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ABSTRACT 
Hydrogen has a high risk of ignition owing to its extremely low ignition energy and wide range of 
flammability. Therefore, acquiring parameters relating to safe usage is of particular interest. The ignition 
of hydrogen generates combustion processes such as detonation and deflagration, which may produce a 
blast wave. The severity of injuries sustained from a blast wave is determined by its strength. To reduce 
the physical hazards caused by explosion, there is a need for some concepts for attenuating explosions 
and blast waves. In the present study, we used water droplets as a material to reduce the blast wave 
strength. Numerical analysis of the interaction between blast waves and water droplets in a shock tube 
was conducted to understand the mitigation mechanism of blast wave. In this report, we numerically 
modelled the experiment conducted by Mataradze et al. [1] to understand the main factor of blast 
mitigation by water droplets. In order to quantitatively clarify the mitigation effect of water droplets on 
the blast wave especially by quasi-steady drag, here we conducted parameter studies on water droplet 
sprayed region. From this calculation, it was suggested that the location of water droplet sprayed layer 
did not affect the blast mitigation effect at far side of the high explosives. 
 
 

1.0 INTRODCTION 

Explosion phenomenon is defined as a process in which the pressure rises rapidly due to chemical or 
physical causes, and the gas expands with explosion sound. Hydrogen is a substance with the potential 
to cause very large explosions. Therefore, acquiring parameters relating to safe usage of hydrogen is of 
particular interest. Hydrogen itself and its combustion products are completely nontoxic, so it is expected 
to alternate fossil fuels which are thought to be bad for the environment. On the other hand, hydrogen 
has a high risk of ignition owing to its extremely low ignition energy and wide range of flammability. 
So if the explosion accident by hydrogen occurs unexpectedly, it may cause severe damage to both 
humans and surrounding buildings. For example, on May 23, 2019, a large-scale hydrogen explosion 
accident occurred. As a result, two people died and six people injured in the eastern city of Gangneung 
in South Korea. [2]  

Explosion damage should be the worst condition when considering detonation instead of deflagration. 
In this case, we can replace detonation with the explosion of a high explosive. [3] So in this paper, the 
explosion of a high explosive was used as one way to model a hydrogen explosion. 

Initiation of a high explosive generates extremely high-temperature, high-pressure, and high-velocity 
detonation products and a shock wave in the air. This shock wave adiabatically heats and compresses 
the air and induces air motion. Figure 1 shows a typical pressure waveform of a spherical blast wave at 
a certain point. The pressure rises rapidly from the atmospheric pressure 𝑃" due to the shock wave and 
reaches the peak overpressure 𝑃#. The pressure of the air behind the shock wave decreases due to the 
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expansion wave because the shock wave expands spherically from the explosion point. The pressure 
eventually reaches below atmospheric pressure and returns to atmospheric pressure 𝑃" again by the 
inflow of air. When discussing the effects of a blast wave, the extent of the damage to both the human 
and structures depends on the blast wave parameters such as the peak overpressure 𝑃#. Therefore, it is 
considered that mitigating peak overpressure leads to reduction of explosion damage. So far, various 
researches for mitigating the blast wave have been investigated by interacting with various materials 
and the blast wave. [4][5] 

 
Figure 1. Characteristic blast wave pressure profile at a certain point 

 

There have been many studies using water for blast mitigation. In a previous study by Cheng et al. [6], 
they conducted numerical analyses to understand the effect of the blast mitigation when the explosive 
was surrounded by water (water wall). Numerical analyses showed that the blast pressure was mitigated 
due to transition from the blast energy to the water wall. It was also found that the blast mitigation effect 
increased as the weight of water increased. In an experiment conducted by Tamba et al. [7] in which 
water droplets were sprayed around an explosive, it was shown that the blast mitigation effect increases 
as the amount of water droplets increased and sprinkled area decreased. In these studies, the weight for 
water wall is responsible for the blast mitigation, whereas, there are many parameters such as droplet 
diameter, distribution density, distance between explosives and water droplets to determine the effect of 
the blast mitigation by water droplets. Due to various parameters described above, quantitative blast 
mitigation mechanism has not been elucidated. At the present stage, it is thought that the blast energy is 
mitigated by converting the energy of the blast wave into kinetic energy and internal energy of the blast 
mitigation material such as water. [8] It has been suggested that adiabatic compression by shock waves 
causes temperature rise and acceleration of air, and that heat transfer or momentum exchange when it 
interacts with water droplets and heat absorption by evaporation are effective in the blast mitigation. [9-
10] However, the contribution of these factors to the mitigation effect is not clear. In this paper, we will 
discuss in detail about drag force in particular. 

