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Abstract--This paper deals with the unsteady gas filtration through a granular layer attached to a rigid 
end-wall when impacted head-on by a weak shock wave in a shock tube. The main goal of the present 
work is to study the gas pressure field developed inside the granular layer during its compression by the 
shock wave. A physical model is proposed for simulating the phenomenon and solved numerically. The 
numerical results are compared with the measured gas pressure at different locations inside the sample 
and at the end-wall covered by the granular layers. 

Good agreement is found between the calculated gas pressure signals and those measured at the shock 
tube end-wall covered by a granular layer at the final stage when the gas pressure is mostly governed by 
gas filtration. In the initial, unsteady part of the signals, large deviations exist between the calculated and 
the experimental results. The only reason for the agreement or discrepancy between the theoretical 
predictions and the experiments is the compaction effect associated with the formation of the gas pressure 
profile at the shock tube end-wall covered with a granular layer. © 1997 Elsevier Science Ltd. All rights 
reserved. 
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1. I N T R O D U C T I O N  

Unsteady filtration of shock wave induced gas flow through a granular medium is encountered in 
various civil and military applications. Gas filtration is a major result of  the impact process. 
Although this phenomenon can be simulated successfully, only few numerical studies were 
published on this subject while the steady gas filtration through a porous medium is well 
documented (e.g. Dullien 1992; Molerus 1993). 

The study by Gelfand et al. (1989) was probably the first where filtration effects were observed 
in shock tube experiments with granular layers of different thickness and materials. However, this 
study did not address the role of  this effect on the formation of  the compressive stress inside the 
layer. Sakakita and Hayashi (1992) also studied the head-on collision of  a planar shock wave with 
a granular layer. They analyzed two different samples, both were 10 mm thick. In the theoretical 
part of their work the conservation equations for a dust suspension were used. In order to include 
the effects associated with the contact between solid particles (which is unavoidable in granular 
layers) new terms were added to the conservation equations. One accounts for the variations in 
the volume fractions of both, the solid and the gaseous phases; the other describes the stresses inside 
the granular layer due to the particle-particle interactions. Poor agreement was obtained between 
the numerical and the experimental results of  the compressive stress. The effect of  the gas filtration 
was included in their study. 

A similar model was proposed by Kutushev and Rudakov (1993) for simulating the pressure 
signals measured by Gelfand et al. (1989). Kutushev and Rudakov (1993) simulated experiments 
for a granular layer length of  L = 20 mm. The particles composing the layer were treated as a 
deformable body. A qualitative agreement was obtained between the calculated and the measured 
compressive stresses at the shock tube end-wall. Kutushev and Rudakov (1993) noted that changes 
in the gas pressure inside the granular layer were governed by the gas filtration. However, the 
calculated gas pressure histories at the end-wall, shown in their paper, were not compared with 
the experimental results. The investigation of Kutushev and Rudakov (1993) left several questions 
unanswered, such as the use of  fitting parameters which were not known a priori ,  and the validity 
of  the constitutive equation used in their simulation. 
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Rogg et  al. (1985) assumed in their calculations that the solid particles do not move and coupled 
the pure gas region with the granular layer by a quasi-steady flow assumption at the gas granular 
layer interface. In this way the two phase flow problem was reduced to a pure gas problem. By 
fitting some parameters an acceptable agreement between the experimental and the numerical 
results was obtained inside the layer, but not in the pure gas region. 

The same approach was used by Ben-Dot et  al. (1996) for the numerical simulations of  the gas 
pressure history inside rigid porous samples whose porosity were about e = 0.745 and 0.82. Good  
agreement was found between the numerical simulations and the experimental results. In all the 
above mentioned studies, correlations obtained for a packed bed and a steady flow were used for 
treating the momentum and energy exchanges between the gas and the solid phases. Review of 
studies on momentum and energy transfer in packed beds can be found in Rogg et al. (1985), 
Dullien (1992), Molerus (1993). 

