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Abstract This paper presents results of experiments and
numerical modeling on the mitigation of blast waves using
dry aqueous foams. The multiphase formalism is used to
model the dry aqueous foam as a dense non-equilibrium
two-phase medium as well as its interaction with the high
explosion detonation products. New experiments have been
performed to study the mass scaling effects. The experimen-
tal as well as the numerical results, which are in good agree-
ment, show that more than an order of magnitude reduction
in the peak overpressure ratio can be achieved. The positive
impulse reduction is less marked than the overpressures. The
Hopkinson scaling is also found to hold particularly at larger
scales for these two blast parameters. Furthermore, momen-
tum and heat transfers, which have the main dominant role
in the mitigation process, are shown to modify significantly
the classical blast wave profile and thereafter to disperse the
energy from the peak overpressure due to the induced relaxa-
tion zone. In addition, the velocity of the fireball, which acts
as a piston on its environment, is smaller than in air. More-
over, the greater inertia of the liquid phase tends to project the
aqueous foam far from the fireball. The created gap tempers
the amplitude of the transmitted shock wave to the aqueous
foam. As a consequence, this results in a lowering of blast
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1 Introduction

Blast waves from very intense explosion can cause wide-
spread human, material or environmental damages. Its miti-
gation is therefore of great concern. The use of aqueous foam
(AF) barrier belongs to modern protective technology, such
as fire suppression, shock and blast waves mitigation. Due to
their relative easy availability, they have presented an attrac-
tive option since the 80’s [38] for military as well as civilian
blast mitigation technologies and design methodologies.

The sudden release of energy in air coming from any pro-
cess can cause the propagation of blast wave (BW). It is
a sharp jump of pressure followed by a pressure decrease
[17,18]. Blast effects from unconfined charges have been
studied for many years. Pioneering work on point explosion is
reported by Taylor [46]. When the detonation wave propagat-
ing through a condensed explosive reaches the air interface,
an intense shock wave (up to several hundred bars) propa-
gates radially outwards through the air. The strength of this
BW can be shown to be greatly attenuated when it propagates
in a two-phase aqueous media [17,18]. One example can be
quoted from the book of Needham [31] where a detonation
shot of the Koon nuclear device took place during a rain-
storm. A 20 % peak overpressure reduction was measured as
compared with the overpressures registered in the non-rainy
part. Several aqueous two-phase media can be mentioned as
attenuating media, in increasing order of mass loading: mist
[43], foam, snow [23]. Density of mist is around 1 kg/m3,
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Fig. 1 Structure of an aqueous dry foam. Liquid films meet at plateau
borders (PB), which merge at vertices

whereas it is closer to 10 kg/m3 for foams. In the past 30
years, several research groups have investigated [6,15,20]
the efficiency of aqueous foam to mitigate blast and sound
waves [38,39]. First experimental results from Winfield et al.
[48] reported overpressure reduction of five to ten for reduced
distances over one. The wave speed was divided by two.

An aqueous foam is a cellular two-phase system in which
gas cells are enclosed by thin liquid films [47]. The gaseous
phase is dispersed in bubbles, whereas the liquid is the con-
tinuous phase. The bubbles take the form of polyhedral cells
(see Fig. 1), with liquid surfaces meeting in lines and lines
merging at vertices. The lines are Plateau Borders (PB)—
after J.A. Plateau [36] who was the first to describe the foam
structure in the late nineteenth century. PB are channels of
finite width where the liquid is mainly to be found. This
topological description corresponds to a dry foam. As liquid
volume fraction increases, PB swell and bubbles progres-
sively recover their spherical shapes and the foam evolves
into a wet foam. Any further increase of liquid will allow
the bubbles to come apart and the foam becomes a bubbly
liquid. To summarize the resulting spectrum of the aqueous
foam medium, the following classification according to the
value of the liquid volume fraction α1 can be made [9,40]:
as for dry foams, α1 ≤ 0.05, whereas 0.05 < α1 ≤ 0.36
for wet foams, and 0.36 < α1 for bubbly liquids. The liquid
is a mixture of water and little surfactant. This article deals
only with water-based foams. Britan et al. [7,9] have dealt
with the inclusion of solid particles, which will lodge them-
selves into the vertices and the PB of the cellular structure of
the foam. Their role is to shield and armor the frame of the
aqueous foam cellular structure. Indeed, water-based foam
is metastable and even instable and its lifetime due to coars-
ening and drainage is necessarily limited. Under operational
conditions, the expansion ratio (ER) expression is somewhat
preferred. It is defined as the ratio of the foam volume to the
water volume. Then ER � 1/α1 when the foam density is
much greater than the gas density. In the case of dry foams,
the liquid volume fraction can be linked to the ratio of the

radius of curvature r of the PB and to the cross-section of the
bubble D [47] α1 = c̃r2/(D/2)2; c̃ is a geometrical quantity
which depends on the structure of the foam. For a Kelvin
structure, c̃ � 1/3 [47].

Various mechanisms can be responsible for the mitiga-
tion: the momentum transfer, the heat transfer and the liquid
evaporation. These transfers occur between the detonation
products, the gas and the liquid phases. Since aqueous foams
are natural but in metastable states, the liquid lattice is likely
to be shattered into more stable droplets under high-pressure
ratio shock-wave impingement [8]. Indeed, after the shock
passage, the films exhibit strong acceleration and are then
rapidly blown away. The stability of the aqueous foam is
due to the presence of these films. Therefore the lattice of
the foam, which is composed of Plateau Borders, becomes
dislocated and this liquid web fractures. After this collapse,
the surface tension tends to form spherical droplets from the
liquid ligaments. This has led Britan and co-workers [8,10] to
model the process of shock-wave attenuation in shock tubes
by a foam screen using a gaseous suspension of water drop-
lets, whose characteristic size is the radius of the PB. Hence,
the specific surface increases and enhances the interphase
transfer. Crepeau et al. [13] showed that the main contri-
butions to mitigation were momentum extraction and heat
transfer due to the presence of higher heat capacity mate-
rials. When comparing their numerical results with that of
the Sandia tests [20], they found that the phase change over-
estimates the attenuation at large reduced radii. Allen et al.
[1] made comparisons between experiments and numerical
modeling with the two-phase Baer and Nunziato model [2,3].
They found that the inertial effects were preponderant and
that the evaporation played a secondary role for free-field
blast mitigation. Similar conclusions were drawn by Schwer
and Kailasanath [43] in a numerical study on the mitigation
of BW by water-mist, and this was due to the low tempera-
ture downstream of the shock. These results stand for middle
field range. Far from the charge, the foam will sustain the
compression wave strength, which has become weaker. Over
mitigation mechanisms that involve the microstructure will
then take over, such as film pulsation, interstitial PB flow and
heat conduction [19].

