, aerodynamic center P,
and center of mass O in terms of h. It can be expressed as
follows:

M, = (R, cos5 + R, siné)h,

N (12)
m, = (C}, cosd + C, smé) I

4.3. Aerodynamic Simulation. Researchers typically employ
wind tunnel testing, experimental measurement methods,
and CFD numerical simulations to explore the aerodynamic
performance of projectiles. Wind tunnel testing involves
complex testing conditions and is relatively expensive.
Experimental measurement methods are often limited by
the precision of data measurements. CFD numerical simula-
tion techniques offer advantages such as lower cost, the abil-
ity to simulate complex flow fields, and predict fluid behavior
[19, 20]. Therefore, this study chooses CFD numerical simu-
lation to obtain the aerodynamic parameters of the front-
stage separation body.

Based on the analyses in Sections 4.1 and 4.2, the aero-
dynamic coefficients, drag, lift, etc., of the front-stage sepa-
ration body at different angles of attack are obtained through
simulation. These values serve as inputs for studying the
separation process of the front-stage separation body.

The computational model employed uses the SST (shear
stress transport) K—@ model, which has good adaptability for
handling different interfaces and exhibits good convergence
[21-23]. The simulation conditions are set, as shown in Table 5.

The computational grid for the shape of the front-stage
separation body is shown in Figure 10.

As shown in Figure 10(a), the overall computational grid
for the front-stage separation body employs a polyhedral
mesh that combines structured and unstructured grids.
The adaptability of polyhedral meshes is stronger, allowing
for flexible adjustment of mesh size and shape in the flow
area to more accurately capture details and boundary fea-
tures in the flow field. The geometric flexibility is great, mak-
ing it easier to handle unconventional geometric shapes,
bringing simulation results closer to reality. In terms of
grid quality, it can provide a more uniform grid distribution,
avoiding singularities and distortion problems in structured
grids. In Figure 10(b), the grid near the front-stage separa-
tion body is refined, with 280 grid points arranged in the flow
direction and 270 grid points arranged normally to it. The
arrangement of the normal points ensures that the first layer
mesh grid y* <5. To investigate the influence of different
grid quantities on the simulation results, this study generated
four sets of grids while ensuring grid refinement. The grid
quantities are as follows: 2.3x10% 1.2x10°% 2.0x10°
and 2.7 x 10°. Figure 11 presents the impact of different
grid quantities on the drag coefficient (C,) of the front-stage
separation body.

As shown in Figure 11, when the mesh quantity reaches
2.0 X 10°, the variation in the coefficient of drag (C,) is mini-
mal. Therefore, to balance computational resources and
ensure the accuracy of simulation calculations, a mesh quan-
tity of 2.0 x 10° will be used in subsequent simulations.
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For a projectile relying on rotational stability, maintain-
ing an angle of attack within 10° is considered ideal [24].
Moreover, to investigate the influence of the angle of attack
variations on CFD simulation results, angles of attack were
set at 0°, 4°, and 8°, respectively. By conducting simulations,
pressure contour maps corresponding to different angles of
attack can be obtained, as shown in Figure 12(a)-12(c).

As shown in Figure 12(a), when the angle of attack is 0°,
the lift distribution on the head of the front-stage separation
body is uniform, and the pressure center is almost parallel to
the axis of the front-stage separation body. This configura-
tion exhibits the best flight stability and represents the most
ideal flight attitude. In Figure 12(b), with an angle of attack of

(©)

FIGURE 12: Pressure contour map: (a) 0°% (b) 4°% (c) 8°.

4°, there is a certain angle between the pressure center and the
axis of the front-stage separation body. A low-pressure region
appears above the head of the front-stage separation body.
The formation of pressure difference can cause deviations
from the original flight trajectory during the flight of the
front-stage separation body. In Figure 12(c), with an angle
of attack of 8°, the angle between the pressure center and
the axis of the front-stage separation body increases further.
The increasing pressure difference deteriorates the flight sta-
bility of the front-stage separation body even more.

