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APPROXIMATE CALCULATION OF STEADY~STATE SHOCK WAVE PARAMETERS
IN POROUS COMPRESSIBLE MATERIALS

L. G. Gvozdeva and Yu. M. Faresov UDC 532.593:532.529

Formulation of the Problem. Analysis of Calculation Model. Elastic polyurethane foams
based on simple and complex polyethers [1] are among the class of materials characterized by
high porosity (the total pore volume may reach 987 of the total specimen volume) and low
skeleton elasticity values. The characteristic size of polyurethane foam pores depends on
the brand and method of preparation, ranging from fractions to units of mm. We will consider
a porous material with sufficiently large linear specimen dimensions (hundreds of mm and more)
as a mixture of solid particles and a gas, which may be justified as follows. The skeleton
elasticity of the majority of polyurethane foam brands is markedly less than the value of
atmospheric pressure under normal conditioms (thus, for the widely used type PPU-EM-1 with
apEarent density of 25-45 kg/m® the skeleton stress at 40% deformation comprises (0.4-1.90)-

10* Pa [1]).

This indicates that it is possible to neglect the skeleton elasticity of such materials
in comparison to the elasticity of the gas contained in the pores at an initial gas pressure
p’ 10° Pa and model the real porous material by a liquid with gas bubbles or a homogeneous

gaseous suspension of solid noninteracting microparticles.

The dynamics of propagation of acoustic or shock waves in such media were analyzed in
[2-6} by representing the two-phase medium as a homogeneous mixture. As was noted in [6],
the homogeneous mixture is the simplest possible model of a two-phase medium in which all
effects related to the discrete nature of the structure are neglected, and only the volume
fraction of the solid phase which effects the compressibility of the medium as a whole is
considered. We will assume the solid phase to be incompressible while the gas within the
pores is ideal. For complete thermodynamic description of a homogeneous mixture it is neces-
sary to specify an exact or approximate law of interphase heat exchange for the concrete type
of porous material. This is because within the small radius of the pores interphase thermal
equilibrium in the two-phase porous medium can be established over a time less than the char-
acteristic duration of propagating acoustical perturbations, so that it is permissible to
consider the medium to be in thermodynamic equilibrium and even isothermal (in view of the
considerable specific heat of the solid phase). Such an approximation was used in [2-6];
however, in {3] an apprOXLmate estimate was also made of the cooling time of an isolated gas
bubble of ;adlus r in a liquid initially adlabatleally compressed from a pressure p; to p2
(T = 21°C

ty & 43r3p,/p, )05, ¢, a0 8600r%(p,/p )1, | n

where t; and tz are the times required for cooling of the bubble by 10 and 90%Z, respectively;
r is measured in m. Applying this estimate to elastic polyurethane and taking r ~ 1073 m

(the characterlstlc value of the pore radius) we find in the acoustical approximation ti =
107> sec, tz ~ 107% sec. When the rate of propagation of hydrodynamic perturbations in the
medium exceeds the value r/t;, it is appropriate to assume heat exchange responsible and con-
sider an "adiabatic" model of flow of the two-phase medium. At r ~ 10”° m and t; =~ 5-107° sec
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the ratio r/t1 = 50 m/sec. Experimental measurements of the speed of sound in polyurethane
foam (see below) indicate that the inequality a > 50 m/sec is almost always satisfied (at
least at gas pressures in the pores p’ > 10° Pa). The speed of sound in a homogeneous mix-—
ture modeling real porous materials with a quasi-inelastic skeleton is defined by the ex—
pression [7]
@ = : ; i 1)27*
lap’ + (1 — 2)p*] [a/p*(a")* + (1 — 2)/p'(a)’]

where p?, p! are the densities of the gaseous and solid phases, respectively; a is the volume
gas content; a®, a' are the speeds of sound in the gas and solid phase, At o > 1077 Eq. (2)
simplifies significantly:

(2)