Notably, most of the above mentioned studies did not address the coupling which exists between 
the compression of  the granular medium and the gas filtration inside it. An analysis of  the 
experimental results obtained in our previous studies (see, e.g. Britan et al. 1995; Ben-Dot et al. 

1997; Britan et  al. 1997) clearly indicates that the compaction and the gas filtration are important 
factors which affect the waves propagation and the compressive stress formation inside the granular 
medium. Moreover,  in reality these phenomena influence each other and it is difficult to separate 
between them when analyzing experimental data. 

For  this purpose we performed a series of numerical calculations employing a well established 
and validated filtration model. The simulated gas pressure histories were compared with 
experimental data obtained for granular layers with different characteristics. In contrast to the 
studies of  Rogg et  al. (1985), Levy et  al. (1993), Kutushev and Rudakov (1993) we did not employ 
any fitting parameters in the calculations and obtained results which provided a useful guide for 
explaining filtration effects in granular media. This study corrects the pervious assertion on the role 
of  filtration inside materials with different characteristics. Namely, since the filtration plays a 
significant role in granular materials with large permeability, the compression of the sample during 
the impact strongly depends on the drag forces between the gas flow and the particles. In materials 
having small permeability the main effects in the sample compression are related to the direct 
transmission of the impact force through the contact points between the particles (see, e.g. Britan 
et  al. 1997). 

2. EXPERIMENTAL STUDY 

The experimental part  of  this study was conducted in a small vertical shock tube described in 
details in Ben-Dor et  al. (1997). The shock tube has a constant square cross-section 
31 mm x 31 ram, including the driver (0.8 m long) and the channel (1.5 m long). Ambient air was 
used in the low pressure chamber. The driver chamber was filled with air at initial pressure 
0.55 + 0.001 MPa. The Mach number of the incident shock wave was about M~ = 1.3 and did not 
vary significantly between different experiments since the diaphragm was ruptured with the aid of 
a special knife when a desired pressure in the driver chamber was reached. 

To improve repeatability of  the initial conditions and homogeneity of  the granular layers 
a special test section (0.14m long) was constructed for preparation of the samples. Prior to 
the experiment this section was lifted off the holding flange at the rear end of the channel, 
and during the material filling light knocking at the test section wall was applied. Special attention 
was given to ensure that the granular layer free surface remained flat and normal to the side- 
wall. Once a preparat ion procedure was completed, the layer thickness L was measured with an 
accuracy of about  + 1 mm, and the test section with the granular material was bolted at the rear 
flange. 

The test section (see figure 1) was instrumented with pressure transducers T1-T4 which were 
protected from having a direct contact with the granular material particles by a screen permeable 
to the gas. This was done in order to measure the local gas pressure inside the layer. A pressure 
transducer T5 without a screen was installed at the end-wall in order to measure the compressive 
stress there. The recorded data were stored using a data acquisition system sampling at 500 kHz 
per channel on an IBM-486 computer  (for more details see Ben-Dor et al. 1997). 
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Figure 1. Schematic description of the test section of the vertical shock tube. 

The parameters of the granular materials are given in table 1. The particle spatial density pp, 
was calculated using the measured weight and volume. The mean diameter of  the granules dp, for 
materials N1-N3 was measured by a microscope with an accuracy of __+0.01 mm. Powders N4 and 
N5 were grated using sieves with calibrated mesh sizes. The bulk densities pc were determined from 
the overall layer volume and its weight in air. The porosity was calculated from: c = 1 - pc/pp and 
for the permeability of the granular l ayer f the  following Carman-Cozeny formula, derived for the 
monospherical particles, was used (see, e.g. Dullien 1992): 

f =  180 ( ~  E3 "] -TW) [1] 

Hereafter, for convenience each tested material will be identified in the text and the figures by the 
code number assigned to it in table 1. 