Additionally, aerodynamic parameters for different angles
of attack of the front-stage separation body are presented in
Table 6.
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TasLE 6: Aerodynamic parameters for different angles of attack.

5() Ca G, (1079 R, (N) R, (N) R, (N)

0 0.43 1.78 17.8 0.008 0.025

4 0.44 8.39 18.8 0.033 0.042

8 0.44 10.24 18.9 0.040 0.060

Note. C, represents the drag coefficient, Cy represents the lift coefficient, R, represents the drag force, R, represents the lift force, and R, represents the side force.

As shown in Table 6, the C, remains relatively unchanged
as the angle of attack increases, while the C; shows a more
noticeable increase. Therefore, there is no significant causal
relationship between drag and angle of attack variations.
However, with an increasing angle of attack, both lift and
side force also increase; this would inevitably lead to an unsta-
ble flight attitude. Therefore, for the separation mechanism in
this paper, a smaller attack angle is more advantageous in
achieving the desired effect.

According to the literature [21], we can learn that the
attack angle affects the stability of a spinning projectile. A
smaller attack angle is usually beneficial for maintaining the
stable flight of the spinning projectile because it reduces the
relative velocity between the projectile and the airflow,
thereby reducing unstable aerodynamic effects. However, a
too-large attack angle may decrease the stability of the spin-
ning projectile, making it more susceptible to disturbances
and yawing. The attack angle also has a significant impact on
the ballistic characteristics of the spinning projectile. A smal-
ler attack angle typically increases the range and flight dis-
tance of the spinning projectile. This is because a smaller
attack angle reduces drag and provides better aerodynamic
performance. On the contrary, a larger attack angle may
decrease the range and flight distance of the spinning pro-
jectile as it increases drag and reduces flight speed. The attack
angle also affects the rotational dynamics of the spinning
projectile. Different attack angles result in variations in the
distribution of aerodynamic forces and moments on the pro-
jectile, which in turn affect the rotational rate and stability of
the projectile’s axis of rotation.

The increased lift and side force contribute to a more
pronounced Magnus effect on the front-stage separation
body, with lift having a more significant impact compared
to side force [25, 26]. Therefore, it is essential to consider
how to ensure that the angle of attack of the front-stage
separation body remains within a reasonable range during
the design process of practical engineering applications.

5. Analysis of the Dynamic Characteristics
of Separation

The focus of this section is on the velocity increment of the
front-stage separation body and the displacement difference
generated by the two-stage separation bodies within the
effective time. Since the impact of the Magnus effect on
spin-stabilized projectiles is inevitable, it is also crucial to
ensure that the Magnus force remains within a reasonable
range. This study primarily evaluates the Magnus effect on
the front-stage separation by observing the variations in the
angle of attack.

5.1. Model Simplification. To facilitate the simulation calcu-
lation of the separation dynamics model, it is necessary to
make reasonable simplifications to the model.

(1) Both the front-stage separation body and the main
body are treated as undeformed rigid bodies.

(2) The propellant thrust provided by the annular ejec-
tion propellant container is simplified as a constant
value.

(3) The projectile has a range of approximately 10km,
with an initial separation altitude of about 100 m
from the ground. The effects of Earth’s curvature,
rotational speed, and launch latitude are not consid-
ered after separation.

(4) After separation, the front-stage separation body is
assumed to be influenced only by aerodynamic forces,
wire tension, and gravity.

(5) Due to the low separation altitude and short duration
of the separation action, the influence of crosswinds
is not considered.

(6) During the separation process, the rotational speeds
of the two-stage separation bodies are assumed to be
equal, and the torque generated by wire rotation and
wire deformation is neglected in a short time.

