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Abstract: To study the design method and pressure relief effect of the mitigation structure of a shell
under the action of thermal stimulation, a systematic research method of theoretical calculation-
simulation-experimental verification of the mitigation structure was established. Taking the shelled
PBX charge as the test material, the pressure relief area that can effectively reduce the reaction
intensity of the charge is obtained by theoretical calculation. The influence of the pressure relief hole
area, distribution mode, and other factors on the pressure relief effect is calculated by simulation.
The pressure relief effect of the mitigation structure was verified by the low-melting alloy plug with
refined crystal structure for sealing the pressure relief hole and the cook-off test. The research results
show that the critical pressure relief area is when the ratio of the area of the pressure relief hole to
the surface area of the charge is AV/SB = 0.0189. When the number of openings increases to 6, the
required pressure relief coefficient decreases to AV/SB = 0.0110; When the length/diameter ratio
is greater than 5, the opening at one end cannot satisfy the reliable pressure relief of the shell. The
designed low-melting-point alloy mitigation structure can form an effective pressure relief channel.
With the increase in AV/SB from 0.0045 to 0.0180, the reaction intensity of the cook-off bomb is
significantly reduced in both fast and slow cook-off, which improves the safety of the charge when
subjected to unexpected thermal stimulation.

Keywords: mitigation structure; pressure relief area; pressure relief effect; cook-off; low-melting crystal

1. Introduction

During the process of production, transportation, storage, and usage, ammunition
could be stimulated by unexpected sources, such as fire, which will lead to violent reactions
and bring about major safety accidents. Accidental thermal stimulation is one of the most
common accidental excitable sources encountered in the whole life cycle of ammunition.
The charge ignites and burns under thermal stimulation. Huge personnel and economic
losses would occur when the shell is sealed because the temperature and pressure will rise
rapidly in the confined space of the charge, resulting in a chain reaction from combustion
to deflation to detonation. Aiming at the thermal safety of ammunition, the improvement
methods mainly include insensitive explosive and charging technology, shell pressure relief
technology, thermal shock buffer technology, and other aspects [1]. The principle of shell
pressure relief technology is that when ammunition is under a certain thermal stimulation
condition, a pressure relief channel is formed through the mitigated structure on the shell to
relieve the internal pressure of the ammunition, the self-heating reaction rate of the charge
is suddenly reduced, so the severity of charge response is reduced. The decrease in the
internal temperature, the decrease in the natural reaction rate, and the convection driven
by the product bubbles collectively lead to a delay in the ignition time [2]; these factors
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reduce the reaction intensity of the charge, achieving the purpose of improving the safety
performance of the assembly.

Research on the design of mitigation structures had already begun when the United
States and European countries developed insensitive ammunition in the last century. Af-
ter considerable technical accumulation, some mitigation structure design technologies
have been successfully applied to model ammunition [3–7]. Therefore, the pressure relief
technology of designing vent holes on the shell is an effective control method to improve
the thermal safety of ammunition. William et al. [8] studied the response characteristics of
explosives through a fast cook-off test and measured the internal pressure of ammunition
through a pressure sensor. The results show that a vent hole can effectively reduce the
response intensity of the ammunition under the condition of fast cooking. Glascoe et al. [9]
conducted a slow cook-off test equipped with a pressure relief hole, compared a molten
Composition-B explosive with an HMX-based agglomerated explosive, and found that the
size of the molten cast explosive pressure relief hole was too small, which may improve the
response intensity of the ammunition. The gas pressure inside the condensed explosive
cannot be discharged in the form of bubbles, and the pressure relief hole has almost no
effect. Kinney [10] calculated the critical area of the pressure relief channel according to
the dynamic equilibrium relationship between the pressure increase rate when the charge
facilitated the combustion reaction and the pressure decrease rate when the pressure relief
channel was relieved. Hakan et al. [11] calculated the critical pressure relief area of the pres-
sure relief channel according to the dynamic transport equilibrium relationship between
the mass of the gas generated during the combustion of the charge and the mass of the
gas discharged from the channel. Wardel et al. [12] set up two different venting methods
to leak the gas inside the explosive from the top center and the top edge and found that
the cook-off bomb with the vent set at the top center had a more severe response. Niu
Gongjie [13] studied the influence of different distribution modes of pressure relief holes on
the dose-response intensity and pointed out that the pressure relief hole should be set near
the ignition position of the charge. Madsen et al. [14] studied the cook-off characteristics
of four explosives, including molten Composition-B explosive, PAX-28, PBXN-109, and
PBXN-9, under different vent hole sizes by scale testing and analyzed the selection of a
low-melting-point material for plugging the pressure relief hole.

However, the abovementioned studies were only verified through theoretical calcula-
tions or experiments. The area of the pressure relief channel, the size of the pressure relief
hole, or the feasibility of the low-melting-point material as a mitigation structure were
not considered comprehensively, and the actual shell installation was not considered. It
is difficult to provide a complete basis for the design of the mitigation structure of a shell
without forming a systematic research method of the theoretical calculation-simulation-
experimental verification of the mitigation structure.

