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Safety of underground ammunition storage is an important issue, especially during the accidental
ignition of missiles. This work investigates the pressure and temperature distribution of the multi-layer
underground ammunition storage with a pressure relief duct during the accidental ignition process of
the missile. A large-scale experiment was carried out using a multi-layered restricted space with a
pressure relief duct to simulate the underground ammunition store and a solid rocket motor to simulate
the accidental ignition of the missile. The results show that when the motor gas mass flow increased by
5.6 times, the maximum pressure of the ammunition storage increased by 5.87 times. At a certain motor
flow rate, when the pressure relief exhaust area at the end of the relief duct was reduced by 1/2, the
maximum pressure on the first layer did not change. But the rate of pressure relief was reduced and the
time delayed for the pressure of ammunition store to drop to zero. In this experiment, when the motor
ignition position was located in to the third layer ammunition chamber, the maximum pressure was
reduced by 32.9% and also reduced the rate of change of pressure. In addition, for the experimental
conditions, the theoretical analysis of the pressure relief of the ammunition storage is given by a
simplified model. Based on the findings, some suggestions to the safety protection design of ammunition
store are proposed.

© 2021 China Ordnance Society. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to explosive risks, some ammunition must be stored un-
derground. However, the resulting damage caused by ammunition
storage fires is of rising concern. The accidental ignition of missiles
is especially dangerous [1]. Due to the propellants being extremely
sensitive to external thermal and electrostatic stimulations.When a
propellant’s temperature reaches a certain level or generates an
electrostatic discharge, phenomena such as self-ignition or explo-
sions may occur [2]. These phenomena may damage the structure
of the ammunition store, making the warhead and other missiles
prone to thermally induced firing (ie cooking off), causing the
ammunition to explode, thereby resulting in a wider range of
Civil Engineering, Harbin En-
istrict, Harbin, Heilongjiang,

ou).
ce Society

and hosting by Elsevier B.V. on be
c-nd/4.0/).
damage. As of late, accidents such as this have occurred with fre-
quency. For example, in March 2012, ammunition storage exploded
in a city in Congo, causing 206 deaths and thousands of injuries. In
February 2011, ammunition at a military base in the capital of
Tanzania exploded. Additionally, a major accident, known as the
Nigerian national disaster, was caused by a series of explosions in
an ammunition store, resulting in at least 2000 deaths [3]. It has
been reported that these accidents, of which there are many, may
be due to the spontaneous combustion of ammunition caused by
high temperatures. Therefore, safely designing ammunition storage
to prevent the accidental ignition of missiles is very important.

Solid propellants are the main power source of rocket motors.
Approximately 85% of the missiles in use worldwide are solid
rocket motors [4]. Solid rocket motors are powerful missile devices
that continuously increase the energy requirements of composite
propellants with the rapid development of high technology. The
high energy of solid propellants significantly reduces the thermal
safety of rocket motors during transportation, storage, and use,
increasing their risk [5]. In 1969 and 1981, the US Navy’s enterprise
and Nimitz aircraft carriers, respectively, suffered frommissile solid
half of KeAi Communications Co. This is an open access article under the CC BY-NC-
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propellant safety accidents [6] that resulted in significant personnel
and equipment losses. On January 11, 1985, the US military were
conducting “Pershing” II missile assembly training at a base near
Hailblung, former West Germany when the solid rocket motor
caught fire and exploded [7]. In the early stage of missile launching,
the rocket engine burns completely to produce a large number of
high-temperature and high-pressure gases. Then, oxygen in the air
is entrained in the chamber, and a secondary combustion of the gas
in the ammunition storage occurs, producing a strong, infrared
radiation tail flame [8,9]. As an ammunition store is a closed space,
its temperature and pressure increases rapidly causing missiles in
storage to bake.

Among the protective technical measures of ammunition stores,
pressure relief is one of the most important [10]. In the case of
unexpected motor ignition, when the pressure of the ammunition
store reaches a set value, the pressure relief device installed will
open quickly to allow the high-temperature and high-pressure gas
to exit. Zhang et al. simulated ammunition stores with different fire
sources and mastered the characteristics of the accidental ignition
fire of a missile in ammunition storages [11]. Li et al. performed a
numerical simulation on the flow field of spray cooling in ammu-
nition storage after the accidental ignition of a solid rocket motor
[12]. According to the equations of conservation of energy and
mass, they established a differential equation for the exhaust pro-
cess of the ammunition store after the accidental ignition of the
missile in storage. The exhaust process is calculated when the
missile is accidentally ignited in the ammunition store. Based on
this, the differential equation of the exhaust process when spraying
an inhibitor after accidental ignition of missiles is established, and
the influence of the spraying inhibitor is studied [13,14]. N. Davis
et al. calculated pressurization rates versus time for different
magazine confinement/energetic material reaction rate combina-
tions to determine its effect on magazine structures by simulating
the pressure rise inside an earth-covered magazine from the
burning of solid gun propellant [15]. In the existing research on the
accidental explosion of underground ammunition storage, studies
have focused on earthquake disasters, debris disasters, and struc-
tural damage caused by ammunition explosions [16e21]. However,
research is lacking on the variation law of the pressure and tem-
perature fields in the ammunition store and pressure relief when
the missile is accidentally ignited. Nevertheless, there is some
research that is relevant to solid rocket motor ignition in confined
spaces. Lunn et al. investigated the effects of vent ducts on reduced
explosion pressure, derived a simple model to describe the effect of
vent ducts on the reduced explosion pressure, and compared with
the experimental results [22]. Gao et al. investigated propane
refrigerant explosion leakage in a square model chamber under
different venting conditions and determined the relationship be-
tween the concentration of combustible gas before ignition and the
transient temperature and pressure after ignition [23]. Chow et al.
numerically studied the pressure rising in closed chamber fires
[24].

