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Influence of foam initial liquid fraction on the effectiveness of spherical

explosion attenuation in a pipe
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Interaction features of a spherical shock wave formed in the center of a non-deformable pipe filled with gas and

contained the protective layer of aqueous foam on its inner surface are investigated. Numerical modeling is carried

out on the basis of a two-phase gas-liquid model with a single pressure of phases, taking into account interphase

forces and heat transfer. Reliability of the model is confirmed by comparing the calculations with experiments on

a spherical explosion in aqueous foam. Pressure evolution on the pipe surface in the near zone of shock wave

initiation is analyzed in detail in the absence and presence of foams with different liquid fraction. Significant

decrease in the amplitude and velocity of the wave pulse is shown by using foam protection on the pipe wall.
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Study of aqueous foams damping properties in dynamic

loading is important in terms of potential employment

of foam barriers as effective protections against impacts.

Experimental studies have shown that covering the explosive

charge with aqueous foam layer reduces the shock pulse

amplitude and propagation velocity [1–4]. A foam barrier

placed at a distance from the shock wave (SW) initiation

point also reduces the compression wave velocity signifi-

cantly, which is confirmed by shock-tube experiments [5,6].
It is shown in [1] that, in the case of a strong impact, liquid

films that form the foam are destroyed and transform the

foam into a gas-droplet mixture. To investigate the dynamics

of strong SWs in aqueous foam, the authors proposed

a gas-droplet foam model [7–9] that was used to study

numerically SW propagation processes in aqueous foam and

interaction between a spherical impulse and protective foam

barrier.

This work continues the study in [8] that investigated

the spherical explosion dynamics in a non-deforming tube

containing the aqueous foam layer on the internal surface.

Unlike the previous studies, this work addresses in detail the

aspects of reduced shock wave intensity on the tube surface

in the near zone of spherical explosion initiation depending

on the initial liquid fraction of the aqueous foam layer.

SW dynamics in gas (nitrogen) and aqueous foam was

described using the following conservation equations for

a two-phase single-pressure gas-liquid mixture model in

two-velocity and two-temperature approximations taking

into account the interphase heat transfer and interphase

interaction forces [10,11]:

Phase continuity equations

∂(αiρi)

∂t
+ div(αiρivi) = 0.

Phase momentum equations

∂(αiρivi)

∂t
+ div(αiρivivi) = −αi∇p

+ div(αiτ i) + Fi,drag + Fi,vm.

Phase energy equations

∂(αiρi Ei)

∂t
+ div(αiρi Eivi) = −p

∂αi

∂t
− div(αivi p)

+ div(αi
c p,i

cV,i
γi∇hi) + Kht(Tj − Ti) + div(αivi · τ i).

Equation of the water volume fraction dynamics in the foam

layer
∂α1

∂t
+ div(α1v) + div(α1α2(v1 − v2))

− α1divv = α1α2

(

1

ρ2

dρ2
dt

−
1

ρ1

dρ1
dt

)

.

Here, p is the pressure, αi is the volume

fraction, ρi is the density, vi is the velocity,

τ i = µi(∇vi + ∇vT
i ) − 2

3
(µidivvi)I is the viscous stress

tensor, µi is the dynamic viscosity, I is the unit tensor,

Fi,drag is the interphase drag force determined by the

Schiller−Naumann model, Fi,vm is the virtual mass force,

Ei = ei + Ki is the total energy, ei is the internal energy,

Ki is the kinetic energy, c p,i , cV,i are specific heat capacities

at constant pressure and volume, γi is the thermal diffusivity,

hi is the enthalpy, Kht is the Ranz−Marshall interphase heat

transfer intensity, Ti is the temperature, v = α1v1 + α2v2 is

the gas-liquid mixture velocity. Subscripts i , j = 1, 2

refer to the water and gas phases, respectively. The

Peng−Robinson equation of state was used to describe

thermodynamic properties of nitrogen. Water was described
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Figure 1. Calculated pressure profiles (1) at the specified

times (ms); 2, 3 — summarized experimental data on maximum

pressures in SW during the spherical explosion in gas (2) [14]
and aqueous foam (3) [15]; 4 — peak pressures in spherical

explosion experiments in foam with α10 = 0.0083 [1].

by the equation of state that was linear in temperature and

density [12].
The model implies that foam behind the strong SW front

is broken into microdrops [13] in the form of monodisperse

gas-drop mixture.

Implementation of the proposed gas-liquid model was

performed using a solver developed by the authors on

the basis of the twoPhaseEulerFoam solver in OpenFOAM

software [12]. When constructing the computational do-

main for numerical simulation, the multiblock grids were

generated, which characterized by cell thickening in the

explosion initiation area. Grid convergence of the obtained

results was controlled by stage grid refinement as well as

by varying pre-defined accuracy parameters of the PIMPLE

iteration algorithm until solution stability is achieved. The

best accuracy and stability were achieved at the following
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Figure 2. Calculated pressure isolines with indicated values (bar) at the specified times during the spherical explosion in a gas-filled tube.

