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Abstract. The explosion shock wave pressure distribution law is significantly affected by the
altitude. It is very important to clarify the altitude impact on the explosion shock wave pressure
propagation law for guiding the shock wave pressure test and accurately evaluating the
ammunition damage power. The paper reviews the finite element numerical simulation and actual
testing results of researchers at home and abroad regarding the propagation of explosive shock
wave pressure through different air and water mediums, and clarifies the impact of altitude on
characterization parameters of shock wave pressure such as peak pressure, impulse, and positive
pressure duration. Based on the current research status both domestically and internationally, we
have pointed out the main problems that still exist in the current research process and proposed
research directions that need to be focused on in subsequent studies.

Keywords: explosion shock wave, altitude, atmospheric parameters, numerical simulation and
actual measurement test, pressure distribution law.

1. Introduction

During the process of ammunition explosion, various forms of damage are produced, such as
shock waves, high-temperature fireballs, and fragments [1-3]. The explosive shock wave is one of
the main parameters of damage and is usually used to evaluate the destructive power of
ammunition. Therefore, it is particularly important to accurately obtain the distribution law of
shock wave pressure during the process of ammunition explosion. However, it has been found in
practical testing that there are significant differences in the distribution of shock wave pressure
produced by the same type of ammunition at different altitudes. Due to the inconsistent data
obtained, it is not possible to accurately evaluate the destructive power of ammunition or provide
a reasonable explanation for related experimental phenomena [4-5]. Therefore, it is necessary to
study the effect of altitude on the distribution law of explosive shock wave pressure, clarify the
interaction mechanism between them, and provide theoretical guidance and support for the study
of the distribution law of explosive shock wave pressure at different altitudes.

When ammunition explodes, the sharp expansion of the explosive products leads to strong
compression of the gas at the interface between the explosive products and the air, which results
in the formation of initial shock waves due to the high pressure area in the local region caused by
the compression. The process of generating explosion shock wave pressure is shown in Fig. 1
[6-9].

The explosive products have extremely high velocities during the expansion process, which
causes excessive compression of the air due to inertial effects, resulting in the pressure at the rear
surface of the explosive products being lower than the initial pressure of the air, forming a negative
pressure zone. Due to the existence of the negative pressure zone, the high-pressure zone acts back
on the negative pressure zone, causing the pressure in the negative pressure zone to gradually
increase. Similarly, excessive compression under inertia causes the pressure of the explosive
products to be slightly greater than the stable pressure. After experiencing several cycles of shock
wave pressure compression pulsation, the explosive products eventually come to a stop and reach
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an equilibrium state. For air, only the first expansion-compression process has practical
significance.

Pressure P1

Wavefront

------ Po
Distance
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pressure zone pressure zone
Fig. 1. Shock wave pressure formation and distribution

The conversion relationship between explosive products and shock wave pressure during the
process of ammunition explosion can be described using the JWL state equation, which is shown
in Eq. (1) [10-12]:

w w w
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where P is the pressure; V is the volume; E is internal energy; A and B are material parameters,
R,, R, and w are constants. A = 3.712x10", B =3.23x10° Pa, R, = 4.15, R, = 0.95, w = 0.30,
initial internal energy E = 4.29x10° J/kg [13-15].

Based on the above function relationship, it can be seen that under consistent explosive
parameters, the peak pressure of the shock wave generated by the explosion is directly related to
the atmospheric parameters of the current explosion environment. Specifically, when the initial
internal energy E of the air in the explosion environment is larger, the pressure of the shock wave
generated by the explosion is also larger, and vice versa. According to the relevant theories in
aerodynamics and explosion mechanics, the initial internal energy E of the air is closely related to
the air density [9, 16-19]. And air density is directly related to altitude and environmental
temperature. The function relationship for calculating air density is shown in Eq. (2):

Py X (1 — H/44300)5256 273.15
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Pz P, Celsius temperature + 273.15

Currently, in the finite element numerical simulation analysis of shock wave pressure
propagation distribution in the explosion field, when considering the influence of altitude on the
distribution of shock wave pressure propagation, it is mainly achieved by modifying the initial

specific internal energy of air in the ideal gas state equation. The ideal gas state equation is shown
in Eq. (3) [20, 21]:

p
P=E-(y-1) o (3)

where P is the gas pressure; y is the ideal gas state equation parameter; p is the air density; pg is
the initial gas density; E is the energy density. The parameters are shown in Table 1 [22].

Table 1. Air material parameters
po/kgm3 |y | E/MPa
1.225 1.4 | 0.2533

At different altitudes, there are differences in the initial specific internal energy corresponding
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to the air. The function relationship for calculating the initial specific internal energy is shown in
Eq. (4):

P
E1=E0+P><Vxln(—>, 4)
Py

where, E, is the air initial specific internal energy, E, = 2.068x10° mJ/mg; P is the atmospheric
pressure under the test environment, in kPa; V is the air volume, generally V = 1; P, is the air
pressure under standard atmospheric pressure, in kPa.

From the above analysis, it can be concluded that the impact of altitude on shock wave pressure
can mainly be attributed to the effect of air density on shock wave pressure. Specifically, when air
density is lower (altitude is higher), the peak pressure of shock wave at the same explosion
condition and at the same measurement point is lower, and the shock wave propagation speed is
faster. Therefore, in a vacuum environment, the propagation distance and time of explosive
products through solid media have a linear relationship.

