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Features of blast wave energy dissipation using aqueous foam
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Dynamics features of the shock waves arising from the explosion of a cylindrical high explosive (HE) in air and

aqueous foam layer surrounding the charge are studied on the basis of a two-phase gas-liquid model in one-pressure,

two-velocity, two-temperature approximations, taking into account the interfacial interaction forces and interfacial

heat transfer processes. Based on the results of the research, the degree of reduction in the speed and amplitude

of the shock pulse in the presence of aqueous foam layer was estimated in comparison with the air medium. A

comparative analysis of the obtained calculations with experimental data is carried out. The safe distance for a

human from the explosion center in the air and with the use of a protective aqueous foam barrier was estimated.
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The study of shock wave (SW) attenuation through the

use of aqueous foam is important from the point of view

of analyzing the effectiveness of foam barriers in shock

protection applications. The results of a series of field

experiments on the detonation of an explosive charge in gas

and water foam show a significant reduction in the intensity

of the impact when the explosive charge is surrounded

by foam [1–3]. A study of the dynamics of weak SW

using shock tubes containing gas and a layer of aqueous

foam showed a significant decrease in the velocity of

the compression wave during its propagation in the foam

medium [4,5].

Mathematical models describing shock-wave processes

in aqueous foam are proposed in [6–8]. On the basis of

the two-phase gas-drop model in [6], the peculiarities of

the dynamics of a spherical explosion in foam are studied

for the conditions of the experiments described in [1], and
the modelling problem of the interaction of an air spherical

pressure pulse with the foam layer is solved [7]. In [8], an
elastic-viscoplastic model of foam has been developed to

describe its behavior under weak impact. The process of

elastic precursor formation ahead of the main compression

wave is analyzed. Further studies aimed at a more detailed

study of the effectiveness of the foam barrier surrounding

the explosive charge are of interest.

In the present work, the dynamics of strong SW in air

and water foam is investigated for the conditions of field

experiments [3] in which a cylindrically shaped explosive

charge was surrounded by a hemispherical layer of water

foam. In contrast to the experiments [1] on high explosive

(HE) spherical explosion with energy 1E ≈ 7.7 · 105 J in a

vessel of volume V ≈ 8m3, completely filled with aqueous

foam, in the experiments considered in this work [3] the

explosive charge was covered with a foam layer of small

thickness with a total volume V ≈ 1m3.

The scheme of the experiment presented in [3] is shown

in Fig. 1. A cylindrical explosive charge C4 of mass

MHE = 82 g with energy 1E ≈ 4.2 · 105 J was placed on

a metal plate of diameter d = 0.76m. The pressure sensor

was fixed at a distance l = 0.5m and height h = 0.23m

relative to the explosive charge so that the reflected waves

would not affect the measurement results. At the first stage

of experiments the HE explosion in air was investigated,

at the second stage the charge was surrounded by a hemi-

spherical layer of water foam with radius r f oam = 0.2m and

density ρ f oam≈ 60 kg/m 3, which corresponds to the foam

with initial volume water content α10 ≈ 6%.

The process of propagation of strong SW in air and

water foam was described by the model of two-phase gas-

liquid medium with individual distributions of velocities and

temperatures of phases under the assumption of equality of

phase pressures [9,10]. Next, the conservation equations of
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Figure 1. Scheme of the experiment [3] and computational

domain. 1 — explosive charge, 2 — rigid surface, 3 —
pressure sensor, 4 — symmetry axis, 5 — free boundaries, 6 —
computational domain, 7 — water foam layer.
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mass, momentum, energy of i -phase and the equation of

dynamics of volume water content are given:

∂(αiρi )

∂t
+ div(αiρivi ) = 0, (1)

∂(αiρi vi )

∂t
+ div(αiρi vi vi ) = −αi∇p

+ div(αi τi ) + Fi ,drag + Fi ,vm, (2)

∂
(

αiρi (ei + Ki )
)

∂t
+ div

(

αiρi (ei + Ki )vi
)

= −p
∂αi

∂t
− div(αi vi p) + div

(

αi
cp,i

cV,i
γi∇hi

)

+ Kht(Tj − Ti ), (3)

∂α1

∂t
+ div(α1v) + div

(

α1α2(v1 − v2)
)

− α1divv

= α1α2

(

1

ρ2

dρ2
dt

−
1

ρ1

dρ1
dt

)

. (4)

In equations (1)−(4), the following notations are used:

αi — volume content, ρi — density, vi — velocity, γi —
diffusivity, Ti — temperature, p — pressure, Ki — kinetic

energy, cp,i , cV,i — specific heat capacities at constant

pressure and volume, Kht — heat transfer coefficient, hi —
enthalpy, v = α1v1 + α2v2 — velocity of the gas-liquid

mixture. The lower indices i , j = 1, 2 denote the aqueous

and gas phases of the foam.

In equation (2), the viscous stress tensor and the force of

attached masses have the form

τi = µi
(

∇vi + ∇vT
i

)

−
2

3

(

µidivvi
)

I,

Fi ,vm = 0.5α1ρ2

(

divi

dt
−

d jv j

dt

)

,

where µi — dynamic viscosity, I — unit tensor. The

Schiller−Naumann model was chosen to describe the

interfacial resistance in a gas-droplet medium with droplet

diameter d10

Fi ,drag =
3

4
α1CD

ρ2

d10

(

vi − v j

)∣

∣vi − v j

∣

∣.