Therefore, in this study, the pressure relief area and the distribution of pressure relief
holes through the systematic design method of the mitigation structure was investigated,
the appropriate filling material was selected, and the pressure relief effect under different
pressure relief conditions and shell failure strength thresholds were analyzed by means of
simulation and experimentation. Taking a polymer bonded explosive (PBX) charge as the
research object, slow cook-off, and fast cook-off tests were used for verification, which can
provide a reference for the design of insensitive munitions mitigation structures.

2. Shell Mitigation Structure Design

The key to the design of the mitigation structure is determining the area of the pressure
relief channel, the arrangement of the pressure relief holes, and the selection of the filling
material for the pressure relief holes. The material filling the pressure hole should not affect
the use under normal working conditions so that it cannot only perform a sufficient role
in exhaust and pressure relief but also meet the requirements of the structural strength of
the shell.
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Taking a standard cook-off bomb as an example, the shell mitigation structure was
designed. The materials of the shell and end cover are #45 steel. The shell is 240 mm long,
60 mm in inner diameter, 66 mm in outer diameter, and 3 mm in thickness, and both ends
of the body were machined with 45 mm external threads. The thickness of the end cover
is 5 mm, the diameter is 73 mm, the internal thread is processed, the pitch is 1.5 mm, the
charge is Φ60 mm × 240 mm, the length-diameter ratio is 4:1, the PBX pressed charge is
filled, its content component is RDX/Al/Viton F2602 is 65.5/30/4.5, and the charge density
is 1927 kg m−3. Among them, the RDX used is Class II, 0.075~0.300 mm. Al powder is
1–2 µm.

2.1. Pressure Relief Area Design

The pressure relief area of the mitigation structure needs to be designed according to
different conditions to ensure the effect of the mitigation structure. The determination of
the pressure relief area mainly considers the relationship between the pressure increase rate
in the shell and the pressure release rate of the pressure relief passage. According to the
research of Kinney [10], the pressure growth rate of the charge in the shell when burning is:

dp
dt

=
RTB
V

dn
dt

=
RTB
V

ρ

M
α

(A− BT0)
SBP (1)

where TB (◦C) is the flame temperature when the charge burns; R is the universal gas
constant, which is 8.314 J·mol−1·◦C−1; V is the volume (m3); ρ is the density of the charge
(kg m−3); M is the average molar mass of the gas molecules during combustion (kg mol−1);
T0 is the temperature of the charge at ignition (◦C); SB is the surface area of the charge (m2);
P is the absolute charge pressure (bar); and α, A, and B are constants for the charge burning
rate and temperature.

The pressure release rate of the pressure relief channel is calculated by the follow-
ing formula:

−dp
dt

=
AVCD

V
a′P (2)

where AV is the area of the pressure relief hole (m2); CD is the exhaust coefficient, which is
taken as 0.82 [15]; and a’ is the speed of the air passing through the air hole (m/s).

Combining Equations (1) and (2), when the pressure increase rate in the shell and the
pressure release rate of the pressure relief channel are equal, the calculation formula of the
critical area of the pressure relief channel can be obtained as:

AV

SB
=

αρRTB
MCDa′(A− BT0)

(3)

Equation (3) shows that the ratio of the area of the exhaust passage to the combus-
tion area of the charge can be directly obtained from the relevant physical and chemical
parameters of the charge, and the critical pressure relief area can be determined.

The molar mass of the gaseous product of the elemental explosive RDX (C3H6N6O6)
in the PBX charge is [16]:

M =
56c + 88d− 8b

2c + 2d + b
=

27.2g
mol

(4)

According to ref. [17] of the burning rate parameter:

1
r
= A− BT0 (5)

In the formula, r is the burning speed of the charge. The other parameters were
calibrated from previous studies [18] and experiments and the size of the pressure relief
hole required for the ignition of PBX charges at different temperatures was calculated, as
shown in Table 1.
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Table 1. The size of the pressure relief holes required for the ignition of PBX explosives at different
temperatures.

Temperature/◦C AV/SB

160 [19] 0.0100
177 [19] 0.0128

237 * 0.0189
Note: * is the ignition temperature obtained from the preliminary test.

Therefore, for a PBX charge with a charge size of Φ60 × 240 mm, the minimum AV/SB
is 0.0189 when ignited at a temperature of 237 ◦C.

2.2. Design of the Pressure Relief Hole Distribution

At present, most of the pressure relief holes are designed to be distributed in the tail
of the projectile, the wall of the projectile, etc. The distribution mode has an important
influence on the charge reaction level, and the design of the pressure relief channel near the
ignition position has a significant effect.

