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Abstract: As a damage element, high-speed fragments have a significant effect on the ammunition
safety. The impact from the fragments are also one of the basic problems of ammunition safety
tests. To clarify the reaction characteristics of combustion, explosion, detonation, and so on, when
hypersonic fragments hit insensitive munitions, it is necessary to carry out corresponding research on
the deceleration law of hypersonic fragment in the air. In this paper, a 30 mm caliber gun with large
chamber, small caliber, and large aspect ratio is proposed to drive high-speed fragments. According
to STANAG 4496 standard, a near-cylinder steel fragment with Brinell hardness HB < 270 and mass
of 18.6 g was designed. The test system was composed of zone interception velocity measurement,
chamber pressure sensor, trajectory tracking system, high-speed camera, and other equipment were
also established to obtain the pressure variations in the chamber, the velocity of the fragment, and its
flight orientation. From the video taken by the high-speed camera and trajectory tracking system,
the fragment and the projectile sabot achieve effective separation after the fragment travels out of
the muzzle. As time goes on, the distance between the fragment and the projectile sabot gradually
increases. The fragment is always in the front of the sabot and steadily flies to the target. The muzzle
velocity of the fragment is controlled by adjusting the propellant charge, and the flight velocity in the
air is measured by the zone interception velocity measuring device in the range of 5 Ma to 7 Ma. The
theoretical models of fragment deceleration and the models of flight orientation are also established
according to the experimental data. On this basis, F test and least square nonlinear regression fitting
were used to analyze experimental data. Finally, the deceleration coefficient of quasi-cylindrical
fragments between 5 Ma and 7 Ma stipulated in STANAG 4496 standard is 0.009312, and the average
drag coefficient in air is 1.109.

Keywords: insensitive munitions; hypersonic speed fragments; motion law; experimental study;
windward area

1. Introduction

Testing the ammunition safety used on the weapon platform and fortifications is a
challenging task. Even though the damage ability of the ammunition on the action target
performs an important role, the self-security of the ammunition can avoid unnecessary
damages to oneself [1-4]. Consequently, insensitive ammunition is always a key focus for
most of researchers. The impact test of the fragment can be used for evaluating the safety
performance of the ammunition [5-14]. However, the fragment depends on the kinetic
energy to damage the target, thus the damage power is closely related to the fragment
velocity, which also depends on the muzzle speed and the deceleration characteristic of
the fragment [15].

Basic studies have been conducted to study velocity characteristics of the fragments
in the launch process, experimentally and theoretically. Martijn et al. [16] studied the
relations between motion trail of the projectile, launch energy, and impact energy by
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using TRAGCN software. Baker et al. [17] used the traditional drag formula to obtain
the velocity—distance variation curve of the standard fragment with an initial velocity of
2530 m/s [18]. Their team [18] also carried out an impact test of standard fragment on a
120 mm forced bomb, but the deceleration law of the fragment is unclear due to lack of
experimental data. Morrison et al. [19] investigated the drag coefficient of a spherical body
and presented the calculation method of this drag coefficient. Singh et al. [20] proposed a
generalized physical expression on the drag coefficient of a moving spherical particle in
the fluid. The drag coefficient of a spherical body is 0.9 under the condition of hypersonic
speed, which can be adopted to simulate the particle trajectories in high-speed dust flow.
Goossens et al. [21] obtained the empirical correlation on the spherical body and Reynolds
number by a linear regression of experimental data. Loth et al. [22] analyzed the drag
coefficient of the spherical body in supersonic speed and hypersonic speed flows, then
proposed a new empirical model on the drag coefficient, in which a general description
on the drag coefficients is provided in wide ranges of Mach numbers, Knudsen numbers,
and Reynolds numbers. Zhou et al. [23] established an image collecting system of different
spherical particles to study the relationship of terminal velocity of the spherical particle
and shapes, and the diameter, a prediction model was also presented to obtain the terminal
velocity and drag coefficient. Hu et al. [24] showed a detailed introduction on the test
procedure and evaluation criterion when the insensitive ammunition was impacted by a
fragment. Ma [25] studied the distribution rule of the initial velocity of a natural fragment
by a static detonation test. Ma et al. [26] analyzed the experimental data and obtained the
empirical formula of flight drag coefficient of the fragment between Mach number 1 and
Mach number 3. Yang et al. [27] obtained the flight rule of the prefab fragment driven by
the detonation by a velocity-measuring system. Then, the average windward area, drag
coefficient, and deceleration coefficient for a natural fragment with the mass of 14 g were
all studied by Wang et al. [28]. Tan et al. [29] proposed a relationship between the drag
coefficient of the fragments with different shapes and Mach numbers in a wind tunnel
experiment. Wang et al. [30] also simulated the penetration process of the fragment with
different structures and obtained the deceleration process of the flight velocity under
different initial velocities. An average method on the regular icosahedron was adopted to
investigate the drag coefficient of the air for non-spherical fragment in the flight process [31].
Based on STANAG 4496 [32], Hu et al. [33] carried out the optimizing calculation on the
interior ballistic parameters of the launch system to obtain the optimal flight speed of the
fragment for effectively damaging the target.