(a%)?
Ay 3
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According to Eq. (3), at a = 0.5 the speed of sound has its minimum value. With adiabatic
compression of the gas in the pores (a®)2 = yp°/p® (p° is the gas pressure), whence we have

a® ~ yp/(a(l — a)ol). (4)
The density of the homogeneous mixture is defined by the expression
p=ap® + (1 — o). (5)

When the gas pressure in the pores p° < 10° Pa, Eq. (4) with consideration of Eq. (5) can be
rewritten in a form more convenient for calculations,

a® ~ yp®lap. ‘ (6)

Use of Eqs. (4), (6) for calculation of the function a(p’) in a porous medium is especially
convenient when the medium has an open cell structure, since in that case o = oy and is inde-
pendent of gas pressure. Thus, for the widely used open cell foam PPU-EM-1 at o = 0.98, p =
25 kg/m® and p® = 10° Pa the quantity a calculated by Eq. (6) comprises 77 m/sec, which is
significantly less than the speed of sound in air under normal conditions.

We will consider relationships on the front of a steady-state shock wave, propagating in
a two-phase porous medium represented as a homogeneous mixture. As before, we will neglect
skeleton elasticity of the porous material in comparison to the elasticity of the gas in the
pores, which permits significant simplification of the system of equations of conservation of
mass, momentum, and energy on the pressure discontinuity. Further simplification of the prob-
lem involves neglect of gas filtration through the permeable structure of the porous material,
which is not obviously justifiable, but requires experimental validation. Analysis of the
experimental results of [8, 9] does indicate that for relatively strong shock waves in elastic
polyurethane foam with small cells at a pressure head at the front Ap > (10-15)-10° Pa and
initial pressure of 10° Pa the gas filtration effect is insignificant, showing that it is
acceptable in the present case to neglect filtration. If porous plastic materials with a
closed cell structure are used filtration is absent automatically.

We will assume further that interphase heat exchange on the density discontinuity may be
neglected, i.e., we will consider an adiabatic model of flow of the two-phase medium. In
fact, with a characteristic polyurethane foam pore radius r ~ 10”%® m and a pressure ratio on
the front p2/p1 R, 1 it follows from Eq. (1) that t; % 5+10~° sec. Since this value is com-
parable to experimentally measured values of the duration of the shock front in elastic poly-
urethane foam 10" sec [8, 9], it can be assumed that the process of gas compression in the
pores upon transition through the discontinuity is practically adiabatic. We will now use
the subscript 1 to denote medium parameters ahead of the discontinuity and the subscript 2
for parameters behind the discontinuity. We will transform to a coordinate system fixed to
the discontinuity. With consideration of the assumptions made, the system of equations of
conservation of mass, momentum, and energy will not differ from the corresponding system of
equations for the case of an ideal gas:

. 2 2
PV = Pal2, P01 — Pela = Py — Py,
2 2

F1 Vi Py Vs
+;U14-7T-—7g—+-U2+—7r,

(7

where pj, Vi, Pj, Ui (i = 1, 2) are the density, mass velocity, pressure, and specific inter-
nal energy of the medium in the given region of the flow. It is obvious that in the absence

108



o, I/ sec
240 /
D,,u,, m/sec _ 70

275

180

/ y /5|
225 - » '

120 : o«
)/ y _ 5 /
/ .’OO . 7
175 // 50 BT 2]
125 0 5 10 o 2
15 7 49 21 M p%10% Pa 77 15 19 M,
Fig. 1 Fig. 2 Fig. 3

of interphase heat exchange, when the internal energy of the medium is taken equal to the
internal energy of the ideal gas in the free pore volume, the expression Up = U%% is valid
(here and below the superscript O denotes parameters of the gaseous media), whence

P

U=
. y—-1 p°

(8)
The values of the porosity coefficients ajy, oz on both sides of the discontinuity are related
by an expression easily obtained using the assumption of 1ncompre851b111ty of the solid phase
of the medium:

ar =1 — (1 — ar)pfp;- (9)
Substituting in Eq. (7) the quantities U;, Uy calculated with the aid of Eq. (9) we have the

desired relationship between the densities and pressures on the discontinuity:

2 ! . 10
Py Pyfp (v 1—20) + (22, + 7 —1) (o

This expression is an analog of the Hugoniot adiabat for a two-phase medium, and as can easily
be proved, for a1 = 1 (a pure gas) it takes on the classical form [10]. In a high intensity
shock wave pz/pl + o, g0 from Eq. (10) we have the value of the limiting compression of the

medium
(.E’z_)-=._vir_i___
0l ¥HL1—20,"

For example, for vy = 1.4 and a1 = 0.95 the limiting compression (p2/p1)w = 4.8, i.e., markedly
less than in the case of a pure gas, where (p2/p1)w = 6. With the aid of shock.adiabat equa-
tion (10) it is simple to obtain an expression in explicit form for the shock wave velocity

in the medium D; and the mass velocity behind the front u; (laboratory coordinate system):

‘/17274—1)4-111?—1) Uy = (33 — ) 2oy (11)
= » W=\ Py P D+ o, —1D]°

Using Eq. (11) and the approximate expression for the frozen speed of sound, Eq. (6), one can
express the Mach number of the shock wave as a function of the gasdynamic parameters

Py (v+1+plv—~1) -
Mﬁ_—_l/ 2y

We will consider the process of reflection of a steady—-state air shock wave from a wall covered
by a layer of elastic polyurethane foam. To calculate the parameters of the shock wave formed
in the porous medium it will be convenient to use a graphoanalytical variant of the method of
decay of an arbitrary discontinuity of state .parameters in a gas [11], which in addition to
the pressure in the shock wave py allows determination of the velocity of the gas—porous
material boundary uy for a glven intensity of the air shock wave. Calculations of the rela-
tive reduction in pressure on the phase boundary K(My) = p,/pso¢ (where poy is the pressure

of normal reflection of the incident shock wave with M; in air from a rigid wall) indicate
that with increase in M; in the interval 1.5-2.3 for initial conditions p; = 10° Pa, p; = 33
kg/m>, a; = 0.975 the coefficient K(M;) decreases monotonically from 0.76 to 0.66. Figure 1
shows curves of Da(M;), ua(M;) calculated with the aid of Eq. (11) for these initial conditions.

109



Considering the equation of momentum balance for the incident and reflected shock waves in the
medium and applying Eq. (10) it can be shown that the analytical expression for the reflection
coefficient Ry = p3/p2 (the subscript 3 denotes the parameters of the reflected shock wave)
is identical to the classical expression [10] for the case where the medium is an ideal gas.

Denoting the initial air pressure by p§, we write the final expression for the coeffi-
cient of pressure increase on the wall R; = p3/p2o:

(3v — 1) K(M,) Py (M)/p) — (1 — 1) (12)
=1 K (M) 7y M)/p3+ G+ D

Experimental Studies. To verify the computation model described, the above experiments
were performed during which pressure pulses on a wall were measured, together with the speed
of sound in an elastic open cell type PPU-EM-l polyurethane foam for various initial condi-
tions. The experimental apparatus consisted of a rectangular shock tube with diaphragm, with
cross section 0.1 x 0,1 m. 'The length of the high-pressure chamber was 1.5 m, and the total
length of low-pressure section and measurement section was 8 m. Helium and air were used
for the driver and working gases. For the experiments measuring the speed of sound in the
polyurethane the high pressure chamber was filled with the material to be studied, after which
air was pumped into this chamber until the copper diaphragm separating it from the evacuated
shock tube channel ruptured.