2. Research on the explosion shock wave pressure distribution law at different altitudes

At present, researchers at home and abroad for the munitions at different altitudes in the air
explosion shock wave pressure propagation distribution law has carried out relevant research, and
has achieved certain research results. For example, Izadifard et al. [23] used the blast display
dynamics simulation software AUTODYN to establish a finite element numerical simulation
model of the blast shock wave pressure distribution law at different altitudes, describing the
altitude effect on the shock wave pressure distribution law, and the existing blast shock wave
pressure calculation function of the relationship between the correction factors introduction for
the correction. Dewey et al [24] carried out a simulated experimental study at altitudes ranging
from 0 to 15 km (0 to 50,000 in) and measured the peak and specific impulse of the incident shock
wave pressure and verified the Sachs proportionality law validity [25] using the data obtained
from the experiment. Veldman et al. [26] conducted actual testing and finite element numerical
simulation analysis using C-4 explosives under different initial atmospheric pressure at altitude.
The layout scheme set up in the actual experiment process is shown in Fig. 2(a). By analyzing the
peak pressure and the time it takes to reach the peak pressure obtained under the initial explosion
pressure, it was found that there is no significant corresponding relationship between the explosive
shock wave pressure and the initial explosion pressure in a small range. However, as the distance
between the measuring point and the explosion center increases, the larger the initial
environmental pressure value, the greater the peak pressure of the explosive shock wave. The
actual test process to obtain the reflected shock wave pressure peak relative rate of change curve
shown in Fig. 2(b).
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a) Test design scheme diagram b) Curve of peak relative change rate of reflected pressure

Fig. 2. Test design scheme and test results
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Wang S. Y. et al [27] found that the peak blast shock wave pressure, specific impulse and
wavefront surface propagation velocity could not be calculated from the analytical point of view
using different air state parameters. Therefore, they chose the nonlinear dynamics simulation
software AUTODYN to simulate the distribution law of explosive shock wave pressure under
different altitudes. By analyzing the data obtained through simulation, the state equation of air
was determined, and a finite element numerical simulation model was established under different
altitudes. A comparative analysis of the simulation data and measurement data was conducted to
clarify the effect of altitude on the distribution law of explosive shock wave pressure propagation.
Gao Y. G. et al [28] found that the difference in altitude would have a significant effect on the
explosive slamminess, so they used the air extraction inside the cartridge to simulate the
atmospheric environment at altitudes of 500 m, 1500 m, 2500 m, 3500 m and 4500 m, and the
cartridge device during the test is shown in Fig. 3(a). The test results show that the altitude change
has almost no effect on the expanded explosive slamminess, while for the emulsified explosive,
the emulsified explosive slamminess gradually increases with the altitude increase. The
slamminess change curve of the two explosives with altitude is shown in Fig. 3(b), (c).

a) Explosive container device
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Simulated altitude/m Simulated altitude/m
b) Expanded explosive swelling curve ¢) Emulsion explosive brisance curve
Fig. 3. Explosive container device and test results

Zhu G. N. et al [29] carried out an experimental study on the shock wave pressure propagation
distribution law at the borehole in a low-pressure environment. During the test, in order to simulate
the actual low-pressure environment, the low-pressure chamber air pressure was set with the
evacuation device, and the shock wave pressure test system was designed as shown in Fig. 4.

Using the testing system, pressure tests were conducted on multiple points outside the muzzle
at 7 different altitudes. Analysis of the obtained pressure data revealed that the distribution of
shock wave pressure outside the muzzle in low-pressure environments is consistent with that in
normal pressure environments, but the peak pressure of the shock wave decreases linearly as the
ambient pressure decreases.

M. V. Silnikov et al. [7, 30] analyzed the role of high-pressure and low-pressure environments
on the peak pressure and specific impulse of the blast shock wave. Based on the quantitative
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similarity criterion principle, a functional relationship between the initial pressure of air and the
peak pressure of the blast shock wave was established for the lile calculation. The established
functional relationship is shown in Eq. (5). Research results can be applied to the spacecraft
explosion safety analysis:

apr _, Ap,
Ap, eXAp, + (1 +8)py

)

where, € = (y — 1)/(y + 1) is the ideal gas shock wave maximum density ratio, and y is the air
adiabatic coefficient, usually; y = 1.4 is the atmospheric pressure at the standard altitude, and Ap,
is the reflected shock wave pressure of the incident shock wave pressure at the rigid interface.
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Fig. 4. Test device structure diagram

The comparison of the calculation results of the constructed functional relationship with the
measured results is shown in Fig. 5. The highly consistent results between the corrected functional
relationship formula and the measured results indicate that the calculated function of peak pressure
of explosion shock wave established in this study can better reflect the distribution law of
explosion shock wave pressure propagation under different environmental pressures.
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Fig. 5. Comparison between calculated and measured results

Zhao X. L. et al. [31] found that there were significant differences in the explosives detonation
velocity when they exploded at different altitudes by analyzing the existing test data. For this
phenomenon, they simulated the atmospheric pressure at an altitude of 0 m-4500 m by pumping
air from a closed container, and measured the explosives detonation velocity with a detonation
velocity meter. The results show that the altitude change will not affect the powder explosives
detonation velocity, but for emulsion explosives used in coal mine blasting, the emulsion
explosives detonation velocity will first increase and then decrease with the altitude increase. The
two explosives detonation velocity variation with altitude during the test is shown in Fig. 6.