Significantly, the predictions of fragment size on the base of the energy balance law
have been investigated recently. Grady et al. [34] quantitatively proposed a method to
control the surface area that was generated in the separation process of the fragment via a
balance of the surface and the local kinetic energy. Then, the energy dissipation phenomena
in the separation process of the fragment were specially explained by Kipp et al. [35]. In
addition, their team [35] presented the mathematical relationships of the size, separation
time, and fracture strain of the fragment through adopting the Mott method. However,
Glenn et al. [36] revised Grady’s model to obtain a more actual fragmentation process of
the fragment. Englmant et al. [37] analyzed the fracture and separation of the materials in
the formation process of the fragments based on the Mott distribution function for investi-
gating the distribution characteristics of fragment size. Grady et al. [38] also presented the
debris behaviors via the experiments where the high-speed fragment impacted a target.
Sil'Vestrov [39] carried out studies on the distribution mechanism of the fragments during
the separation and fragmentation of the projectile, and obtained the rules from irregular
fragmentation to more uniform fragmentation based on the maximum impact velocity of
the fragment. Cagle et al. [40] numerically studied fragmentation processes of the pro-
jectiles with different material properties that impacted the elastic targets. Myagkov [41]
established the mathematical model for analyzing the separation behavior of aluminum
projectile via adopting the method of smoothed particle hydrodynamics. Teng et al. [42]
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gun breech

experimentally explained the behaviors when an equivalent fragment impacted on an
equivalent ballistic missile warhead via establishing a flash X-ray measure system.

Therefore, most previous studies have investigated the fragmentation separation
behaviors of the fragment and the damage degree of the target. The fragments were also
generated by the explosion of the explosive or the gun launch, and the presented studies
mostly focused on the spherical and square fragments. The flight characteristics on the
fragment with a hypervelocity are still unclear due to lack of detailed data, especially
experimental data. This work is focused on the deceleration characteristics of the fragment
during the flying process, and we adopted the NATO standards to design the fragment
with a combination shape of a cylinder and cone. In addition, a 30 mm caliber gun
launch system is first designed to realize a launch process on a controllable fragment
with a hypervelocity, and the corresponding test system is also established to obtain the
deceleration characteristics of the moving fragment from the muzzle of the gun to the
target. Based on the experimental data, the flight characteristics of the fragment under
different working conditions are also analyzed by a deceleration model for obtaining a
nonlinear fitting method. The results in this work can mainly provide the terminal velocity
information when the fragment impacts the target that is different distances away from the
gun muzzle for future studies of terminal effect. In other words, the muzzle velocity can be
changed by adjusting the charge structure of the gun to realize the required impact velocity
of the fragment.

2. Experimental System
2.1. Launching Device

To analyze the movement property of a fragment in high speed, a gun launch device
than can drive the high-speed fragment via the combustion of the propellant is designed
in this study, which adopts a small-caliber structure with a large chamber and length-
diameter ratio. The caliber of the combustion chamber is 35 mm, the caliber of the barrel
of the launch device is 30 mm, and the whole length of the barrel is 4.5 m. The detailed
structure of the launch device is presented in Figure 1, including head tube, displacement
regulating device, gun breech, anti-recoil buffer device, connection case, transition base,
supporting base, and back tube. Both of the bumpers with recoil and advance are installed
on the back tube according to the involution method of disc spring. The recoil can be
absorbed by the anti-recoil buffer device in the launch process. This bumper device can
reach the requirement of the maximum recoil of the launch device, 183 kN, which satisfies
the high-speed ballistic condition in the experiment.