In this study, numerical analysis modelling the experiment conducted by Mataradze et al. [1] was 
performed. They detonated an explosive in a shock tube, and a one-dimensional blast wave was utilized 
to interact with the water droplets. They measured the pressure time histories to estimate the mitigation 
effect of the water droplets on the blast wave. It was shown that the effect of the blast mitigation varied 
depending on the spray position of water droplets. However, quantitative evaluation of the blast 
mitigation was still inadequate. Therefore, we numerically attempt quantitative evaluation of the blast 
mitigation by water droplets focusing on quasi-steady drag between the blast wave and water droplets. 
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2.0 NUMERICAL METHOD AND COMPUTATIONAL TARGET 

2.1 Governing equation and numerical method 

2.1.1 The governing equation for gas phase 

The governing equations for the gas phase are the volume-averaged two-dimensional compressible 
Euler equation considering the porosity and source term for interactions between gas and droplets. The 
equations for mass conservation, momentum conservation, energy conservation, and conserving the 
mass fraction of each gas species are shown below: 
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Here, the subscripts g and gp indicate physical quantities for the gas phase and interaction term between 
gas and water droplets respectively.	𝛼(, 𝜌(, 𝐮(, 𝑝( and 𝑒( indicate the porosity (volume fraction), the 
density, the velocity vector, the pressure, and the total energy, respectively, for the gas phase. 𝑌(,@ 
represents the mass fraction of gaseous species k (k=1 for oxygen and k=2 for nitrogen). The gas phase 
used in this analysis is air with a molar fraction of O2:N2 = 1:3.76. 𝐟(8, 𝑠(8	indicate fluid force vector, 
transferred energy by the fluid force between gas and water droplets, respectively. The gas is assumed 
to be a calorically perfect gas, and the equation of state of the ideal gas shown by the following equation 
was used. 

𝑝( = 𝜌(𝑅𝑇( (5) 

R represents the gas constant. 
 
2.1.2 The governing equation for droplets 

The governing equations for each particle consist of the equations of motion for translation, energy 
conservation and number density conservation equation. In the computational target, the temperature 
gradient inside the particles is ignored because the Biot number is sufficiently small. The governing 
equations are shown below. In this analysis, a representative particle model is used for particle 
calculation. In the representative particle model, it is assumed that multiple particles are grouped 
together as a particle group i, and that the real particles included in the particle group behave the same 
as the representative particles. In addition, the representative particle is located at the center of the 
representative region, and the calculation of the fluid drag force, energy transfer by drag is performed 
at representative particle point: 

𝑑𝐱8,N
𝑑𝑡

= 𝐮8,N, (6) 

𝑚8,N
𝑑𝐮8,N
𝑑𝑡

= 𝐟QRS(,N + 𝑉8,N∇𝑝( = 𝐅8V(,N, (7) 

𝑑𝑛8,N
𝑑𝑡

= �̇�8,N. (8) 
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Here, the subscript p indicates physical quantities for the water droplets phase. 𝐱8,N, 𝑚8,N, 𝐮8,N, 𝑛8,N, 
and �̇�8,N  are represent the position vector of the center of gravity, mass, translation speed, number 
density, and production rate for number density of i-th particle, respectively. The source term in Eq. 7 
considers the gas phase pressure gradient force vector 𝑉8,N∇𝑝( and the fluid drag force vector 𝐟QRS(,N. 𝑉8,N 
is the particle volume, and 𝐅8V(,N is the sum of these fluid forces. The droplet breakup is taken into 
account. It occurs under the assumption that the droplet diameter decreases linearly during the breakup 
process. The critical Weber number and non-dimensional total breakup time are modelled following 
Brodkey [11] and Pilch and Erdman [12]. 

In the present study, we considered the quasi-steady drag for the fluid drag force: 

𝐟QRS(,N =
𝜋
8
𝑛8,N𝜌(𝑑8,N\ 𝐶Q^𝐮( − 𝐮8,N^&𝐮( − 𝐮8,N*. (9) 

This quasi-steady drag force is activated by the blast wave and water droplets. We focused on this force 
because the relative velocity is an important parameter in the present system, where the air velocity 
behind the blast wave is large and the blast mitigation is caused by the interaction with stationary water 
droplets.  