Among the existing safety regulations related to various types of
ammunition storage, there are no specific regulations to ensure
that when accidents under the normal level occur (one or two
missile motors are accidentally ignited), the ammunition storage
has the ability to discharge high-temperature gas in a timely
manner, without further expanding the damage. Thus, guidelines
for how to design the discharge capacity of the gas stream and how
to determine the size of the vent are critical in the design of the
ammunition storage. However, there is little published literature
for design reference.

This study aims to investigate the influence of the accidental
ignition of missiles on the space environment of underground
ammunition storage, specifically regarding temperature and
pressure changes before and after opening the pressure relief de-
vice, in order to develop reliable guidelines to safely design un-
derground ammunition storage. This experiment simulates
underground ammunition store with a multi-layered and large
restricted space with a pressure relief duct and uses a solid rocket
motor to simulate the accidental ignition of a missile. Different
working conditions were used to investigate the main factors
influencing the pressure relief process. Based on the results of this
experiment, a theoretical calculation method for the pressure
release of the ammunition storage was developed. This calculation
method can be used to guide pressure relief designs of ammunition
storage in the case of accidental ignition of missiles, thereby
increasing the safety of ammunition storage.

2. Methods and materials

When an accidental explosion occurs, the underground space
can only be relieved to the outside through a relief duct or venti-
lation passage [25]. However, the presence of ducts severely in-
creases the severity of explosions, posing problems for the proper
design of ventilation devices [26e28]. In prior studies, the experi-
mental model has mostly been a single, confined space with a
venting window or relief duct, and the structure is relatively sim-
ple. Underground ammunition storage usually has more than one
chamber. Therefore, in this study, we used a limited space structure,
which is a design in which multiple layers of the internal chamber
are connected to the same relief duct. It is also of great significance
to be safe while studying underground dangerous goods storage.

2.1. Experimental ammunition storage model

The large model ammunition storage used for this experiment
consisted of a three-layer storage space and an exhaust pressure
relief duct, as shown in Fig. 1. The ammunition storage model is an
irregular structure made of welded steel. The solid rocket motor
was placed on the test bench inside the ammunition storage model.

The model of the underground ammunition store used in this
test was simplified from actual ammunition storage, retaining only
the general size and spatial structure, and ignored some of the
detailed design. The test model has a first layer of 84 m3 and other
two layers of 126 m3, wherein each layer has a height of 2.5 m. The
area of the relief window connecting the space of each layer to the
relief duct is 0.5 m2. The test model can reach a pressure of 0.2 MPa
without measurable leakage.

2.2. Solid rocket motor

This study uses two typical models of solid rocket motors: type
A and type B. Both types of motor propellants were selected from a
three-component composite propellant, and the gas mass flow rate
remained unchanged during the working process. The solid rocket
motor parameters used in the test were redesigned according to the
relationship between the parameters of a prototype missile engine
and the volume of the ammunition storage. The method used to
induce the accidental ignition of missiles was not considered in this
study. The ignition mode was a regular charge ignition. The motor
parameters are listed in Table 1.

2.3. Ammunition storage pressure relief device

At the outlet of the pressure relief duct of the ammunition
storage model, there are four pressure relief exhaust ports. The
opening and closing of the pressure relief duct is achieved by
controlling the movement of the exhaust cover. The exhaust cover
size in this experiment is 305 mm � 305 mm, and the net exhaust



Fig. 1. Model ammunition storage.

Table 1
Solid fuel rocket parameters.

Type Propellant quality/kg Operating time/s Energy Density/(MJ$kg�1)

A 14 4 5.5
B 39.2 4 5.5
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area is 0.0909 m2, as shown in Fig. 2. The exhaust cover opening
response time is no more than 1 ms, and the exhaust cover opening
pressure is no more than 8 kPa. The maximum angle of the exhaust
cover opening exceeds 90�. Herein, the tightness of the pressure
relief device and actuation speed were examined.
2.4. Pressure sensor arrangement

Only two pressure sensors are in each layer of the ammunition
chamber. One is located in the center of the side wall of each layer,
named PRC, and the other is positioned in the same wall but
adjacent to the relief window, named PO, as shown in Fig. 3(a). In
the pressure relief duct, the pressure measuring points are ar-
ranged along the duct, starting from the bottom of the pressure
relief duct to the outlet, referred to as PC. The pressure sensors are
arranged at the center line of the side wall on the same side as the
duct, and all the pressure measurements are by wall tappings, as
shown in Fig. 3(b) and Fig. 4. A total of 16 pressure points are
included in this experiment. The specifications of the pressure
sensor are as follows:

Range: � 0.25 MPa;
Accuracy: ± 0.5% FS;
Response frequency: 1 kHz.
2.5. Temperature thermocouple arrangement