Xie X. T. et al. [32] analyzed the explosion shock wave pressure propagation and distribution
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from the theoretical analysis perspective. The ammunition static explosion shock wave pressure
test was carried out at the altitude of 200 m and 4500 m, and the measured test data and the finite
element numerical simulation data were compared and analyzed to clarify the plateau effect
influence on the explosion shock wave pressure propagation process. At the same time, they also
used LS-DYNA and AUTODYN numerical simulation software to carry out research on the
ammunition explosion shock wave pressure propagation law at different altitudes, and restored
the physical phenomena such as flow around, corner effect and shock wave Mach reflection. The
distribution rule of shock wave pressure obtained by simulation is shown in Fig. 7. The research
results have important reference significance for the explosion shock wave protection design.
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Fig. 6. Different explosives detonation velocity variation with altitude
PRESSURE (kPa) PRESSURE (kPa)
1.237e+03 8.327e+02
l 1.115e+03 | 8.304e+02
9.919e+02 7.462e+02
8.692e+02 t 6.529e+02
7.465e+02 5.597e+02
6.238e+02 4.664e+02
5.011e+02 3.732e+02
[ 5 3784e+02 | 2.799e+02
B 2557e+02 e 1.866e+02
I 1.330e+02 I 9.33%e+01
1.029e+01 1.310e-01
a) Explosion time 0.5 ms b) Explosion time 1.5 ms
PRESSURE (kPa) PRESSURE (kPa)
3.842e+02 2491e+02
3471e+02 I 2.263e+02
3.100e+02 2.034e+02
27286402 | 1.805e+02
2.357e+02 1.577e+02
1.985e+02 1.348e+02
1.614e+02 1.119e+02
12630402 ‘ | 8906401
{ 8.711e+01 1 6.619e+01
4.997e+01 I 4.332e+01
1.283e+01 2.045e+01
¢) Explosion time 2.5 ms d) Explosion time 3.5 ms
PRESSURE (kPa) PRESSURE (kPa)
1.341e+02 1.080e+02
I 1.232e+02 " - I 9.980e+01
M 1124002 f & 9.164+01
| 1.015e+02 [o| 8347e+01
9.068e+01 7.531e+01
7.982e+01 6.714e+01
6.897€+01 ¥ 5898401
I 5.812e+01 | 5.082e+01
| 4.726e+01 4.265e+01
I 3.641e+01 3.449e+01
25566401 26326401
e) Explosion time 6.0 ms f) Explosion time 8.5 ms

Fig. 7. Shock wave pressure distribution at different explosion time at 4500 m altitude
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Pang C. Q. et al. [33] based on the Sadovsky formula and the shock wave pressure specific
impulse calculation function relationship proposed by Olenko, combined with the shock wave
pressure calculation function relationship in unbounded space, constructed the calculation
function relationship of peak pressure and specific impulse of explosion shock wave applicable to
different altitudes. The constructed calculation function relationship expression is shown in
Eq. (6) and (7):

APy = 0.102 \/r_(%)é +0.4 (3\/75>2 (%)% +1.26 (i/_> (6)
L:/% = 296g (%) , (7)

where, AP,,¢, is the shock wave peak overpressure when the charge explodes on a hard ground,
in MPa. i,.,is the shock wave positive relative impulse when the charge explodes on a hard
ground, Pa‘s; p;, is the atmospheric pressure at the local altitude, MPa; p, is the atmospheric
pressure at sea level, MPa.

To verify the above correction function relationship calculation accuracy, static explosion test
research was carried out in the environment with an altitude of 0 m and 4500 m. The comparison
between the shock wave pressure data obtained in the actual test process and the calculated value
of the established correction function relationship shows that the above correction function
relationship is more applicable to engineering than the surface of the results. It provides an
effective reference for the further improvement of the warhead plateau shock wave performance
index.

Li K. B. et al. [34] found that changes in the environment of explosive detonation directly
affect the propagation and distribution process of explosion shock wave pressure. To analyze the
impact of environmental characteristics on explosion shock wave pressure, a finite element
numerical simulation analysis model of explosion shock wave pressure with different
environmental pressures was established. Based on Sacks' proportion law, the characteristic
proportional distance is introduced to analyze the influence of near field blast wave pressure
characteristic parameters under different environmental pressures, and the functional relationship
between the blast wave pressure peak value, specific impulse, positive pressure action time and
environmental pressure is established. Ren S. Y. et al. [35] carried out finite element numerical
simulation analysis to study the distribution law of the shock wave pressure generated by the
mixture explosion of methane and air at different altitudes, and obtained the peak value change
law curve of the shock wave pressure generated by the mixture explosion at different altitudes
with the altitude, as shown in Fig. 8. It can be seen from the figure that the explosion shock wave
pressure peak value decreases gradually with the altitude increase. The research results provide a
certain guidance for the methane air mixture explosion protection.
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Fig. 8. Shock wave pressure variation with altitude
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Deng G. Q. et al. [36] analyzed the ammunition explosion shock wave pressure peak value
existing functional relationship, and found that the functional relationship calculation accuracy
gradually decreased with the altitude change. Because the Sadovsky formula [37] and HopKinson
[38] formula commonly used at present have dimensions, and Sachs formula [39] is a
dimensionless correction method. Therefore, on the basis of Sachs formula, using the data
obtained in the finite element numerical simulation process, they established the explosion shock
wave pressure calculation function relationship, proportional distance and peak arrival time under
the altitude correction. The correction function relationship established is shown in Eq. (8):

APZ = APO . SP,
/’Lz = /10 . Sd!