3. T H E O R Y  

3.1. The assumptions 

Pr io r  to the  h e a d - o n  co l l i s ion  b e t w e e n  the  inc iden t  shock  w a v e  and  the  g r a n u l a r  layer  the  sol id  

a n d  the  gas  phases  c o m p o s i n g  the  layer  a re  in a s ta te  o f  equ i l i b r ium.  I m m e d i a t e l y  a f te r  the  co l l i s ion  

Table 1. Characteristics of the granular materials used in the 
experiments 

dp pp pc f 
N Material (mm) (g/cm 3) (g/cm 3) E (mm 2) 

1 PVC 3.33 1.40 0.86 0.39 0.00954 
2 A1203 1.67 0.96 0.51 0.46 0.00496 
3 Fe 1.04 7.41 4.50 0.39 0.00099 
4 Fe 0.45 7.41 4.46 0.40 0.00018 
5 Potash 0.45 1.90 1.10 0.42 0.00027 
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Figure 2. Typical gas pressure signals from transducer G (solid curves) and their numerical simulation 
(dotted line) for two types of granular layers and different depths. 

intensive m o m e n t u m  and heat transfer between the two phases begin and the induced flow pattern 
inside the granular  medium involves pressure waves, vortices, jets, and turbulence (Rogg et al. 
1985). A complete study of  such phenomena,  either analytical or numerical,  is very complicated. 
Hence it is impor tant  to simplify the problem in order to make it manageable  while maintaining 
the essential and dominan t  features o f  the phenomenon.  This can be done by employing the 

following assumptions.  

(1) Both the gas and solid phases are chemically inert; the solid particles are uniformly 

distributed inside the granular  layer. 
(2) The distance over which the mean flow parameters  vary significantly is much greater than 

the characteristic dimension of  the solid particles and the distance between neighboring 
particles. Therefore,  both  the gas and the solid phases can be treated as a cont inuum. 

(3) All the solid particles are o f  identical size and have spherical shape which is maintained 

during the impact. 
(4) The stress appears in a granular  medium when it is compressed; the stress vanishes when 

the particles are dispersed. 
(5) The specific heat capacity o f  the solid phase is constant .  The thermal gradients within the 

particles can be neglected because the thermal diffusivity o f  the solid particles is relatively 

high and the particles are relatively small. 
(6) Only heat and m o m e n t u m  transfer between the solid and the gaseous phases are taken into 

account.  
(7) The gaseous phase behaves like a perfect gas. 
(8) The flow field is one-dimensional.  

For  a moderate  shock waves (Ms < 2) the following further simplifying assumptions can be 

added: 

(9) Inside the granular  layer the shock wave induced gas flow velocity is low, the unsteady effects 
are small and a steady state approximat ion  for the friction force can be used. 
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(10) The skeleton of the granular layer during the compaction is not compressed and therefore, 
the porosity changes are negligibly small. 

The use of the two last assumptions is restricted to the case when the particles do not move and 
the porosity of the layer E is constant. Indeed, most of the granular materials used in our 
experiments are quite hard (e.g. Fe, A1203). Moreover, special attention was given to prepare the 
sample with as high as possible packing (for more details, see Ben-Dor et al. 1997). 

3.2. The governing equations 

The mass, momentum and energy conservation equations under these assumptions can be written 
as:  

apo a(po V~) 
~t + Ox - O, [2] 

a(poVo) a(po~)  aPo fo [31 
~?t + ~ 3 ~  + ~?x Co' 

{ (  ')}  { ( ' "°)} 
pc co ro + ~ ~ ~ po Vo co ro + ~ W~ + ~ Qo - Fo Vo 

~3t + ~?x - Ec 
[4] 

The heat conduction equation for the solid phase reads: 

~Tp _ - Q ~  + FGV~ 
6~t EpppCp ' 

for E~ ~ 1. [5] 

To solve the system [2]-[5] we use the equation of state of a perfect gas for the gaseous phase and 
the following equations for the friction losses and heat transfer rates Q~ per unit volume of 
gas-solid mixture: (see, Kaviany 1991; Bird et al. 1960): 