A total of 26 temperaturemeasuring points were included in the
experiment. A section of the temperature measuring point
arrangement is shown in Fig. 3(c). Four temperature measuring
points are arranged at different heights on the same vertical line at
the pressure relief window of each ammunition layer, herein
referred to as TR. The temperature measurement point (denoted as
TRC, TC) arrangement is consistent with the pressure measurement
point (PRC, PC) arrangement. Each temperature measuring point is
0.25 m from the wall surface of the ammunition chamber. In
addition, outside the ammunition storage model, a temperature
measuring point is located at the center of the side wall of the first
layer to measure the temperature rise of the wall surface. Because
of the fast flow rate of high temperature gas, the S-type thermo-
couple with bare measuring end is used for temperature mea-
surement. In order to protect the thermocouple from being ablated
by the high-temperature gas stream, a ceramic material is used to
protect and support the thermocouple wire. Owing to the high
brittleness of the ceramic and the extensive vibration generated by
the test, a stainless-steel tube was placed around the ceramic for
further protection. The specification parameters of the
Fig. 2. Pressure relief device.



Fig. 3. Pressure temperature measurement point layout (unit: m).
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thermocouple are as follows:
Model: S
Range: 0 e 1600 �C
Accuracy: ± 0.25% t (t is the measured temperature)
Response time: < 0.1 s
Fig. 4. Pressure measuring points arranged along the duct, starting from the bottom of
2.6. Gas flow velocity measurement

A pitot tube was used for velocity measurements to monitor the
dynamic pressure of the velocity flow in and out of the exhaust
cover. Two pitot tubes, directed inwards and outwards, were ar-
ranged at the center of the opening of the exhaust cover to monitor
the airflow in and out of the exhaust ports (see Fig. 5).
the pressure relief duct to the outlet (PC), and thermocouple (TC) sensor installation
photographs.
2.7. Experimental conditions

The experiment was divided into four groups, as summarized in
Table 2. The first group used the type Amotor, while the other three
groups used the type B motor. The pressure and temperature
changes of the ammunition storage under various working
conditions were measured. The effects of gas flow, exhaust port
area, and motor working position on the exhaust pressure of the
ammunition storage were studied for each group.



Fig. 5. Installation diagram of two pitot tube measurement points.

Table 2
Experimental conditions table.

Motor gas flow/(kg$s�1) Exhaust ports area/(m2) Motor position

test-1 3.5 0.3636 First layer
test-2 19.6 0.3636 First layer
test-3 19.6 0.1818 First layer
test-4 19.6 0.3636 Third layer

Fig. 6. Pressure test results during test-1.
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3. Results and discussion

3.1. Variation of parameters in the pressure relief process

Fig. 6 shows the pressure changes in test-1, wherein (a) and (b)
show the gas pressure curves measured at the PO and PRC
measuring points of each layer of ammunition in this working
condition, respectively. The pressure of the first layer ammunition
chamber reached a maximum value of 0.0201 MPa approximately
0.64 s after motor ignition. The pressure of the second layer
ammunition chamber was approximately 0.0118 MPa at a time of
approximately 0.92 s. The maximum pressure of the third layer of
ammunition storage was approximately 0.0115 MPa at 1.26 s. The
pressure at the measuring point PO almost coincides with the
pressure curve at the measuring point PRC, showing that the
pressure inside each layer of ammunition storage is relatively
uniform.

The gray horizontal solid lines in Fig. 6(a) and (b) indicate the
external ambient air pressure. Because of the measurement error of
the sensor and the curve smoothing method that was used, there
were small negative pressures in the P02 and PRC-1 readings prior
to ignition (�2 se0 s). After the motor finished, the minimum
pressure inside the model ammunition store was lower than the
external ambient air pressure. The reason for this phenomenon is
attributed to the heat dissipation effect of the steel structure, which
causes the internal gas temperature to drop, making the air in the
ammunition storage shrink. This results in an internal pressure that
is lower than the ambient air pressure. As shown in Fig. 7(a),
because the temperature of the gas in the first layer of the store is
the highest, the density changing of gas in that layer is the most.
Meanwhile, because the distance between the first layer of
ammunition storage and the exhaust ports is the farthest, the first
layer of the store has the largest negative pressure value, followed
by the second layer, and then the third.

Fig. 6(c) shows that the pressure values from PC1 to PC9,
measured from themotor, along the relief duct, to the outside of the
exhaust ports, gradually decreased. This is in accordance with the
gas flow law. All the measured points had negative pressure after
motor operation ceased. The closer to the exhaust ports the mea-
surement was taken, the smaller the negative pressure. Because the
PC10 measuring point is located outside the exhaust ports, the
monitored value at PC10 was closer to the ambient air pressure,
making the overall pressure change small. The cross-sectional area
of the relief duct between the measuring points PC2 and PC3



Fig. 7. Temperature test results in test-1.
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decreases and the relief duct has a 90� turning point, causing the
airflow pressure to significantly reduce. The pressure drop between
the PC9 and PC10measuring points is also large, and the pressure of
the airflow experiences a large change as a result of the sudden area
limitation of the exhaust ports.