R1 (Ml) =K (M1)'

Piezoelectric pressure sensors mounted in the side walls of the high pressure chamber
(measurement base 0.2 m) and a dual trace oscilloscope were used to record pressure profiles
in the rarefaction wave which propagated through the material after rupture of the diaphragm.
Measurement of the time shift between the normalized pressure profiles allowed determination
of the speed of sound in the medium for a given initial gas pressure. The oscilloscope was
triggered by an additional piezosensor located in the high pressure chamber near the diaphragm
which drove a trigger pulse shaper. Preliminary experiments confirmed that because of the
open cell structure of the PPU-fM-1 foam with sufficiently slow gas supply (rate of pressure
increase =5-10° Pa/sec) there was no irreversible deformation of the specimen which would
- hinder comparison of experimental and calculated data. The specimen was maintained at a gas
pressure close .to that required for rupture of the diaphragm for no less than 30 sec in each
experiment. -The accuracy to which the speed of sound was measured over the given base was
determined mainly by the accuracy with which the pressure profiles were processed as well as
the quality of the piezosensors, and comprised ~207. Results of the speed of sound measure-
‘ments in PPU-EM-1 polyurethane foam are shown in Fig. 2, which also shows the calculated curve
a(po) constructed with Eq. (4) for the parameters of the material used in the experiments

(a1 = 0.98, p ~ 1.2-10% kg/m®). Analysis of Fig. 2 reveals satisfactory quantitative corre-
spondence between the calculated and experimental a values.

Experimental measurements of the pressure increase coefficient on the wall beneath a
layer of polyurethane foam were performed with the shock tube described above. The experi~
mental setup and some results were described in [9]. Plane layers of the material studied
(PPU-EM-1, o =~ 25 kg/m®) ~0.13 m thick were placed on the end face of the tube, completely
covering the cross section. The initial pressure in the low pressure chamber was 10° Pa.
Helium and nitrogen were used as driver gases, with the former producing a shock wave in the
experimental section characterized by a falling pressure profile. This effect, not found
when nitrogen was used, is related to the fact that the rarefaction wave reflected from the
face of the high-pressure chamber was able to overtake the shock wave and form a nonsteady
state pressure profile in the latter. The Mach number of the incident shock wave was varied
over the range 1.3-2.3.

Figure 3 shows results of measurement of the coefficient R; for various values of M;
(1ight and dark circles correspond to the two series of experiments using helium and nitro-
gen), as well as calculated curves 1 and 2, constructed with Eq. (14) at y = 1.4 (adiabatic
model) and vy = 1.0 (equilibrium model), respectively. Satisfactory quantitative agreement
of the calculated and experimental R; values occurs only for M;  1.6; at My > 1.6 the experi-
mental points lie above the calculated curves. As an example, Fig. 3 shows calculated curve
3, comstructed with Eq. (14) for y = 1.0 and Ry;(M;) calculated for an adiabatic flow model.
It can be shown that curve 3 defines the maximum possible values of Ry(M;) for the given ini-
tial conditions. It is evident that with increase in M; the experimental values of R; are
described approximately by curve 3, which indirectly indicates the appearance of interphase
heat exchange effects in the shock wave in the porous material.
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Without presenting a detailed treatment of the processes leading to formation of a shock
wave front in the porous compressible material, we will note that the front duration should
significantly exceed the values characteristic of shock waves in gases. In the general case
the shock wave front thickness in a medium with fine structure corresponds to some character-
istic dimensions of the medium d, in the present case, the pore diameter. Assuming for sim—
plicity that the front is formed at a distance 7 ~ 10d, we obtain for d v 107  m and a shock
wave velocity in the medium Dy ~ 2- 102 m/sec a front duration t ~ Z/Ds = 5+107° sec, which
agrees fairly well with the experimental data of [8, 9]. The permeability. of the skeleton of
real porous materials may lead to additional imcrease in the front duration.

The application range of the calculation method described 1s limited to relatively high
initial gas pressures in the compressible porous medium (p, 2 10 Pa for elastic polyurethane).
At lower gas pressures it is necessary to consider the elastic force of the skeleton material
and modify Eq. (8) for the internal energy of the porous medium correspondingly.
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