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Foamy agents are widely used in blast welding [i], fire fighting [2], and coal mining 
[3]. Because of the large volumes involved, foam used for protection often contains inhomo- 
geneities, gaps, and plugs which affect its mechanical and physical characteristics. Thus, 
in the case of explosion protection, the wave interaction, the motion of the shock-wave 
(SW), and the pressure impulse on the protected structures can significantly vary within the 
foam. It has been found [4-7] that the SW dynamics and profile in foam depend on the SW 
velocity Vf and the length of the compression phase. When the speed of sound in the foam- 
filling gas a 0 > Vf, the SW develops a forerunner with a wide relaxation zone and a pressure 
increase to equilibrium. If a 0 < Vf, no forerunner is produced. Experiments with shock 
tubes have usually been limited to Vf < 1 km/sec, with a mean foam density P0 ranging from 
5 to 30 kg/m 3 [8, 9]. Vertical [i0, ii] and horizontal [6-9] foam layers of varying thick- 
ness have been used, with foam filling the entire tube channel or part of it near the end 
wall [ii]. Most reports give no details on the characteristics of the foaming solution, the 
disperse composition of the foam, or other variables which would make it possible to compare 
the results of different studies. Scant attention is given to structural changes across the 
foam layer, although it has been found [12] that the discharge of liquid from the foam (i.e., 
syneresis [13]) can affect the SW shape and characteristics. 

The usual profile of an incoming wave is analogous to that behind explosion waves, i.e., 
it is approximately triangular [i0]. An SW with an extended compression phase interacts dif- 
ferently with foam [6, 7], and it is therefore worth comparing the behavior of disturbances 
of different profiles in foam. 

In this study we examined the propagation of SWs with different compression phases in 
foam. We used a vertical tube filled with bubbled foam undergoing appreciable syneresis. 
This simulates the conditions produced in actual tests of foam protection against SW impact 
[14]. 

i. Experimental Procedure. We used a vertical shock tube of polished Plexiglas with a 
channel length L = 1440mmand inner diameter D = 52mm. The high-pressure chamber was made of stain- 
less-steel tube sections of the same diameter and length ~ = 40 and 800 mm. Mounted on the 
channel walls and tube end were miniature 800 kHz pressure pickups (a total of i0). The 
pickup signals were fed through a transponder to $8-17 oscillographs. The intervals between 
triggering pulses were measured with frequency meters within 0.I psec, and were used to 
determine the SW velocity V in air. A diaphragm composed of several layers of 20-pm dacron 
film was used in control the burst pressure P4. The reproducibility of the SW velocity and 
the pickup signal amplitude was 1.5%. The velocity measurement error was 51%. 

The foam was produced by bubbling air at 0.3"i0 s Pa overpressure through a porous filter 
and a layer of a 3% solution of PO-6K surfactant in water. The channel wall had a 5 mm hole 
30 mm above the tube end, and the foam flowed in through a 400 mm rubber line of the same 
diameter as the hole. The rate of flow was 10.6 ml/sec, with a mean foam density P0 = 50 • 
5 kg/m 3. The position of the inlet hole prevented syneresis liquid from draining out of the 
channel; the liquid formed a thin layer ~i cm deep at the bottom. The density P0 was deter- 
mined by the control-volume method [13], which involves measuring the volume of liquid ob- 
tained by the complete breakdown of a foam column of given height h. The mean foam-bubble 
size, measured on photographs, was 400 pm to within 10%. The delay between the foam fill-up 
and firing time was in the range of 60 sec. 
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2. Shock Tube Calibration. In an initial run of tests we measured the SW velocity and 
the pressure at various distances from the diaphragm. The tube channel was filled with air 
at atmospheric pressure, and the pressure in the chamber varied between 5 and i0"i0 s Pa. 
Given a total channel length of =30 diameters, approximately 1/3 of the tube had to be 
filled with foam in the main tests; the purpose of the calibration was therefore to ascertain 
the length of the region of constant SW velocity V and to characterize the flow at distances 
~20 diameters from the diaphragm. 

Figure 1 shows the measured distribution of Mach numbers M = V/a 0 over the tube at thrust 
pressures of 5.6'i0 s, 5.6"10 ~ [sic], and 9.5"i0 s Pa (points 1-3). Points 4 are the experi- 
mental data of [15] for a pressure drop P4/P0 = 5 at the diaphragm and a reduced pressure in 
the channel. The data i and 3 were obtained with a long chamber (s = 800 m_m), and data 2 
were obtained with a short chamber (s = 4 cm). 