8
Tz =Tao St ®
IZ == IO . Si,

where subscript Z represents the value at the altitude Z, while subscript 0 represents the value at
sea level; AP is overpressure; A is the proportional burst distance; T, is the arrival time; I is
impulse; S, is the pressure correction factor; Sy is the distance correction factor; S; is the time
correction factor; S; is the impulse correction factor. These correction factors are calculated as
shown in Eq. (9):

P
)
P P(]
pA1/3
()"
P,
1/3 )

T\1/2
<@
T,

Py
S, = (=
t (PZ)
P, T\ /?
s=(z) () -
P, T,

where P, is the atmospheric pressure at sea level; P, is the atmospheric pressure at altitude Z; T,
is the temperature at sea level (K); T, is the temperature (K) at altitude Z. According to the
standard atmospheric parameters at different altitudes, the shock wave parameters altitude
correction factor can be obtained.

To verify the accuracy of the calculation results of the above functional relationship formula,
a comparison was made between the numerical calculation results and the calculated results of the
modified function model constructed using the Sachs formula, as shown in Fig. 9.
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Fig. 9. Free field shock wave pressure peak

From the above comparison results of the free-field shock wave pressure, it can be concluded
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that the functional relationship formula for calculating the peak pressure of explosion shock waves
at different altitudes established using the Sachs modification factor can better reflect the effect of
altitude on explosion shock wave pressure. The established modified functional relationship
formula has strong engineering application value.

Wang Y. et al. [40] used LS-DYNA finite element numerical simulation software to study the
shock wave pressure distribution law when the rocket exploded at 0 m-20 km flight height, and
obtained the equivalent cloud diagram and the shock wave pressure distribution law during the
rocket disintegration at different heights, as shown in Fig. 10.
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Fig. 10. Rocket aerial explosion finite element numerical simulation results

Based on the results of finite element numerical simulation and the relationship between
explosion shock wave and proportional distance, the rocket air explosion shock wave peak
pressure calculation function is constructed as shown in Eq. (10). By comparing the shock wave
pressure data obtained from the above simulation with the data calculated from the constructed
functional relationship, the accuracy of the established functional relationship formula was
verified, which has certain engineering application value:

0.08038 0.09739 0.4786
a = < R TR T g
0 < x < 20 km.

) x (0.0002H? — 0.04932H + 0.97259), (10)

LiuY.etal. [41] used LS-DYNA finite element numerical simulation software to simulate the
atmospheric environment characteristics at different altitudes by changing the air materials
relevant parameters, and simulated the kill warheads explosion shock wave pressure field
distribution law at different altitudes. By comparing the measured data with the finite element
numerical simulation data, the altitude influence mechanism on the attenuation of spherical
fragment velocity and the peak attenuation of shock wave pressure is clarified. Using the data
obtained from numerical simulation, the existing formula calculation accuracy for calculating the
shock wave pressure peak value with altitude correction is verified, and it is proved that the
formula has good applicability when the proportional distance is 0.8 m/kg'*~1.5 m/kg'?. Li Z. M.
et al. [42] analyzed the pressure-time curves of reflected blast wave overpressure at different
measurement points inside the tank under negative pressure environments of 0, —20, —40, —60,
—80, —90, and —99 kPa. It was concluded that the lower the ambient negative pressure, the sparser
the gas and the faster the shock wave propagation speed. The blast wave velocity increases as the
ambient pressure decreases, and there is no correlation with the decrease in overpressure intensity.
In an approximate vacuum environment, the blast wave mainly spreads through the explosion
products as the medium, and the increase in shock wave velocity is limited by their movement
speed, resulting in low intensity and rapid attenuation. The curves showing the changes in shock
wave overpressure and propagation velocity with ambient pressure obtained during the experiment
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are shown in Fig. 11.
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Fig. 11. Curve showing the relationship between shock wave parameters and air pressure variation

Chen L. M. et al. [43] simulated the atmospheric environmental pressure at 500 m, 2500 m
and 4500 m above sea level respectively by pumping the explosion tank. The test device structure

is shown in Fig. 12.
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Fig. 12. Test device structure diagram

Based on the above test equipment, the research on the propagation and distribution of TNT
explosive static explosion shock wave pressure was carried out, and the influence of different
initial gas pressures on the peak pressure and specific impulse of explosion shock wave was
obtained, as shown in Fig. 13.
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Fig. 13. Shock wave pressure characteristic parameters variation law
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Based on Sachs’ proportional law and Sadovsky’s formula, they proposed a correction method
under the combined influence of incident shock wave pressure, reflected shock wave pressure,
specific impulse and peak arrival time under the influence of atmospheric initial pressure and
temperature, and established the calculation function relationship of characterization parameters
of explosion shock wave pressure under the altitude influence, this method can significantly
improve the explosion shock wave pressure calculation accuracy in a certain altitude range. In
2023 [44], they studied the relationship between ambient air pressure and shock wave parameters,
numerically simulated the effects of ambient pressure and temperature on shock wave parameters,
and established formulae for calculating the shock wave pressure, specific impulse, and peak
arrival time under the influence of air pressure correction. The proposed correction formulae can
be applied to parameter calculations within an altitude range of 5000 m.

