Reconstruction model of blast wave pressure field
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Abstract. Blast wave is one of the main damage parameters generated by ammunition explosions.
Clarifying the distribution pattern of blast wave pressure field in ammunition explosions is of great
significance for evaluating the damage power of ammunition and guiding ammunition design.
This study is based on the ground-reflection pressure and free-field pressure mapping model,
considering the influence of altitude and surface material acoustic impedance on the distribution
law of blast wave pressure. A reconstruction model of explosion blast wave pressure field was
constructed, and experimental tests were conducted in typical scenarios to verify the accuracy of
the pressure field reconstruction model. The results show that the blast wave pressure field
reconstruction model proposed in this study can well reflect the pressure distribution law, with a
reconstruction accuracy of better than 93.9 %, which compensates for the shortcomings of
insufficient pressure distribution data in the pressure field reconstruction process. It provides
theoretical and data support for accurate evaluation of ammunition explosion damage power and
has significant military application value.

Keywords: blast wave, numerical simulation, altitude, surface impedance, prediction model,
pressure field reconstruction.

1. Introduction

In ammunition development, in order to obtain data on explosive damage power, limited
testing points are often conducted based on the existing testing environment of the target range.
However, the explosion field is generally affected by high temperature, high pressure, strong
impact vibration, high-speed flying fragments, flying rocks, etc., which leads to severe damage to
sensors during pressure testing and the inability to effectively obtain pressure distribution data.
Moreover, there are significant differences in the testing environment of different testing sites,
such as altitude and meteorological conditions, resulting in the lack of comparability of the
obtained blast wave pressure data, The blast wave pressure data obtained under different test
conditions cannot be converted to each other, and the test data is difficult to accurately and
comprehensively evaluate the damage power of ammunition. Therefore, how to analyze
experimental data and use the obtained limited blast wave pressure data to reconstruct the pressure
field within a certain range is a research hotspot in damage assessment [1].

At present, scholars in the field of explosion damage testing have conducted some research on
the reconstruction method of explosion blast wave pressure field. According to different
reconstruction methods, it can be divided into three types: travel time tomography imaging
technology, blast wave pressure attenuation law model, and various interpolation algorithms
applied in pressure field reconstruction. The application research of travel time tomography
imaging technology in pressure field reconstruction, such as the study by Guo et al. [2], involves
the use of networked testing technology to acquire blast wave pressure signals. Based on travel
time tomography imaging technology [3, 4], a weighted generalized inverse inversion algorithm
is used to invert the propagation velocity of the blast wave. According to the relationship between
peak overpressure and velocity, the distribution pattern of pressure is calculated, and the relative
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deviation between the reconstructed pressure field and the measured results is within 5 %. Bai et
al. [5] used travel time tomography imaging technology to reconstruct the wavefront propagation
velocity of each grid unit in the test area. Based on the relationship between velocity and peak
pressure, the velocity values of each grid are converted into overpressure values, reconstructing
the peak pressure of the blast wave on the entire two-dimensional plane. This method achieved
the reconstruction of underwater shock wave peak pressure. Wang et al. [6] proposed an OSEM
inversion algorithm based on prior information [7]. This algorithm utilizes travel time tomography
imaging method and combines pressure transmission characteristics to invert velocity field,
achieving reconstruction research on blast wave pressure field.