Because the pressure measuring point PC9 is positioned closest
to the inside of the exhaust cover, when the exhaust cover is closed,
the pressure inside the exhaust cover can be considered to be equal
to the pressure at PC9. As shown in Fig. 6(c), after the motor starts
working, the pressure at the exhaust cover rises rapidly. At
approximately 0.37 s, the pressure inside the exhaust cover reaches
an alarm pressure of 8 kPa, triggering the exhaust cover to open.
After the exhaust cover opens, there is a significant drop in the
pressure at PC9.

Fig. 7 shows the temperature change at each temperature
measurement point under test-1 conditions. Fig. 7(a) shows that
the maximum temperature at TRC-1 is 617.6 �C. In the test, this
peak appears at the end of the motor operation, which is later than
the peak pressure. Limited by the flow velocity of the airflow and
the structure of the ammunition, there is a large temperature dif-
ference between the different ammunition chambers. When the
solid rocket motor finishes operation, the temperature of the first
layer of ammunition storage rapidly decreased, and the internal
temperature of the store gradually became balanced. There are two
main reasons for the temperature drop in the ammunition store.
One is the loss of heat caused by the heat through the store wall.
The other main reason is the low temperature gas recirculation
caused by the negative pressure in the ammunition storage.

It can be seen from Fig. 7(b) that although the TR1-1 to TR1-4
measuring points are inside the same ammunition chamber, their
temperature changes varied significantly as a result of their
different height positions. This indicates that the temperature in-
side the ammunition chamber is not uniform. In addition, the rate
of temperature drop of the measuring points TR1-3 and TR1-4 is
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significantly faster than that of measuring points TR1-1 and TR1-2.
This is because TR1-3 and TR1-4 are located at the relief window of
the ammunition chamber connected to the duct. Thus, the
returning airflow passes through here first, causing the gas tem-
perature at this position to drop rapidly. In Fig. 7(c) and (d), the
temperature changes of TR2-3, TR3-3, and TR3-4 are also signifi-
cantly different from the other measuring points as they are
affected by the airflow direction in the pressure relief window of
the ammunition chamber.

Fig. 7(e) shows the temperature changes at different measuring
points inside the relief duct under test-1 conditions. Note that the
temperature rises later at measuring points located nearer to the
exit of the duct because the high temperature gas arrives later at
those points. Meanwhile, more cold air mixes with the high-
temperature gas, causing a lower maximum temperature change
near the exhaust ports. For the motor-generated high-temperature
gas to enter the second and third layers of the ammunition
chamber, it must pass through the duct and thenmix with the air in
the two-layer ammunition chamber to cool down. Therefore, the
temperature of the gas in the duct is higher than the temperature of
the gas in the two ammunition chambers.

The all-steel structure of the model ammunition storage affects
the temperature of the gas inside the ammunition storage. Fig. 7(f)
shows the temperature rise of the wall in the first layer of model
ammunition storage during testing. The wall temperature of the
ammunition chamber correlates with the gas cooling inside the
ammunition chamber. Fig. 7(a) shows that 4e10 s is the fastest gas
temperature drop in the ammunition storage and temperature rise
on the outer wall of the ammunition storage. The heat transfer
effect through the wall of the store is the main cause of the drop in
the gas temperature inside the ammunition storage. In this test, the
peak temperature rise of the outer wall of the first-layer ammu-
nition store was 50.4 �C.

Fig. 8 shows the pitot tube measurements. Because of the
characteristics of the pitot tube, the negative part of the curve in the
figure is meaningless. As can be seen from Fig. 8, when the exhaust
cover is opened, the outflow speed at the exhaust port rises rapidly.
After the pressure in the ammunition chamber reaches a maximum
value, the gas outflow dynamic pressure value at the exhaust port
also reaches its maximum. Subsequently, the gas outflow dynamic
pressure value decreases with decreasing ammunition chamber
pressure. When the speed at which the ammunition chamber gas
flows to the outside drops to zero, the velocity at which the airflow
at the exhaust port flows into the ammunition chamber begins to
rise. At this moment, gases from the external environment begin to
flow into the ammunition chamber. The dynamic pressure moni-
toring value of the airflow proves the aforementioned theory of
reverse flow.
Fig. 8. Airflow dynamic pressure at the exhaust port.
3.2. Influences of the factors on pressure during pressure relief

Test-2 had a larger increase in motor mass flow than test-1. As
can be seen from Fig. 9(a), the pressure of the ammunition chamber
is much higher than that in test-1 as a result of the large increase in
the gas mass flow of the motor. The pressure difference between
the three-layer ammunition chamber is similar to that of test-1. The
maximum possible pressure of the ammunition chamber was
0.118 MPa, which is 5.87 times greater than the maximum pressure
of test-1, which was 0.0201 MPa. The pressure curve of the first
layer of the ammunition chamber in test-2 reached a maximum at
approximately 0.8 s. Further, in test-2, the pressure change rate of
the first layer of the ammunition chamber is larger. The pressure of
the first layer of the ammunition chamber changes more dramat-
ically than that of the second third layers. Moreover, the time at
which the pressure reaches its maximum value is later than that of
the first layer of the ammunition chamber, and the speed of the
pressure drop is relatively slow. After the motor has finished
working, the pressure of each layer is relatively close. The pressure
change law of each pressure measuring point in the relief duct
shown in Fig. 9(b) is the same as that of test-1. However, the
exhaust cover opened at approximately 0.12 s, which was 70%
earlier than in test-1.