In Eq. 9, 𝑑8,N and 𝐶Q are the diameter of droplet and drag coefficient. The drag coefficient 𝐶Q in Eq. 10 
is a function of the particle Reynolds number proposed by Jourdan et al. [13]. This model of Jourdan et 
al. was obtained for a wide range of particle Reynolds number in the experiments where water droplets 
interact with the flow behind the shock wave. Equation 10 was also used by Chauvin et al. [14] for a 
similar research target of the present study. 

logE"(𝐶Q) = −0.695 + 1.259 clogE"&Re8,N*f − 0.464 clogE"&Re8,N*f
\
+ 0.045 clogE"&Re8,N*f

g
(10) 

The particle Reynolds number is defined by the following equation: 

Re8,N =
𝜌(𝑑8,N^𝐮( − 𝐮8,N^

𝜇(
. (11) 

The interaction terms between the gas phase and particle are expressed by the following equations: 

𝐟(8 =
1

𝐴jkll
Bn8,Nn
C

NDE

𝐅8V(,N, (12) 

𝑠(8 =
1

𝐴jkll
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C

NDE

⋅ 𝐮8,N, (13) 

The fluid drag forces considered in this analysis are the pressure gradient force and the quasi-steady 
drag. n8,Nn  represents the number of actual particles existing in the unit depth of each particle group 
named ‘parcel’, and is determined to satisfy the following equation: 

𝛼( = 1 − 𝛼# = 1 −
1

𝐴jkll
B n8,Nn 𝑉8,N

∀p∈	jkll

. (14) 

Here, 𝛼# and 𝐴jkll represent the volume fraction of particles and the cell size area of structured grid. 

For the discretization of the convection term, SLAU2 [15] with third order MUSCL interpolation [16] 
and van Albada limiter [17] was used. The time integration method for the gas phase and for particles 
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is third-order TVD Runge-Kutta method and symplectic Euler method, respectively. The calculations 
were performed ignoring gravity and lift forces. 

 

2.2 Validation study 

For studying the blast wave propagation numerically, we validate the present numerical method by 
modeling the experiment by Mataradze et al. [1] In this experiment, a spherical explosive was detonated 
in a shock tube, and they observed the interaction of the planar blast wave with water droplets. This 
phenomenon can be simplified as a one-dimensional blast wave-water water droplets interaction 
problem. Therefore, we perform numerical analyses with a simple computational target as shown in 
Fig. 2. For the initial condition, high-pressure air is placed near the wall of shock tube to model the high-
pressure detonation products used in the experiment. The amount of high-pressure air is estimated by 
using the diluted high-pressure shock tube model by Sugiyama et al. [18] In this model, the energy of 
5-g hexogen is obtained from the 1.38 times the energy of TNT (4.18 MJ/kg), and the length of this 
high-pressure air is set to 18 mm as equivalent to the explosive diameter. As a result, the pressure and 
temperature with 3.39 MPa and 4504 K calculated from the 5-g hexogen are modelled for the high-
pressure area. For the gas except for the high-pressure area, the pressure and temperature of the air are 
fixed as 101325 Pa and 294 K, respectively. 

As shown in Fig. 2, x = 0 m is placed at the position 0.5 m from the left end wall of the shock tube for 
the same coordinate system of the experiment. Therefore, the high-pressure gas region locates at 
– 0.5 m ≤ x ≤ – 0.482 m.  

(a) The case of water droplets are sprayed at 0 m < x < 1 m 

(b) The case of water droplets are sprayed at 1 m < x < 2 m 

Figure 2. schematic images of the computational target  

The computational grid used is an orthogonal grid with a constant grid width of 1 mm. The 0th-order 
outflow boundary is applied to the exit in the x-direction, and the 2nd-order mirror boundary is used for 
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the wall at  x = –  0.5 m. and 1st-order mirror boundary is used for both sides in the y-direction. Because 
of the one-dimensional problem, we assume that the length of the y-direction does not affect the 
numerical results, and the length of 1 mm in y-direction is set. Table 1 shows the conditions of water 
droplets. From the experimental measurement by Mataradze et al., the representative particle diameter 
was estimated around 143 µm. Then, in the present study, the particle size is constant at 143 µm for all 
particles. Because there is no description for the volume fraction of water droplets in their paper, we 
should determine the volume fraction to fit their experimental results. Here, we use the value of 0.27% 
for the volume fraction. To solve for spherical particles that are uniformly distributed in the z-direction 
with two-dimensional calculation, the parcel is modelled as a cylinder extending in the z-direction which 
is perpendicular to the xy plane. 