The application of blast wave pressure attenuation law model in pressure field reconstruction,
such as demonstrated by Luo et al. [8], involves the use of the calculation function relationship
for overpressure during the explosion of a TNT spherical explosive in an infinite air medium.
They employed a nonlinear adaptive fitting method to obtain the formula for the attenuation curve
of overpressure from FAE fuel explosive blast waves and inverted the distribution pattern of the
blast wave field. Based on the blast wave pressure propagation characteristics, Zhang et al. [9]
extracted the blast wave decay curve from the modeling data. They used nonlinear regression
theory and multivariate polynomial interpolation algorithms to process the blast wave decay curve,
obtaining parameters such as the attenuation coefficient and peak value for each curve. Using
"black box" theory, they found the relationship between these parameters and achieved the
reconstruction of the blast wave pressure field. Yao et al. [10, 11] applied the Gauss-Newton
algorithm to perform nonlinear regression on the measured blast wave pressure curve. They used
the Zippel interpolation algorithm to obtain the global optimal solution for the coefficients, in
order to invert the attenuation coefficient and peak overpressure of unknown measurement points.
The reconstructed blast wave pressure curve showed an average error of less than 17 % compared
to the measured results in terms of peak value, positive pressure duration, and specific impulse,
which are three characteristic parameters. Xue et al. [12] modified the existing calculation function
relationship for free-field pressure based on the explosion similarity law and introduced a scale
parameter. The results obtained by the modified model showed a high degree of agreement with
the simulation results. Xie et al. [13] analyzed the process of blast wave waveform formation and
proposed a method for reconstructing blast wave pressure waveform based on the parseval
time-frequency domain energy conservation law and using multiscale wavelet decomposition.
This method is more stable, accurate, and closer to the real waveform than reconstruction
algorithms based on Fourier transform. Yan et al. [14] proposed a method for reconstructing blast
wave overpressure fields based on TV (Total Variation)-minimization and joint dictionary
learning. Combining the advantages of compressive sensing in sparse constraints, the TV (Total
Variation) regularization method is used to optimize the edge information of the blast wave
overpressure field [15]. The dictionary learning method is used to improve the characterization of
the internal details of the overpressure field, achieving the reconstruction of the blast wave
pressure field with fewer blast wave pressure data. Lv et al. [16] constructed the fitness function
in the genetic algorithm based on the relationship between dynamic ground reflection pressure
function. They combined the measured pressure data and used the dynamic ground reflection
pressure calculation function relationship to reconstruct the dynamic ground reflection
overpressure field. The maximum deviation of the pressure was less than 7 %.

The application of various interpolation algorithms in pressure field reconstruction, such as
Bai et al. [17], proposed an optimal sensor layout scheme. Efforts should be made to ensure that
the ray path matrix of the sensor layout is fully distributed, so that the obtained blast wave pressure
data can improve the reconstruction accuracy of the pressure field. Yang et al. [18] used the
B-spline interpolation algorithm to refine the simulated and experimental test pressure data and
reconstruct the blast wave pressure field. Compared with empirical formulas [19], least squares
method [20], and Delaunay triangulation [21], the results showed that the B-spline interpolation
algorithm performed the best, with an error in the reconstructed results relative to the measured
results of less than 4.5 %. Yao et al. [22] applied the least squares method to construct a polynomial
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fitting function for the peak attenuation of near-ground blast waves. They used the attenuated
polynomial to constrain the radial interpolation of the biharmonic spline surface interpolation
algorithm. The reconstructed blast wave pressure distribution exhibited a high degree of
agreement with the actual distribution pattern.

According to the current research results, scholars have conducted extensive research on the
reconstruction method of blast wave pressure field based on limited measurement point data, and
have achieved some results. However, in the reconstruction process, they failed to consider factors
that affect the distribution pattern of pressure, leading to reconstruction results that tend to be
biased towards ideal conditions and differ from the actual pressure distribution pattern. Therefore,
it is urgent to systematically consider the influence of various factors on the propagation law of s
blast wave pressure on the basis of existing research, and construct a predictive model suitable for
the pressure field of high-energy ammunition explosion blast waves.

Due to the influence of various factors on the layout and measurement results of free-field
pressure measurement points, the credibility of pressure measurement results is low. In actual
testing, ground-reflection pressure testing is usually carried out, which leads to insufficient data
on free-field pressure distribution and the inability to reconstruct the distribution pattern of
free-field pressure. Considering the existing problems in current research, this study constructed
a mapping model between ground-reflection pressure and free-field pressure, introduced the
influence of altitude and surface material acoustic impedance on the propagation law of blast
waves, constructed a reconstruction model of explosion blast wave pressure field, and conducted
experimental tests under typical explosion conditions to verify the calculation accuracy of the
reconstruction model.

2. Blast wave

During the initial explosion of ammunition, high-temperature and high-pressure explosion
products are generated. These products rapidly expand outward from the detonation center at
extremely high velocities. During the expansion process, the highly compressed air medium
comes into contact with it, resulting in strong compression. This compression creates localized
high-pressure regions, which are known as the initial blast waves [23, 24]. The initial blast wave
is a strong discontinuous front, with a movement speed much greater than that of the interface
between the explosion products and air. This causes a separation between the blast wave and the
explosion products. During the propagation of the explosive blast wave, the leading edge of the
wave propagates at supersonic speeds, while the trailing edge of the positive pressure region
propagates at the speed of sound corresponding to the pressure Py. As a result, the positive pressure
region widens continuously during the propagation of the blast wave. The typical process of
pressure propagation in an explosive blast wave is illustrated in Fig. 1 [25-27].
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Fig. 1. Typical blast wave pressure propagation process