In test-2, the negative pressure value in the ammunition
chamber after the end of motor operation is smaller than that in
test-1, and the negative pressure phenomenon is relatively weak.
According to Fig. 10, at the end of motor operation, the first layer
pressure remains a large positive value. Then, when the pressure of
the ammunition chamber drops to 0, the velocity of the gas tem-
perature drop in the ammunition chamber greatly reduces, and the
gas temperature begins to stabilize. As the stability of the gas
temperature causes the driving force of negative pressure in the
ammunition chamber to disappear, the negative pressure of the
ammunition chamber is smaller under test-2 conditions.

The trend of the data collected in test-3 is basically the same as
that in test-2. Fig. 11 shows that under both working conditions, the
internal pressure change law of the ammunition chamber is similar.
In each test, themaximumpressures reached in the first layer of the
ammunition chamber were very close. However, after reaching
these maximum values, the pressure drop rates inside the ammu-
nition chamber were different. The area of the exhaust ports in test-
3 is smaller than that in test-2. Thus, the pressure drop in the
ammunition chamber is smaller. In test-3, the pressure of the first
layer of the ammunition chamber reached a maximum of
0.119 MPa at 0.83 s. The pressure of the second layer reached a
maximum of 0.073 MPa at 1.76 s, and the third layer reached a
maximum pressure of 0.072 MPa at 1.92 s. Conversely, in test-2, the
pressure of the second layer of the ammunition chamber reached a
maximum value of 0.056 MPa at 1.38 s, and that of the third layer
was 0.0545 MPa at 1.56 s. Compared with test-2, the maximum
pressure of the second and third layers of the ammunition chamber
increased significantly in test-3. In test-2, the internal pressure of
the ammunition storagewas the same as the external pressure, and
occurred 7.15 s earlier than the 8.16 s in test-3.

Under test-3 conditions, the area of the pressure relief and
exhaust at the end of the relief duct of ammunition storage is
reduced by 1/2, which causes the pressure of the second and third
layers of the ammunition storage to rise by 30.4% and 32.1%,
respectively, while the maximum pressure of the first layer of the
ammunition chamber does not significantly increase. Note that
there is a 1.01 s time delay in the pressure drop.

As seen in Fig. 12, because the motor is placed in the third layer
of the ammunition chamber in test-4, the pressure of the third layer
is the highest. The pressures of the first and second layers of the
ammunition chamber are close to each other and less than that in



Fig. 9. Pressure test results during test-2.

Fig. 10. Variation of pressure and temperature in first layer of test-2.

Fig. 11. Comparison of ammunition chamber pressure between test-2 and test-3.

Fig. 12. Comparison of ammunition chamber pressure between test-2 and test-4.

Y.-w. Wang, Y.-z. Yang, G.-w. Zou et al. / Defence Technology 17 (2021) 1081e10931088
the third layer. Under test-4 conditions, the negative pressure value
measured inside the ammunition store remains relatively weak.
The ammunition chamber pressure reached a maximum of
0.07915 MPa at 1.46 s in test-4. Although the pressure relief win-
dow of the third layer is smaller in this test, the maximum pressure
value is reduced by 32.9% as compared with that of test-2. In
addition, the rate of pressure change within the ammunition
chamber is significantly smaller.

The data in Fig.12 show that the pressure of the third layer of the
ammunition storage is the largest under test-4 conditions. The
closer the measuring point in the relief duct is to the relief window
of the third layer of the ammunition chamber, the greater the
pressure. In Fig. 13, PC6 and PC5 are near the relief window of the
third layer of the ammunition chamber, therefore the maximum
pressures of points are larger. Meanwhile, formeasuring points that
are far apart, the maximum pressure is relatively small. In this test,
the exhaust cover opening time was approximately 0.09 s. Relative
to test-2, the time for opening the exhaust cover in test-4 was 0.03 s
earlier.
3.3. Influences of the factors on temperature during pressure relief

Compared with test-1, the maximum temperature of the gas in
the ammunition chamber in test-2 is much higher. As listed in
Table 3, the internal temperature of the ammunition chamber
reaches 1600 �C in test-2. Further, there is a large difference in
temperature measurements at different points in the ammunition
store. The maximum temperature of the measuring point TRC-1 is
1210.3 �C, which is 1.96 times that of test-1. Overall, the trend of
temperature change is the same as that of test-1. Because of the
significant temperature rise inside the ammunition chamber in
test-2, the temperature rise on the wall of the ammunition cham-
ber is also large. The peak temperature at the center of the outer
wall of the ammunition chamber in test-2 is 130.7 �C, which is 2.6
times greater than that in test-1.

The temperature change trend of the data measured in test-3 is
basically the same as that in test-2, with the exception of the peak
temperatures of TRC-2 and TRC-3, which increased slightly.

In test-4, the temperature change law in the first and third



Fig. 13. Pressure test results at point PC during the Test-4.

Table 3
Maximum measurements of temperature for tests 2, 3 and 4.