Interfacial heat transfer was accounted for according to

the Ranz−Marshall model

Kht =
κ2

d10

Nu, Nu = 2 + 0.6Re1/2Pr1/3,

κ2 — thermal conductivity of air, Nu, Pr — Nusselt and

Prandtl numbers. The properties of air and water are

described by perfect equations of state according to [11].
The numerical implementation of the model was performed

in the OpenFOAM [11] software package.

A gas-drop model was used to describe the behavior

of aqueous foam, which assumes that strong SW impact

SW destroys the foam structure by forming a suspension of

microdroplets [1] behind the SW front. It is assumed that

at temperatures above critical values, droplet vaporization

occurs behind the SW front, which is accompanied by the

transition of the gas-drop mixture into a single-phase gas

medium with a significant loss of SW energy (up to 80%).
The axisymmetric approximation was used in numerical

modelling of the investigated process. The computational

domain was constructed according to the experimental

data [3] (Fig. 1) under the following boundary conditions:

Oy — symmetry axis; 0 6 x 6 0.38, y = 0 [m] — rigid

wall defining the presence of a rigid surface 2; on the

remaining surfaces, the free boundary condition is specified.

The explosion was modelled as an initial pulse

p(0, x, y, z) = p0 + 1pexp
(

−(x2 + y2 + z2)/a2
)

,

T(0, x, y, z) = T0 + 1T exp
(

−(x2 + y2 + z2)/a2
)

, (5)

where a — pulse width, p0, T0 — pressure and temperature

of undisturbed medium, 1p, 1T — maximum amplitudes of

overpressure and temperature. The parameters of the initial

pulse (5) were chosen in such a way that in the process of

calculations the formed SW coincided with its experimental

profile (Fig. 2) on the pressure sensor 3 [3].
To substantiate the validity of numerical modelling, a

comparison of calculated and experimental pressure oscillo-

grams at the sensor location 3 (Fig. 1) is presented in Fig. 2

for HE explosion in air (a) and when the explosive charge

is surrounded by water foam (b). A satisfactory agreement

between the calculations and the experimental data [3]
is obtained. The data of calculations and experiments

presented in Fig. 2 show that the application of water foam

reduces the front velocity and amplitude of the formed SW

at the sensor 3 by ∼ 43 and ∼ 70%, respectively.

Fig. 3 shows the spatial dynamics of SW resulting from

the explosion of a cylindrical charge in air (a) and water

foam (b) for the time moments t = 0.25 and 0.4ms,

corresponding to the time of SW arrival at the sensor

(compare with Fig. 2). The wave flow pattern obtained

in the calculations in the form of pressure field distribution

qualitatively and in form agrees with the numerical solutions

presented in [3] for the experimental conditions with more

powerful explosion energy in the air 1E ≈ 1.3 · 106 J of a

cylindrically shaped explosive charge.

As a result of our calculations, it was found that in

the presence of a foam barrier, the emerging mode of

wave flow is characterized by a significant dissipation

of the explosion energy at the initial stage of the SW

interaction process with water foam due to the loss of

energy for evaporation of the water phase in the central

high-temperature zone of the explosion, which weakens the

explosion energy more than 4 times. A comparative analysis

of numerical solutions obtained for the HE explosion in

the presence of the water foam layer and without it

has shown that the maximum values of pressure and

velocities are observed at the SW front near the y = 0 axis,

while behind the SW front in the central region near the
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Figure 2. Calculated (1) and experimental (2) pressure oscillograms at the sensor location at a distance l = 0.5m [3] from the center of

the HE explosion: in air (a) and when the explosive charge is surrounded by a layer of water foam (b).
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Figure 3. Calculated pressure field distributions for explosion in

air (a) and for surrounding the explosive charge with a layer of

water foam (b) [3] at time t = 0.25 (I) and 0.4ms (II). 1 — charge

explosive at time t = 0, 2 — rigid surface, 3 — pressure sensor,

4 — symmetry axis, 5 — water foam layer at time t = 0.

symmetry axis, a rarefaction zone expanding with time is

formed.

Research [12] provides data on the effects of shock

on humans. It is shown that an overpressure pulse of

amplitude 1p > 0.34 bar leads to rupture of the tympanic

membrane; explosive lung damage occurs at 1p > 1 bar.

Consequently, based on the data [12], in the case of the

experiment under study on the HE explosion in air with

energy 1E ≈ 4.2 · 105 J the minimum safe distance from the

center of the explosion for a human is lsa f e≈ 2.5m, where

1p < 0.3 bar. When the explosive charge is surrounded by

a layer of water foam with a thickness of r f oam = 0.2m due

to the weakening effect of the foam lsa f e is reduced by a

factor of ∼ 1.7 times and is ∼ 1.5m.

Thus, the use of foam barriers is able to protect a person

from the destructive impact of the HE explosion, which

can be used in solving the problems of ensuring safety in

emergency situations.
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