PG = R~p~ Tc, [6] 

F ~  pGV~ 1 -  EG ~A(1--E~) ] 
Ec dp ~-~ 1_ -Pep + B  , for Ec# 1, [71 

Q ~ = h 6 ( 1 - E ~ ) ( T  0_TG), for Ec:~l,  [81 
Z 
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Figure 4. Comparison of the measured (solid curves) and the calculated (dotted curves) gas pressure signals 
from transducers TI T3, for L = 138 mm. 
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Here pc, e~, c~, tip, [p, Cp are the material density, the porosity and the specific heat capacity 
at constant volume of the gas (subscript G) and of the solid phase (subscript p); T,;, V~, eG, Tp, 
Vp, ep are the temperature, the velocity, the specific internal energy of the gas (subscript G) and 
the solid phase (subscript p); Pc and RG are the gas pressure and the gas constant; Pp is the particle 
pressure; F(~ and Fp are the body force, per unit volume of the mixture, acting on the gas (subscript 
G) and the particle (subscript p); dp is the particle diameter; h is the heat-transfer coefficient; cpa 
is the specific heat capacity at constant pressure of the gas; # is the gas viscosity. Qc, and Qp are 
the heat transfer rates, per unit volume, of the gas-solid mixture into the gas (subscript G) and 
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into the particle (subscript p); k = 2.532 × 10 -2 J/msK is a coefficient of the thermal conductivity 
for air. 

According to the theory of homogeneous mixtures (see, e.g. Ishii 1975; Gouph and Zwarts 1979; 
Drew 1983), the work rates, per unit volume, of the mixture done by the gas on the particle W~ 
and by the particle on the gas Wp can be written as: 

W ~ = - W v = - F ~ V ~ ,  O¢;=-Qp. 

The coefficients A and B in Ergun's equation [7] for the friction force during gas filtration are: 
A = 180 and 1.8 ~< B ~< 4.0. For the present case we used B = 1.8 because the particles have smooth 
surfaces (Mac-Donald et al. 1979). 

Based on calculation it was evident, that the above model is not sensitive to up to 10% changes 
in the porosity. This fact further supports the use of the model with a constant porosity, i.e. 
neglecting the compactation of the granular layer during the impact. 

3.3. The numerical method 

Since the system [2]-[13] cannot be solved analytically, a numerical solution was conducted. The 
employed numerical method should be capable of producing an accurate solution with a reasonable 
grid spacing. Hence, a high-order shock-capturing method was needed. 

The TVD (total variation diminishing) scheme of second order accuracy in space and time was 
used in the present numerical computations to solve the homogeneous system [2]-[4]. It is a 
nonoscillatory dissipative scheme containing no free parameters with high resolution of 
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Figure  5. C o m p a r i s o n  of  the measured  (solid curves) and  the ca lcula ted  (dot ted  curves) gas  pressure signals  
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discontinuities. The source terms were treated using operator splitting techniques (for details see 

Hirsch 1991). 

4. COMPARISON BETWEEN THE NUMERICAL AND THE EXPERIMENTAL RESULTS 

The main details of the compressive stress formation inside the granular medium were discussed 
previously by Britan et al. (1995), Ben-Dor et al. (1997) and Britan et al. (1997). The present study 
is a continuation of these investigations, and is primarily concerned with the gas filtration effect 
inside the granular layer. First, computer simulated and measured results were compared for signals 
obtained from the side-wall transducers G, T1, T2 and T3 for granular layers depth of L = 138 mm. 
Next, the same comparison was performed for signals obtained from transducer T4, flush mounted 
at the end-wall and covered by granular layers of different depth L. In both cases, five kinds of 

the 
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the  g r a n u l a r  ma te r i a l s ,  l is ted in t ab le  1, were  s tudied .  T o  ver i fy  the  p r o p o s e d  n u m e r i c a l  m o d e l ,  no  

a d j u s t a b l e  p a r a m e t e r s  were  used  and  the  m o d e l  p a r a m e t e r s  were  the  s a m e  for  the  d i f ferent  ma te r i a l s  

a n d  leng ths  o f  the  g r a n u l a r  samples .  Al l  the  c o m p u t a t i o n s  were  m a d e  fo r  an  inc iden t  shock  w a v e  

h a v i n g  a M a c h  n u m b e r ,  M~ = 1.3. 