‘.' head N[ anti-recoil | |'_connection 1 [ back
tube . bufferdevice case tube

displacement 1 [ transition | | supporting |
~ regulating device | | base | | base

Figure 1. Sub-caliber fragment loading device with ultra-high speed [33].

In the experiment, the barrel of the launch system is continually working under the
condition of high-pressure propellant combustion gas. Thus, the barrel strength should be
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verified according to the maximum line deformation theory. The equation of the tangential
stress of the inner surface of the barrel ¢; is expressed as:

2 2RZ% 4+ R?
o= 2P 1)
3" R2-R?
1
The corresponding tangential stress of the outer surface o, is expressed as:
P 2R? ?
0, =P—"~1—-
¢ R-R?

where R; is the inner radius, and R, and P are the outer radius and the chamber
pressure, respectively.

According to the curve of the average pressure and displacement of the fragment
under the condition of the maximum average pressure 400 MPa, the strength of the barrel
is checked piecewise, and the permissible stress of the barrel is [c] = 1040 MPa. The safety
coefficients of the stress n are calculated by the following equation:
m=, -l ®

Table 1 presents the strength verification results of the tube. As it can be seen, the
safety coefficients of the inner and outer surfaces for the distance that is 200 mm off the
barrel end are larger than 1.49, which satisfies the strength requirement of the gun.

Table 1. Strength verification of the tube [33].

Barrel Chamber .Inner 'Outer
No Length (mm) Pressure Diameter Diameter o, (MPa) o; (MPa) n; e
P (MPa) d; (mm) d, (mm)
1 0~200 400 54 130 166.82 700.15 1.49 6.23
2 200~715 310 30 120 41.33 454.67 2.29 25.16
3 715~960 230 30 106 40.05 346.72 3.00 25.97
4 960~2000 180 30 100 35.6 275.6 3.77 29.21
5 2000~2850 80 30 100 15.82 122.49 8.49 65.72
6 2850~3560 50 30 80 16.36 83.03 12.53 63.56
7 3560~3830 38 30 90 9.5 60.17 17.29 109.47
8 3830~4270 35 30 70 15.75 62.42 16.66 66.03
9 4270~4500 30 30 60 20 60 17.33 52

According to the standard of STANAG 4496 “Impact test procedure of the projectile”
from NATO, the experimental projectile is also designed. The projectile is composed of
the sabot and projectile head that is surrounded by the sabot. The sabot can assure the
movement safety and the flight stability of the projectile. However, the sabot is grooved
to realize the effective separation of the sabot and the projectile head after the projectile
flies out of the barrel. The sabot is pre-divided into four sections, and the pre-divided
depth is related to the fragment velocity. Additionally, the projectile and the fragments
are effectively separated by adjusting the propellant charge with a change of thrust. The
diameter of the standard fragment made of the steel with a Brinell hardness of <270 is
14.3 & 0.05 mm, and the length is 15.56 mm with a length—diameter ratio of 1. The head
of the fragment is a circular cone with the angle of 160 £ 0.5° [15], and the density is
7.85 g/cm>. The mass of the whole fragment is 18.6 g. Figure 2 shows the structure and
size of the experimental projectile.
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Figure 2. Size and shape of experimental projectile.

2.2. Test System in the Experiments

The deceleration test system on the fragment with ultra-high speed is composed of
a pressure transducer, zone interception velocity measurement, ballistic tracking system,
and high-speed camera. The chamber pressure variation with the time is obtained by the
pressure transducer, and the fragment velocity is tested by the zone interception velocity
measurement. Then, the flight process and orientation of the projectile can be traced by the
ballistic tracking system and the separation processes of the fragments can be recorded by
the high-speed camera. Figures 3 and 4 show the experimental setup and the corresponding
test devices. The zone interception velocity measurements are arranged in the position
of 5m, 10 m, 15 m, 20 m, 25 m, 30 m, 35 m, 40 m, 45 m, and 50 m away from the muzzle,
respectively. The ballistic tracking system with the frame frequency of 10,000 /s is placed
on one side of the launch system and is vertical to the ballistic line of the launch system. In
addition, a curtain with black and red coloring is loaded on the other side of the launch
system, and the size of the curtain is 300 mm x 300 mm with the length of 50 m. The
high-speed camera is set in the direction of the ballistic line of the launch system, and the
frame frequency is 1000 f/s to obtain the separation process of the fragments.