The aim of this article was to conduct new experiments
corroborated by a numerical study and to shed more light
on the physical mechanisms underlying the BW mitigation
by dry aqueous foams and to ascertain to which extent the
scaling laws are reliable. The numerical results from a mul-
tiphase model will be compared with the experimental data.
The paper is organized as follows: Sect. 2 describes the mul-
tiphase model as well as the different constitutive relations
related to this model. Section 3 recalls the different speeds of
sound at which the pressure waves propagate in a multiphase
flow. Section 4 describes the two experimental setups for full
and sub-scale experiments. In Sect. 5, the numerical results
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Blast wave mitigation by dry aqueous foams 41

are compared with the collected experimental data from lit-
erature and to the present measurements. Conclusions are
drawn in Sect. 6.

2 Mathematical and numerical modeling

2.1 Two-phase hydrodynamic model

The multifluid model [12] used in this study is a model
which does not assume any thermo-mechanical equilibrium.
Indeed, the passage of shock wave over a two-phase system
will bring the two phases to different mechanical and ther-
modynamic states, due to the impedance contrast. Relaxation
processes will attempt to erase these differences and edge
the phases towards equilibrium. From a mathematical view-
point, this model is unconditionally hyperbolic. It is written
in spherical coordinates, r being the radial coordinate. The
system of equations for the kth phase is the following:

∂αk

∂t
+ ui

∂αk

∂r
= μk�P − ṁk

ρ�

∂(αρ)k

∂t
+ ∂(αρu)k

∂r
= −2(αρu)k

r
− ṁk

∂(αρu)k

∂t
+ ∂(αρu2 + αP)k

∂r
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∂αk

∂r
− 2(αρu2)k

r
+Fdk − ṁku�

∂(αρE)k

∂t
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∂r
= Pi ui

∂αk

∂r
− 2(αρu H)k

r

+Fdku I − P
′
I μk�P + QI k + ṁk

(
H�k − P

′
I

ρ�

)
(1)

where αk, ρk, uk, Pk are, respectively, the volume fraction,
the density, the material velocity and the pressure of each
phase. The saturation constraint is α1 + α2 = 1, where the
underscript 1 denotes the liquid phase and 2 the gas phase.
The total energy Ek for each phase is the sum of the internal

energy and the kinetic energy, Ek = ek + u2
k

2
and the total

enthalpy is given by Hk = Ek + Pk

ρk
.

The pressure relaxation process is represented by μk�P .
Whatever the two-phase topology, the pressure relaxation
coefficient is given by μ1 = −μ2 = AI /2(Z1 + Z2), AI ,
the interface surface per unit volume. It has been shown that
in practical situations, the pressure relaxation time scale is
associated with the dissipation of acoustic waves into the
multiphase control volume [12,35] and is several orders of
magnitude lower than the other relaxation time scales.

The momentum interphase interaction is represented by
the drag force Fdk , which express the velocity relaxation
and the drag between phases. The variables with under-
script � are interfacial variables relative to the mass transfer

ṁ.QI k represents the heat transfer associated with the phase
k. The acoustic impedance for each phase k is Zk = ρkck ,
where ck is the speed of sound of the phase k.

uI = Z1u1 + Z2u2

Z1 + Z2
, PI = Z2 P1 + Z1 P2

Z1 + Z2

ui = uI + sign

(
∂α1

∂x

)
P1 − P2

Z1 + Z2
,

Pi = PI + sign

(
∂α1

∂x

)
Z1 Z2

Z1 + Z2
(u1 − u2)

(2)

The interfacial variables with underscript “i” and “I” have
been developed in Chinnayya et al. [12]. ui and Pi are, respec-
tively, the average interfacial velocity and pressure that exert
at the boundaries of the two-phase control volume. These two
quantities apply on volume-fraction gradients. They play a
key role on material interfaces which separate non-misci-
ble fluids. They enable continuity of velocity and pressure
across an interface in the model. The mean velocity and pres-
sure inside a two-phase control volume are uI and PI . The
mechanical equilibrium is achieved as the outcome of the
pressure and velocity relaxation processes. The thermody-
namic equilibrium is achieved as the outcome of the temper-
ature relaxation process, that is the heat transfer and phase
transition steps.

The model is completed with the following topological
equation for the number of liquid entities:

∂n

∂t
+ ∂(nu1)

∂x
= ṅ (3)

from which we can deduce the diameter of the liquid entity

d =
(

6α1

πn

)1/3

(4)

2.2 Heat and mass transfer

The heat fluxes QI,k are usually described by the following
expressions:

QI,k = hk(TI − Tk) (5)

h1 is the convective heat coefficient relative to the liquid
phase. The heart of the liquid phase and the gas/liquid inter-
face are thermally out of equilibrium. This expression enables
to take into account the heating of the liquid phase. h2 is
the gaseous convective heat coefficient and TI is the mean
of the interfacial temperatures. The amount of heat received
by the liquid is the one given by the gaseous phase.

h1(TI − T1) + h2(TI − T2) = 0

which provides the interface temperature
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TI = h1T1 + h2T2

h1 + h2
(6)

This leads to an expression for the heat transfer:

QI,k = hk

(
h1T1 + h2T2

h1 + h2
− Tk

)
(7)

Here a spherical droplet of diameter d is considered. From the
model, we can get the mean internal energy and thereby the
mean temperature. The Laplacian of the temperature inside
the droplet is supposed to be null. With the surface tempera-
ture TI and the mean temperature Tk , it is possible to solve the
latter equation and to show that the liquid Nusselt number,
which is the ratio between the total heat transfer and the con-
duction heat transfer is equal to 4. The thermal conductivity
of liquid water is λ1 ≈ 0.6 W/mK.