As the blast wave propagates in the air, parameters such as pressure and propagation velocity
rapidly decrease [28]. This is because the wave front of the blast wave continuously expands with
increasing propagation distance. Even in the absence of other energy losses, the energy per unit
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area on the wave front rapidly decreases. Additionally, as the positive pressure region of the
explosive blast wave propagates further, it widens continuously, causing an increase in the
compressed amount of air and a decrease in the average energy per unit mass of air. Lastly, the
propagation process of the blast wave is non-adiabatic, and entropy increases on the wave front.
This increasing entropy leads to irreversible energy losses due to adiabatic compression of the air
[29]. During the propagation of explosion blast waves, the pressure on the wave front decays
rapidly in the initial stage and slowly in the later stage. After the blast wave propagates to a certain
distance, it decays into sound waves. The typical blast wave front pressure variation curve with
time is shown in Fig. 2 [30].

PA

A
P
B C
}13] _____ : :
i ; ! >
l, A /

Fig. 2. Pressure attenuation during typical blast wave pressure propagation process

From the aforementioned pressure attenuation curve during the propagation of blast waves in
air, it can be observed that the pressure attenuation curve effectively reflects parameters such as
the rise time of the blast wave pressure, the peak positive/negative pressures, the positive/negative
pressure durations, impulse, blast wave energy, and the decay coefficient of the pressure curve.
These parameters can effectively characterize the propagation and distribution of blast wave
pressure, which is of great significance for reconstructing the distribution pattern of blast wave
pressure field.

Currently, the main methods for testing the pressure of ammunition blast waves are
ground-reflection pressure and free-field pressure measurements. Ground-reflection pressure
refers to the pressure generated after the incident blast wave collides with the ground and is
measured by installing pressure sensors on a flat plate parallel to the ground. Free-field pressure
refers to the pressure measured as the incident blast wave passes over the sensor surface without
external interference, also known as static pressure. When measuring free-field pressure, a support
bracket is used to install the sensor at a certain height above the three-wave points to accurately
capture the temporal variation of the incident blast wave pressure.

3. Numerical simulation analysis
3.1. Establishment of numerical simulation models

To analyze the propagation characteristics of ground-reflection pressure and free-field pressure
in ammunition airburst, the explosion dynamics simulation software AUTODYN is used for
simulation analysis. The numerical simulation model mainly consists of three parts: air, surface,
and TNT explosive. The model comprises an air model, a surface medium model, and a TNT
explosive model. The air model has structural dimensions of 20 m (length) x 8 m (width), with a
grid size of 10 mmx10 mm [31], and Euler-type grid division. To simulate an infinite air domain
in the actual testing environment, the boundary conditions for the three sides except for the
symmetry axis are set as pressure outlets, meaning no pressure reflection occurs at the boundaries.
The surface medium model uses sand as the material, with structural dimensions of 10 m (length)

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



RECONSTRUCTION MODEL OF BLAST WAVE PRESSURE FIELD.
LIANGQUAN WANG, CHANGLI WANG, BINWEN QIAN, XIN ZHANG, ZHENGHAO WU, BOTIAN ZHANG

x 1.5 m (width). The grid size is 10 mmx10 mm, and the grid type is Lagrange. The TNT explosive
is placed in the air using a filling method. The evolution process of explosive products during
detonation is calculated using the JWL state equation. Considering the actual field layout of the
ammunition in the test, the TNT explosive has a detonation height of 1.5 m and is centrally
initiated. For the ground-reflection pressure measurement, pressure measurement points are set at
distances of 0 m to 18 m from the detonation point, with a spacing of 0.5 m between each point.
For the free-field pressure measurement, the distances from the detonation point are the same as
those for the ground-reflection pressure measurement, and the height of the measurement points
is consistent with the detonation height of the TNT explosive. To save computational time and
resources, a 2D axisymmetric model is established. The finite element numerical simulation model
is shown in Fig. 3.

Material Location

Void explosive

AR

TNT

SAND

Sandy soil

Fig. 3. Finite element numerical simulation model

The air is described using the ideal gas state equation [32-34]. The energy density E of the air
is 2.068x10° J/kg, and the relationship between the air pressure P and energy density E is given
by Eq. (1):

p
=(y—-1)—E,
P=( )pOE (1)

where, p is the air density after compression or expansion; p, is the initial density of air, and the
air density py = 1.225 kg/m?3 under standard atmospheric pressure; y is the adiabatic index, usually
taken as 1.4.