Background curtain

Pressure
sensor

Zone interception
velocity measurement

Fragmentation
gun

./ High-speed camera
/Traj ectory tracking
system

Figure 3. Layout diagram of the test system.

3. Results on Ballistic Parameters
3.1. Chamber Pressure Characteristics of the Launch System

To obtain the effect of the propellant charge on the ballistic characteristics, the pro-
pellant charge is changed from 260 g to 346 g in the experiments. Table 2 presents the
experimental results on the chamber pressure and fragment velocity under different pro-
pellent charges.
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Figure 4. Layout diagram of testing area.

Table 2. Relationship of propellant charge, chamber pressure, and velocity of the fragment.

Chamber Pressure Peak

No. Propellant Charge (g) Average Velocity V75 (m/s)

P (MPa)
1 260 160.09 1781.26
2 300 235.47 2105.26
3 320 287.61 2276.87
4 330 336.81 2391.20
5 338 381.76 2497.50
6 341 381.28 2492.52
7 343 365.93 2493.77
8 346 397.66 2547.12

As it can be seen from Table 2, the chamber pressure and the corresponding velocity of
the fragment are all increasing with an increase in the propellant charge. However, when
the fragment velocity increases from 1781.26 m/s to 2547.12 m/s, the chamber pressure of
the launch system is always less than 400 MPa. This means the structure strength of the
launch system can reach the design requirement during the experimental process.

3.2. Velocity Disributions of the Fragment

Table 3 presents the corresponding relationships of the position and time obtained
by the zone interception velocity measurement under the abovementioned eight working
conditions. According to Table 3, the average velocity of the fragment can be obtained
by the distances of both targets and the corresponding time. Figure 5 shows the velocity—
displacement relationship of the fragment between the midpoints of two targets. It can be
seen that the fragment velocity has been larger than 2500 m/s in a position away from the
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muzzle of 7.5 m, which means that this launch system designed in this work can launch
the fragment at ultra-high speed.

Table 3. Position-Time relationship.

Target Shooting Time ¢ (ms)

Sequence Distance (m) First Second Third Fourth Fifth Sixth Seventh  Eighth
1 5 2.874 2431 2222 2.166 2.062 2.057 2.053 2.020
2 10 5.681 4.806 4418 4.257 4.064 4.063 4.058 3.983
3 15 8.618 7.268 6.706 6.423 6.157 6.139 6.171 6.035
4 20 11.701 9.848 9.107 8.703 8.358 8.308 8.352 8.176
5 25 14.938 12.525 11.624 11.082 10.655 10.570 10.672 10.409
6 30 18.332 15.352 14.255 13.587 13.058 12.952 13.097 12.757
7 35 21.912 18.349 17.003 16.198 15.586 15.493 15.631 15.218
8 40 25.640 21.452 19.888 18.928 18.206 18.131 18.274 17.786
9 45 29.556 24.733 22.909 21.771 20.960 20.946 21.021 20.491
10 50 33.662 28.240 26.068 24.769 23.879 23.902 23.898 23.296

3000 . | ‘ :
u -8~ data1 - datad|
- data2 -o- data6
2500 data3 -5~ data7-
- data4 -o- data8]
i\ | .
%)
£ 2000_— 1
>
1500 f 1
1000 ; ; ; ;
0 10 20 30 40 50
x/m

Figure 5. Velocity—displacement relationship at the midpoint of two targets.