The convective heat coefficient can be obtained from
experimental correlations [25], as a function of the Nusselt
number

hk = λk

d
nNuk Sd (8)

The Nusselt number for the gas is

Nu2 = 2 + 0.6Re1/2
d Pr1/3 (9)

The droplet Reynolds number is defined by

Red = ρ2 |u1 − u2| d

μ2
(10)

with μ2 the dynamic viscosity of the gaseous phase as

function of the gas temperature μ2 = μ0
2

(
T
T0

)0.76
, with

μ0
2 = 1.71.10−5 kg/m s and T0 = 273 K. The thermal con-

ductivity of the air is determined from the Prandtl number,
which is the ratio between the viscosity and the thermal dif-
fusivity Pr = μ2Cp2

λ2
= 0.7. The calorific heat coefficient

Cp2 is equal to 1 kJ/kg K.

2.3 Drag force

Three different forces act on the droplets : the shear forces,
the inertial forces which tend to deform the droplet and the
surface tension forces acting to retain its initial form. The

Weber number W e = ρ2 |u2 − u1|2 d

σ
is the ratio between

the inertial forces and the surface tension forces; σ is the
surface tension gas/liquid. Oh = μ1√

ρ1dσ
is the Ohnesorge

number, which is the ratio between the shear forces within
the droplet and the surface tension forces. The first response
of the drop, after it is exposed to a high-speed airstream, is a
flattening of the drop. The drop also accelerates but does not
move significantly. The second step is a constant accelera-
tion of the droplet. Thus the drag coefficient which includes
these two steps can be cast into the form [33],

Cd = 1.6 + 0.4Oh0.08W e0.01 (11)

and the drag force becomes

Fd = 3α1

4d
Cdρ2(u2 − u1) |u2 − u1| (12)

2.4 Numerical resolution

The proposed model can be cast in the following form:

∂

∂t
(αW )k + ∂

∂r
(αF)k = F lag

k × ∂αk

∂r
+ Sgeom,k + Sd,k

(13)

where αk, W = (1, ρ, ρu, ρE) , F = (
0, ρu, ρu2 + P,

ρEu + Pu
)
, F lag = (ui , 0, Pi , Pi ui ) are, respectively, the

volume fraction, the fluid conservative variable, the fluid
eulerian flux and the Lagrangian fluid flux, respectively. The
interfacial variables are obtained from the homogenization
Discrete Equation Method (DEM) [12]. Sgeom,k stands for
the spherical divergence and Sd,k accounts for the momen-
tum and the energy exchanges between phases. The overall
strategy of resolution is based on the Strang splitting scheme,
detailed in [12]. The pressure relaxation is infinite and fol-
lows the numerical resolution proposed in [26].

3 Speed of sound in two-phase mixtures

The first statement comes from the hyperbolic analysis of the
two-fluid model without source terms. The complete set of
homogeneous equations without source terms can be written
in the primitive form:

∂W

∂t
+ A(W )

∂W

∂x
= 0

The propagation waves are obtained from the eigenvalues
of the Jacobian matrix A(W ): for the liquid phase, λ =
u1 − c1, u1, u1 + c1, for the gaseous phase, λ = u2 −
c2, u2, u2 + c2 with the interface velocity λ = ui .

The second statement is that the speed of sound of the two-
phase mixtures can reach low values, even in the limit of low
liquid volume fractions. In general, the two-phase speed of
sound is below the speed of sound of the pure fluids, due
to the contrast of acoustic properties. The mixture density is
dominated by the liquid density and its compressibility by
the gas phase. Consequently, as the liquid volume fraction
is increased, the effective two-phase media becomes impen-
etrable to pressure waves propagation. The speed of sound
of the two-phase mixture, in mechanical equilibrium, can be
identified with the sound speed of Wood cW :

1

ρmc2
W

= α1

ρ1c2
1

+ α2

ρ2c2
2

(14)
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Fig. 2 Speed of sound of Wood (m/s) in a mixture of gas–water as a
function of the liquid volume fraction α1 between 0. and 0.1. The arrow
denotes the speed of sound of the gas c2 = 340 m/s
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Fig. 3 Acoustic impedance (kg/m2 s) in a mixture of gas–water as a
function of the liquid volume fraction α1 between 0. and 0.1

where ρm = α1ρ1 + α2ρ2 is the mixture density of the two-
phase mixture. In the present model, when the pressure and
velocity relaxation coefficients tend to infinity, an asymp-
totic model can be obtained [12]. A hyperbolic analysis of
the reduced model exhibits the speed of sound of Wood as the
speed of propagation of the two-phase pressure waves. This
speed has been used as an indirect method by [16] to deter-
mine experimentally the liquid volume fraction in aqueous
foams.

Figures 2 and 3 show, respectively, the evolution of the
sound speed of Wood cW and the acoustic impedance ρmcW

of a two-phase mixture composed of air and water for a vol-
ume fraction varying between 0 and 0.1. As it can be seen, this
speed of sound exhibits a non-monotonous variation over the
whole range of the volume fraction. When the liquid volume
fraction is below 0.1, the speed of sound decreases, whereas
the acoustic impedance increases.

4 Experimental setup

This section describes two different experimental config-
urations. The first one deals with a full-scale installation,
involving several kg of high explosive (HE) of Plastrite
PLANP, which is a French military explosive, close to
Semtex® or C4. The second set of experiments concerns a
sub-scale test using hundreds of grams of HE. From the over-
pressure signals, we determined the peak overpressure, the
time of arrival of the incident shock as well as the positive
impulses. For each case, a preliminary shot is performed in
air and the obtained results are compared with the Kinney
and Graham database [24] for validation. Further validations
are made on the scaling law. As shown in the next section,
the current data are in good agreement with the Hopkinson
scaling.