Measuring point test-2
/�C

test-3
/�C

test-4
/�C

TRC-1 1210.3 1204.3 137.4
TRC-2 167.8 206.4 128
TRC-3 148.3 338.5 883.8
TR1-1 1468.5 1298.3 72.6
TR1-2 1347.2 1338.9 64.3
TR1-3 1172.5 1312.7 459.3
TR1-4 1622.5 1509.1 539.4
TR2-1 82.9 90.2 78.6
TR2-2 110.5 105.8 104
TR2-3 585.6 604.9 382.3
TR2-4 93.9 98.3 58.8
TR3-1 72.7 88.9 692.9
TR3-2 64.3 73.6 860.3
TR3-3 596.8 603.8 902.8
TR3-4 709.9 711.5 1149.3
TC1 1014.8 920.7 475.3
TC2 976.1 1100.5 562.4
TC3 1162.9 1211.1 540.3
TC4 1035.6 1093.1 625.3
TC5 1073.2 1062.5 920.7
TC6 923.3 1097.8 883.8
TC7 839.1 961 787.35
TC8 808.1 1113 803
TC9 859.5 985.4 829.3
TC10 819 826.1 726.8
WALL 130.7 122.6 e
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layers of the ammunition chamber is different because the position
of the accidental ignition of the motor changed from the first layer
of the ammunition chamber to the third. Because the volume of the
third layer of the ammunition chamber is larger than that of the
first, the volume of the original cold air that is used for mixing in
the third layer is greater than that in the first layer. The maximum
temperature rise of themeasured TRC-3 in test-4 was 883 �C, which
is less than that measured in test-2.

In test-4, when the motor is accidentally ignited in the third
layer of the ammunition chamber, high-temperature gas flows into
the relief duct through the relief window of the third layer, where it
flows to both ends of the duct. Therefore, in the duct, the temper-
ature measurement point closer to the window of the third layer of
the ammunition chamber has a higher temperature, and the tem-
perature change occurs earlier. Further, as the positions of
measuring points TC5 and TC6 are closer to the window of the third
layer of the ammunition chamber, the temperature change occurs
at the earliest measured time and increases at the greatest
magnitude. Under this test condition, the law of temperature dis-
tribution in the relief duct remains the same as the pressure change
distribution.
4. Theoretical calculation of pressure relief of ammunition
storage

In order to facilitate follow-up research based on this experi-
ment, a theoretical calculation method for missile accidental igni-
tion and pressure relief is proposed to guide the design of
ammunition storage. Because the actual model of the ammunition
storage is too complicated, the ammunition storage structure was
simplified to facilitate the derivation and calculation of the math-
ematical model. The simplified results are shown in Fig. 14.

The red rectangle in the figure indicates the pressure-relief
window. The ammunition storage is still in three layers, namely
Chambers 1, 2, and 3, and the relief window of each layer of the
ammunition chamber is A1, A2, and A3, respectively. To better
model the actual storage layout, the duct space is divided into two
parts, ducts 1 and 2. The two duct spaces are connected through
exhaust port A4. The exhaust port A5 on duct 2 is the final exhaust
port, simulating the exhaust cover of the ammunition storage.
4.1. Calculation process assumptions

To facilitate the establishment of a mathematical model of the
pressure relief exhaust process, the following assumptions were
made for the ammunition chamber and gas:

(1) As soon as the exhaust gas from the missile motor leaves the
nozzle, it rapidly mixes with the gas in the chamber. The gas
in each chamber is in stagnation state. This assumption is
acceptable because when the gas leaves the motor, the
pressure is equal to the back pressure and the average ve-
locity of gas flow in each chamber is low.

(2) The gas passes through each exhaust port in an isentropic
process. Because each port is thickness free, the gas passing
through the port is instantaneous, therefore, it is considered
to be an adiabatic process.

(3) The maximum velocity of the gas discharged through each
exhaust port is the local sound velocity.
Fig. 14. Simplified model of ammunition storage structure.
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(4) The physical parameters of the motor gas are the same as
those of air. The gas state parameters in each space are
uniform.
4.2. State associated governing differential energy and mass flow
balance equations

According to the conservation of energy and conservation of
mass, the change in mass and total energy of the gas in each
ammunition space should be equal to the difference between the
mass and energy of the gas flowing in and out of the ammunition
chamber through each exhaust port.

Therefore, the total mass of gas in each chamber at time t is as
follows:

mciðtÞ¼m0i þ
ðt
0

_meiðtÞdt�
ðt
0

_mAiðtÞdt i ¼ 1;2;3; (1)

where m0i is the initial gas mass in each chamber, _mei is the gas
flow rate of the rocket motor accidentally ignited in each chamber,
and _mAi is the gas mass flow rate of each chamber discharged
through the port.

The working time of the missile motor and gas flow rate of the
jet are te and me0, respectively. Thus, the gas flow rate emitted by
the motor at time t is:

meðtÞ¼
�
me0 t � te
0 t > te

: (2)

The total energy of the gas in each chamber is:

EciðtÞ¼ E0i þ
ðt
0

_meiðtÞEedt�
ðt
0

_EAiðtÞdt�
ðt
0

_EsiðtÞdt i ¼ 1;2;3;

(3)

where E0i is the total energy contained in the initial gas in each
chamber, _EAi is the energy flow contained in the gas discharged
from each chamber through the port, Ee is the energy density of the
motor, _Es ¼ lADT is the heat dissipation, l is the heat transfer co-
efficient, and DT is the temperature difference between the inside
and outside. Herein, the value of l used is 5.62 W/(m2K) [23].

