SHOCK WAVE REFLECTION IN GAS~LIQUID FOAMS

A. T. Malakhov and B. I. Palamarchuk UDC 532.529+532.593

Shock wave propagation in gas—liquid foams was studied in [1-5)}. It was established
in {1, 2] that plane shock waves in foams have developed relaxation zones with pressure rise
times up to several milliseconds. Then with increase in intensity the parameters of inci-
dent, and especially reflected, waves deviate from the equilibrium parameters in a foam, cal-
culated in the manner of [6], from the volume concentration of the condensed phase (c-phase).
To describe the process of shock wave reflection in gas—liquid systems [4] proposed a model
approach based on description of shock compression of a two-phase medium by a polytropy index
K=1+(y—1)(1—¢), where vy is the adiabatic index of the Poisson gas phase, and € is the
volume concentration of the c-phase. Despite this approach's satisfactory description of the
experiments of [1, 2] on shock wave reflection in foam, use of K to explain observed shock
wave attenuation in foam leads to severe divergence between experimental and calculated data
[7, 8]. One of the causes of disagreement of calculated and experimental shock wave param-
eters in foam is apparently the presence of developed relaxation zones, comparable in size
of the dimensions of the shock tube operating channels used in {1, 2, 5] for their generation.
The present studies were performed in shock tubes which insured achievement of equilibrium
parameter values behind the incident shock wave front. In addition to performing the experi-
ments, the effect of volume fraction of the c-phase was analyzed, as was the validity of the
assumptions of gas idealness and incompressibility of the c-phase normally employed in cal-
culating incident and reflected shock wave parameters.

The studies of shock wave propagation in foams were carried out in a horizontally ori-
ented shock tube with inner diameter of 67 mm. The low-pressure chamber was 5.9 m long, and
the high-pressure chamber, 2.6 m. A special laboratory foam generator was used to completely
£fill the low-pressure chamber. The lateral surface of the shock tube was provided with piezo-
ceramic pressure sensors with a natural resonant frequency of 30 kHz, while the tube face
carried a pressure sensor with sensitive element of electretized polyvinylchloride [9] with
resonant frequency of 400 kHz, which had a linear dependence of charge generated upon pres-
sure over the range 0.1-100 MPa.

The air pressure in the high-pressure chamber was varied over the range 5-13 MPa. Un-
certainty in determining shock wave velocities was no more than 107, with pressure measurement
uncertainty no more than 157. The mass concentration of liquid in the foam was varied from
2.5 to 27 kg/m®. The liquid used for the foam was water with 5% of the industrial foam gen-
erating agent OP-1 added.

As in [1, 2], two types of incident shock waves were observed — disperse, with a two-
front pressure profile configuration at D; < @o (where ag is the speed of sound in the gas
filling the foam cells), and single-front at D1 > @o. Increase in liquid concentration while
malntalnlng other conditions equal to leads to a reduction in shock wave velocity and an in-
crease in the pressure head at the front. The velocity and amplitude of the waves studied
in the operating section of the low-pressure chamber, where parameters were measured, were
constant within the limits of experimental uncertainty over all baselines between recording

Sensors.

Flgure 1 shows a typical recordlng of shock wave propagation and reflection from a rigid
wall in foam with o7 = 27 kg/m®, where I, II are the incident and reflected waves, respec—
tively. Also shown are sensor locatlons along the shock tube. As is evident from the re-
cordings, the pressure profile of the incident shock wave formed has a clearly expressed
relaxation zone of two—front configuration. The shock wave velocity in the foam was 320 m/
sec, with pressure change at the front of 2.9 MPa. Judging from the oscillograms the length
of the relaxation zone ~1.3 m.

Figure 2 shows the experimentally determined dependence of the pressure ratio p1/po,
where p; is the pressure in the incident wave and po is the initial pressure, upon Mach
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number M; = Di/og, where ap is the equilibrium speed of sound in the foam.

In contrast to the incident shock waves, the speed and pressure profile of the reflected
waves did not remain constant, but varied with removal from the reflecting wall. We will con~-
sider the evolution of the reflected wave in the foam, shown in Fig. 1. As is evident from
the reflected wave recordings, as it departs from the tube face there is a qualitative change
in the pressure profile. Thus, on the tube face the maximum pressure head, achieved in the
wave after 2.5 msec comprises Ap2 = 29 MPa. The reflection coefficient is then equal to
Ap2/Apr = 10. 1In contrast to the incident wave the reflected wave has a triangular pressure
profile. With increase in pressure a precursor is clearly distinguishable, as in the incident
shock wave. At a distance of 65 mm the maximum pressure head in the wave decreases to 23 MPa,
and the precursor becomes shorter. The precursor then disappears, there is an abrupt increase
in slope of the front, and at a distance of 0.51 m from the face the wave has the steep shock
front characteristic of shock waves in gases, with the pressure falloff behind the front be-
coming smoother and the pressure head at the front decreasing to 12 MPa.