4.1 Description of the experimental setup

As for the full-scale experiments, foam volume generated to
confine the detonation device is close to 2,000 m3. Figure 4
depicts the full-scale experimental configuration. The con-
tainment is a tent of a conical shape, whose diameter at the
base is around 20 m and the height is around 8 m. The explo-
sive device was suspended at a 2-m-high facility. Pressure
gauges are placed at the same height, at different distances
from the explosive device. Two shots were achieved: the HE
masses were, respectively, 6.6 and 22.17 kg.

In the sub-scale experiments, the mass of HE is approx-
imately 145 g. The charge is enclosed in a thin spherical
plastic ball of 60 mm diameter and 14 g weight (see Fig. 5).
The explosive device is suspended at a height of 1.5 m. The
gauges are fixed on a gantry which is independent from the
aqueous foam container. The explosive is centered by fishing
wires fixed on the tank walls. The vessel volume is around
8 m3.

The HE device and the pressure gauges are hung at a suf-
ficient height so that the reflected waves from the ground and
the tank walls in the sub-scale experiments will not alter the
positive impulse measurements. Most of the measurements
were taken far away from the fireball.

4.2 Explosive devices

In order to insure the sphericity of the BW, the HE is placed
into a spherical envelope (having a geometrical default of
±1 %) and ignited in its center by a detonator. For all experi-
ments, we use PLANP, which consists of a mixture of 87 % in
mass of PETN, 9.75 % of oil and 3.25 % of rubber. The rub-
ber allows the operator to mould the explosive into a desired
form in a light envelope. The diameters of the HE and the
detonators can be found in Table 1. For each case, the mass
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Fig. 4 Experimental
configuration of full-scale
experiments. Charges of 6.6 kg
and 22.17 kg of PLANP at 2 m
height. Pressure gauges fixed on
a gantry at the same height

Fig. 5 Sub-scale experimental
configuration. Charges of
0.145 kg of PLANP at a height
of 1.5 m. Fishing wires centering
the charge. Pressure gauges
attached to metal rods, which
are in turn attached to a gantry,
independent from the tank

2 m

2.3 m

1.5 m

Energetic
Material

Pressure 
Gauges

PMMA
Containment

system

air

water+surfactant

Foamgenerationsystem

of HE is more than ten times greater than the mass of the
envelope.

In air experiments, the envelope may have an influence
on the detonation wave parameters because a part of the
detonation energy is used to destroy and/or vaporize the
envelope material. According to the Fano equation [31],
the available energy for the blast wave can be evaluated
to be at least 95 % of the initial detonation energy for the
same mass loading. As the envelope is in plastic material, we
assume that all the detonation wave energy is transmitted to
the surrounding media, even when the latter is an aqueous
foam.

The detonators used to ignite the detonation are high-
voltage devices. They are made of PETN-based HE and
are cylindrical. The PETN is ignited by an exploding wire.
They are placed in the center of the explosive device
(±2 %). For full-scale experiments, their dimensions are
a little bit greater compared with sub-scale experiments
(see Table 1). They are composed of 1 g and 0.2 g of
PETN, respectively. The masses of detonators are small
compared with the explosive device masses. We did not
observe any influence of the geometry of the detonator on
the sphericity of the BW. This was confirmed in the sub-
scale experiments by investigation of the fireball at the
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Table 1 Experimental parameters

HE mass (kg) Media ER HE charge φ (mm) Detonator size D × H (mm2) Detonator HE mass (g) HE height (m)

6.6 Air 210 9 × 14 1 2

6.6 Foam 1:125 210 9 × 14 1 2

22.2 Foam 1:125 310 9 × 14 1 2

0.145 Air 58 6.5 × 6 0.2 2

0.145 Air 58 6.5 × 6 0.2 2

0.145 Foam 1:120 58 6.5 × 6 0.2 1.5

early stage after the detonation, with a high-speed camera
Phantom.

4.3 Foam production

Prior to this study, the French Atomic Energy Commission
(CEA) have developed a special aqueous foam formulation
based on the use of alkyl sulfates and propylene glycol prod-
ucts. The foam is produced with a premix of 6 % of products
in water. The premix has a viscosity of 1,800 mPa s for full-
scale experiments and 4,500 mPa s for sub-scale experiment
at 293 K. The surface tension is 24 mPa m. Consequently,
the foam based on these formulations is particularly viscous.
In comparison, the viscosity of water is 1 mPa s and its sur-
face tension is 72 mPa m. The diameter of the bubbles is
around 0.4 mm. This type of foam is experimentally studied
here. All the generators used here, issued from commercial
products or developed by the CEA and co-workers, are also
adapted to insure a sufficient quality of the foam in terms
of life time, expansion ratio and bubble homogeneity. It is
worth mentioning that it is much more convenient to assure
and control the foam quality in sub-scale experiments than in
the full-scale one. For large-scale experiments, the generator
produces foam with an expansion ratio of 1:125 at a flow rate
of 40 m3/min. This device is very heavy and does not allow
producing custom foam density. For small experiments, we
also created a specific scale facility which allows to produce
and control accurately the foam density. The foam is pro-
duced with an expansion ratio of 1:100 at a flow rate varying
from 0.150 to 1m3/min.

4.4 Experimental supply chain

The gauges used in these experiments are PCB Piezotron-
ics 137A20 series [37]. This series offer sensitivities of
0.014, 0.14 and 1.14 V/bar with measurement ranges from
0 to 3.45, 34.5 or 345 bar. The 137A20 series are constructed
with a stable quartz piezoelectric element in Invar housing.
They are piezoelectric types and are built on two levels. The

charge mode pressure sensor, directly in contact with blast
wave, generates a high-impedance charge output. The second
level is a built-in microelectronic amplifier, which converts
the high-impedance charge into a low-impedance voltage
output. This type of sensor allows long wire connection with-
out any signal loss but needs to be connected with a courant
supplier. 137A20 gauges series are of pencil shape. In order
to get a proper measurement of the incident wave, the pen-
cil must be oriented perpendicularly to the shock wave and
towards the charge. This type of sensor allows us to measure
the side-on overpressures by limiting perturbations around
the measurement element. For the experiments in foam, to
protect the electrical connections, an adhesive tape was set
up around plugs and cables.