LulJ. W. etal. [45] developed a small vacuum explosion tank and a large 5 kg TNT explosive
masses spherical explosion tank by themselves to study the shock wave pressure propagation
characteristics under negative pressure conditions. The two devices are shown in Fig. 14.
Experiments on the propagation and distribution of explosion shock wave pressure under different
initial ambient pressures were carried out with the two devices developed. Through the acquired
shock wave pressure data analysis, the characteristic parameters of the shock wave pressure (peak
overpressure, positive pressure action time, specific impulse, shock wave propagation velocity)
are preliminarily obtained.

a) Small adjustéble vacuum explosion tank b) Spherical vacuum explosion tank
Fig. 14. Self developed explosive vacuum tank

They conducted many tests with the above device, and determined that the peak pressure and
specific impulse of explosion shock wave gradually increased with the increase of tank pressure,
and the shock wave peak pressure was positively correlated with the initial environmental
pressure; The shock wave front propagation velocity decreases with the tank pressure increase,
and the two are negatively correlated. The research results provide a theoretical guidance for
accurately understanding the propagation and distribution of explosion shock wave pressure
caused by altitude.

Wang F. Q. et al. [46] developed an explosion vessel with adjustable initial ambient pressure.
An explosion shock wave pressure measurement system was built using this vessel. The built
shock wave pressure measurement system structural diagram is shown in Fig. 15.

The experimental research on the peak value of explosion shock wave pressure and the
ammunition shock wave propagation velocity under different initial environmental pressures has
been carried out with the above device. Through the experimental data analysis, it is clear that the
explosion shock wave pressure decreases with the initial environmental pressure increase, and the
propagation velocity of explosion shock wave increases with the environmental pressure decrease.
The test results provide reference data for high-altitude military confrontation, high-altitude
weapon design and deep ground protection engineering.

Wang L. Q. et al. [47] analyzed the measured shock wave overpressure data at different
altitudes, obtained the altitude attenuation effect on the shock wave pressure propagation process,

JOURNAL OF MEASUREMENTS IN ENGINEERING. SEPTEMBER 2023, VOLUME 11, ISSUE 3 3 3 7



ALTITUDE INFLUENCE ON THE EXPLOSION SHOCK WAVE PRESSURE DISTRIBUTION.
LIANGQUAN WANG, DEREN KONG, CHUNDONG XU

and proposed a shock wave pressure calculation function relationship considering the altitude
influence. The function relationship is shown in Eq. (11):

0.102 0.399 1.26
fix_(

et t ) x (—8.985 x 1077P;* 4+ 7.175 x 107°P,?), (11

where, Py;, is the shock wave pressure peak value at the determined altitude after correction, R is
the measuring point proportional distance, and P is the ambient atmospheric pressure
corresponding to the specific altitude.

Signal conditioner

Fig. 15. Explosion shock wave pressure measuring system

The average error between the shock wave pressure obtained by using the functional
relationship formula for shock wave pressure calculation with the introduction of altitude
correction conditions and the measured shock wave pressure is 11.1389 %. The verification of the
calculated results and the measured results is shown in Fig. 16. As can be seen from the figure,
this method can effectively predict the peak pressure of explosion shock waves at different
altitudes, providing an effective calculation method for practical engineering testing. The
established functional relationship for shock wave pressure calculation is expressed as follows.

0.5

0.1999

o
=
T

Formula calculation results (MPa)
2 &
0.0289
0.1345
P—'—“J.OS 14
0.0377

e

0.0

| 2750

TNT mass (kg) and distance between measurement points (m)

Fig. 16. Relative error diagram between formula calculation results and measured results

Using dimensional analysis theory and AUTODYN finite element software, Li et al. [48]
studied the influence of low temperature, low pressure and altitude on the parameters of explosive
blast waves, and established corresponding calculation formulae. The formulae can effectively
predict the parameters of explosive blast waves under low temperature and low pressure
environments, and clarify that low pressure has a greater effect on the peak overpressure and
specific impulse of shock waves than low temperature under high-altitude conditions. The
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propagation velocity of the blast wave in the near field depends on the pressure, and that in the far
field depends on the temperature.

3. Conclusions

Based on the above analysis, it can be seen that the current research on the impact of altitude
on the distribution law of explosive shock wave pressure mainly focuses on interpreting
experimental phenomena obtained during actual explosion processes through combined use of
existing explosion mechanics and aerodynamics theory and finite element numerical simulation
analysis results. Then, the effect of altitude is obtained through numerical statistics on the peak
pressure of explosive shock wave pressure, time to peak pressure, impulse, and reflected shock
wave pressure. There are some problems with the current research status.