4. I. Gas pressure ahead of the granular layer 

D u r i n g  the  w e a k  shock  w a v e  i m p a c t  on  the g r a n u l a r  layer ,  the pos i t i on  o f  the  in te r face  does  

n o t  c h a n g e  s ignif icant ly ,  a n d  the  ve loc i ty  o f  the  shock  i nduced  f low is m a i n l y  g o v e r n e d  by  the  

p e r m e a b i l i t y  o f  the  ma te r i a l .  S o m e  i n f o r m a t i o n  o f  h o w  the  p e r m e a b i l i t y  affects  the  gas  p ressu re  

prof i le  beh ind  the  ref lec ted  shock  w a v e  as m e a s u r e d  by the  t r a n s d u c e r  G is p r e s e n t e d  in f igure 2. 

T h e  first p res su re  j u m p  in these  f igures is due  to  the  inc iden t  shock  wave ,  a n d  the  s econd  one  is 

due  to the  shock  w a v e  wh ich  reflects  f r o m  the  a i r - g r a n u l a r  layer  in ter face .  It  is c lear  f r o m  these  

p re s su re  h i s to r ies  tha t  b e h i n d  the  ref lected shock  w a v e  the  gas  p ressu re  rises c o n t i n u o u s l y  up  to 
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values which would have been obtained had the incident shock wave (M, = 1.3) reflected head-on 
from a rigid end-wall. According to Rogg et al. (1985) and Levy et al. (1993) such an effect can 
be related to the compression waves which emerge from the granular layer during the gas filtration 
through the layer which catch up with the reflected shock wave. This simple model also explains 
the difference between the pressure profiles as measured with the short (L = 22 mm) and the long 
(L = 84 ram) samples of material N2. Actually, while penetrating into the long sample the 
transmitted wave attenuates, and the reflected compression wave becomes more and more dispersed 
and causes the gradual rise of the gas pressure behind the reflected shock wave. For the short layer, 
a strong transmitted wave can reflect at the end-wall and reach the interface without attenuation. 
Thus, the effect of the compressive waves on the gas pressure registered by the transducer G is more 
pronounced. Notably, the calculated profiles of the gas pressure shown by the dotted lines in figure 
2 agree quite well with the experimental results. Although figure 2 describes the results of only four 
experiments and calculations, similar data were obtained for all the studied conditions. As can be 
seen from the data in figure 2 the effect of the permeability is similar to that of the sample length, 
viz., the less is the permeability of the layer or the larger is the sample depth L, the smoother is 
the pressure profile behind the reflected shock wave. 

In order to describe this unsteady profile we introduce a reflection coefficients: 

PR -- P2 
CR - and Ce = Pc~P6, 

P 6  - -  P2 

where PR is the magnitude of the first pressure jump, Pe is the maximum quasi steady pressure 
behind the reflected shock wave, P6 is the pressure behind a similar shock wave reflected from a 
rigid wall and P2 is the pressure behind the incident shock wave. It is evident that during the 
interaction with a granular layer the incident shock wave is partially transmitted inside the layer 
and the reflected shock wave must be weaker than that for a similar shock wave reflection from 
a rigid wall. Thus, for a granular layer the interface coefficient CR must be smaller than unity. 