Using suitable cable, sensors are connected to PCB’s
Series 482 signal conditioners power supply. This equipment
will supply the 137A20 with a 2 to 20 mAmp constant
current from +20 to +30 V DC through a current-regu-
lating circuit. The signal can then be transmitted through
long wires, unlike charge mode systems in which the sys-
tem noise is a function of the cable length. ICP® sensors
provide a high-voltage, low-impedance output well-suited
for driving long cables through harsh environments. While
there is virtually no increase in noise with ICP® sensors, the
capacitive loading of the cable may distort or filter higher
frequency signals depending on the supply current and the
output impedance of the sensor. Generally, this signal dis-
tortion is not a problem with within a range up to 10 kHz.
However, for higher frequency vibration or shock sollicita-
tion over cables longer than 30 m, the possibility of sig-
nal distortion exists. In our experiments, the measurement
chain is not longer than 20 m, so the risk of distortion is
limited.

The pressure time histories are recorded on oscilloscope
recorders (Lecroy Wavejet 354), which allow a maximal
sampling frequency of 500 MHz. The recorder is trigged
by the same signal as the detonator (delays in wires are
not taken into account for this application). Then the sig-
nals are recorded on spreadsheets (Microcal Origin). With
the approximation that C4 and PLANP delivered the same
pressure and the same time of arrival, we used the Hartman
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Fig. 6 Blast wave overpressure
as a function of time in a air at a
scaled distance of 1.16 m/kg1/3

and in b aqueous foam at a
scaled distance of 1.17 m/kg1/3
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et al. [20] fitting laws in foam to select sensor range and
recorder setting. The signals are recorded on a duration of
20 ms.

5 Results and discussion

In this section, the numerical results are compared with the
experimental data of BW propagation in Aqueous Foam.
Table 1 recalls the experimental parameters, whereas Tables
2 and 3 (see Appendix C) summarize the experimental results
obtained during the pyrotechnical campaigns. At first, to
assess the mitigation properties of the aqueous foam, scaled
peak overpressures and impulses of the BW are presented.
Then, the time history of the different waves involved in the
flow is compared with the case of air. Finally, the structure
of the two-phase BW is described.

Regarding the initial conditions, we consider that the det-
onation is initiated at the center of the HE and that a spherical
Chapman–Jouguet (CJ) detonation wave propagates into the
explosive until it reaches the outer interface [30]. The det-
onation products are described by the Jones–Wilkins–Lee
(JWL) equation of state (see Appendix A). Then an averag-
ing procedure is done to cope with the mesh resolution of the
blast calculation. For the equation of state, we can determine

the detonation energy as [34] q = ∫
vCJ

Pdv − u2
CJ
2 , which

is needed to scale the numerical results. For all simulations,
an effectiveness factor of 1.27 is taken to define the mass of
TNT contained in the PLANP HE. For each calculation, the
cell size of the mesh is uniform and is equal to 3 mm. The
liquid volume fraction is α1 � 8.3 ‰. The droplet size of
the fragmented aqueous foam is 10 µm, which is the same
order of magnitude as the PB radius. The aqueous foam is
considered to be in atmospheric conditions at sea level, i.e.
P0 = 1.01325 bar and T0 = 298 K. The properties of water
have been taken.

5.1 Peak overpressures

The characteristics of BW in air and in Aqueous Foam
can be compared in Fig. 6. The records of a pressure

gauge at the same scaled distance have been plotted ver-
sus time, for the detonation of 145 g of PLANP. In the
case of BW propagation in air, see Fig. 6a, the ideal BW
pressure profile is recovered. The pressure rises abruptly
to a peak overpressure, which corresponds to the pri-
mary shock. The pressure then decays to ambient dur-
ing the positive phase [4], due to the expansion of the
detonation products. When the case of BW propagation
in AF is considered, the main difference in the struc-
ture of the BW pressure profile is that this ideal pri-
mary shock is replaced by a two-phase shock, which is
indeed a partly or completely dispersed shock [41], see
Fig. 6b. The decay of the compression waves then follows.
The peak overpressure is therefore located at some distance
of the foot of the compression waves.

The peak overpressure ratio �P/P0 for the experimental
and numerical results are shown in Figs. 7 and 8 as a func-
tion of the scaled distance r/W 1/3, W is the TNT equivalent
mass of the HE and r is the distance from the charge center.
�P is the maximum overpressure and P0 = 1.01325 bar is
the initial pressure in ambient atmospheric conditions. The
Kinney and Graham (KG) database is plotted as well as the
Sandia fit curve [20], given by

ln
(
�P ′) = 3.7757 + 0.5085 × ρfoam

+(0.0695 × ρfoam − 0.0372)

−3.2788 × ln

(
r ′ρ1/3

foam

W ′1/3

)
(15)

where �P ′ is the peak overpressure in PSI, W ′ is in equiv-
alent pounds in lb of C4 and ρfoam is the foam density in
lb/ft3.

Two groups of results can be distinguished. The first one
refers to the results of BW in air and the second one cor-
responds to the BW in AF. At first, one can see the obvious
good mitigation property of the aqueous foam. After a scaled
distance of 0.3, the peak overpressure in AF becomes less
than that in air. Indeed, at the beginning of the interaction
of the detonation front with the confining medium, the total
energy of the post-shock state can be estimated via linearized
Riemann invariants and can be shown to decrease with the
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increase of the acoustic impedance of the confining medium.
This energy radiates spherically and then results in a lower
overpressure. Moreover, the pressure decrease rate is much
higher than that in air and the pressure reduction increases
with distance. For example, in the experimental studied range
of scaled distances between 1 and 3, the peak overpressure
attenuation reaches 10–20. The experimental results in air
(see Fig. 7) have enabled to determine the effectiveness fac-
tor of the PLANP. The experimental data in AF are slightly
more scattered than that in air. They can be partly explained
by the errors of distance measurements and the alignment
errors of the gauges with the center of the charge. However,
the experimental results follow the general trend given by the

Sandia fit, showing that the Hopkinson W 1/3 scaling holds
for the peak overpressures ratio.