We see from Fig. 1 that the length of the SW region does not exceed six diameters. The 
number M increases with P4, and the variation of the experimental points is within 1.5% at a 
distance of ~20 diameters from the diaphragm. In the short chamber experiments the expan- 
sion wave reflected from the chamber end overtakes the SW front, and a triangular wave with 
M = 1.3 is generated at =18 diameters from the diaphragm. On the basis of the calibration 
we choose the conditions of tests 1 and 2 for the foam experiments. 

In contrast to our results, the data of [15] show the formation of an extended SW region 
(=15 diameters). This is due to the fact that in [15] use is made of cellophane diaphragms 
which stretch considerably under load, producing a curved SW front in the impulse region. 
The front also arises more slolwy because the impulsive pressure in the channel is reduced. 
The distribution of M consequently shows a distinctive maximum at the far end of tlhe SW 
region (points 4 in Fig. i). 

Some simple calculations based on [15, 16] indicate that the dacron diaphragms have a 
bursting time of 150 ~sec or less, and the SW-region length is two to four diameters. The 
expansion wave overtakes the SW at a calculated distance of 13 diameters from the diaphragm. 
Also, the pressure-pickup oscillograms provide the means of characterizing the flow. In most 
of the tests with s = 800 mm, the homogeneous state behind the incident SW lasts for 2 to 2.5 
msec, and the signal-amplitude variation is less than 5%. Hence the SW velocity varies within 
~• -I up the flow. 

3. Analysis of Wave Diaphragm. In the tests we varied the form column height between 
100 and 500 mm. The short columns are fairly homogeneous vertically, and made it possible 
to track the whole process from the SW arrival at the foam surface to the emergence of the SW 
reflected from the tube end. By means of a 300 mm column we studied the motion of the SW 
through foam with a nonuniform density produced by syneresis. Plotting the results on a 
space-time diagram yields a realistic wave pattern which cannot be obtained by other means, 
such as calculation by the pseudo gas model [5, 8] or other equilibrium foam models. 

Figure 2 shows the wave pattern for a foam column of height h = 300 mm, SW velocity 
V = 470 m/sec, and chamber length s = 800 mm. An extended-compression SW is reflected from 
the foam surface and is registered by pickup A. Pickups B-E, located in the foam, record 
the motion of the forerunner (curve I); the peak pressure; the motion of the pressure peak 
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(wavefront) at which the relaxation zone ends and equilibrium is approached behind the SW 
(curve 2); and the motion of the SW reflected from the end and from the foam surface 
(lines 3 and 4). The foam surface prior to the SW arrival is marked with a dashed line. 
The oscillograms of pickups A-C also show the arrival time of the expansion wave reflected 
from the chamber end (line 5) and the fulcutations produced by turbulence in the flow be- 
tween the foam surface and the wave reflected by it. The fluctuations may be due to the 
SW crossing an irregular foam surface and a compression wave packet being reflected and 
reinforcing the reflected wave. A similar pressure rise behind the reflected wavefont 
appears in the osciliogram of pickup A. The onset of fluctuations in the oscillograms 
is associated with the arrival of the foam surface at the pickup and is used to plot its 
motion along the tube (line 6). 

In the situation depicted in Fig. 2 the SW is reflected from the foam surface as a 
jump of similar size, while a transmitted wave with a well-defined forerunner compresses 
the foam column to about one-third its height. Compression ceases when the end-reflected 
wave returns to the foam surface. The point of return is above the level of pickup D, which 
is under foam all the time. The levels B-D clearly display the relaxation zone behind the 
forerunner front; the front velocity steadily decreases while its amplitude remains almost 
constant. The peak pressure at the edge of the relaxation zone steadily increases down the 
tube, and at pickup D it is nearly twice as high as at pickup B. The conditions behind the 
end-reflected wave are complicated by the relaxation zone. The forerunner reflected into 
the region of increasing pressure produces a pressure spike, which becomes flattened by 
interference from the foam surface and the arrival of the expansion wave from the chamber. 
The arrow in the oscillogram of pickup D indicates the arrival of a reflected wave with a 
fairly long pressure rise. The horizontal lines in the oscillogram denote the pressure. 