The TNT explosion products are described using the JWL equation of state, as shown in Eq. (2)
[35, 36]:

1) ) )
poa(i=) e s p (1oL )er 1 2,
RV e + RV e +V (2)

where, P represents pressure, V represents volume, E represents internal energy, A and B represent
material parameters, R, R,, and w as a constant, the parameters are listed in Table 1.

Table 1. JWL state equation parameters
Material parameters | A /kPa B /kPa R, | R, w
TNT 3.74x10% | 3.75x106 | 4.15 | 0.9 | 0.35

To obtain ground-reflection pressure and free-field blast wave pressure data at different
altitudes and surface materials, it is necessary to consider the influence of altitude and surface
material on the distribution pattern of blast wave pressure propagation in finite element numerical
simulation.

The influence of altitude on blast wave pressure is mainly through the variation of atmospheric
pressure, air density, and initial energy density of the air. The atmospheric pressure P, in the
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testing environment is related to altitude H according to Eq. (3):
5.256

44300) ’ ¢

szPox(l—

where, H represents the altitude in m, P, represents the atmospheric pressure in kPa, and P,
represents the standard atmospheric pressure at sea level (altitude 0 m), P, = 101.352kPa.
The air density p, of the testing environment and the altitude H meet Eq. (4):

P, Py % (1 — H/44300)%25¢ H \*** “
“p 0T P, 0= (1 44300) Po, )
where, E, is the initial air energy density at an altitude of 0 m, E, = 2.068x10° J/kg; V is the
volume of air per unit, usually V = 1.

Considering the potential combat environment for high-energy ammunition, blast wave
pressure simulations are conducted at altitudes ranging from 0 m to 5000 m. Specifically, at
altitudes of 0 m, 1000 m, 1500 m, 2000 m, 2500 m, 3000 m, 3500 m, 4000 m, 4500 m, and 5000 m,
covering the entire range from plains to plateaus. The air density and initial energy density at
different altitudes are listed in Table 2.

The common types of surface materials in the shooting range are concrete, sandstone, and
ternary soil. Therefore, in finite element numerical simulation, the surface material types are set
to the above three materials for simulation analysis.

Table 2. Atmospheric parameters at different altitudes

Altitude / m | Air density / kgxm™ | Initial energy density / J/kg

0 1.225 206786
500 1.1547 204470
1000 1.0871 202126
1500 1.0227 199810
2000 0.9615 197468
2500 0.9032 195150
3000 0.8478 192806
3500 0.7953 190490
4000 0.7454 188147
4500 0.6980 185830
5000 0.6531 183488

3.2. Analysis of simulation results
3.2.1. Impact of altitude on blast wave pressure

Due to the large number of simulation conditions conducted, it is not possible to present all
the obtained blast wave pressure curves and data. Taking the simulation results of TNT charge
with a mass of 10 kg, a length to diameter ratio of 1:1, center detonation, and a detonation center
height of 2.0 m, with a surface material of composite soil and elevations of 0 m, 3000 m, and
5000 m as examples, the analysis will be conducted. The ground-reflection pressure and free-field
pressure curves at a distance of 1 m-12 m from the explosion center are shown in Fig. 4-Fig. 6.

As can be seen from the above figures, at the same distance from the explosive center, as the
altitude increases, both the peak values of ground reflection pressure and free-field pressure
decrease. The closer to the explosive center, the faster the decay rate of the pressure peak. The
trends of the peak values of ground reflection pressure and free-field pressure with altitude are
very similar.
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Fig. 4. Blast wave pressure
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e

10
Explosion time (ms) .
b) Free-field pressure curve

20

10
Explosion time (ms)

a) Ground-reflection pressure curve
Fig. 6. Blast wave pressure curve at an altitude of 5000 m
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The decay rate is faster in the near-field region and slower in the far-field region. In the near-
field region, the decay rate of the free-field pressure peak is slightly higher than that of the ground
reflection pressure. In the far-field region, the decay rates of both are almost the same. The reason
behind this is that the magnitude of the free-field pressure peak in the near-field region is
influenced by atmospheric parameters and the propagation speed of the blast wave front. Changes
in atmospheric parameters can directly lead to changes in pressure propagation patterns. During
the propagation of blast wave front, the decrease in air density and energy density leads to a sharp
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attenuation of energy on the front. As the distance from the explosion center increases, the
propagation speed of the blast wave gradually slows down, and the resistance on the wave front
also decreases. Therefore, the peak attenuation speed of the blast wave pressure in the far-field
region is slower.