3.3. Flight Processes of the Fragment

Figure 6 shows separation processes and flight orientations of the fragment for No. 1in
Table 2. It can be seen that the fire flight occurs at 0 ms, presenting a successful ignition for
the gun launch system. At 1 ms, the muzzle is surrounded by the flame, and the projectile
flies off the muzzle flame. At 2 ms, the sabot and the fragment begin to separate from
each other, initially. As time goes on, the fragment impacts the first target, and the flame
occurs due to a crash effect. During the time range of 4 ms and 6 ms, the sabot and the
fragment generates an obvious complete separation. The fragment flies in front of the
four sabot sections, then is far away from the muzzle. The sabot sections also fall further
behind the fragment. In sum, the fragment always flies in the front of the sabot for this
quasi-cylindrical fragment structure. Then, the distance between the sabot and fragment
increases with time. The spreading range of the sabot increases, but the fragment can still
fly to the target steadily. The whole flight process satisfies the safety test requirement of
the ammunition.
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S The projectile flies off the flame
Successful ignition "

-
f=0ms f=1ms

Initial separation of the projectile seat | e it tleannact tonata

e

t=2ms =3 ms

— &8 B3 ¥ : :
Separation process of the projectile

Fragment

Figure 6. Flight processes of fragment and projectile sabot.

4. Deceleration Characteristics of the Fragment Velocity

From the test safety, there is a certain distance between the gun system and impact tar-
get. This distance is 50 m in this work, which means that the initial velocity of the fragment
and the impact velocity from terminal effect are very different. In the launch process of the
gun, the muzzle initial velocity of the fragment can be obtained and determined and, the
impact velocity on the target depends on the drag coefficient. Consequently, the process
of obtaining the drag coefficient of the fragment is very important. In addition, based on
this gun launch system, the path of the fragment must be considered, which determines
whether the required terminal effect can succeed. In this section, the drag coefficients for
the flight process of the fragment under long distances are also calculated.

4.1. Fundamental Theory of Deceleration Rule

As the fragment velocity is high and the mass is low, the gravity effect and the
crosswise effect from the air friction in the flight process are ignored. Assuming that the
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fragment acts along the one-dimensional direction, the movement equation of high-velocity

fragment is described as:
do 1

mE = —EpScxvz 4)
where m, p, and S are the fragment mass, air density, and the windward area of the fragment,
respectively. For a non-spherical fragment, the windward area is always changing. In
addition, v is the flight velocity of the fragment, and ¢y is the drag coefficient of the air.

The initial movement condition of the fragment is v = vy and x = 0. x is the flight
displacement of the fragment and vy is the initial muzzle velocity. Then, Equation (4) is
integrated in the time range, and the flight velocity is obtained as follows:

—_ Y
= 1+ kvot (5)
where k = C;ﬁf, and ¢y = Zpﬂsk. Additionally, the relationship between the fragment velocity
v and flight displacement x can be expressed as:
v =1y x e K (6)

where k is the deceleration coefficient of the fragment, which is related to the air drag coeffi-
cient, the fragment mass, and the windward side. Due to the influences of the experimental
condition and random factor, the deceleration coefficient tested by the experiment cannot
reflect the variation rule of the fragment velocity. The experiments for cylinder-cone frag-
ments with different velocities are also carried out, then the experimental data are analyzed
by adopting the nonlinear regression method. Thus, the variation rule of the deceleration
coefficient k is obtained to predict the velocity of the fragments with the same structures.

Here, the least square method is adopted to fit the parameters of (xl-, , ti/) , and the
highest term m is validated by the distribution F. The fitting curve is as follows:

t=ag+a1x+ -+ apx™ (7)
The residual error is expressed as follows:
t=dy+ax;i+ -+ apx]" +vi, i=1,--- ,n 8

where v; is the residual error.
The sum of squared errors is Q. If the highest term is m — 1, the squared sum of the
residual error is Q’, and the squared error ratio is expressed as:

P Q-

= Q/—m—1) ©

Equation (6) is the distribution for the freedom degree of 1 and n — m — 1 [43].
The theory critical value of F distribution is F, (1, n — m — 1). When Fy, is larger than
F; (1, n — m — 1), the fitting curve is introduced into the term m.