5.2. Separation Dynamics Model. Assuming the mass of the
front-stage separation body is m, moments of inertia and
products of inertia are ] (J, J,» J» Jop Jxo Jy2)s the external
forces acting on it are F (F,, F,, F.), the moments about the
center of mass are M (M,, M,, M), the displacement of the
center of mass is represented by r (r,, r,, 1), and the angular
velocity about the center of mass is @ (w,, ®,, ®.), Therefore,
the six-degree-of-freedom dynamic equations for the front-
stage separation body can be obtained as follows [27, 28]:

{m?:R
(13)

J-o+woX] -w=M.

The relationship between the rotational angular velocity
o (w, w,, ;) of the front-stage separation body and its Euler
angle rates (¢, 7) is as follows:

1
cos @

@ = (a)y siny+wzcosy),

W =, cosy — w, siny, (14)

Yy =w, — tam//(a)y siny + w, cosy).
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During the separation process, the axial separation of the
two separable bodies can be divided into an active segment
and a passive segment.

Step 1: Active separation segment

After receiving the separation command, the propellant
inside the annular ejection propellant container will rapidly
generate a certain amount of high-pressure gas. As the pres-
sure inside the chamber continues to increase, the copper
shear pin will be sheared, and the front-stage separation
body will start accelerating. The acceleration before it sepa-
rates from the internal barrel is called the active separation
phase. During this phase, the front-stage separation body is
mainly influenced by gravity G, total aerodynamic force R,
propellant thrust Fy, frictional force fy, and wire tension force
f4. Where the gravity G is related to the mass m and deter-
mines the response of the front-stage separation body to
external forces. The total aerodynamic force R causes insta-
bility in the motion of the front-stage separation body,
thereby affecting its trajectory. The propellant thrust Fy gen-
erated by the propellant directly influences the motion state
and velocity of the front-stage separation body. In this
model, it is assumed that the thrust force disappears instan-
taneously once the separation is completed. The frictional
force fy arises when the front-stage separation body comes
into contact with the surface of the launch tube, hindering its
motion and affecting its trajectory and velocity. The wire
tension force f; refers to the pulling force parallel to the
wire as the front-stage separation body is pulled outward
along the wire. In this model, it is considered to primarily
impede the flight of the front-stage separation body, influ-
encing its flight velocity.

Step 2: Passive separation segment

After the front-stage separation body separates from the
internal barrel, it enters the passive separation phase. At this
point, the front-stage separation body is almost completely
detached from the main body and is primarily influenced by
gravity G, total aerodynamic force R, wire tension force f;;, and
the post-effect of the propellant gas force f,. Where the post-
effect of the propellant gas force f;, refers to various impacts
and effects caused by the high-temperature and high-pressure
gases generated during the combustion process of the propel-
lant at the moment of separation between the front-stage
separation body and the main body, it affects the flight speed
and attitude of the front-stage separation body.

During the separation process, the propellant thrust Fyis
perpendicular to the separation plane. The posteffect of the
propellant gas force f;, is a time-varying force, with its maxi-
mum impact on projectile acceleration being around 3%
[29]. During simulation calculations, the posteffect of the
propellant gas force can be directly equivalent to velocity
increment. The variations in external forces acting on the
front-stage separation body in different stages are as follows:

(step 1),

(step2). (15)

F1=G+R+Ff+fd+f1\]
F2:G+R+fd+fh

Similarly, the variations of external torque acting on the
front-stage separation body in each stage are as follows:
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(step1),

(step2), (16)

Ml :MR +MF] +Mfd
M = Mp + My, + My,

where M, represents the aerodynamic torque, Mg represents
the propellant torque, My, represents the wire tension torque,
and Mp, represents the aftereffect of propellant gas torque.

In stage 1, both the propellant thrust Fy and the wire
tension force f; are parallel to the axial line of the front-
stage separation body, and the front-stage separation body
is always subject to rigid constraints. Therefore, the force
arm and angle corresponding to the propellant thrust Fy
and wire tension force f; are both zero, resulting in M; and
My, being equal to zero. Therefore, Equation (16) can be
simplified as follows:

(step 1),

(step2). (17)

Ml :MR
My = My + My, + My,

To validate the accuracy of the model for the motion
state after separation, we plan to evaluate the model’s accu-
racy through a comparison analysis between simulation
results and experimental data. The theoretical model and
simulation results have been provided in this paper, but
due to project constraints, actual projectile-firing validation
experiments have not been conducted yet. In future research,
we will explore the evaluation and optimization of the sepa-
ration dynamics model as a separate research topic.