1) The existing theoretical basis is not sufficiently applicable. The existing calculation function
relationships for peak pressure, impulse, and positive pressure duration of explosive shock waves
are all based on the distribution law of shock wave pressure during ammunition explosions in
plain environments. When the explosion environment changes, continuing to use these function
relationships to calculate the different characterization parameters of explosive shock wave
pressure results in unscientific and unreliable results. When revising the existing calculation
function relationships, it is not appropriate to simply add a correction factor at the end of the
function expression using nonlinear adaptive fitting. The physical meaning of each part of the
modified function relationship obtained in this way is unclear, the units of both sides of the
function relationship are not unified, and this approach does not have widespread applicability.

2) The analysis of experimental and simulation results is only limited to superficial
observations, without in-depth theoretical analysis and explanation. Whether using finite element
numerical simulation or obtaining characterization data and experimental observations of
ammunition explosion processes from actual testing, it is necessary to theoretically analyze the
fundamental causes of such phenomena, clarify the mechanism by which changes in altitude affect
the distribution law of shock wave pressure propagation, and fundamentally resolve the mutual
influence between the two. Only then can the coupling relationship between altitude and shock
wave pressure distribution law be thoroughly understood, and this can truly provide guidance for
subsequent research.

Due to the significant impact of altitude on the distribution law of explosive shock wave
pressure, studying the effect of altitude on the distribution law of explosive shock wave pressure
is of great significance for accurately evaluating the destructive power of ammunition and guiding
ammunition design. To study the effect of altitude on the propagation law of explosive shock
waves, it is necessary to start from theory, combine with finite element numerical simulation
results and carry out actual testing, conduct in-depth analysis of experiment phenomena, and
theoretically clarify the relationship and mutual influence mechanism between altitude and shock
wave distribution law. Based on existing explosion mechanics theory, a physically clear and
reasonably applicable calculation function relationship modification model for shock wave
pressure characterization parameters of the explosion field can be established using dimensional
analysis methods. The research results can not only improve the theoretical explanation of existing
experimental phenomena, but also provide scientific and credible data support and technical
guidance for ammunition design and selection.

Acknowledgements

This work was funded by National Defense Basic Scientific Research Project, Project
Number: JSJL20166060B001D.

JOURNAL OF MEASUREMENTS IN ENGINEERING. SEPTEMBER 2023, VOLUME 11, ISSUE 3 339



ALTITUDE INFLUENCE ON THE EXPLOSION SHOCK WAVE PRESSURE DISTRIBUTION.
LIANGQUAN WANG, DEREN KONG, CHUNDONG XU

Data availability

The datasets generated during and/or analyzed during the current study are available from the
corresponding author on reasonable request.

Author contributions

Liangquan Wang: conceptualization, methodology, software, validation, formal analysis,
investigation, resources, data curation, writing-original draft preparation, visualization,
supervision, project administration. Deren Kong: methodology, validation, resources, project
administration, funding acquisition. Chundong Xu: resources, project administration.

Conflict of interest
The authors declare that they have no conflict of interest.
References

[1] H. L. Wang et al., “Characteristics of blast wave caused by small quantity exposed charge in straight
tunnel,” Chinese Science and Technology Paper, Vol. 17, No. 5, pp. 475-480, 2022.

[2] S. Wu et al., “The influence of rigid surface on the propagation law of explosion shock wave,”
Engineering Blasting, Vol. 26, No. 2, pp. 1-8, 2020.

[3] L.L.Huetal., “Numerical simulation of underwater explosion shock wave,” Journal of High Pressure
Physics, Vol. 34, No. 1, pp. 102-114, 2020.

[4] R.Li, X. C. Li, Q. Wang, and Y. H. Yuan, “Propagation characteristics of explosive shock waves in
low-temperature and low-pressure environments,” Explosion and Shock, Vol. 43, No. 2, pp. 18-28,
2023.

[5] M. Chen, Y. B. Zhou, and X. W. Sun, “Research on the influence of TNT aspect ratio on the specific
impulse of explosion shock wave,” Journal of Weapon Equipment Engineering, Vol. 39, No. 6,
pp. 62—66, 2018.

[6] Y.Q.Wuetal., “Theory and application of explosive mechanics,” Beijing University of Technology
Press, 2021.

[71 L. Wang and D. Kong, “Influence of Ground Impedance on Explosive Shock Wave Test Accuracy,”
International Journal of Impact Engineering, Vol. 171, p. 104395, Jan. 2023,
https://doi.org/10.1016/j.ijimpeng.2022.104395

[8] P. G. Jin et al., “The propagation law of shock wave pressure in air caused by non ideal explosive
explosion,” Science, Technology and Engineering, Vol. 18, No. 22, pp. 184-188, 2018.

[9] X. Kong, L. Wang, T. Yu, Z. He, H.E. Luo, and B. Li, “Free-field shock-wave test method for
meteorological air cannons,” Measurement, Vol. 189, p. 110456, Feb. 2022,
https://doi.org/10.1016/j.measurement.2021.110456

[10] B. Chang et al., “Study on characteristics of shock wave field of near ground explosion of moving
explosives,” Blasting, Vol. 35, No. 3, pp. 49-54, 2018.