Numerical simulations were also performed for the three
charge masses (see Fig. 8). In air, there is a good agree-
ment between the numerical results, the KG database and
the measurements results. Only one curve was displayed in
Fig. 8 as the results for the three masses were nearly indis-
tinguishable. This comes from the Hopkinson W 1/3 scal-
ing in air. In AF, the numerical results lie within the range
spanned by the scattering of the experimental data. Never-
theless, there are slight differences between the results from
the detonation of the three masses. This is an indication that
some non-equilibrium phenomena are taking place. Less dif-
ferences are apparent for the larger scale, indicating that
these non-equilibrium processes have more time to reach
equilibrium.

From experimental results, one can conclude that the Hop-
kinson W 1/3 scaling still holds, and the numerical results
ascertain that this is particularly true for larger scales.

5.2 Positive pressure impulses

The positive pressure impulse is derived from the integra-
tion of the overpressure starting from the time of arrival of
the blast wave ta , along the positive time impulse td , corre-
sponding to the duration for which the overpressure remains
positive.

I + =
ta+td∫
ta

�P (τ ) dτ (16)

The scaled positive pressure impulses I/W 1/3 for the exper-
imental and the numerical results are shown, respectively, in
Figs. 9 and 10 as a function of the scaled distance r/W 1/3.
The Kinney and Graham [27] database is plotted as well as
the Sandia curve fit from NEST calculator, given by

ln

(
I ′+

W ′1/3

)
= 3.3379 + 1

E R
38.9908

+ ln

(
r ′

W ′1/3

)(
−0.7681 − 1

ER
43.7811

)
(17)

where I ′+/W ′1/3 is the scaled specific impulse in
PSI ms/lb1/3, W ′ is the C4-explosive equivalent mass in
pounds in lb, ρfoam is the foam density in lb/ft3. ER is the
expansion ratio, which is the ratio of the foam to the water
volumes.

The impulses also show the mitigation property of the
AF, although the impulse reduction is less than the pressure
reduction. The experimental as well as the numerical results
show an impulsion reduction, gradually increasing from a
scaled distance above one.
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Even if the experimental data in air and in AF are close,
respectively, to the Kinney and Graham database and to the
Sandia NEST fit, it can be seen that the scattering of the
impulses is greater than the peak overpressures. Indeed, we
have to consider the possible measurement errors linked to
the use of PCB piezoelectronic gauges. Despite their good
behavior under shock loading, they have to be used carefully
for impulse measurements. Particular attention of gauges
discharge time under solicitation has to be paid. The Dis-
charge Time Constant (DTC) of PCB 137A20 gauges series
is around 200 ms. The measured value of a constant level
of static pressure decreases exponentially by a factor of 1 %
every 0.01 × DTC. The positive impulse duration is at its
maximum at about 10 ms for the gauges placed in foam and
far from the HE charge. This gives measurement errors of
10 % at this time. In air experiments, the proximity of the fire-
ball could also disturb this measurement although the gauges
placed close to the HE are protected from heat by a thin layer
of silicon. In air, the discrepancy between experiments and
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Fig. 11 Space–time diagram for shocks, fireball interface for Blast
Wave propagation in air. Experimental results (red triangle. with dot)

calculations for the sub-scale experiments are less than 10 %.
For the 6.6 kg case, it can be seen that only results for the
gauges under 1.5 m/kg1/3 are satisfying compared with the
Kinney and Graham data. The possible measurement errors
as well the different afterburning behavior can explain these
discrepancies. Omang et al. [32] also pointed out the diffi-
culty to measure accurately these quantities.

From the scattered experimental results, it is difficult to
confirm any scaling law for the BW propagation in the AF,
even if the points are close to the Sandia NEST fit. One pos-
sible reason could be the different physico-chemical prop-
erties of the AF used in the sub as well as in the full-scale
experiments. However, this is also in accordance with [20]
where the authors also reported marginally successful scal-
ing between experiments of 50 and 1 lb of C4 in AF of ER
1:60.

In air, good agreement between numerical results and KG
database is achieved for a scaled distance above 1. In AF,
no general scaling law as for the experimental results can be
reported. Nevertheless, the numerical results did show scal-
ing for the full-scale charges, as for the peak overpressures.

5.3 Wave diagram for blast wave propagation

From the numerical results, the location of the fireball, the
main shock as well as the subsequent ones as function of time
are plotted in Fig. 11, in the case of BW propagation in air
and in Fig. 12 and in the case of BW propagation in AF.

The space-time diagram in air has been described by Brode
[11] and is recalled here. As the acoustic impedance of air is
very low compared with that of the detonation products, the
shock wave in air starts with an initial strength weaker than
that of the CJ high pressure and decays with the spherical
divergence. This primary shock is responsible for the maxi-
mum peak overpressure. There is a good agreement between
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the numerical results and the measurements results for the
time of arrival of the primary shock (see Fig. 11). A sec-
ondary shock then develops, which follows the rarefaction
waves. This shock grows as it moves inward, then implodes
and reflects on the origin. Meanwhile, the detonation prod-
ucts have ended their expansion and are beginning to shrink.
The interaction of the secondary shock with the fireball inter-
face inverts abruptly its trajectory and results, as for the first
time, in an outward secondary shock and inward rarefac-
tion waves, followed by a tertiary shock. This process of
subsequent shock formation repeats until the energy of the
detonation products is dissipated.