The heat and work exchanged between the airflow and the
outside is equal to the change of the total enthalpy of the airflow
[29]. Therefore, the total enthalpy is used to represent the total
energy of the gas flow. So, the temperature in each ammunition
chamber is given by:

TciðtÞ¼
EciðtÞ

mciðtÞCP
i ¼ 1;2;3: (4)

The gas density is:

rciðtÞ¼
mciðtÞ
Vci

i ¼ 1;2;3; (5)

where Vci is the volume of each ammunition chamber.
According to the ideal gas state equation, P ¼ rRT , Eq. (4), Eq. (5)

can be introduced into the above equation to obtain the pressure at
time t:
PciðtÞ¼
EciðtÞR
VciCP

i ¼ 1;2;3: (6)

For the space of the exhaust duct, the rocket motor related part
is removed from the calculation. The remaining calculation
methods are consistent.
4.3. Developed equations for exhaust area locations

The gas in each layer of the ammunition chamber flows because
there is a pressure difference. At each exhaust port of the ammu-
nition chamber, the direction and velocity of the airflow are
determined according to the pressure difference existing inside and
outside the exhaust ports. Therefore, the gasmass flow is limited by
the area of the exhaust ports.

Using relief window A1 as an example, at time t, the pressure
inside and outside the port is compared.

1) When Pc1ðtÞ � Pd1ðtÞ (where Pc1 is the pressure in chamber 1
and Pd1 is the pressure in duct 1), the gas flows from chamber 1
to duct 1.
According to the one-dimensional isentropic flow formula of

the gas, Pc1ðtÞ
Pd1ðtÞ ¼

�
1þ k�1

2 Ma21

� k
k�1

, the Mach number of the gas

passing through A1 can be obtained using the equation:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffis

Ma1 ¼

2
k� 1

��
Pc1ðtÞ
Pd1ðtÞ

�k�1
k

� 1
�
; (7)

where k is the gas adiabatic index. Note that the default is equiv-
alent to air, which is 1.4.
When Ma1 � 1, we use Ma1 ¼ 1.
According to one-dimensional isentropic flow, there are:
Tc1ðtÞ
T1ðtÞ

¼1þ k� 1
2

Ma21; (8)

where Tc1 is the temperature of the gas in the ammunition chamber
1, and T1 is the temperature of the air flow through the exhaust port
before mixing.
The local sound velocity on the downstream side of the exhaust

port is:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiq

C1 ¼ kRT1ðtÞ: (9)

When Ma � 1:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffir

v1ðtÞ¼C1Ma1 ¼ 2kR

Tc1ðtÞ
kþ 1

: (10)

When Ma<1:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffis ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffis

v1ðtÞ¼Ma1 kR

Tc1ðtÞ
k�1
2 Ma21þ1

¼ 2CpTc1ðtÞ
�
1�

�
Pd1ðtÞ
Pc1ðtÞ

�k�1
k
�
:

(11)

As a result of isentropy, the relationship between the param-
eters of gas flow before and after window A1 can be obtained as
follows:
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Pc1ðtÞ Pd1ðtÞ

rc1ðtÞk

¼
r1ðtÞk

; (12)

where r1 is the density of the gas on the downstream side of the
exhaust port.

 !  !� �1=k
r1 t ¼ rc1 t
Pd1ðtÞ
Pc1ðtÞ

(13)

The mass flow rate of the gas flowing through the relief
window A1 at time t is determined using Eq. (14):

� �1
_mA1ðtÞ¼A1r1ðtÞv1ðtÞ ¼ A1rc1ðtÞ
Pd1ðtÞ
Pc1ðtÞ

k

v1ðtÞ; (14)

where A1 is the area of the opening A1.
The energy flow rate of the gas flowing out through A1 at time t

is:

� � � �1
_EA1ðtÞ¼ _mA1 t CPTc1ðtÞ¼A1CPTc1ðtÞrc1ðtÞ
Pd1ðtÞ
Pc1ðtÞ

k

v1ðtÞ:

(15)

2) When Pr1ðtÞ< Pc1ðtÞ, gas flows from duct 1 to chamber 1.

Thus, the calculation for the gas Mach number passing through
A1 is:

Ma1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

k� 1

��
Pd1ðtÞ
Pc1ðtÞ

�k�1
k

� 1
�s
: (16)

According to Eq. (16), we obtain the gas velocity discharged
from the relief window A1 under different Mach numbers.

v1ðtÞ¼

8>>>><
>>>>:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kR

Td1ðtÞ
kþ 1

r
Ma � 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2CpTd1ðtÞ

�
1�

�
Pc1ðtÞ
Pd1ðtÞ

�k�1
k
�s

Ma<1

: (17)

The mass flow rate of gas flowing out of the ammunition
chamber 1 through A1 at time t is:
Fig. 15. Comparison of experimental data and theoretical calculation data.
_mA1ðtÞ¼ � A1rd1ðtÞ
�
Pc1ðtÞ
Pd1ðtÞ

�1
k

v1ðtÞ (18)

The energy flow rate of the gas flowing out of the ammunition
chamber 1 through A1 at time t is

_EA1ðtÞ¼ _mA1

�
t
�
CPTd1ðtÞ¼ �A1CPTd1ðtÞrd1ðtÞ

�
Pc1ðtÞ
Pd1ðtÞ

�1
k

v1ðtÞ:

(19)

Similarly, the mass flow and energy flow of the gas passing
through the port are obtained at time t for other ports in the
ammunition storage.