3.2.2. Impact of surface materials on blast wave pressure

To investigate the influence of surface material on the propagation characteristics of blast wave
pressure, finite element numerical simulation analysis was conducted on test sites with concrete,
soil, and sandy soil. A finite element simulation model of acoustic-solid coupling was established
using COMSOL, as shown in Fig. 7. The structural dimensions of the air domain in the model are
10 m%3 m to simulate a semi-infinite air domain. The four boundaries of the air domain were set
as soft acoustic boundaries to reduce the reflection of sound waves at the model boundaries. The
structural dimensions of the surface material are 9.8 mx1 m, with the acoustic-solid coupling
boundary being the upper surface of the material, while the other three boundaries do not have
coupling. To improve the simulation accuracy, a fine mesh division method controlled by the
software was used for all model grids [37].

Soft sound i’leld boundary
mm<— Pressure module

vy
Wavefront ==
L4

Pressure monitoring point

soil/sandy soil/concrete

Fig. 7. Schematic diagram of finite element simulation model structure

The propagation of blast waves in the air involves the acoustic-pressure transient physical
field. The collision and coupling with the ground involve the acoustic-solid coupling physical
field. The propagation of stress waves in the surface material involves the solid mechanics
physical field. Taking the surface material as ternary soil, TNT explosive with a mass of 60 kg,
detonation height of 1.5 m, and center detonation simulation results as an example for analysis.
The cloud map of blast wave pressure evolution at different times is shown in Fig. 8. The blast
wave pressure peak at distances of 4 m, 8 m, and 12 m are shown in Table 3. The shock wave in
the figure starts from the emission point and gradually decays in pressure with the increase of
propagation time, corresponding to the increasingly sparse blue wavefront in the figure.

Table 3. Peak overpressure of blast wave at different ground propagation media
and distance from the explosion center of the measuring point (kPa)
Measurement point position
4 m 6 m 8m I0m | 12m | 14m | 16m
Concrete 2.655 | 1.076 | 0.471 | 0.240 | 0.151 | 0.117 | 0.104
Sandy soil 1.510 | 0.620 | 0.276 | 0.147 | 0.098 | 0.080 | 0.073
Soil 0.789 | 0.355 | 0.174 | 0.099 | 0.067 | 0.054 | 0.049

Surface material

The analysis of the above data reveals that there are significant differences in the peak
overpressure of blast waves at the same test environment and blast center distance under different
propagation materials. Specifically, it can be observed that Pconcrete > Psanaysoit = Psoits
indicating that concrete has the least attenuation effect on blast wave pressure during surface
propagation, followed by sand, and soil exhibits the highest attenuation effect.
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a) 1.2ms b) 2.4 ms

c) 4.8 ms d) 7.2 ms
Fig. 8. Cloud map of the blast wave pressure evolution on sandy soil ground

4. Pressure field prediction model

According to the above analysis, the main factors that influence the distribution pattern of blast
wave pressure field include altitude and the surface material impedance of the test site. To improve
the accuracy of the reconstruction of the blast wave pressure field, it is necessary to consider the
influence of the aforementioned factors on the distribution pattern of pressure during the
reconstruction process.

4.1. Correction model of altitude on ground-reflection pressure

The change in altitude directly leads to variations in atmospheric pressure, thereby influencing
the distribution pattern of blast wave pressure. By introducing the effect of altitude on pressure
and using dimensional analysis, the influence factor of altitude can be established as shown in

Eq. (5):

P

7o )

where, p;, represents the atmospheric pressure at altitude h, in units of kPa, and p, represents the
atmospheric pressure at an altitude is 0 m and the condition of an environmental temperature is
15 °C. Based on the Sachs proportionality law [35-37], a calculation model for ground-reflection
pressure under the influence of altitude is constructed as shown in Eq. (6):

as (Pn\ | @ (ph)“z az) <H)”2
altitude (R <p0> + R2 Do + R3 1 R ( )