A numerical calculation model was established based on the cook-off experiment and
the data in the literature [20], and the simulation model was a standard cook-off bomb of
Φ60 × 240 mm. CFD fluent software was used to calculate the response position of the
PBX charge at heating rates of 3.3 ◦C/h (0.055 ◦C/min), 0.1 ◦C/min, 0.5 ◦C/min, 1 ◦C/min,
and 3.3 ◦C/min. The position distribution of the pressing holes provides the design basis.
Figure 1 shows the position distribution of the ignition time. Figure 2 shows the changes in
ignition position under different heating rates. When the charge material and the charge
structure size are determined, the ignition position is mainly affected by the heating rate.
With the acceleration of the heating rate, the reaction position first moved from the center
of the charge to the two ends along the axis, then moved to the corner of the cylindrical
section and the end cap.
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Since the thermal decomposition temperature of the charge is constant when the
charge reaches the decomposition temperature, the charge begins to decompose, and the
released heat is transferred to the low-temperature charge and the outside of the shell.
When the heating rate is low, there is more time for slow thermal decomposition to occur. At
the same time, because the heat of charge decomposition is greater than the heat provided
by the heating of the shell, the inward transfer of heat will lead to the decomposition of the
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internal charge. In contrast, the outward transfer is relatively smooth, and the temperature
increase process in the shell is mainly caused by the heat of the charge decomposition
control, resulting in the continuous movement of the reaction center to the charge center.
When the temperature of the reaction center reaches the ignition temperature, ignition
occurs, and the reaction center at this moment becomes the ignition position. When the
heating rate is fast, ignition occurs before the high-temperature point is transferred to the
center of the charge. The pressure relief channel is designed near the ignition position,
which is conducive to the timely dissipation of the heat generated by the decomposition
and reduces the temperature of the charge.

Therefore, for the PBX charge with a charge size of Φ60 × 240 mm, the pressure relief
hole design can be considered at one or both ends close to the ignition position.

2.3. Design of Pressure Relief Hole Filling Material Design

Low-melting alloys are heat-sensitive, and their mechanical strength decreases at high
temperatures. Under a certain ambient temperature and internal pressure, the mitigation
structure of low-melting alloys are disabled and destroyed. These alloys can be used in the
starting device of mitigation structures. Design requirements for mitigation structures of
low-melting alloy plugs are as follows [21]:

(1) These structures have sufficient strength under storage and transportation conditions
and do not affect the normal use requirements of ammunition.

(2) When the ammunition is subjected to unexpected thermal stimulation, such as high
temperature, before reaching the lowest ignition point or explosion point of the
ammunition, the mitigation structure must lose most of the strength, and the exhaust
channel must be opened to reduce the reaction strength of the ammunition and
improve the safety.

The slow cook-off response temperature of the PBX charge (RDX/Al/binder mass
fraction of 65.5/30/4.5) used in this paper was obtained from the preliminary test of
approximately 237 ◦C. Strickland et al. [22] pointed out that to effectively suppress the
deflagration to detonation transition of energetic materials, the opening temperature of the
pressure relief channel should be more than 60 ◦C lower than the slow cook-off response
temperature; that is, the opening temperature of the pressure relief channel is approximately
177 ◦C. Therefore, the melting point of the low-melting-point alloy for the mitigation
structures of the shell should be below the slow cook-off response temperature of the
charge, and the mechanical strength of the low-melting alloy material is significantly
reduced at a temperature of 177 ◦C. The structure is destroyed in this situation of internal
pressure to open the pressure relief channel.

The melting point of the Sn-Zn binary alloy system is 198.5 ◦C, which meets the design
requirements of mitigation structures. At the same time, the low-melting-point alloy must
meet the requirements of temperature environment adaptability; that is, it must have good
mechanical properties from −50~70 ◦C. Therefore, the Sn9Zn-3Al0.2La low-melting-point
alloy with good mechanical properties was selected as the filling material of the pressure
relief channel [23], and its mechanical properties are shown in Table 2. The addition of La
element is to refine its crystal structure and improve its mechanical properties.

Table 2. Mechanical properties of Sn9Zn-3Al0.2La.

Alloy High and Low Temperature Mechanical Properties/MPa Melting Point/◦C−50 ◦C 25 ◦C 70 ◦C 125 ◦C 175 ◦C

Sn9Zn-3Al0.2La 133.61 67.18 60.4 31.59 9 205.6

3. Analysis of Factors Affecting the Pressure Relief Effect
3.1. Simulation Model

The pressure relief process of the shell mitigation structure is a competitive process of
unburned charge combustion and gas release, and different mitigation structures (such as
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the length/diameter ratio of the shell, the number of pressure relief holes, and the location)
have a great influence on the pressure relief of confined spaces. The explosion process time
of the charge is very short, the internal pressure changes greatly, and the explosion process
is dangerous. The experimental research will be limited by the conditions of the site, testing
methods, and safety. The simulation calculation can easily change the conditions, such as
different mitigation structures, and a comprehensive analysis of the internal pressure of
the shell can be conducted. The commonly used commercial software ANSYS Fluent was
used to simulate the pressure relief process of the shelled charge under three-dimensional
conditions. The purpose is to obtain the internal pressure changes in the shell during the
pressure relief process in different sustained-release structural conditions and provide data
information support for the design of mitigation structures.