 

Table 1. Particle conditions 

Real particle diameter [µm] 143 

Parcel diameter [µm] 143 

Number of Parcel [/m] 1000 

Number of water droplets in unit length in z-direction [1/m] 1763 

Density [kg/m3] 997 

Volume fraction [%] 0.27 

 

In the validation study, we compare the overpressure reduction coefficient K defined as following 
equation in their paper for the case when water droplets are sprayed at 0 m < x < 1 m as shown in Fig. 2a 
as 

𝐾 =
∆𝑃S − ∆𝑃u

∆𝑃S
, (15) 

where ∆𝑃S and ∆𝑃u is peak overpressure without water droplets and with water droplets at the same 
distance from the high explosive. Figure 3 shows the relationship between K and distance x. From Fig. 
3, we summarized the values and the average of K measured at the same points as in the experiment in 
Table 2. There are some errors for the value of K at each point between numerical result and 
experimental result, but the average of K matches well between them. From this result, we can confirm 
that the numerical model and conditions are appropriate for the study of the interaction between the blast 
wave and water droplets. 

 
Figure 3. The relationship between K and distance between numerical and experimental results 
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Table 2. The value and the average of K in numerical and experimental results 

Distance from the 
high explosive 

The value of K in the 
experiment 

The value of K in 
numerical calculation 

The average of K in both 
the experiment and 

numerical calculation 

2.5 0.37 0.49  

4.5 0.44 0.35 0.38 

6.5 0.33 0.30  

 

2.3 Computational target and numerical conditions 

The interactions between the gas and droplets considered in this analysis is quasi-steady drag. Therefore, 
numerical analysis is performed in two cases as shown in Table 3 by using the same computational 
target and conditions described in section 2.3. In Table 3, w/ and w/o denote that we include and do not 
include the condition described in the first row of Table 3, respectively, as Case 1 not considering water 
droplets, Case 2 considering water droplets with quasi-steady drag. We compare with the peak 
overpressure of two cases and attempt to consider the effect of quasi-steady drag. In next section, we 
investigated the peak overpressure mitigated by quasi-steady drag, and attempt to scale the peak 
overpressure to organize the effect of quasi-steady drag on the blast mitigation. 

We examine how the effect of quasi-steady drag changes according to water droplet sprayed region, so 
water droplets are uniformly distributed in various regions, 0 m < x < 1 m, 1 m < x < 2 m, 
2 m < x < 3 m, 5 m < x < 6 m, and 10 m < x < 11 m. In Fig. 2a and 2b, we describe the situation when 
water droplets are sprayed at 0 m < x < 1 m and 1 m < x < 2 m, respectively. Hereinafter, 𝑥w is defined 
as the start distance of the water droplet sprayed region. 

 

Table 3. Two cases analyzed in this paper 

Case Water droplets Quasi-steady drag 
1 w/o w/o 
2 w/ w/ 

 

3.0 RESULTS AND DISCUSSION 

In this section, we discuss the mitigation effect of the peak overpressure according to water droplet 
sprayed region and consider the scaling of peak overpressure by quasi-steady drag.  

 

3.1 Peak overpressure distribution according to water droplet sprayed region 

First, we investigated how the peak overpressure distribution changes according to water droplet sprayed 
region. Figure 4 shows peak overpressure distribution according to water droplet sprayed region. This 
graph indicates the maximum overpressures at each position during the whole time in the calculation. 
From Fig. 4, the peak overpressure clearly mitigated when the blast wave was passing through the water 
droplets layer. The constant region for the peak overpressure was computed, and the peak overpressures 
differ according to water droplet sprayed region behind and in the vicinity of the water droplet sprayed 
region. As the blast wave propagates further, the peak overpressure approaches to a single line, except 
for the case where x0 = 0 m. We will explain the reason for the different behavior of x0 = 0 m case later. 

From this result, we will organize the effect of quasi-steady drag on the blast mitigation by scaling the 
peak overpressure in the following sections. 
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Figure 4. Peak overpressure distribution according to water droplet sprayed region 

 
 
3.2 Scaling of peak overpressure distribution 

3.2.1 Method of scaling 

In this section, we attempt to capture the effect of quasi-steady drag on the blast mitigation by scaling. 
We perform to scale the blast pressure distribution and the spray region of water droplets by focusing 
on the fact that the quasi-steady drag mitigates the blast pressure. We took a similar method of scaling 
as Chauvin et al. [19] As a scaling method for the blast pressure distribution, we introduce the 
normalized peak overpressure distribution P(X). The blast pressure distribution p2(x) in Case 2 is 
normalized with respect to the blast pressure distribution p1(x) in Case 1. As a result, P(x) is defined as 
following equation. 