Taking the example of a cylinder-cone fragment, the quartic polynomial and the cubic
polynomial equations are adopted to fit the relationship of the displacement of the fragment
and the flight time. Then, the squared errors Q' and Q are calculated to obtain the ratio of
squared error F. When a = 0.05, the quartic polynomial equation F; is always smaller than
Fo.05 (1, 5). The cubic polynomial fitting equation is expressed as follows:

t = ag 4 a1x + apx® + azx® (10)
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The natural logarithm is calculated with Equation (6) for the movement of the fragment,
and the following expression is obtained:

Inv =Invy — kx (11)
where y = Inv and j = Invy. The above equation can be expressed as iy = j — kx. The partial
derivative is solved for the parameters j and k, and then is set to zero. When v'v = min,
the following equation is obtained:

n n
f noo Y x| Ly
=1e @)l (12)
Loxi Loxp|| L Xy
i=1 i=1 i=1

The values of the parameters j and k are obtained by solving the experimental
data, then are restored forward. Thus, the movement Equation (6) of the fragment is
finally obtained.

4.2. Flight Orientation Model of the Fragment

The roll and rotation phenomena occur in the flight process of the fragment with a
combination of a cylinder and a cone, and the flight orientation changes randomly. A
strong correlation between the windward area and the deceleration coefficient exists. The
flight orientation of the fragment depends on the horizontal projection angle § and the
horizontal plane angle « along the velocity direction. The diameter is defined as D, and
the height of the vertex as H, and the height of cylindrical body as h. According to the
standard fragment in Figure 2, D is equal to 14.3 mm, h is equal to 14.3 mm, and H is equal
to 15.56 mm. Figure 7 presents the typical orientations of the fragment with a combination
of a cylinder and a cone in the flight process.

(b) (c)

Figure 7. Fragment flight orientation. (a) The first flight orientation. (b) The second flight orientation.
(c) The third flight orientation.

Figure 7a presents one of the flight orientations. As it can be seen, the axis of the
fragment obliquely intersects with the horizontal plane. Figure 7b presents the flight
orientation where the fragment axis is vertical to the horizontal plane. Figure 7c presents
the flight orientation that the fragment axis is parallel to the horizontal plane.

The first flight orientation of the fragment in Figure 7a follows the following rule:
At0° < a, B < 90° the fragment axis and the horizontal plane obliquely intersect. The
windward area is the function of the angle parameters of « and 8, and is expressed via the
function of S3(«, B):

2
S3(a, B) = — X \/(IZ)) + (H—h)? x cosp x cosa + D x h x sin § x cos (13)
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In the range of 0° < &, B < 90°, the windward area S3(«, B) is not a monotonic
function. Thus, the following equation can be obtained via the derivative of Equation (13)
with the parameters « and S:

2
W :*%D X \/(];) +(Hfh)2xcosﬁxsinochxhxsin‘Bxsinzx (14)

5 +(H—h)* xsinB x cosa+D x h x cos f x cosa  (15)

dS3(a, ) 7D " \/(D)Z

2 2
95%(a, ) _ 7TD><\/(D) —|—(H—h)2xcos,Bxcos:x—thxsinﬁxcosoc (16)

2 2
aS?’agg’ﬁ) :_7122 X \/(];) +(H-h)?xcosB xcosa —Dxhxsinpxcosa (17)

2 2
W:?x \/(2) +(H-h)? xsinf xsina —Dxhxcosf xsina  (18)

where

Wb < 953;(;;' Bl <0 0°<a, B<90°
Additionally, w <0 5'3’ («, B) < 0. When sl f) _ and%‘z{ﬁ) =0, the func-

on
tion S3(a, B) has the maximum value, and the corresponding parameters are as follows:
2h
x=0 = arctg( > ) (19)
2
m/(B) + (H—h)

Then, these two parameters are substituted into Equation (13) and B is solved
to be equal to 51.42°. The maximum value of the windward area of the fragment is
S3(&, B) pax = 261.56 mm?.

For the second flight orientation in Figure 7b, the fragment axis is vertical to the
horizontal plane under the condition of &« = 0°andpf = 90°. The windward area of
the fragment S; is D x h + % x D x (H—"h). Due to D = 14.3 mm, h = 14.3 mm, and
H = 15.56 mm, it is obtained that S; = 213.49 mm?.

For the third flight orientation in Figure 7c, the fragment axis is parallel to the horizon-
tal plane under the condition of &« = 0°andp = 0°. The windward area of the fragment S,
is 77 x D*/4. Due to D = 14.3 mm, S, = 160.61 mm?.