Using the surface reflection pressure data obtained earlier, a nonlinear adaptive fitting was
performed on the calculation model, resulting in a; = 2/3, a, = 1/3, b; = 0.68, b, = —-0.22, and
a sum of squared fitting errors of 0.974. Therefore, it can be concluded that the surface reflection
pressure calculation model established in this study under the influence of altitude can better
reflect the impact of altitude on the distribution of shock wave pressure. Therefore, the shock wave
pressure correction model established is shown in Eq. (7):

oesx(X) | G

4.2. Correction model of surface material acoustic impedance on ground-reflection pressure

X

P ... = —
altitude
R

0.102 2/30.399 13 1.26
B Ly
Po R Po

The collision between the blast wave and the ground manifests as a compressive effect of the
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blast wave pressure on the surface material. The compressibility of the material is correlated with
the material density p, sound velocity C, elastic modulus E, and the peak pressure of the blast
wave P. The greater the density, the smaller the elastic modulus, and the less compressible the
material. Conversely, the greater the compressibility of the material, the larger the density, and
the smaller the elastic modulus. These two factors are negatively correlated. Considering the
energy conversion process between the blast wave propagation and the surface material as the
attenuation effect of the blast wave pressure on the surface material, it can be defined as the
acoustic impedance coefficient 7. The acoustic impedance coefficient 7 is related to the inherent
properties of the surface material and can be represented by Eq. (8):

n = f(p,C,E). ®)

Based on the calculation model of ground-reflection pressure, the acoustic impedance
coefficient of surface materials is introduced, and a calculation model is established as shown in

Eq. (9):

0.102 0.399 1.26 H\*2
Pacousticimpedance = ( = +— + ) Xl ag X (E) X f(,D, C’ E); (9)

R R2 R3

where, P represents the peak reflected pressure on the ground, in kPa; w represents the equivalent
mass of TNT explosive, in kg; R represents the distance from the blast center, in m; R = R/Yw
represents the scaled distance, in mxkg™'"3,

To establish a calculation model with clear physical significance, the impedance coefficient n
of the surface material must be a dimensionless quantity, and three physical dimensions, mass M,
length L, and time T, are selected as the basic dimensions. The dimensional expression of 77 must
satisty Eq. (10):

[7] = [M]°[L]°[T]° = 1. (10)

Dimensional power analysis was conducted on the influencing factors of the acoustic
impedance coefficient 7 of surface materials using dimensional analysis. The dimensional indices
of each physical quantity are shown in Table 4.

Perform row transformations on the dimensional powers of the aforementioned physical
quantities, and the transformed dimensional powers are shown in Table 5.

Table 4. Power of each physical quantity dimension

Fundamental dimension | p | C | E

M 1101

L 31 |-

T 0 |-1]-=2

Table 5. Power of each physical quantity dimension (row transformation)

Fundamental dimension | p | C | E
M 1101

L 0] 1]-=2

T 0]0] -4

According to theorem [], a dimensionless physical quantity can be obtained as shown in
Eq. (11):

I, = E 11
1_p62' ( )
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By substituting Eq. (11) into Eq. (9), the blast wave pressure calculation model under the
correction of surface material impedance coefficient can be obtained as shown in Eq. (12):

E \?2
% by X (W> , (12)

where, a,, a,, by, b, is the undetermined coefficient; pC is the acoustic impedance of the surface
material.

Using the data obtained from ground-reflection pressure tests conducted on several typical
surface materials mentioned above, non-linear adaptive fitting was performed on the function
relationship of Eq. (12), with a; = 1.260, a, = —0.278, b; = 1.257, and b, = 0.673. Therefore,
the calculation model of ground-reflection pressure under the influence of surface material
acoustic impedance is shown in Eq. (13):

0.102 0.399 1.26 H\*2
Pacousticimpedanc = ( 7 + 72 + 73 ) X la; X (—)

Pacousticimpedance
B <0.102 L0399 1.26) (126 % <H)_°'278 1257 x ( E )0-673 (13)
U R Rz RS ' R ' pc?)

4.3. Ground-reflection pressure and free-field pressure mapping model

The technical specifications of many ammunition are given in terms of free-field pressure
indicators. However, accurate measurement of free-field pressure faces several challenges. The
installation height of free-field pressure sensors should be above the triple wave point height,
which is influenced by factors such as propellant mass, length-to-diameter ratio, detonation height,
and detonation position. There is currently no standardized method for calculating the height.
Fragments (both natural and preformed) can damage free-field pressure sensors, leading to a low
data acquisition rate. In comparison, surface-reflected pressure measurement has the advantages
of low cost, mature technology, and ease of operation. In engineering development,
surface-reflected pressure testing is typically conducted to achieve higher reliability of
measurement results. Analysis of the propagation law between surface-reflected pressure and
free-field pressure reveals the existence of a certain mapping relationship between the two. To
improve the acquisition rate of free-field pressure data, it is necessary to study the mapping model
between ground-reflection pressure and free-field pressure, and invert free-field pressure through
ground-reflection pressure to provide data support for blast wave pressure field reconstruction.