Italics — typical pressures inside the zones confined by isobars. Pressure dynamics test point: x = 0, y = 1.4m (see Figure 4).

grid domain discretization parameters: 1t = 1 · 10−10 s; 1x ,
1y = 0.001−0.003m. The Euler and Gauss schemes were

used for derivative approximation in time and space.

To estimate the model consistency and numerical imple-

mentation method, a comparative analysis of calculations

and experimental data by the maximum pressures was per-

formed [1] for the problem of spherical explosion in aqueous

foam with the liquid volume fraction α10 = 0.0083 (Fig-
ure 1). Initial pressure pulse distribution during explosion

was set as

p(0, x , y, z ) = p0 + 1p exp(−(x2 + y2 + z 2)/a2), (1)

where 1p = 3000MPa, p0 = 0.1MPa, a = 0.035m.

Figure 1 additionally shows the generalized experimental

peak pressures in gas [14] and aqueous foam [15] that

demonstrate significant SW intensity attenuation in foam.

A satisfactory agreement between the calculations and

experiments was achieved [1,15].
When solving the main problem the spherical explosion

was simulated in the center of undeformed cylindrical tube

with the radius r = 1.4m filled with nitrogen and containing

a 0.4m foam layer for the initial liquid volume fraction

of foam α10 = 0, 0.1, 0.15, 0.2. Initial pulse parameters

set as (1) are as follows: 1p = 100MPa, p0 = 0.1MPa,

a = 0.15m.

First, SW dynamics was calculated in conditions without

a foam layer inside the tube. Typical pressure isolines (bar)
at the specified times are shown in Figure 2.

By t = 1.1ms, SW reaches the tube’s rigid boundary,

and after reflection from it, the pressure amplitude on

the wall grows up to 9.6 bar at t = 1.2ms. Then, the

high pressure zone is shifted and attenuated (p ≈ 3 bar at

t = 2ms, p ≈ 2.4 bar at t = 4ms). Formation of a low

pressure zone (p ≈ 0.9 bar, t = 2ms) is observed near the

symmetry axis. Further interaction between the wave pulses

and side surface of the tube and on the symmetry axis

induces a low pressure area near the tube wall (p ≈ 0.5 bar,

t = 4ms).
Figure 3 shows the calculated pressure field distributions

at times corresponding to the most intense impact on the

tube wall for the specified initial liquid fractions of the foam

layer.
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Figure 3. Calculated pressure field distributions at times (ms) for α10 in the aqueous foam layer on the internal surface of the gas-filled

tube. Italics — typical pressures inside the zones confined by isobars. Pressure dynamics test point: x = 0, y = 1.4m (see Figure 4).
Dashed line — foam layer boundary.

During interaction with the pressure pulse, aqueous foam

compaction leads to significant reduction of the foam veloc-

ity. Typical time of maximum SW pressure achievement

on the tube surface without a foam layer (α10 = 0) is

t ≈ 1.2ms. For α10 = 0.1 of the foam layer, this time

increases by a factor of ∼ 7 (t ≈ 8.5ms); for α10 = 0.15 —
by a factor of ∼ 9 (t ≈ 10.5ms), and for α10 = 0.2 — by a

factor of ∼ 10 (t ≈ 12.5ms). The specified times show the

numerical estimate of the pressure pulse propagation rate

in the foam layer depending on its water content compared

with compression pulse propagation in a tube without foam

protection (Figure 2, 3).

Calculated time dependences of pressure amplitude in

the point of tube x = 0, y = 1.4m, located at the minimum

distance from the point of explosion (Figure 2, 3) are shown

in Figure 4. Maximum pressures recorded on the tube

surface with the foam layer are ∼ 1.7 bar, which is ∼ 5

times as low as those in the given zone x = 0 y = 1.4m

without a foam layer.

The numerical analysis has shown that an impact on a

tube wall without foam protection has an oscillating nature

induced by re-reflection of pressure pulses that are formed

during interaction of the principal wave and reflected waves

from the tube surface with the symmetry axis. The

amplitude of secondary pulses on the tube wall exceeds

the corresponding maximum pressures with the presence of

the foam layer (compare lines 1−4 in Figure 4). Degrees
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Figure 4. Calculated dependences of the pressure amplitude on

time at the tube boundary closest to the point of explosion (x = 0,

y = 1.4m, see Figure 2, 3): 1 — calculations at α10 = 0; 2−4 —
calculations with the presence of foam protection on the internal

surface of the tube with α10 = 0.1, α10 = 0.15 and α10 = 0.2,

respectively.

of compression pulse rate and amplitude reduction when

the pulse propagates in the foam layer were estimated

depending on the increase in the initial water content in

the foam layer.
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The results present details of the aspects of wave

processes that take place in the tube with an aqueous foam

barrier that lead to significant reduction of pressure pulse

intensity and rate when the pressure pulse interacts with

the tube boundary compared with the case without a foam

protection, which facilitates tube damage risk mitigation

during an internal explosion. The investigations may be

used, in particular, to develop safety methods for gas

pipeline transportation.
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