The inlet mass source term can be defined as the product of the total reaction volume
Aburn, the explosive burning velocity rburn, and the combustion product density ρburn in the
shell [11]:

.
minlet= Aburnrburnρburn (6)

The simple expression for the mass outflow after opening the pressure relief channel is:

.
moutlet= Aventu*ρ*CD (7)

In the formula, CD is the exhaust coefficient, which is taken as 0.82 [15], and the other
terms are solved by the following isentropic equations:

ρ* =
Pvent

RTvent
(8)

u* =
√

kRTvent M (9)

P* =
Pchamber[

1 + k−1
2 M2

] k
k−1

(10)

T* =
Tchamber[

1 + k−1
2 M2

] k
k−1

(11)

A schematic diagram of the description of the exhaust gas pressure relief process of
the projectile is shown in Figure 3. The pressure-rising stage of the charge ignition stage
is used as the input condition, and the UDF is loaded into the software to simulate the
pressure-rising process. The pressure rise process caused by the combustion of the charge
is calibrated with reference to the test results [24] (the pressure curve is shown in Figure 4).
Test method: During the cook-off test, a piezoelectric pressure sensor is used to measure
the pressure time-history curve inside the cook-off bombshell.
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Figure 4. Pressure rise curve during charge ignition. (A—thermal decomposition; B—explosive
combustion; C—shell rupture).

3.2. Simulation Results
3.2.1. Influence of the Number of Pressure Relief Holes

Figure 5 shows the variation in pressure with time when there is no mitigation structure
and the critical dimension AV/SB = 0.0189. The different colored lines represent the pressure
curves of different monitoring points, and the yellow stars represent the positions of the
monitoring points. The curve with a sharp rise in pressure is the pressure curve designed
without the mitigation structure, and monitoring points 1–7 are the critical pressure relief
area pressure curve when the pressure relief channel is opened. The pressure rises when
the charge starts to respond quickly is recorded as 0 times. It can be seen from the pressure
curve without the mitigation structure that when the pressure relief channel is not opened,
the pressure rises exponentially according to the set pressure rise rate. At 0.45 ms, the
pressure reached 20.8 MPa, and finally exceeded the shell burst pressure and exploded.
When the pressure relief channel is opened, when the breaking pressure of the low-melting-
point alloy plug is 20.8 MPa, the pressures of monitoring points 1 and 2 near the pressure
relief channel fluctuate rapidly, then fluctuate and rise and finally stabilize at 7.71 MPa
and 17.08 MPa at 6 ms, respectively. Due to the pressure hysteresis effect, monitoring
point 7 away from the pressure relief channel will first rise and reach a maximum value
of 28.05 MPa at 1.07 ms, then oscillate and decrease. Then, the pressure in the shell is
gradually decreased, then fluctuates. At approximately 4 ms, the pressure remains basically
unchanged and stabilizes at 19.79 MPa. The pressure at other monitoring points has the
same trend as monitoring point 7. The pressure first rises to a maximum value, then
oscillates down due to the hysteresis effect over time, and the pressure at the last stable
point is below 20 MPa, at this time, all areas in the shell exhibit equilibrium pressure relief.
The timely opening of the pressure relief channel can effectively reduce the pressure in
the shell, make the charge undergo a relatively stable combustion reaction, and reduce
the probability of a more severe reaction. Since the pressure relief channel is a type of
pressure opening, and the pressure at monitoring point 7, far from the pressure relief
channel, is the innermost pressure point. If the equilibrium pressure of monitoring point 7
meets the design requirements, then other positions in the shell will also meet the design
requirements. In the subsequent research and analysis of the pressure relief effect, only the
pressure curve at monitoring point 7 away from the pressure relief channel was analyzed.
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The influence of different numbers of relief holes (the number of relief holes is 1 to
6) on the pressure relief effect was studied, and the relief area at the same equilibrium
pressure is shown in Figure 6. When the number of relief holes is 2, AV/SB = 0.0144 can
achieve equilibrium pressure relief, and when the number of relief holes is 3~6, AV/SB
is smaller, and only 0.0110 can achieve equilibrium pressure relief. This is because when
the number of pressure relief holes increases, the air convection will be accelerated, the
pressure will drop faster, and the degree of weakening of the shell will be reduced when
the opening area is small. Therefore, the number of wells is 6, and AV/SB = 0.0110 is the
control data.
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3.2.2. Influence of Pressure Relief Area