Analyzing the factors that affect the propagation of blast wave pressure in the free-field, such
as TNT mass, distance to the detonation point, and detonation height. Changes in these parameters
can lead to differences in the distribution of blast wave pressure. Using free-field pressure
(Pfree fiera) as the dependent variable and four parameters, incident angle of the blast wave (¢,),
distance from the measurement point to the detonation point (R), ground-reflected pressure
(Pgrouna)» and TNT mass (w) as independent variables, a mapping model between
surface-reflected pressure and free-field pressure is constructed. The incident angle of the blast
wave @, is defined as shown in Fig. 9, and the computational relationship is given by Eq. (14):

R
= — 14
@, = arctan < ), (14)

where, R is the distance from the explosion center, in meters; H is the detonation height, in m.
Considering the correlation between surface reflection pressure, TNT charge quality, and
measurement point detonation distance, the mapping model can be simplified as the relationship
between free field pressure, surface reflection pressure, and shock wave incidence angle. Based
on the dimensional analysis method, the three physical quantities introduced are free field pressure
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Prreefite» surface reflection pressure Pyrynq, and shock wave incidence angle ¢,. The unit of free
field pressure Prreefie is MPa, the unit of surface reflection pressure Pgroynq is MPa, and the

shock wave incidence angle ¢, is a dimensionless quantity. Therefore, the established mapping
model is given by Eq. (15):

M)az_ (15)

P, e = a X(
freefile 1 1+ cosQ,

][_‘:Bla?t center

Three wave point
trajectory

\
\

‘Sensor]™)

Explosion height
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2l dn‘f

Fig. 9. Schematic diagram of blast wave pressure incidence angle structure

AAA

Use the ground reflection pressure and free-field pressure data obtained from the
aforementioned experiments to perform nonlinear adaptive fitting on the above mapping model.
The undetermined coefficients a; = 0.266 and a, = 1.176 in the functional relationship.
Therefore, the mapping model between ground-reflection pressure and free-field pressure can be
expressed as Eq. (16):

1176

Pyround
Prreefite = 0.266 X (%) . (16)

Based on the above analysis, when reconstructing the pressure field of blast wave, the mapping
model based on surface-reflected pressure and free-field pressure is considered. The influence of
altitude and surface material impedance on the propagation characteristics of blast wave pressure
is taken into account. The distribution patterns of ground-reflected pressure and free-field pressure
are calculated under different explosion conditions. Using pressure distribution contour lines as a
basis, the pressure field of blast wave within a certain range is reconstructed.

5. Accuracy verification of pressure field reconstruction

To validate the accuracy of the established blast wave pressure field prediction model,
experimental studies are conducted in test fields with different altitudes, environmental
temperatures, and surface materials.

Using the traditional static explosion test method, the TNT charge column is suspended in the
manner shown in Fig. 10, at detonation height of 1.5 m, with a central detonation point. The TNT
mass is 35 kg. The test site has a surface material of clay, an altitude of 700 m, and an ambient
temperature of 30 °C.

With the detonation point as the center, measurement points are set at distances of 3 m to 9 m
from the detonation point. The layout of surface reflection pressure measurement points and free
field pressure measurement points is shown in Fig. 11. Through the aforementioned numerical
simulation and the height analysis model of the trip wave point trajectory, it can be calculated that
the height of the three wave points at a distance of 9 m from the explosion center is less than 1.5 m.
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To ensure that the free field pressure sensor accurately collects the pressure of the incident shock
wave front, the installation height of the free field pressure sensor is set at 1.5 m. Some of the
shock wave pressure curves obtained in the experiment are shown in Fig. 12 and Fig. 13.

a) Installation status of ground-reflection pressure sensor b) Installation status of free-field pressure sensor
Fig. 11. Sensor on-site installation status. Photo by Liangquan Wangduring during the research process