The space–time diagram for shocks and the different inter-
faces in the case of BW propagation in Aqueous Foam is
depicted in Fig. 12. There is a fairly good agreement between
the numerical and experimental results for the time of arrival
of the primary compression waves. The first difference with
the case of air is the presence of the permeable AF inter-
face. Indeed, the liquid and the gas of the AF are initially
pushed away from the explosion origin, during the expan-
sion of the HE products, but behave differently due to their
different inertia. The liquid phase has its own velocity and
dynamics. Thus, as the gas phase contracts thereafter, the
greater inertia of the liquid phase tends to project the AF far
from the fireball. The same qualitative features have been
described in [43]. The presence of a new gap, composed of
air, which lies between the AF and the fireball, ensues. This
results in a more complex pressure wave propagation, due
to the creation of the new multiphase interface and to the
extra wave pattern. Another difference is that the time of
arrival of the primary shock in the case of aqueous foam is
twice of that in air. This can be explained by the lowered
speed of sound of Wood. Moreover, since the foam has a
higher density and a higher acoustic impedance, the veloc-
ity of the fireball, which acts as a piston on the environment

is lower. In addition, the created gap tempers the amplitude
of pressure and total energy of the transmitted shock wave
to the aqueous foam, as explained by Seitz and Skews [44].
This results in a lower overpressure field (see Fig. 7) for the
spherical decaying shock wave and a final position of the
fireball which is at a smaller scaled distance. The oscillating
character of the fireball is also less marked in foam. The time
at which the secondary shock implodes at the origin is shorter
as the initial inward rarefaction waves are weaker. And then,
the secondary shock impacts the fireball interface at the same
time as the contracting phase begins.

5.4 Overpressure time histories

Figures 13 and 14 show the pressure–time histories for the
air and the AF configurations.

In the case of BW in air, the computational results are in
good agreement with the experimental data for the primary
shock (see Fig. 13). The profile of blast wave is retrieved with
a sharp pressure jump, followed by a pressure decrease. Later,
there is some deviation, probably due to the afterburning of
rest products, enhanced by turbulent mixing, generated by
multidimensional Rayleigh–Taylor and Richtmyer–Mesh-
kov instabilities, which are not taken into account by the
model.

In the case of BW in AF, a parametric study looked at the
effect of droplet size, from 10 to 100 µm. Using a log-log
scale, the peak overpressure ratio as a function of the scaled
distance was the same. Mainly the two-phase blast wave
structure and the time of arrival were affected. In Fig. 14,
the numerical results for two radii of 10 and 50 µm are com-
pared with the experimental pressure time histories. A better
agreement with experimental data can be seen for the 10 µm
case. One can also see the two-phase blast wave structure, as
Borisov et al. [6] reported and the role of a relaxing media to
enhance mitigation [17,18]. The two-phase BW consists of a
two-phase shock wave, followed by a pressure decrease, due
to rarefaction waves from spherical divergence. A two-phase
shock is a composite shock wave, which consists of a shock
wave, followed by a relaxation zone [41]. Here, the liquid
phase and the related relaxation zone which undergoes the
effects of the rarefaction waves from spherical divergence,
act to disperse the energy from the sharp shock peak and to
smooth the latter [42]. This explanation holds when we are
not close to the charge. Indeed, at the beginning of the inter-
action of the detonation front with the surrounding media,
the time scale of the velocity relaxation will be very short
and the phases are almost in equilibrium. Thus, as the acous-
tic impedance of the foam is greater than air (see Fig. 3), the
overpressure of the transmitted shock wave will be higher.
The numerical results (see Fig. 8) have shown that this tran-
sition occurs at a scaled distance of 0.3.
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Fig. 13 Comparison between
experimental pressure signals in
red lines and computational
results in green lines for the
detonation of a 145 g HE charge
in air for scaled distances of
a 0.97 m/kg1/3,
b 1.16 m/kg1/3, c 1.35 m/kg1/3

and d 2.51 m/kg1/3
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Fig. 14 Comparison between
experimental pressure signals in
red lines and computational
results with droplets radii of
10 µm in green lines and 50 µm
in blue lines for the detonation
of a 145 g HE charge in a foam
of expansion ratio 1:120 for
scaled distances of
a 0.72 m/kg1/3,
b 0.94 m/kg1/3, c 1.17 m/kg1/3

and d 1.63 m/kg1/3
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6 Summary and conclusions

In this paper, a multiphase approach is used to model the dry
aqueous foam as a dense non-equilibrium two-phase medium
and its interaction with the HE detonation products. After
the shock impingement, the initially encapsulated gas pores
and liquid ligaments become, respectively, the carrier phase
and the dispersed phase composed of liquid droplets. Con-
ventional constitutive relations have been used to describe
the inter-phase exchanges between gas and droplets. Addi-
tionally, new experiments are performed to study the scaling
effects.

Good agreement was found between the numerical and the
experimental results, which show the mitigation properties
of the BW by aqueous foams. In middle field range of scaled
distances greater than one, the peak overpressure reduction
can reach 10 up to 20. The reduction in scaled impulse was
less marked, gradually increasing above the scaled distance
of one.

From the experimental data, one can conclude that the
Hopkinson W 1/3 scaling law still holds for the peak overpres-
sure ratio, whereas it is more difficult to assess this assump-
tion for scaled impulses. The latter is, however, difficult
to measure accurately. Nevertheless, the numerical results
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show that this scaling holds particularly for overpressures
and scaled impulses in the case of full-scale experiments.
This means that the non-equilibrium processes have enough
time to reach equilibrium. A numerical study indicates that
the characteristic size of PB plays a secondary role.

The non-equilibrium processes due to momentum and
energy transfers are shown to have two effects. The first one
concerns the local structure of the two-phase BW, which has
been investigated from pressure time histories. Experimental
as well as numerical results show that it consists of a shock
wave, followed by a relaxation zone, further followed by a
pressure decrease. This results in the energy dispersion at the
peak overpressure. The second one concerns the structure of
the wave diagram. Its shows the creation of a buffer between
the fireball interface and the aqueous foam, which is due to
non-equilibrium effects. Moreover, the velocity of the fire-
ball was smaller in the AF configuration. As a consequence,
this results in a lower overpressure of the two-phase spherical
decaying shock wave.