The propagation of the transmitted wave inside the layer depends not only on the area available 
to the gas flow, but also on the friction force Fc which according to [7], increases sharply across 
the interface. The role of the porosity and the particle diameter of the material can be taken into 
account if the porosity ~ in [7] is replaced by the coefficient of permeability .L Using the 
Carman-Kozeny equation [1], [7] can be rewritten as: 

~G L f + p G v ~  7 ' for ~G4:I. [14] 

Equation [14] shows that the magnitude of the friction force during the transmitted wave 
propagation is directly related to the layer permeability, f .  Therefore, it should be expected that 
the smaller the layer permeability is, the stronger is the reflected shock wave. This expectation is 
confirmed by the experimental and the numerical results shown in figure 3 for samples of different 
materials having a layer depth L = 37 + 2 mm. As can be seen from these data the coefficient CR 
is a decreasing function of the layer permeability f .  

In order to answer the question whether the maximum quasi steady pressure level Pe reaches 
the equilibrium value P6 the experimental values of the coefficient CE are also shown in figure 3. 
It is clear from this figure that the experimental results for Pe coincide with P6 in the range of 
P6 + 3% which does not exceed the 5% uncertainty for the pressure measurements. For a deeper 
layer, the equilibrium pressure behind the reflected shock wave during the test time period 
AT ~ 3 ms is not reached. 

In summary, two conclusions, concerning the discussed phenomenon can be drawn. 
(1) The gas pressure measured before the gas-granular layer interface increases gradually from 

the initial pressure PR < P6 to an equilibrium pressure, P0 ~ P6. The amplitude of the initial 
pressure jump decreases with the permeability of the granular layer. 

(2) The flow field behind the reflected shock wave as observed in the experiments is correctly 
predicted by the simple filtration model which does not take into account the compaction effects 
and the porosity reduction associated with the transmitted wave propagation inside the sample. 
Close agreement between the experiments and the numerical simulations justified the suggestion 
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F i g u r e  8.  T y p i c a l  g a s  p r e s s u r e  s i g n a l s  f r o m  t r a n s d u c e r  T 4  ( o n  t h e  l e f t )  a n d  t h e i r  n u m e r i c a l  s i m u l a t i o n  ( o n  

t h e  r i g h t )  f o r  m a t e r i a l  N 4  a n d  N 5  a n d  d i f f e r e n t  s a m p l e  d e p t h s .  D o t t e d  s t r a i g h t  l i n e s  s h o w  t h e  t a n g e n t  

t o  t h e  l i n e a r  s e c t i o n s  o f  t h e  c u r v e s .  

that the gas filtration through the layer is the main factor determining the pressure history ahead 
of  the granular layer. 

4.2. Gas filtration inside the granular layer 

The role of  the compaction wave during the gas filtration through the granular layer is still poorly 
understood. Basically, the problem stems from the fact that the gas entrapped in the compaction 
wave front can be strongly compressed and may increase its resistance to the gas flow (Britan et al. 
1997). If  the incident shock wave is weak, the effect of the granular layer compression is small and 
it is reasonable to suppose that the effect of the compaction wave on the gas filtration is also 
relatively weak. As was observed previously (see, e.g. Ben-Dor et al. 1997) the compressive stress 
attenuates in the granular layer and the magnitude of the effect of the compaction wave also 
changes with the granular layer depth. It can be also expected that the effect of the compaction 
wave on the gas pressure will decrease along the layer. Thus, after some distance the gas pressure 
inside the sample is determined by the filtration. Verifying the simple filtration model was the main 
reason for conducting experiments by which a comparison between the side-wall gas-pressure 
measurements at different locations and the model calculations could be made. 

Another reason for such a comparison is related to the procedure of the pressure measurements 
at the side-wall in the granular media. It is well known, that the granular layer porosity increases 
in the vicinity of  the confining walls (Goldshtik 1984). This phenomenon may result in 
multi-dimensional effects near the walls, and a question arises whether or not this gas flow affects 
the side-wall pressure. 