Analysis of the reflected wave velocity measurements reveals that upon departure from
the rigid wall over the 0-65-mm base the wave has a velocity Dy = 95 m/sec, while over 65-135
mn the velocity decreases to 55 m/sec, and then begins to increase abruptly, reaching 140 m/
sec between sensors 3 and 4, and 470 m/sec between 4 and 5.

Figure 3 generalizes the experimental data on the pressure ratio p;/p1 as a function
of p1/po in the reflected waves for gas—liquid foams with various initial densities. The
dark circles denote the experimental results of [Z2]. It is evident that the experimental
data obtained herein are higher than the reflection coefficients for air (curve 1), filling
the foam cells, and higher than the results of [2].

To analyze the experimental dependences obtained, we will consider the foam as a homo-
geneous medium consisting of a uniformly distributed liquid phase in a gas. Let a steady-
state shock wave propagate within this medium with velocity Di, and be reflected from a rigid
wall at velocity Dy. For the flow region where kinematic equilibrium is established between
the phases we will find the interrelationship of medium parameters before and after the fronts
of the incident and reflected shock waves. For variables we will use the pressure p, mass
velocity u, and temperature T of the gas, the density of the two-phase medium p = gy + Og s
the ratio of mass concentrations of liquid o7 and gas Og, N = OZ/Og = ep7/[(1 ——E)pg], and
the temperature of the c-phase t. Here €, p7 are, respectively, the volume fraction and
density of the c-phase, Pg is the gas density. The subscript O denotes parameters of the
unperturbed medium, while 1 and 2 denote values behind the fronts of the incident and re-
flected waves. Here and below the subscripts g and I indicate parameters of the gas and c-
phases, respectively. Assuming that ahead of the incident shock wave front the medium is in
equilibrium and at rest (up = 0), we write the system of defining equations in the following-
form:
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for the incident shock wave

01Dy — uy) = peDy, Pi — Py = peDyuys M
hy + (D —w,)?/2 = g + D}/2;
for the wave reflected from a rigid fixed wall
p:Dy = 01Dy + wy), P2 — Py = 02Dy, (2)
hy+ (Dy + uy)*/2 = hy + D§/21

where h is the specific enthalpy of the mixture, additively determined. For the assumptions
normally made, that the gas obeys the equation of state of an ideal gas, and that the c-phase
is incompressible and has constant specific heat, the equation of state of the two-phase me-
dium can be written in the form

h, -+ Mk q T—s (3)
=T h_ Y_r ¢ _ﬂ) - P
h=~ 1+n[vflpg+n‘(t+pl] Fr—19p°
where T' is the effective shock adiabat index, defined by the expression
t
1—]—1]67
=y —2; ()
1—{—77]67'

where 8 = c/cp is the ratio of the c-phase specific heat to the specific heat of the gas at
constant pressure Cp; Y is the gas specific heat ratio.

With the assumptions made above, the interrelationship between the volume content of
the c-phase and the densities of the medium and the gas phase is specified by the equation

gileiq = 0ilpiq = (1. — si)pgi*/‘[(i — B;_1)Pgi -l (5)

If the index T in Eq. (3) remains constant both ahead of and behind fronts of the inci-
dent and reflected waves, then the interrelationships of medium parameters will be defined by
expressions obtained by substituting Egs. (3)-(5) in Egs. (1), (2) of the following form:

pgilpgios = 1T + )p; + T'— Dp; 4V [T ~ Dp; + @ + Dpsys (6)
Pi—q — Rgi—1 - ’265_1 (pi_pi—l) * — ’ (7)
0; . ) T+)p+T—1)p, -
Ty b P, . : 8
Tisa  Piy Py’ . ®
N > — - )
u1=(P1“Po)l/ Pg0(1+7])[(1‘—]-1)171—}-(1‘-—1)170]’ . | (9)
bt v/wf+np;Hr~n%_ S (10)
1Ty 2049 (1 -+M) ’ .
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o T=Dp+T+0p°
R O T e LI (12)
Dz—_ul[ 2(1—eg) (Py—Py) 1},
D, 2(p,(F—1)-+p) 2e(p, — P) [BT— 1) p, + T +1)p} (13)
D, T T Dp+ T =17, ' [T—Hp + T+ p] [T+1) py+ T=0)p]