Acknowledgments A. Chinnayya would like to thank Prof. R. Saurel,
IUSTI, Marseille France for fruitful discussion and the French Atomic
Energy Commission (CEA) for financial support.

Appendix A: JWL equation of state

The detonation products are described by the JWL (Jones-
Wilkins-Lee) equation of state [29]. The use of the formalism
of [5] yields the following:

e = eis + CvT

p = pis + �0ρ(e − eis)

with pis the isentrope pressure issued from the Chapman–
Jouguet (CJ) state.

pis(ρ) = pk1(ρ) + k

(
ρ0

ρ

)−(1+�0)

where pk1(ρ) = Aexp

(
−R1

ρ0

ρ

)
+ Bexp

(
−R2

ρ0

ρ

)
.eis

and pis are linked by the following relation:
deis

d(1/ρ)
= −pis.

Thus

eis(ρ) = cek + A

ρ0 R1
exp

(
−R1

ρ0

ρ

)

+ B

ρ0 R2
exp

(
−R2

ρ0

ρ

)
+ k

ρ0�0

(
ρ0

ρ

)−�0

The different constants are given by

1

ρCJ
= 1

ρ0
− pCJ

ρ2
0 D2

CJ

(Rayleigh line)

eCJ = e0 − pCJ

2

(
1

ρCJ
− 1

ρ0

)
(Hugoniot equation)

The constants k and cek are such that e = eCJ and p = pCJ

in the EOS

cek = eCJ − eis(ρCJ) − pCJ − pk1(ρCJ)

ρCJ�0

k =
[

pCJ − pk1(ρCJ) − CvρCJTCJ

�0

] (
ρCJ

ρ0

)1+�0

The CJ parameters can be determined by a CJ ther-
mochemical code. The JWL equation of state corresponds
to a reduction of a more complete EOS as for example
the H9 EOS [21]. The different JWL parameters for the
present computations are for the TNT energetic material
and are taken from literature: ρ0 = 1, 630 kg/m3, A =
3.712.1011 Pa, B = 0.03231.1011 Pa, R1 = 4.15, R2 =
0.95, �0 = 0.3 [45], pCJ = 19 GPa, DCJ = 6, 950 m/s,
TCJ = 3669 K [21], Cv = 2345 J/kg K [22], e0 = 0 J/kg.

Appendix B: Equation of state for the liquid
and the gaseous phases of the aqueous foam

The liquid of the aqueous foam is modeled by the Stiffened
Gas EOS. A method which gives the overall procedure to
determine these constants is given in [28]. The Stiffened Gas
EOS for the liquid phase can be summarized as

P1 + P∞,1 = γ1 − 1

γ1
Cp,1ρ1T1

e1 = e0,1 + P1 + γ P∞,1

(γ1 − 1)ρ1
(18)

We followed the procedure given in [28] to determine the
thermodynamic parameters of the liquid phase. The param-
eters are calculated from the experimental saturation curves
(cf. [14]). From [28], they are calibrated from two reference
states. For the liquid phase, the two states are 439 and 588 K.
The thermodynamic parameters are approximately the same
as those found in [28]. The constants for the liquid phase are

γ1 = 1.49, P∞1 = 1.063.109Pa,

Cp1 = 4, 277.77 J/kg K,

e01 = −0.117.107 J/kg, s01 = 0.0 J/kg K (19)

The gaseous phase is treated as an ideal gas, with the ratio of
specific heats 1.4 and the specific heat at constant pressure
Cp2 = 1 kJ/kg K. The ideal gas EOS reads

P2 = ρ2rT2, r = R

M
= γ2 − 1

γ2
Cp2

e2 = P2

(γ2 − 1)ρ2

(20)

123



52 E. Del Prete et al.

Table 2 Table of gauge
positions and results of the
experiments in air conducted on
CEA pyrotechnical site

SD (m/kg1/3) is the scaled
distance. �P/P0 is the peak
overpressure ratio,
P0 = 1.01325 bar.
I/W 1/3 (bar ms/kg1/3) is the
scaled positive impulse related
to the HE mass

Gauges n◦ Experiments in air

145 g 6.6 kg

SD �P/P0 I/W 1/3 SD �P/P0 I/W 1/3

1 0.97 8.49 0.99 1 9.49 1.05

2 1.16 5.28 0.93 1.04 8.97 0.83

3 1.35 3.46 0.82 1.23 7.17 1.06

4 1.95 1.85 – 1.48 4.49 1.08

5 2.34 1.07 – 1.8 2.50 1.03

6 2.51 0.96 0.61 2.16 1.72 0.99

7 2.74 1.06 – 2.51 1.29 0.85

8 3.3 0.51 0.46

9 3.41 0.58 0.47

Table 3 Table of gauge
positions and results of the
experiments in aqueous foam
conducted on CEA
pyrotechnical site

Gauges n◦ Experiments in aqueous foam

145 g 6.6 kg 22.17 kg

SD �P/P0 I/W 1/3 SD �P/P0 I/W 1/3 SD �P/P0 I/W 1/3

1 0.72 3.87 0.94 1.03 1.83 0.88 0.72 5.29 0.89

2 0.9 2.50 1.05 1.11 0.87 0.32 0.74 7.09 1.13

3 0.94 1.57 1.13 1.30 0.52 0.79 0.78 2.66 0.64

4 1.17 0.44 0.82 1.59 0.18 0.61 0.86 2.10 0.64

5 1.63 0.21 1.34 1.92 0.13 0.63 1.05 1.02 0.85

6 2.24 0.10 0.52 1.18 0.61 0.79

7 2.56 0.07 0.40 1.34 0.38 0.69

8 1.45 0.24 0.51

where M is the molar mass, R is the perfect gas constant and
Cp2 the calorific capacity at constant pressure.

Appendix C: Experimental results obtained
during the CEA pyrotechnical campaigns

Tables 2 and 3 summarize the experimental results obtained
during the CEA pyrotechnical campaigns.
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