Taking the number of openings as 6 and AV/SB = 0.0110 as the control, the influence
of the area of the pressure relief holes (AV/SB are 0.0015, 0.0045, 0.0110, 0.0180, and 0.0268,
respectively) on the pressure relief effect was investigated. The curve is shown in Figure 7.
It can be seen that when the pressure relief channel is opened at 20.8 MPa, the pressure rise
rate in the shell changes. However, because the monitoring point is located in the inner
position, the pressure drop is delayed, so the pressure will continue to rise, and the pressure
reaches a maximum value of 28 MPa at 1.06 ms. Then, according to the size of the pressure
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relief area, the subsequent pressure will oscillate down or up. When the aperture is 11 mm,
the equilibrium pressure is maintained at 19.74 MPa at approximately 4 ms. It can be seen
that the area of the pressure relief channel at this time is the equilibrium pressure threshold
in this condition. When the apertures are 14 mm and 17 mm, the area is in an equilibrium
pressure relief state, and the equilibrium pressures at 6 ms are 18.24 MPa and 17.00 MPa,
respectively. When the aperture is 4 mm and 7 mm, disequilibrium pressure relief occurs
at this time, and the pressures at 6 ms are 36.93 MPa and 22.72 MPa, respectively. Then,
the pressure inside the shell will continue to rise, eventually reaching the burst pressure
of the shell. It can be seen that the timely opening of the pressure relief channel can
effectively reduce the pressure in the shell, and with the reduction in the pressure relief
area, the pressure in the shell will change from equilibrium pressure relief to disequilibrium
pressure relief.
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3.2.3. Influence of the Length/Diameter Ratio

The pressure curves in different length/diameter ratios (we kept the hole size un-
changed at this time, and the hole size under different length/diameter ratios was 11 mm)
are shown in Figure 8. It can be seen that with an increasing length/diameter ratio, the
pressure hysteresis effect is more serious after the pressure relief channel is opened. When
the length/diameter ratio is 4, the equilibrium pressure relief state will finally be formed,
and the pressure is 19.74 MPa at 6 ms. When the length/diameter ratio is less than 4, the
equilibrium pressure relief is satisfied, and the pressure is all less than 20.8 Mpa. As the
length/diameter ratio decreases, the pressure in the shell at equilibrium is also smaller.
When the length/diameter ratio is 5 and 8, the pressure first oscillates and drops to a certain
value, then continues to rise while the pressure relief channel is opened. The rising rate
is related to the length/diameter ratio. The larger the length/diameter ratio, the faster
the rising rate. At 6 ms, the pressure in the shell is 23.97 MPa and 35.01 MPa, which
cannot provide a good pressure relief effect, resulting in unequal pressure relief. When the
length/diameter ratio is 4, it is the pressure relief threshold in this condition, and when the
length/diameter ratio is greater than 4, equilibrium pressure relief cannot be formed.
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The equilibrium pressure in different length/diameter ratios was studied, the AV/SB
required to achieve equilibrium pressure relief in different length/diameter ratios was
calculated, and the results are shown in Figure 9. It can be seen that with an increasing
length/diameter ratio, a larger pressure relief area is needed, and the increase is approx-
imately exponential. When the length/diameter ratio is 5, the pressure relief area has
reached the maximum critical area at this time (one end can no longer open a larger aper-
ture). When the aspect ratio is 8, the equilibrium pressure relief cannot be performed in the
condition that one end is fully open, indicating that the opening of one end cannot meet
the pressure relief conditions at this time, and it needs to be considered in combination
with other mitigation structure designs.
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3.2.4. Influence of the Pressure Relief Hole Location

Taking the hole diameter as 11 mm and comparing the influence of the position of
the pressure relief hole on the pressure relief effect in different length/diameter ratios, the
pressure curve is shown in Figure 10. When the length/diameter ratio is 4, an equilibrium
pressure relief will be formed, and at 6 ms, the equilibrium pressure of the openings at
both ends is 11.71 MPa, which is lower than the equilibrium pressure of the openings at
one end of 19.74 MPa. When the ratio is 8, one end of the hole cannot meet the pressure
relief requirements, but when the two ends are opened, the pressure is 18.95 MPa at 6 ms,
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which meets the equilibrium pressure relief requirements. When the length/diameter ratio
is too large, the pressure relief method can be adopted at both ends to relieve pressure. The
reason for the analysis is that when the holes are opened at both ends, the pressure at the
central position can be released from both ends at the same time, which actually reduces
the length/diameter ratio of the shell. Therefore, the pressure relief effect of the holes at
both ends is better than that of the holes at one end. Therefore, when the holes are opened
at both ends, the disequilibrium pressure relief can be transformed into an equilibrium
pressure relief in certain conditions, and the pressure originally in the equilibrium pressure
relief state can be lower so that the pressure can be released faster and more effectively.
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4. Test of Pressure Relief Hole Plugging Structure Strength
4.1. Hydrostatic Pressure in the High-Temperature Test

Figure 11 shows the metallographic structure of six Sn-Zn-Al La alloys with different
Al contents. It is found that as the Al content increases, the gray matrix is an Sn-Zn
eutectic phase, while the dotted black is a rich Zn phase. With the addition of Al, the
microstructure becomes coarser and coarser. Black dendritic tissue gradually increases
and the microstructure distribution of each alloy phase in the eutectic alloy Sn9Zn is
relatively uniform. As the Al content continues to increase, needle-like or dendritic Al
phases gradually appear at grain boundaries or interdendritic boundaries. When the Al
content increases to 10%, the black dendritic structure gradually decreases, and increasingly
circular silver phases are formed in the alloy phase. The finer the crystal, the stronger
the mechanical properties. Therefore, we chose Sn9Zn-3Al0.2La for the design of the
sustained-release structure.