However, unlike the other ports, which are always open,
exhaust port A5 transitions from closed to open. Before the exhaust
cover is opened in the initial stage, when Pd2ðtÞ< Pj þ Pb (where Pj
is thewarning overpressure value of the exhaust cover open, and Pb
is the ambient pressure), A5 ¼ 0, then:

_mA5ðtÞ¼ 0; (20)

_EA5ðtÞ¼0: (21)

After the exhaust cover is opened, the flow calculation method
is the same at the other exhaust ports.
4.4. Solution method and result

The Euler method was used to calculate the gas mass and total
energy in each chamber as follows:

mciðtþhÞ¼mciðtÞþ
dmciðtÞ

dt
h¼mciðtÞ þ

�
_meiðtÞ� _mAiðtÞ

�
h;

(22)

EciðtþhÞ¼ EciðtÞþ
dEciðtÞ
dt

h¼ EciðtÞ

þ
�

_meiðtÞEe � _EAiðtÞ� _EsiðtÞ
�
h: (23)

Using Eqs. (4) e (6), the temperature, density, pressure, total
mass, and total energy of the gas in each chamber and duct can be
calculated.

The pressure calculation results of each chamber in test-1 were
compared with the experiment results of test-1 in Fig. 15. It can be
seen that the theoretical calculation method proposed in this study
is in good agreement with the experimental results.
5. Underground ammunition storage safety protection

The existing safety regulations related to various types of
ammunition storage have no guidelines regarding how to design
the discharge capacity of gas flow or how to reasonably design the
size of an exhaust port. In view of the experimental and theoretical
results of this work, the following suggestions are proposed for the
protection of ammunition storage:

1) The multi-chamber structure of the underground ammunition
storage can help to disperse related dangers. Limit the spread of
high temperature gas. The temperature rise and pressure rise of
the environment caused by the ignition of solid rocket motor is
constrained in one space to reduce the damage to the rest of the
space.
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2) The pressure relief structure in underground ammunition stor-
age should consider both the area of the final exhaust outlet,
even if it has the smallest area, and the cross-sectional area of
the pressure relief duct. The design of the pressure relief ducts
should be as short and as straight as possible.

3) More dangerous ammunition should be placed in the chamber
with the shortest relief duct to reduce the potential degree of
damage.
6. Conclusions

In this study, the change laws of temperature and pressure in
underground ammunition storage before and after opening a
pressure relief device was studied experimentally to simulate the
accidental ignition of a solid rocket motor. The pressure and tem-
perature distributions and variation law of high quality and high
temperature gas injection in the confined space with multiple
layers and pressure relief ducts were obtained. The effects of gas
flow rate, the ignition position of the solid rocket motor, and final
exhaust pressure relief area of ammunition storage on the pressure
and temperature distribution were also studied. In addition, based
on the experimental results, a theoretical method for calculating
pressure variation with time during the decompression process of
ammunition storage was proposed for the scenario in which a
missile is accidentally ignited. Finally, some suggestions regarding
safely designing ammunition storage were proposed.

The detailed experimental findings are as follows:

C In the case of an accidental missile ignition in underground
ammunition storage, the interior pressure and temperature
of the chamber rise sharply. The pressure distribution in the
chamber is relatively uniform, while the uniformity of the
temperature distribution is poor. In our tests, the peak
temperatures appear at the end of motor operation, which is
later than the peak pressure. The pressure drop process is
influenced by the gas flow rate and chamber structure.

C The multi-space layout of underground ammunition storage
makes the obstacle of temperature propagation far greater
than the pressure when the missile is accidentally ignited.

C When the motor gas flow rate increases to 5.6 times the
original rate, the maximum pressure of the ammunition
storage increases 5.87 times, and the opening time of the
exhaust cover is advanced by 70%. The maximum value of
temperature measurement at the same measuring point of
ammunition storage doubled, and the temperature mea-
surements on the outer wall increased by 1.6 times.

C Under a certain motor flow rate, the area of pressure relief
exhaust at the end of the relief duct decreases by 1/2, which
causes the pressure of the ammunition storage in the second
and third layers to rise by 30.4% and 32.1%, respectively. The
peak temperatures of these layers also increases. However,
the maximum pressure of ammunition storage in the first
layer does not increase significantly, lowering the rate of
pressure relief, thus delaying the time for the pressure of the
ammunition storage to drop to zero by 0.9 s.

C The maximum pressure can be reduced by 32.9% when the
ignition position of the motor is set in the third layer of the
ammunition chamber and reduces the rate of pressure
change.

C After motor operations finish, the heat dissipation effect of
the ammunition storage structure leads to a negative pres-
sure state. Thus, the gas returns to the ammunition storage at
the exhaust port. The strength of reflux and negative
pressure phenomena is related to the motor flow rate, heat
dissipation conditions, and other factors.

C The theoretical calculation method for the pressure release
of the ammunition storage has been provided. It can be used
to guide the pressure relief design of ammunition storage in
case of accidental missile ignition and improve the safety of
ammunition storage.
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