In particular, the expressions obtained are valid for the two characteristic cases of
complete thermal equilibrium and frozen heat exchange between the phases. In fact, in the
first case at T = t the adiabatic index T coincides with the Poisson adiabatic index for a
two-phase mixture I'o which remains constant during passage and reflection of a shock wave.
With frozen heat exchange between the phases (t = to) the index I' is not comstant, but in
this case the internal energy of the c-phase remains constant during the shock compression
process, which in turn makes it possible to write equation of state (3) in the form

'—e py—ce
F—1 py—1

“h= +- const.

o=

Then, as follows from Eqs. (1), (2), Egs. (6)-(13) become valid for description of the
process of shock wave passage and reflection in the case of frozen heat exchange between the
phases when in place of T we use the Poisson adiabatic index y, which in contrast to I' does
not change during shock compression of the mixture.

Analysis of Eqs. (6)-(13) permits the conclusion that the density and temperature ratios,
the gas temperature, and the pressure and mass velocity of the two-phase medium behind the
shock wave are independent of the volume € occupied by the c-phase, and are completely deter-
mined by the degree of heating of the c-phase. At the same time, the density of the medium
and the velocity of the reflected wave depend on both the heating and the volume content of
the c-phase. We note that for frozen heat exchange between the phases the reflection pres-
sure and gas temperature behind the front coincide with the parameters of a shock wave in a
pure gas for given pi/po.

In analysis of shock wave flows in gas suspensions and foams € is often neglected, as-
suming that the density of the medium p = o7 + Pg- This significantly simplifies calculation
of the hydrodynamic problems, introducing an error in determination of the parameters of the
incident shock waves no larger than a quantity proportional to (! — e0)”'. A completely dif-
ferent pattern is found when reflected shock waves are considered. Figure 4 shows the effect
of & on reflected shock wave velocity as a function of incident wave velocity. The solid
lines are calculated dependences with consideration of e, the dashed lines, without. Curve
1 was constructed for air, curve 2 for a water—air foam with o7 = 2.5 kg/m”, eo = 0.0025,

I'g = 1.030, curve 3, o7 = 27 kg/mg, go = 0.027, To = 1.0029. As is evident from the graphs,

neglect of the volume fraction of the c-phase
to a qualitative difference in the dependence
with nonconsideration of e the reflected wave
wave velocity, but increases when this factor

For the case of wave propagation in foam

leads not only to quantitative differences, but
of reflected wave velocity on intensity. Thus
velocity decreases with increase in incident

is considered.

presented in Fig. 1 the experimental values of

reflected wave velocity mear the rigid wall are below the calculated value of 270 m/sec. This
fact, like the initial reduction in velocity with subsequent increase with departure of the
wave from the rigid wall, can be explained qualitatively by subsequent reflection of portions
of the relaxation zone with an increasing concentration of c—phase in the medium. Then the
transition from smooth pressure increase to abrupt shock front is in all probability related
to exit of the reflected wave onto the foam—gas contact surface.

We will now turn to a comparison of calculated and experimental pressure values in the
incident and reflected shock waves. From Egs. (6)-(10) the dependence of pressure ratio on
shock wave Mach number in the foam can be written in the form

pi/py = [2TM2 — (' — DT + 1), (14)

where M; = Di/o is the shock wave Mach number, o is the speed of sound in the foam, defined

by the expression o= L/f~__£fl_;_
[P (1 —&)]

For the foams studied at thermodynamic equilibrium between the phases T =

To = 1 and
p1/po = M%. This function is shown by the solid line in Fig. 2.

The dashed line shows the
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dependence obtained by use of the equation ' = K =1+ (v — 1)(1 — eo), proposed in [4]

for description of shock waves in gas—liquid media. For the foams studied K practically coin-
cides with y. As is obvious, the experimental results for the incident shock waves agree with
the calculated parameters with T = Ty, which indicates attainment of thermodynamic equilibrium
between the phases behind the incident wave shock front. At the same time, the parameters of
the reflected wave differ significantly from the calculated values. 1In Fig. 3 curves 2, 3
correspond to calculated equilibrium dependences of pz/py on pi/poe for foams with o7 = 2.5

and 2.7 kg/m®, respectively. The curve constructed for the case I = K in fact coincides with
the curve 1, constructed for shock wave reflection in a pure gas. Comparison of calculated
and experimental values of the reflection coefficients shows that the data obtained differ
significantly from equilibrium parameters at T = Iy, and from the calculated parameters at

r =K.