P(𝑥) =
𝑝\(𝑥)
𝑝E(𝑥)

(16) 

The starting point in each water droplet sprayed region is set to x0, respectively. X defined by following 
equation is used as the standard water droplet sprayed region. 

𝑋 = 𝑥 − 𝑥" (17) 

We got normalized peak overpressure by using P(x) and X. 
 
3.2.2 Performance of scaling 

By above procedure, we obtained the normalized peak overpressure distribution, as shown in Fig. 5. 
Figure 5a and 5b shows the normalized peak overpressure distributions for 0 m ≤ X ≤ 10 m and 
0 m ≤ X ≤ 50 m. As shown in Fig. 5a, the normalized peak overpressure distribution can be smaller when 
water droplets are sprayed nearer the high explosives around X = 1 m. This is thought to be because the 
momentum loss of the gas phase due to quasi-steady drag is higher near the high explosives. Since the 
sum of the momentum of the water droplets corresponds to the total momentum loss in the gas phase, 
we show the total amount of momentum of water droplets in Fig. 6. In Fig. 6, the closer the region for 
interaction with the strong blast wave, the larger the maximum value of the total momentum of water 
droplets shown by symbol. The momentum of water droplets is induced by the flow behind the blast 
wave, but after enough time, it becomes zero. Figure 7 shows the relationship between the minimum 
value of normalized peak overpressure in Fig. 5a at X = 1 m and the maximum value of the total 
momentum of water droplets shown by symbol in Fig. 6. From Fig. 7, the closer the water droplet 
sprayed region is to the high explosives, the greater the momentum loss, and the smaller the minimum 
value of the normalized peak overpressure. 
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(a) When focusing only on the vicinity of the high explosives 

 
(b) When focusing on the far side of the high explosives 

Figure 5. Normalized peak overpressure distribution according to water droplet sprayed region 

 

In Fig, 5b, the normalized peak overpressure can be grouped after X = 4.5 m according to X, except for 
the case where x0 = 0 m shown by dashed line. This suggests that under groupable conditions, the blast 
mitigation effect is independent of the location of the water droplets sprayed region, regardless of the 
behavior of the time history on the momentum loss in Fig. 6. 

 
Figure 6. Time histories of momentum loss of the gas phase 

(Symbol : Maximum value of the total momentum of water droplets for each case) 
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Figure 7. The relationship between the minimum value of normalized peak overpressure in Fig. 5a and 
maximum value of the total momentum loss of the gas phase in symbols of Fig. 6. 

 

 

Figure 8. x-t diagram of the pressure gradient 

To consider why the normalized peak overpressure distribution behaves differently only when x0 = 0 m, 
we illustrated the x-t diagram of the pressure gradient from the numerical results when water droplets 
are sprayed at 0 m < x < 1 m and 1 m < x < 2 m as shown in Fig. 8a and 8b, respectively. In Fig. 8a, the 
reflected wave generated by the interaction between the water droplets and the blast wave catches up 
with the preceding shock wave at around x = 18 m (Red circle in Fig. 8a). On the other hand, this 
phenomenon does not occur in the case when water droplets are sprayed at 1 m < x < 2 m in Fig. 8b. 
Therefore, the reflected wave is considered to be the cause of the pressure increase in the case of 
x0 = 0 m. The normalized peak overpressure showed the additional increase around X = 18 m in this 
case. To maintain the blast mitigation effect even far side of the high explosives, it is necessary to spray 
water droplets at locations where pressure recovery due to the reflected shock wave does not appear. 

 

4.0 CONCLUSIONS 

In this paper, numerical analysis on the blast mitigation effect of water droplets was conducted, and we 
investigated the effect of quasi-steady drag. As a result, following information was obtained. 

(a)Water droplets were sprayed 0 m < x < 1 m (b)Water droplets were sprayed 1 m < x < 2 m 
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• The peak overpressure distribution due to quasi-steady drag can be evaluated with a single line 
regardless of the water droplet sprayed region by appropriately scaling. 

• In the vicinity of the high explosives, the closer the region of the water droplet is to the high 
explosives, the greater momentum loss and has more mitigation effect. On the other hand, in the 
far side from the high explosives, the same mitigation effect converges regardless of the water 
droplet sprayed region. 

• In order to maintain the blast mitigation effect even far side of the high explosives, it is necessary 
to spray water droplets at locations where pressure recovery due to the reflected shock wave does 
not appear. 
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