5.3. Result. Based on the theoretical analysis in Sections 5.1 and
5.2, experimental data from Section 3, and simulation results
from Section 4, the entire separation process of the separation
mechanism is simulated and calculated using ADAMS. The
corresponding parameter results after separation are obtained,
including the displacement variation of the two-stage separation
bodies, the velocity variation of the front-stage separation body,
and the change in the angle of attack of the front-stage separation
body after completion of separation. The initial velocity for the
simulation is set to 300 m/s, and the rotational speed is set to
10,062 rpm.

As shown in Figure 13(a), the front-stage separation
body instantaneously shears the copper shear pin under
the effect of propellant thrust. After 0.5, it travels a distance
of 156.5 m. This means that within 0.5 s after completing the
separation action, the front-stage separation body can ensure
that its position remains ahead of the main body and does
not collide with it. After 0.5s, the displacement of the main
body begins to exceed that of the front-stage separation body,
indicating that if the trajectory of the front-stage separation
body does not deviate significantly, it will collide with the
main body after 0.5s.

The main reason for the collision is that the main body
has a much stronger kinetic energy storage capacity compared
to the front-stage separation body. The mass of the main body
(approximately 21.76kg) is much greater than that of the
front-stage separation body (approximately 50 g). According
to the law of conservation of momentum, the velocity of the
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FiGure 13: Simulation results of displacement and velocity: (a) displacement curve; (b) velocity change curve.
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main body after the separation mechanism completes separa-
tion is approximately 299.906 m/s, while the velocity of the
front-stage separation body will continuously decrease after
0.005s and becomes lower than that of the main body after
0.26 5. This observation is consistent with the results shown in
Figure 13(b).

By subtracting the displacement from Figure 13(a) and
the velocity from Figure 13(b), the motion variations of the
two-stage separation bodies can be better understood. As
shown in Figure 14, the maximum velocity increment of
the front-stage separation body occurs at point P,, with a
value of 41.08 m/s. This result is in good agreement with
the velocity results in Figure 8(c), with an average error of
approximately 1.07%. This confirms the correctness of the
dynamic simulation. The main reasons contributing to the

average error are as follows: Figure 8(c) represents the calcu-
lation results using MATLAB, while the value of P, in
Figure 14 corresponds to the results obtained using ADMS.
The use of different computational tools can introduce vary-
ing rounding errors and truncation errors during numerical
approximation and discretization calculations. Additionally,
differences in handling model assumptions, parameter set-
tings, and the choice of algorithms and numerical techniques
for solving the dynamical model can also impact the accu-
racy and precision of the model calculation results. To mini-
mize the average error, validation, and calibration can be
performed during the model design and calculation process,
utilizing precise parameters and algorithms to enhance the
accuracy of the computed outcomes.

Point Py, corresponds to the maximum displacement
difference (maximum explosion height) between the two
stages, with a value of 5.17m. At this point, the velocity
increment has decreased from 41.08 m/s at point P, to
0Om/s at point P,;. As the velocity continues to decrease,
the displacement difference also decreases. After 0.5s, the
displacement difference reaches 0 m at point Pgp;,, while
the velocity increment has decreased from point P, to point
P,,, resulting in a reduction of 34.54 m/s compared to the
initial separation velocity of 300 m/s.