Considering the high shock compressibility of the foam structure, it was assumed that
one of the causes of such great divergence between experimental and calculated results may
be nonconsideration of the real properties of the foam phase.

To clarify the effects of nonideality of the gas and compressibility of the liquid,
shock wave parameters in a foam were calculated using the equations of state of real air and
water, obtained by interpolating tabular data on thermodynamic parameters of water and air
[10-12]. System (1)- (3) is supplemented by the equations

I R S [ L (15)
J p+ T(pg—l—}-d)2 . _ ;

—1 y —3 —4 0.147166 (16)

p; ' =3.086-107°—8,99017-107° (374.1 — 1) -

—3.9.107%(385 — 1) (p —225.5) + a; + a5t + a5i® + a,1® + agtt + agp
+ a;p* + asD” + agp* + 1Pt + aupt® + a;20% + aypt%; _

hy = by -+ BT -+ ByT? -+ byT® + bgT4 + bep + bop? + (7

+ bsp -+ b'.)p + by T "l" byupT? + b12p2T + bisp T
By = ¢ - et 4 cst? + 0453 "' est* 4+ cep + cp® + p® 4 cop* + 3Pt c11pt2 + cpp® + C13Pt (18)

where
R = 2.87»10—3; a = 0.351273; b = 1.0432.10-3;
8, = 9.5075-10% 8, = 9.875-10-;
a, = 5.7126-40-5; g, = —8.6109-10-7; a5 = 4,3265-10"";
0, = —1.6287-10-1; a5 = 2.5868-10-™; a5 = 1.2751-10-%
— —4.9404-10-1; a; = 1.9303-10-%%; ay — 1,9355-10-5;
4 = 2.4574:10-1% a;; = —6.2634-101% a;, = —1.0482- 10—13;
| a5 = 1.8728-10~%;
— —3.5676-105; b, = 5046.5; by = —17,299;
= 3 3113 10~ by — —2.3919.10-%; by = —1.6957-10%;
, = 0,8302; by = —2,0286-10~% by = 2/4283-107;
o = 9.9132, by, = —2.2796-10~%; by, = 15718109
by = 1.9714-10-5;
o, = T56.18; ¢, = 4161.7; ¢; = 2.433-10-%

¢, = —6.3329-10-% ¢; = 7.7487-10f5; ¢s = 91.087;
, = 5.6127.10-% ¢ = —1.4895.10-4;
¢y = 1.0315.10-7; ¢;p = —2.48429.10-%; ¢}y = 1.0493-10—5;
L, = 6.6799.10-%; ;5 = —2.2016-10-7;

Py, P7 are the gas and liquid densities, kg/mg; hg and h7 are the specific enthalpies, J/kg;
pressure, Pa; temperature T, K; t, °C.

The first part of Eq. (16), which does not contain the coefficients ¢j, was taken from
[10]. The additional term with aj was added to increase the accuracy of the tabular data
approximation. The system of nonlinear equations (1)-(3), (15)-(18) was solved by computer
using Newton's method. The relative uncertainty of the solution produced by inaccuracy in
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approximating the thermodynamic parameters of air and water over the pressure range 0.1-90 MPa
and temperatures of 293-600°K for calculated shock wave parameters in the range 8 < p;/pg €
30; 2.5 € g7 < 27 kg/m® did not exceed 0.5% for Dy, 5.2% for D,, 1.6% for p2/p1. Table 1
presents results of equilibrium shock wave parameter calculations for air and foam with vari-
ous liquid concentrations.

The significant difference between shock wave parameters in air and foam cells attention
to itself. The presence of a c-phase leads to an abrupt increase in compressibility of the
medium, significantly exceeding the compressibility of a pure gas. In fact, in intense waves
there is a qualitative change in the structure of the medium: the foam behind the reflected
wave should most probably be considered a bubble foam, with volume gas content approaching
several percent. A comparison of the compressibilities of gas phase in the foam upon shock
reflection is still more revealing. Thus, for the case presented in Fig. 1, attainment of
equilibrium shock wave reflection should be accompanied by an increase in gas density of 500
times, with pz/pg = 1.82. We note that in a gas at y = 1.4 the limiting compression in the
reflected shock wave comprises pa/po = 21.