According to the self-developed hydrostatic pressure of the high-temperature test
system [25], a comparative experiment was carried out to test the actual pressure-bearing
capacity and pressure relief effect of low-melting-point alloys in a set high-temperature
environment. The hydrostatic pressure in the high-temperature test system is shown in
Figure 12. Three experiments were carried out, namely, the high-temperature blasting
pressure of the shell without a mitigation structure and the normal-temperature/high-
temperature blasting pressure of the Sn9Zn-3Al0.2La mitigation structure. The test methods
are shown in Table 3.
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Table 3. Test method for hydrostatic pressure in a high-temperature test system.

Label Mitigation Structure Experimental Conditions Experimental Method

1 - high temperature

1© Pressurize the shell to 20 MPa and maintain
the pressure.

2© Heat the shell; set the temperature to approximately
150 ◦C.

3© Pressurize; the maximum pressure is set to 60 MPa,
until the shell bursts.

2 Sn9Zn-3Al0.2La normal temperature
1© Pressurize the shell to 2 MPa and keep the pressure

for 0.5 min.
2© Pressure; the maximum pressure is set to 31.5 MPa.

3 Sn9Zn-3Al0.2La high temperature

1© Pressurize the shell to 2 MPa and keep the pressure
for 0.5 min.

2© Heat the shell to 175 ◦C.
3© Pressurize; the maximum pressure is set to 31.5 MPa.

4.2. Results of the Low-Melting-Point Alloy Plug Strength Test

The pressure time-history curve of the hydraulic experiment of the shell-simulated
sample is shown in Figure 13. It can be seen from the comparison that the mitigation
structure has a complete structure at normal temperature. In the temperature environment
of 175 ◦C, through the design of the pressure relief diaphragm mitigation structure, the
restraint strength of the simulation shell at 175 ◦C is reduced by nearly 50%, from 40 MPa
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to 21.21 MPa, which basically meets the start-up requirements of the pressure relief channel.
It can be seen from the photos of the wreckage of the pressure relief diaphragm after the
experiment that the mitigation structure loses most of its strength under the action of high
temperature, fails under the action of internal pressure, and forms a pressure relief channel,
which can be applied to the design of the mitigation structure of the shell. This experiment
verifies that the low-melting-point alloy mitigation structure can open the pressure relief
exhaust channel in advance under the action of a particular temperature environment and
internal pressure, which meets the design requirements of the low-melting-point alloy plug
mitigation structure.
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5. Mitigation Design and Cook-Off Test of the Cook-Off Bomb

To verify the pressure relief effect of the designed mitigation structure, a standard
cook-off bomb was designed and sealed with low-melting-point alloy plugs. The test site
was arranged to conduct fast cook-off and slow cook-off tests to study the mitigation effect
of insensitive munitions for reference.

5.1. Design of the Mitigation Structure of the Shelled PBX Charge

A schematic diagram of the structure of the cook-off bomb is shown in Figure 14.
Its structure is mainly composed of a shell, front and rear covers, a charge column, and
a low-melting-point alloy plug. Six circular holes were opened along the periphery of
one end face, and four pressure relief areas were chosen for the circular holes (without
the mitigation structure, AV/SB were 0.0045, 0.0110, and 0.0180, respectively). The mit-
igation structure design of the shell was carried out under preset working conditions.
The low melting point alloy material used to seal the pressure relief channel must meet
the structural strength requirements. Therefore, the pressure relief mitigation structure
adopted a threaded mechanical connection. The material of the low-melting-point alloy
plug is Sn9Zn-3Al0.2La, which was processed according to the size of different pressure
relief channels.

5.2. Test Conditions

The layout of the test site is shown in Figure 15, and the design test is shown in Table 4.
In the slow cook-off test, the bomb was heated by remote control, and the temperature rose
at the rate of 1 ◦C/min until the cook-off bomb experienced combustion and an explosion
reaction or the temperature reached 400 ◦C and no reaction occurred. After the test was
completed, the cook-off bomb was destroyed. The prepared cook-off bomb was hung
horizontally on the support frame. The center was 300 mm directly above the combustion
source. Aviation kerosene and an appropriate amount of gasoline were injected into the
oil tank to the specified scale line, and the electric ignition device was placed into the
base and energized. At the same time, a ground field overpressure sensor was placed
5 m before and after the cook-off bomb. Place the Revealer High-Speed Camera X113, the
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maximum shooting rate is 25,000 FPS, the maximum memory is 64 GB, the full resolution is
1280 × 1024, and the minimum exposure time is 1 µs, as shown in Figure 16. The response
characteristics of the bomb under the state of cook-off were evaluated by the state of the
cook-off bomb after the test, the deformation of the shell, and other effective verification
methods. Refer to the US military standard MIL-STD-2105D “Nonnuclear ammunitions of
risk assessment” [26] to determine the response level.
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sponse characteristics of the bomb under the state of cook-off were evaluated by the state 
of the cook-off bomb after the test, the deformation of the shell, and other effective verifi-
cation methods. Refer to the US military standard MIL-STD-2105D “Nonnuclear ammu-
nitions of risk assessment” [26] to determine the response level. 