The range of explosion heights for the rotating projectile
studied in this paper is 3-10 m. According to project require-
ments, separation should begin when the target is 100 m
away. Also, since the speed attenuation of the projectile
body at the end of the trajectory is almost zero, its motion
state at the end of the trajectory can be equivalent to uniform
rectilinear motion, allowing an estimation that the time it
takes for the projectile body to hit the ground target is
approximately 0.33 s, which means that the effective separa-
tion time required for the entire separation process must be
less than 0.33s. As shown in Figure 14, when the projectile
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FIGure 15: Curve of attack angle variation.

reaches a maximum explosion height of 5.17 m, the corre-
sponding time is 0.25 s, indicating that the separation mech-
anism can complete the separation action within 0.33 s and
enable the projectile to achieve the maximum explosion
height. The projectile’s explosion height between points A
and B is greater than 3 m, with point A corresponding to a
time of 0.088 s, so the projectile’s explosion height remains
above 3 m in the time interval (0.088 and 0.33 s). As shown in
Figure 13(a), at 0.25s, the front separation body has flown
approximately 80.1 m, while the main body has flown about
74.93 m. At 0.5, both the main body and the front separa-
tion body have traveled about 156.5m, meaning that the
two-stage separation bodies will never collide with each other
within the 100 m separation task distance. When the projec-
tile starts to separate from the target 100 m away, the distance
between the two will always remain within (3 and 5.17 m). In
practical engineering applications, a time of 0.242 s can fully
meet the requirements of the detonator control circuit
because the current 32-bit microcontroller systems operate
at the megahertz level; they can make distance judgments
3-5 times continuously in 10 ms intervals or even more.
Therefore, the time interval between the two stages of the
separation mechanism is reasonable and can meet the
requirements of the actual task. An unreasonable time inter-
val will result in the projectile failing to achieve the desired
explosion height. For example, premature separation may
cause the two-stage separation bodies to collide in the air,
or even the main body may hit the target earlier than the front
separation body, leading to mission failure.

As shown in Figure 15, the maximum value of the attack
angle for the front-stage separation body during its flight
after separation is approximately 2°. According to the design
requirements of the separation mechanism, the effective
working time is between point A and point B. During this
time, the maximum attack angle of the front-stage separation
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body is 1.68°. This means that the maximum change in the
attack angle of the front-stage separation body before it
impacts the target or obstacles in the target area will not
exceed 1.68°, ensuring the flight stability of the front-stage
separation body after separation. At point C, there is an
oscillation phenomenon in the attack angle. The main reason
for this is that the front-stage separation body stabilizes its
flight attitude through the spin. The decrease in velocity
reduces the angular momentum, weakens the spin stability,
and leads to the occurrence of a jitter in the flight attitude.

The zoomed-in result in Figure 15 shows the variation of
the attack angle for the front-stage separation body at the
moment of detachment from the main body. Due to the influ-
ence of the post-effect of the propellant gas force fj, the front-
stage separation body experiences oscillations in the initial
stage of separation, resulting in significant fluctuations in the
attack angle. However, around 0.015 s later, the influence of the
post-effect of the propellant gas force f;, gradually diminishes,
and the change in the attack angle tends to stabilize.

6. Conclusions

(1) The proposed end-detection separation mechanism for
spinning projectiles, with its unique design concept and
operating mechanism, differs from the current proxim-
ity fuzes. This research achievement provides new
design ideas and a theoretical foundation for fuze
researchers to explore the design of detection and sepa-
ration mechanisms under spinning conditions.

(2) Based on data from closed bomb tests and CFD aero-
dynamic simulations, the dynamic characteristics of
the separation mechanism were investigated using
ADAMS. The separation dynamic model was verified
by comparing it with the velocity increment of the
front-stage separation body.

(3) Because the operation of this separation mechanism
does not rely on electromagnetic waves, lasers, infra-
red, etc., and mainly utilizes wires for signal trans-
mission, it possesses the capability to be completely
insensitive to interference sources such as electro-
magnetic disturbances, strong heat sources, rain,
snow, and sandstorms. In the future, it can be used
in conjunction with current proximity fuzes, expand-
ing the applicability range of proximity munitions
and enhancing their resistance to interference. This
will further enhance the effectiveness of proximity
munitions.
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