In order to answer these questions the pressure traces from transducers T1, T2 and T3 are 
compared in figure 4 with the calculated pressure profiles for all the materials listed in table 1. The 
solid lines and the black points with the error bars represent mean pressure profiles based on results 
from 4-5 experiments and the dotted lines are the results of  the corresponding numerical 
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simulations. Considering the repeatability and the experimental errors it is apparent that a good 
to excellent agreement exists between the calculated and the experimental pressure profiles. The 
good agreement which is observed for all the measuring positions along the sample and for all the 
materials under investigation is a surprise and seems to be in contradiction with the above 
predictions. 

This good agreement confirms the dominant role of the gas filtration in the formation of the 
gas pressure in the sample. Moreover, it also shows that the difference in the material permeability 
near the side-wall and at the center of  the sample have a negligibly small effect on the side-wall 
pressure measurements. The last but probably the most important point to emphasize is that the 
proposed one-dimensional model which does not account for the compression of the sample is 
suitable for describing the gas pressure at the side-wall. The question arises why the compression 
has no effect on the local gas pressure at least when the compaction wave passes the transducer. 

The possible explanation of this behavior can be attributed to the dissipative characteristics of 
the granular medium. The data in figure 4 clearly indicate that the transmitted wave is more likely 
to be a compression fan which spreads out with time. The gaseous phase dissipates its energy and 
momentum in the course of the interaction with the solid phase and causes the formation of a 
compaction wave. However, the motion of the particles is promptly stopped by the bridging forces 
and the friction between the particles, and most of the momentum and the energy transferred to 
the solid phase are dissipated (Britan et al. 1997). Thus, as long as a good agreement between the 
theory and the experiments is obtained, the magnitudes of the energy and the momentum losses 
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Figure 9. (a) Correlat ions between the time of  the linear section origin of  the signals f rom transducer  T4 
and the time of  the max imum of  the signals f rom transducer  T5 vs the granular  layer depth L. (b) 
Compar i son  between the calculated (open points) and the measured (black points) gas pressure rates for 

the linear part  of  the signals f rom transducer  T4. Granu la r  material N1. 
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Figure 10. (a) Correlations between the time of the linear section origin of the signals from transducer 
T4 and the time of the maximum of the signals from transducer T5 vs the granular layer depth L. (b) 
Comparison between the calculated (open points) and the measured (black points) gas pressure rates for 

the linear part of the signals from transducer T4. Granular material N2. 

in the gaseous phase in the experiments and the calculations, are the same, and the energy losses 
related to the compac t ion  wave format ion  are small. 

Con t ra ry  to the lateral effect, the longitudinal compression o f  the sample is more  pronounced.  
Frict ion forces and arching inside the solid phase can not  stop so quickly the mot ion  o f  the particles 
and the format ion  o f  the compac t ion  wave strongly increases the resistance o f  the layer to the gas 
flow in the downward  direction (Britan et al. 1997). 

In view o f  the above discussion the further  analysis is concerned with the question whether the 
longitudinal compression o f  the sample affects the gas pressure measured at the shock tube 
end-wall. Some of  the support ing evidence for the importance o f  this effect comes f rom recent shock 
tube experiments by Yasuhara  et al. (1996) who investigated flexible foams. Notably ,  the end-wall 
gas pressure signals, shown in this paper,  actually repeat, in some cases, profiles o f  the compressive 
stress signals measured at the end-wall. Thus,  the end-wall and the side-wall gas pressure signals 
measured in the granular  layer must  be also different. 

Bearing this in mind the calculated results are compared  in figure 5 with the gas pressure signals 
measured by transducers T3 and T4. In the experiments t ransducer  T3 (see figure 1) is located at 
the side-wall 18 m m  from transducer  T4 which is flush moun ted  on the end-wall. The difference 
in their signals can provide an indication o f  the existence o f  longitudinal pressure gradients in this 
area. Gas  pressure signals (obtained with two samples o f  different depths and materials) were used 
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to elucidate the effect of the granular layer depth and permeability on the formation of the gas 
pressure profile. 