Figure 14. Standard cook-off bomb structure diagram.
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Table 4. Cook-off bomb design.

Test Name Test Condition Number (AV/SB) Diameter/mm

Slow cook-off
S-1 0 -
S-2 0.0110 11

Fast cook-off
F-1 0.0045 7
F-2 0.0110 11
F-3 0.0180 14
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Figure 16. Revealer High-Speed Camera X113.

5.3. Results and Analysis
5.3.1. Slow Cook-Off Test

To study the pressure relief effects of the mitigation structure in the condition of slow
cook-off, the cook-off bomb S-1 without mitigation structure and the cook-off bomb S-2
with AV/SB = 1.10% and the mitigation structure were tested. Relevant experiments were
carried out, and the reaction characteristics and the effectiveness of the mitigation structure
were studied.

During the test, a large amount of gas was first observed in the mitigation structure
cook-off bomb, as shown in Figure 17. It can be seen that the exhaust effect of the mitigation
structure is obviously. Due to the burning rate of the charge in the later stage is too fast,
a thrust is formed, which makes the cook-off bomb break away from the shackles of the
heating belt, which stops the heating environment, as shown in Figure 17d. The charge was
kept away from the fire environment, and it failed to react completely. The residual charge
is shown in Figure 17e. It was further confirmed that the mitigation structure could open
well and form a pressure relief channel.
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Figure 17. Effect diagram of the mitigation structure during the slow cook-off. (a–d) Slow cook-off
test process; (e) Residual charge.

The slow cook-off results of the cook-off bomb are shown in Table 5, and the shell
fragments are shown in Figure 18. The end cover at one end of the shell was punched
open after the reaction of the S-1 cook-off bomb, and the end cover at the other end was
still connected to the shell. The side wall of the shell was severely torn and broken into
several large fragments, there was almost no residual explosive inside, no shock wave
overpressure was detected in the test, and the reaction level was deflagration. When the
temperature of the S-2 cook-off bomb is approximately 193 ◦C, the shell end cap screws
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are punched out. During the initial reaction of the charge, the gas generated by thermal
decomposition forms a thrust, which keeps the bomb shell away from the fire environment
but does not react completely. The end caps at both ends of the shell are slightly deflected,
but the shell is intact and not damaged, and there is residual explosive inside that has
not reacted completely. No shock wave overpressure is detected, and the reaction level is
combustion and below. Therefore, it can be seen that the mitigation structure can effectively
reduce the internal pressure of the shell during the reaction of the charge, keep the shell
away from the fire environment, effectively reducing the intensity of the thermal reaction
of the PBX charge, and improve the safety of the slow cook-off of the charge

Table 5. Slow cook-off test results.

Cook-Off Bomb (AV/SB) Reaction
Temperature/◦C

Shock Wave Overpressure
at 5 m/MPa Response Level

S-1 0 237.0 Not detected Deflagration
S-2 1.10 193.6 Not detected Combustion and below
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tion structure).

5.3.2. Fast Cook-Off Test

To study the pressure relief reaction of the mitigation structure in the condition of fast
cook-off, relevant experiments were carried out on three kinds of mitigation structure cook-
off bombs with pressure relief areas (AV/SB are 0.45% (F-1), 1.10% (F-2) and 1.80% (F-3)),
and the reaction characteristics and the pressure relief effect of the mitigation structure
were studied. During the test, a large amount of gas can be observed from the mitigation
structure cook-off bomb, as shown in Figure 19. For the cook-off bomb with the mitigation
structure, there is a clear gas flow discharged from the pressure relief channel before
the reaction, which confirms that the pressure relief channel can perform a good role in
pressure relief.

Video screenshots of each cook-off bomb at different times are shown in Figure 20.
It can be seen that it experienced two explosions at 58 s and 71 s, respectively, while F-3
experienced two explosions at 52 s and 66 s, respectively. This is because the response of
the cook-off bomb is divided into two stages. In the first stage, after the internal pressure of
the charge reaches the pressure threshold of the alloy plug, the alloy plug is destroyed, the
gas product breaks through the mitigation structure, the pressure relief channel is opened,
and a large-scale fireball is formed, which lasts for approximately 13~14 s. In the second
stage, the area of the pressure relief channel formed by the mitigation structure is small,
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and the pressure release rate of the pressure relief channel is less than the increased rate
of the pressure in the shell, resulting in a secondary explosion. The upper-end cover is
slightly deformed to create a deflection until the charge in the shell is completely burned.
The F-1 cook-off bomb only exploded once at 65 s because the pressure relief area is small,
so the pressure release rate is much smaller than the pressure growth rate in the shell,
which causes direct damage to the shell, as shown in Figure 20a at 70 s. The shell fragments
impacted and destroyed the oil sump. Therefore, when AV/SB is more than 1.10%, it can
be clearly observed that the pressure relief channel is open, while when AV/SB is 0.45%,
the pressure relief area is small, and the pressure relief cannot be fully discharged.
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The fast cook-off results of the cook-off bomb are shown in Table 6, and the shell
fragments are shown in Figure 21. The difference in the reaction time of different mitigation
structures is very small, and the reaction levels are also combustion, but the intensity of
combustion is different. The shell of the F-1 cook-off bomb is punched open, the two end
caps are washed away, the shell is torn and deformed, and the reaction level is deflagration.
The end cap screws of the F-2 cook-off bomb are punched out, the shell is completely
without tearing occurs, the end caps at both ends are deformed, and the reaction level is
combustion. The end cap screws of the F-3 cook-off bomb are punched open, the shell
is intact, and no tearing occurs. The end cap at the end with the pressure relief channel
is slightly deformed, and the reaction level is burning. Deflagration and the following
reactions all occur for cook-off bombs with mitigation structures. When the pressure
relief area increases, although the combustion reaction occurs, the severity of the reaction
gradually decreases from the rupture of the product on site and the video. This shows that
the increase in the pressure relief area has a certain effect on reducing the reaction level of
the ammunition, which can improve the thermal safety of the ammunition.