[11] L.Q. Wang, F. Shang, and D. R. Kong, “Numerical simulation analysis of static and dynamic explosion
shock wave,” Journal of Weapon Equipment Engineering, Vol. 41, No. 12, pp. 208-213, 2020.

[12] S. B. Li et al., “Numerical simulation of propagation and attenuation of explosion shock wave in
different media,” Vibration and Shock, Vol. 28, No. 7, pp. 115-117, 2009.

[13] Q. Zhong et al., “Similarity law of TNT air explosion overpressure,” Journal of Propellants and
Explosives, Vol. 33, No. 4, pp. 32-35, 2010.

[14] D. W. Li et al., “Research on the impact of initiation mode on the explosive explosion shock wave
pressure field,” Journal of Weapon Equipment Engineering, Vol. 42, No. 5, pp. 79-83, 2021.

[15] L. Q. Wang et al., “Numerical simulation experiment research on damage power of high explosive,”
Journal of Testing Technology, Vol. 35, No. 1, pp. 6-11, 2021.

[16] H. M. Du et al., “Analysis and verification of air and ground shock wave characteristics of near-ground
explosion,” Journal of Projectiles, Rockets, Rockets and Guidance, Vol. 34, No. 4, pp. 65-68, 2014.

[17] X. Yang et al., “Comparison of empirical formulas and numerical simulation of blast shock wave
propagation in air,” Sichuan Architecture, Vol. 27, No. 5, pp. 71-73, 2007.

340 ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635



(18]
[19]
[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]
28]
[29]

[30]

[31]
132]
[33]
[34]
[33]
[36]
[37]
[38]

1391

[40]
[41]
[42]

[43]

ALTITUDE INFLUENCE ON THE EXPLOSION SHOCK WAVE PRESSURE DISTRIBUTION.
LIANGQUAN WANG, DEREN KONG, CHUNDONG XU

Q. Y. Zheng, “Considering the influence of altitude and air humidity on air drilling flow,” Inner
Mongolia Petrochemical Industry, Vol. 36, No. 23, pp. 33-34, 2010.

Y. H. Zhao et al., “Estimation of internal ballistic performance of launch charge based on closed
explosive test,” Journal of Explosives and Explosives, Vol. 43, No. 1, pp. 81-84, 2020.

Tang, Y. K., Kong, and D. R., “Study on numerical simulation of three wave point trajectory in TNT
explosive explosion field,” Journal of Testing Technology, Vol. 35, No. 4, pp. 352-357, 2021.

Xu, C. D., Wang, and L. Q., “Research on the influence of three wave points in the explosion field on
the shock wave pressure measurement,” Journal of Testing Technology, Vol. 35, No. 5, pp. 369-374,
2021.

S.Y. Xiao et al., “Prediction of warhead explosion location based on explosion shock wave,” Military
Automation, Vol. 40, No. 5, pp. 90-93, 2021.

R. Izadifard and M. Foroutan, “Blastwave parameters assessment at different altitude using numerical
simulation,” Turkish Journal of Engineering and Environmental Sciences, Vol. 34, No. 1, pp. 2541,
2010.

J. Dewey and J. Sperrazza, “The effect of atmospheric pressure and temperature on air shock: 721,”
Aberdeen Proving Ground, MD, USA: Ballistic Research Laboratories, 1950.

R. G. Sachs, “The Dependence of Blast on Ambient Pressure and Temperature,” Aberdeen Proving
Ground, MD, USA: Ballistic Research Laboratories, May 1944.

R. L. Veldman, M. W. Nansteel, C. C.-T. Chen, and B. A. Toner, “The effect of ambient pressure on
blast reflected impulse and overpressure,” Experimental Techniques, Vol. 41, No. 3, pp. 227-236, Jun.
2017, https://doi.org/10.1007/s40799-017-0171-8

S. Y. Wang et al., “Numerical simulation of explosion shock wave propagation in high altitude
atmosphere,” in 5th National Society for Computational Explosive Force, 2012.

Y. G. Gao et al., “Experimental study on influence of high altitude pressure environment on explosive
Intensity,” Explosive Products, Vol. 5, pp. 36-39, 2013.

G. N. Zhu et al., “Experimental study on muzzle-shock wave at low pressure,” Acta Armamentarii,
Vol. 35, No. 6, pp. 808-813, 2014.

M. V. Silnikov, M. V. Chernyshov, and A. I. Mikhaylin, “Blast wave parameters at diminished ambient
pressure,” Acta Astronautica, Vol. 109, pp- 235-240, Apr. 2015,
https://doi.org/10.1016/j.actaastro.2014.12.007

X. L. Zhao et al., “Experimental study on the effect of simulated Plateau environment on explosive
detonation velocity,” Blasting Equipment, Vol. 44, No. 2, pp. 36-39, 2015.

X. T. Xie et al., “Research on Firing Limit Velocity of Artillery at Different Altitudes,” Journal of
Missile, Arrow and Guidance, Vol. 36, No. 3, pp. 82—-84, 2016.

C. Q. Pang et al., “An effective method for predicting blast wave parameters in Plateau environment,”
Journal of Vibration and Shock, Vol. 37, No. 14, pp. 221-226, 2018.