Extract the peak values of ground-reflection pressure and free-field pressure at different
distances from the explosion center, and follow the reconstruction process mentioned above to
obtain the distribution of ground-reflection pressure and free-field pressure under the same
explosion conditions as the experimental test. The reconstruction results of pressure field
distribution are shown in Fig. 14 and Fig. 15, the relative error between the reconstructed results
and the measured results is listed in Table 6.
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Fig. 12. Ground-reflection pressure curve
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Fig. 13. Free-field pressure curve

According to Table 6, the maximum relative error in the reconstructed ground reflected
pressure occurs at the measurement point with a distance of 8m from the detonation point, which
is 11.10 %. The maximum relative error in the peak free-field pressure occurs at the measurement
point with a distance of 8 m, which is 9.591 %. The predicted results at the other measurement
points have relative errors less than 10 %. To reduce the impact of sampling errors, the Grubbs
criterion is used to remove gross errors from all calculation results. After removing gross errors,
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the average relative error (MAS) of the remaining data is calculated as the calculation accuracy of
the model, which is better than 94.24 %.
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- 7 8
,,6 7
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= NS —
£ E 5
= 4 B
Y=-4.1812 = 4
Level= 1.2073 3 L
al
-5 > -5 i
1 1
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a) Contour map of pressure field distribution b) Pseudo color map of pressure field distribution
Fig. 14. Distribution law of ground-reflection pressure
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Fig. 15. Distribution law of free-field pressure
Table 6. Measurement of peak blast wave pressure and prediction model calculation results
Ground-reflection pressure Free-field pressure
Measurement
. . Peak . Peak .
point explosion Reconstruction . Reconstruction .
- measured Relative | measured Relative
center distance pressure peak / pressure peak /
/m pressure / MPa error pressure / MPa error
MPa MPa
3.0 2.739 2.714 0.905 % 1.201 1.239 3.187 %
4.0 1.163 1.259 8.289 % 0.767 0.720 6.094 %
5.0 0.935 0.862 7.829 % 0.434 0.427 1.717 %
6.0 0.637 0.598 6.154 % 0.299 0.278 7.13 %
7.0 0.314 0.302 3.822 % 0.208 0.201 3.202 %
8.0 0.228 0.263 11.10 % 0.171 0.155 9.591 %
9.0 0.194 0.205 5.876 % - 0.147 -
Note: “— is invalid data. During the experiment, the TNT explosion caused damage to the free field
pressure sensor at a distance of 9 meters, resulting in the failure to collect valid experimental data

In subsequent research, the measured blast wave pressure data can be used to continuously
refine the coefficients of the predictive model, thus improving the accuracy of the model’s
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calculations. Overall, using the predictive model to calculate the peak pressure of explosive blast
wave show a high level of agreement with experimental results. Therefore, the constructed
predictive model for explosive blast wave pressure fields can be applied to the calculation of
high-energy ammunition blast wave pressure fields, providing data support for assessing the
destructive power of ammunition explosions and guiding ammunition design.

6. Conclusions

This study focuses on the problems of low effective data acquisition rate, poor comparability
of collected data, inability to convert pressure data obtained under different explosion conditions,
insufficient consideration of influencing factors, and poor reconstruction accuracy in the pressure
field reconstruction process during ammunition blast wave pressure testing. Therefore, research
on pressure field reconstruction methods has been carried out. The main research results are listed
below.

1) Considering the influence of meteorological conditions and surface material on the
propagation of blast wave pressures, a dimensional analysis method is used to construct a model
for calculating the ground-reflection pressure, taking into account the impact of altitude and
surface material impedance. This model improves the accuracy of ground-reflection pressure
calculation under different explosion conditions.

2) Based on the propagation law of blast wave pressures and considering the influence of the
angle of incidence on free-field pressures, a dimensional analysis method is used to construct a
mapping model between ground-reflection pressures and free-field pressures. This model provides
an effective calculation method and reliable data support for the study of free-field pressure
distribution patterns.

3) Taking into account the influence of meteorological conditions and surface material
impedance on the distribution patterns of blast wave pressures, and based on the mapping model
between ground-reflection pressures and free-field pressures, a predictive model for blast wave
pressure fields is constructed. Experimental tests are conducted under typical scenarios, and the
comparison between the test results and the model reconstruction results shows that the model
accuracy is better than 93.9 %.

This study provides a new method for the reconstruction of ammunition blast wave pressure
fields. The reconstructed pressure field results are more consistent with the actual distribution
patterns of blast wave pressures. The results of the reconstruction provide reliable data support for
assessing the destructive power of ammunition explosions and guiding ammunition design, and
have significant military application value.
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