Table 6. Fast cook-off test results.

Cook-Off Bomb (AV/SB) Time of the Pressure
Relief Channel Is Open/s

Time of Charge
Reaction/s

Shock Wave
Overpressure at

5 m/MPa
Response Level

F-1 0.45 — 65 Not detected Deflagration
F-2 1.10 58 71 Not detected Combustion
F-3 1.80 52 66 Not detected Combustion

Crystals 2023, 13, x FOR PEER REVIEW 19 of 21 
 

 

Table 6. Fast cook-off test results. 

Cook-Off 
Bomb 

(𝐀𝐕/𝐒𝐁)/% 
Time of the Pressure 

Relief Channel Is 
Open/s 

Time of 
Charge 

Reaction/s 

Shock Wave 
Overpressure at 5 

m/MPa 

Response 
Level 

F-1 0.45 — 65 Not detected Deflagration 
F-2 1.10 58 71 Not detected Combustion 
F-3 1.80 52 66 Not detected Combustion 

 
Figure 21. Cook-off bomb wreckage. (a) F-1 Cook-off bomb wreckage; (b) F-2 Cook-off bomb 
wreckage; (c) F-3 Cook-off bomb wreckage. 

Figure 22 shows the wreckages of the low-melting-point alloy plug with a diameter 
of 14 mm in the F-3 cook-off bomb after the test. The alloy plugs of the F-1 and F-2 cook-
off bombs were not found. The overall structure of the alloy plug is basically intact. The 
reason why the screw is ejected is because the high temperature softens the alloy plug and 
reduces the mechanical strength. During the action of the internal pressure of the shell, 
the thread fails and is damaged, and the pressure relief channel is opened to achieve ef-
fective pressure relief inside the shell. The damage to the screw cap is caused by spraying 
out during the first explosion and hitting the witness board or other objects, and experi-
encing damage. In summary, the above phenomena show that the designed mitigation 
structure can reliably relieve pressure during the cook-off process and improve the ther-
mal safety of the charge. 

Figure 21. Cook-off bomb wreckage. (a) F-1 Cook-off bomb wreckage; (b) F-2 Cook-off bomb
wreckage; (c) F-3 Cook-off bomb wreckage.

Figure 22 shows the wreckages of the low-melting-point alloy plug with a diameter of
14 mm in the F-3 cook-off bomb after the test. The alloy plugs of the F-1 and F-2 cook-off
bombs were not found. The overall structure of the alloy plug is basically intact. The reason
why the screw is ejected is because the high temperature softens the alloy plug and reduces
the mechanical strength. During the action of the internal pressure of the shell, the thread
fails and is damaged, and the pressure relief channel is opened to achieve effective pressure
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relief inside the shell. The damage to the screw cap is caused by spraying out during the
first explosion and hitting the witness board or other objects, and experiencing damage. In
summary, the above phenomena show that the designed mitigation structure can reliably
relieve pressure during the cook-off process and improve the thermal safety of the charge.
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6. Conclusions

In this paper, the design method of the mitigation structure is established, the influence
of different mitigation structure designs on the pressure relief effect is simulated and
calculated, and the mitigation structure is designed and verified by the cook-off experiment.
The study found:

(1) For PBX explosives, when the length/diameter ratio is 4 and AV/SB = 0.0189, the
reaction intensity can be effectively reduced.

(2) As the number of relief holes increases, the required relief area will decrease. When
the number of relief holes is 6, AV/SB = 0.0110 is the equilibrium pressure relief size.

(3) When AV/SB ≤ 0.011, the balanced pressure relief of the shell pressure relief process
can be effectively realized, and as the pressure relief area of the mitigation structure is
larger, the reaction intensity is smaller.

The work of this paper provides a reference research method for the design of the
mitigation structure of a shelled charge under the action of thermal stimulation and the
mitigation structure of the shell.
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