Comparison of the calculation results with and without consideration of real foam phase
properties shows that at a pressure in the front of 1-1.5 MPa the uncertainty in determining
medium parameters lies within the computational uncertainty introduced by inaccuracy in ap-
proximating the equations of state (see Table 1, pi/pos = 10). With increase in shock wave
intensity (pi/po = 30) the real properties of the gas and c-phases begin to manifest them-
selves. This reduces the gas density, while the liquid density may be either greater or less
than the "ideal value, depending on temperature. At pi/po = const a decrease in liquid con-
centration increases its temperature. As a consequence, despite the high pressure, expansion
of the liquid occurs. The combined effect of decreases in liquid and gas density leads, in
particular, to small deviations at relatively low liquid concentrations p;, and thus Dy, from
the ideal case (see Table 1, o7 = 2.5 kg/m®). On the other hand, for large liquid concentra-
tions reduction in gas density and compression of the c-phase can not only compensate each
other, but lead to a relative increase in density of the two-phase medium. As is evident from
Table 1 (o7 = 27 kg/m’) the velocity of the reflected wave becomes less than the "ideal" value.

On the whole, over the range of shock wave intensities and liquid concentrations studied
the relative deviation of the shock wave parameters with and without consideration of real
properties of the gas and c-phases does not exceed 1% for Di, 2.5% for Dz, and 3% for p2/p1.
Thus, within such accuracies analytical expressions (4)-(13) can be used to determine equi-
librium shock waves in foams. With reference to incident shock waves this has been confirmed
by the experimental studies performed. On the other hand, consideration of the real proper-
ties of the medium does not explain the large differences observed between experimental and
calculated parameters for reflected waves.

The cause of noncorrespondence between measured and calculated parameter should appar-
ently be sought in the relaxation character of shock wave reflection, caused by sequential
reflection of microvolumes of the medium in which the degree of perfection of momentum and
energy exchange processes differs.

Exit of the perturbations which then develop onto an "unconnected" contact surface 1is
accompanied by generation of a rarefaction wave in the direction of the reflecting surface.
This, in particular, is one of the causes of change of the rectangular profile of the maximum
pressure zone in the incident wave into a triangular one in the reflected wave. The effect
of these factors on reflected wave parameters can be neglected only if the extent of the
equilibrium parameter zone in the wave significantly exceeds the length of the relaxation
zone. The maximum dimensions of the thermodynamic equilibrium zones behind the incident and
reflected wave fronts may be estimated from Table 1. In particular, for a low-pressure cham-
ber length of 5.9 m for o7 = 27 kg/m® (see Fig. 1) the length of the equilibrium parameter
zone for the incident wave Z; = 0.35 m, while for the reflected wave I = 0.16 m. In the
observed waves the relaxation zone for both incident and reflected waves is several times
greater than the calculated size of the foam samples with equilibrium parameters, so that the
zone with thermodynamically equilibrium parameters is not reflected directly from the rigid
wall, but through a layer of nonequilibrium two-phase medium, included in the relaxation zone.
Tn this case use of Egs. (4)-(13) is not justifiable, and despite the steady-state and equi-
1ibrium character of the incident shock waves, the reflection coefficients will be lower than
calculated values. At the same time, since increase in length of the shock tube operating
section leads to a relative increase in the equilibrium parameter zone, this should lead to
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an increase in reflection pressure, as was confirmed in experiment. The above indicates the
validity of the proposed physical analysis of the results obtained, and indicates the neces-—
sity of considering the effects of length of the wave perturbation and pressure profile in
the relaxation zone zone on reflected wave parameters in two-phase media.

For a deeper understanding of the observed phenomena it will be necessary to analyze the
effect of relaxation processes on formation and reflection of shock waves in foam.
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INFLUENCE OF SCREENING GAS-SUSPENSION LAYERS ON
SHOCK-WAVE REFLECTION

A. I. Ivandaev and A. G. Kutushev UDC 532.529:518.5

More and more attention has recently been spent on investigating the urgent problem of
nonstationary wave flows of gas—suspensions. The main results obtained are reflected in a
number. of papers [1-4] and are examined in sufficient detail [5]. An analysis of weak shock
propagation in gas suspensions is represented in [6] on the basis of the Burgers equation,
while strong shocks in a gas with disperse particles are investigated in [7, 8]. Analysis
of the literature shows that stationary shock-wave propagation and interaction with obstacles
in gas-suspensions have been studied well enough. At the same time there are practically no
papers devoted to the investigation of the nonstationary process of finite-duration shocks
interacting with obstacles [5].

Results of a numerical investigation of the influence of the screening gas-suspension
layer on the reflection of a plane nonstationary shock from a rigid wall are represented in
this paper. The results can be useful in the design of systems of dust protection from the
action of shocks and the analysis of possibilities of gasdynamics methods of depositing pow-
der coatings [9].

Moscow. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 1, PP
115~120, January-February, 1985. Original article submitted November 20, 1983.

0021-8944/85/2601-0103$09.50 © 1985 Plenum Publishing Corporation 103