In the actual experiments, the occurrence frequencies for different flight orientations
are very difficult to obtain. According above calculation, the windward area S in the
movement equation of the fragment is in the range of [160.61 mm?,261.56 mm?]. For an
object with random shapes that can rotate along the center of mass, the windward area is
defined as a quarter of the surface area according to Cauchy’s law [26]. Consequently, the
windward area for this fragment with a combination of a cylinder and a cone is equal to
241.525 mm?.

4.3. Data Fitting and Analysis

According to Figure 5, the average velocities of the fragment from the muzzle to
the first target are always larger than that from the first target to the second target under
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different working conditions. This is because the aftereffect from the propellant combustion
gas on the muzzle zone still acts on the fragment [44]. Thus, the deceleration distribution
should exclude the influence of the muzzle aftereffect. Combined with Table 3, the move-
ment equations for each launch of this fragment can be fitted as: t = ag + a;x + a»x? + azx®
and v = 1 - e7¥*. The fitting parameters of distance-time equations of the fragment for
different working conditions are shown in Table 4, and the fitting curves are presented
in Figure 8. Table 5 also presents fitting parameters of fragment motion equation and the
values of R? of the fitting equations. Figure 9 presents distance-velocity fitting curves for
different working conditions.

Table 4. Fitting parameters of fragment distance—time.

No. az (x107%) ap (X1079) a1 (X107%) ag (X10™%)
1 9.0241 25151 5.2075 2.0890
2 17.7257 1.3467 45139 1.3840
3 7.6768 1.7839 4.1048 1.2450
4 6.2937 1.7438 3.8877 1.8090
5 8.0047 1.5589 3.7675 1.3467
6 15.5678 1.1326 3.7966 1.3277
7 2.5703 1.9689 3.6994 1.5720
8 7.3302 1.5432 3.67645 1.4427

"%+ 3 TestData
—___ TitLine

o] 10 20 30 40 50
xm

Figure 8. Distance—time fitting curve.

Table 5. Fitting parameters of fragment motion equation.

No. g (m/s) k(m™Y R?
1 1916.83 0.009580 0.99995
2 2284.94 0.009530 0.99707
3 2443.57 0.009142 0.99999
4 2571.55 0.009049 0.99999
5 2672.55 0.009156 0.99989
6 2723.71 0.009845 0.99680
7 2663.9 0.009099 0.99903
8 2734.32 0.009092 0.99994
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Figure 9. Distance—velocity fitting curve.

It can be seen that the deceleration coefficient k has a small fluctuation, which is
because the windward area of the fragment is continuously changing in the flight process.
In sum, the average value of k is 0.009312 for the fragment in combination with a cylinder
and a cone in Figure 8. In addition, the drag coefficient of the air cy can be calculated
according to Equation (5), where m = 18.6 g, p = 1.293 kg/m? and S = 241.525 mm?. Thus, it
can be obtained that cy is equal to 1.109.

5. Conclusions

This work is focused on studying the deceleration and flight characteristics of the frag-
ment in hypersonic speed. An experimental gun launch system with a large chamber, small
caliber, and large length—diameter ratio is designed, and the corresponding test system is
also established for observing the flight orientation of the fragment and tracking velocity
distribution of the fragment via employing the zone interception velocity measurement,
pressure transducer, and high-speed camera. The following conclusions are obtained in
this work:

1. Thedesigned launch system with a large length—diameter ratio can successfully realize
that the launch velocity of the standard fragment reaches 5—7 Ma. The sabot structure
with four sections of different grooving depth can assure an effective separation of the
sabot and the fragment after the projectile flies out of the muzzle. With an increase in
the propellant charge, the chamber pressure and fragment velocity also increase.

2. The established test system in the experiments can obtain the fragment velocity,
chamber pressure curve, the flight orientation, and the separation process during
the flight process of the fragment. In addition, the flight velocities under different
propellant charges are also dealt with by a data post-processing.

3. The mathematical model of flight orientation change of the fragment is established in
this work to obtain the movement equation of the fragment in the flight process. Ac-
cording to the experimental data in the gun launch system, the deceleration coefficient
is 0.009312, and the air drag coefficient is 1.109 for the cylinder-cone fragment with
the velocity of 5—7 Ma by employing the least squares nonlinear regression fitting
method and F verification.
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