Figure 3 shows some typical pressure oscillograms for the transmission of a triangular 
SW (chamber length s = 40 mm, foam layer height h = 320 mm). As previously, pickup A regi- 
sters the SW reflected from the foam surface, and the transmitted wave displays a forerunner 
and a relaxation zone in which the pressure rises up to z0.96.10 s Pa near the foam surface. 
The forerunner velocity steadily decreases along the foam column, while its amplitude re- 
mains at about 0.3"105 Pa. We thus see that the forerunner characteristics are largely inde- 
pendent of the shape of the incoming SW. 

The flow parameters behind the forerunner front are significantly affected by the air 
profile of the driving wave. Since the pressure steadily decreases in both the incident 
wave and the wave reflected from the foam surface, the peak pressure in the relaxation zone 
varies along with the driving pressure. The oscillograms of the foam-covered pickups do not 
show the amplitude fluctuations associated with gas turbulence. From the pattern of varia- 
tion of the pressure we reconstructed the motion of the forerunner, of the pressure peak at 
the edge of the relaxation zone, and of the SW reflected by the foam surface (curves 1-3). 

4. Discussion of Results. The available data on foams under normal conditions indicate 
that the phase interfaces in these complex polydisperse systems consist of film and channels 
[13]. The structural changes occurring during the transmission of a SW involve mainly the 
breakdown of the interfaces and the formation of drops [6-8]. The relaxation zone behind 
the forerunner front is produced by disintegration of the foam and by heating and accelera- 
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tion of its particles to the gas velocity. Calculations show [6] that the efficiency of 
momentum and energy transfer in a gas suspension depends primarily on the inertia of the 
drops. The pressure profile in the relaxation zone thus represents the foam-particle dis- 
persal dynamics [6]. 

Plotted in Fig. 4 are the relaxation times measured in experiments with foam columns of 
height h = 10.5 (points i, 5), 20.5 (2, 6), 31.5 (3, 7), and 44.5 cm (4, 8). By using dif- 
ferent column heights we could vary the distance Z covered by the SW between the foam 

surface and the measuring pickup. Points I-4 were obtained with a long chamber (s = 80 cm), 
and 5-8 with a short one (s = 4 cm). The relaxation time increases with the distance Z in 
extended-compression waves and in triangular waves, though in the latter the relaxation ends 
sooner. The wave diagram in Fig. 2 shows that the equilibrium pressure at level D is nearly 
twice as high as at level B and that the SW velocity Vf (the equilibrium-pressure velocity) 
through the foam changes insignificantly. This behavior of the pressure and velocity stems 
from the nonuniform foam density over the column. As a result of syneresis, the upper foam 
layers in the channel dry out and the lower part of the tube fills up with liquid [13]. 
Using an "equivalent gas" approximation for the equilibrium foam parameters at the edge of 
the relaxation zone, we can write the Hugoniot function as 

(P,- Po)lPo = Aplpo = 2y( V21a ~-  t ) / ( ?  -+: 1), 

where P0 is the initial foam pressure in front of the SW; Pz is the equilibrium pressure at 
the edge of the relaxation zone; 7 is the effective adiabatic~onent of the equivalent gas; 
Vf is the velocity of the equilibrium-pressure region; a = VTp0/p and p are the equilibrium 
speed of sound and the undisturbed foam density. The parameter u depends on the mass con- 
tent of liquid in the foam. In our case y z 1 and P0 = i atm, and hence the pressure at the 
edge of the relaxation zone Pl ~ V~p. We used this equation to calculate the densities at 

the measurement levels given in Fig. 2. The proportionality factor was Vf = 65 m/sec, as 
measured in that experiment. We found p ~ 37, 68, and 114 kg/m 3 for levels B-D. 

The measurement of the equilibrium pressure at the edge of the relaxation zone (Fig. 5) 
indicate that the SW effect on the foam varies with the profile and pressure of the incoming 
wave. In an extended-compression SW (the designation of the points in Fig. 5 is the same as 
in Fig. 4) the presssure increases with Z, which means that the foam density increases down 
the tube~ 

In a triangular SW syneresis has a lesser effect on the equilibrium pressure~ because the 
SW velocity and amplitude are attenuated by the foam. The separation of the points (Fig. 5) 
at fixed Z for an s = 800 mm chamber implies that the density at a given distance from the 
foam surface decreases as the initial layer height increases. 

In conclusion, we note that syneresis produces a nonuniform density distribution in a 
vertical foam column. At a column height h = 300 mm the density of bubbled foam near the 
surface is nearly three times higher than at the bottom. The density gradient reinforces 
extended-compression SWs and attenuates triangular SWs. Measurements of the relaxation times 
and equilibrium pressure serve to determine the structural changes occurring in the foam. 
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