K. B. Li et al., “Numerical simulation of near-field characteristics of air explosion under Different
vacuum degrees,” Journal of Vibration and Shock, Vol. 37, No. 17, pp. 270-276, 2018.

Ren S.Y. and Xin J., “Influence of environment on natural gas leakage and explosion in closed room,”
Fire Science and Technology, Vol. 37, No. 5, pp. 680—683, 2018.

G. Q. Deng, “Analysis of influence of altitude on parameters of air shock wave of conventional
explosion,” Protection Engineering, Vol. 41, No. 3, pp. 26-32, 2019.

M. Sadovskyi, Mechanical Action of Air Shock Waves of Explosion, Based on Experimental Data.
Moscow: l1zd Akad Nauk SSSR, 1952.

Yang, Y. D., Li, X. D., Wang, and X. M., “Optimization and Fitting of air propagation characteristic
parameters of explosion shock wave,” Blasting Equipment, Vol. 43, No. 1, pp. 13-18, 2014.

Chock and Jeffrey Mun Kong, “Review of methods for calculating pressure profiles of explosive air
blast and its sample application,” Virginia Polytechnic Institute and State University, Virginia, Apr.
1999.

Y. Wang et al., “Prediction method of peak overpressure of rocket air explosion shock wave,” Journal
of Beijing University of Aeronautics and Astronautics, Vol. 46, No. 7, pp. 1371-1378, 2020.

Y. Liu, “Parametric Modeling and Power field Analysis of typical explosive warhead,” Xi’an
Polytechnic University, 2021.

Lietal., “Experimental study of the effect of negative pressure environment on explosive blast waves,”
Chinese Journal of Explosives and Propellants, Vol. 44, No. 1, pp. 35-40, 2021.

Chen, L. M., Li, Z. B., Chen, and R., “Experimental study on the propagation characteristics of blast
shock wave in Plateau environment,” Explosion and Shock Waves, Vol. 42, No. 5, pp. 114-124, 2022.

JOURNAL OF MEASUREMENTS IN ENGINEERING. SEPTEMBER 2023, VOLUME 11, ISSUE 3 34 1



[44]

[45]

[46]

[47]

[48]

342

ALTITUDE INFLUENCE ON THE EXPLOSION SHOCK WAVE PRESSURE DISTRIBUTION.
LIANGQUAN WANG, DEREN KONG, CHUNDONG XU

L. Chen, Z. Li, R. Chen, and F. Lu, “Propagation characteristics of blast shock waves in low-pressure
environment,” Shock Waves, Vol. 33, No. 1, pp. 61-74, Jan. 2023, https://doi.org/10.1007/s00193-022-
01116-z

J. W. Lu, “Study on propagation law of blast shock wave in explosive Vessel under negative pressure,”
Anhui University of Science and Technology, 2021.

F. Q. Wang et al., “Propagation rules of shock waves in confined space under different initial pressure
environments,”  Scientific  Reports, Vol. 12, No. 1, pp. 1-12, Aug. 2022,
https://doi.org/10.1038/s41598-022-18567-0

L.-Q. Wang and D.-R. Kong, “Research on the distribution characteristics of explosive shock waves at
different  altitudes,”  Defence  Technology, Vol. 24, pp. 340-348, Jun. 2023,
https://doi.org/10.1016/j.dt.2022.03.002

R. Li, X. C. Li, Q. Wang, Y. H. Yuan, X. W. Hong, and Y. S. Huang, “,” Explosion and Shock Waves,
Vol. 43, No. 2, pp. 18-28, 2023.

Liangquan Wang received a bachelor’s degree in engineering from North University of
China and a master’s degree in engineering from Nanjing University of Science and
Technology in 2017 and 2020, respectively. He is currently studying for a Ph.D. in
instrument science and technology at Nanjing University of Science and Technology. His
research direction is the research of blast field damage parameter testing and evaluation
technology, including shock wave pressure test, fragment velocity and scattering
characteristics research, and explosion field fireball surface temperature test and analysis.
Currently, there are many articles on blast field damage published in domestic and foreign
journals. Papers on parametric testing research.

Deren Kong received a bachelor’s degree, a master’s degree and a doctorate degree in
engineering from Nanjing University of Science and Technology in 1990, 1998 and 2003
respectively. He is currently a professor and doctoral supervisor at Nanjing University of
Science and Technology. His main research directions are modern test measurement theory
and application, and measurement and control technology. As well as instruments and
modern sensor technology and systems, he has published more than 100 papers in
important journals at home and abroad, including 6 papers included by SCI and more than
30 papers included by EI. He has edited many national planning textbooks.

Chundong Xu Doctor of Engineering, associate professor at Nanjing University of
Science and Technology. His main research direction is special environmental parameter
technology, damage power testing and evaluation, and he has led or participated in more
than 50 scientific research and technology development projects, including the National
Defense Innovation Special Zone Special Project, the Military Commission Science and
Technology Commission Basic Strengthening Key Project, the Natural Science
Foundation, equipment pre research, the Science and Technology Bureau Special Project,
the Key Laboratory Fund, and enterprises and institutions' horizontal projects.

ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635