During the test time the gas pressure inside the large permeability material N2 reaches the 
equilibrium value P0 ~ 2.3 bar whereas inside the long sample with small permeability material N4 
it only reaches half of  this value. Approximately the same tendency is observed in the numerical 
calculations. The results of the side-wall measurements are quite different from those measured at 
the end-wall, especially when the permeability of the sample is small. Notably, the gas pressure 
histories are smooth and do not show evidence of the existence of sharp front variations in 
amplitude which might correspond to the arrival of the compaction wave reflected from the 
end-wall. This behavior is unusual since the gas flow conditions must affect at least the signal from 
transducer T3 which is positioned close to the end-wall. Moreover, if the pressure fluctuations 
related to the unsteady conditions at the end-wall had propagated away from the rear-end of the 
layer, the calculated and the experimental results for the side-wall measurements would not agree. 
However, in contrast to this hypothesis all the side-wall pressure signals agree quite well with the 
calculations. 

As can be seen in figure 5 after a slowly rising precursor in the signals measured by transducer 
T4 a sharp pressure rise, which is more than twice larger than that measured at the same time 
by the transducer T3, appears. After this sharp increase the pressure increases gradually. Notably, 
the unsteady spike in the signals is not reproduced by the simple filtration model, and there are 
reasons to believe that it is related to the influence of the compaction wave on the end-wall gas 
pressure. 

4.3. Effect  o f  the compaction wave on the end-wall gas pressure 

In order to demonstrate the correlation between the gas pressure and the compressive stress 
profiles measured at the end-wall, the signals from transducers T4 and T5 are reproduced in figure 
6 along with the wave diagrams obtained previously with the samples of depth L = 138 mm (see, 
e.g. Ben-Dor et al. 1997). In the context of this study the data in figure 6 provide the basis for 
the explanation of the role of the compaction wave in the gas pressure formation at the end-wall. 
The gas pressure signals from transducers T4 and T5 were obtained in the experiments with the 
end-wall positioned at the measuring points shown in the wave diagrams by the arrows (A:) and 
(B:). 

After the gas near the end-wall is compressed by the transmitted wave, the compaction wave 
compresses it to the higher pressure and stops the motion of the particles. Since the compaction 
wave originates inside the sample as a thin piston-like region of compressed particles, after 
reflection at the end-wall it can isolate gas near the end-wall from that inside the granular layer 
(see, e,g. Britan et al. 1997). The discrepancy between the measured and the calculated gas pressure 
signals as shown in figure 5 depends ultimately on whether or not gas flows through the compaction 
wave front. The permeability of the compaction wave to the gas at a later time, after the reflection 
at the end-wall, can be related to the destructive pressure gradients which drive the hot gas back 
from the end-wall (Skews et al. 1993). Clearly, such a complicated phenomenon deserves further 
study. 

The results presented in figure 6 indicate that the variations in the layer permeability result in 
different flow patterns inside the layer and in different pressure signals, For the material N2 (whose 
permeability coefficient is a b o u t f  ~ 0.005 mm 2, see table 1) the trajectories of the transmitted wave 
(dotted line) and the compaction wave (solid line) are straight lines and they all originate at the 
origin x = 0. The arrival of the transmitted wave at the location (A:) is safely registered by 
transducers T4 and T5 as a sharp jump followed by a gradual pressure increase which depends 
on the filtration of the gas flow induced by the transmitted wave. Both of these transducers register 
similar pressure profiles terminated by a strong spike in the signal from transducer T5 which is 
most probably a result of the compaction wave arrival at the end-wall. Two remarks, which are 
of particularly importance for understanding this phenomenon, must be made. 

During the impact the particles do not move immediately behind the transmitted wave. The time 
delay which is observed in the signals of figure 6 between the moment of the transmitted wave 
reflection at the end-wall and the compaction wave arrival is indicative of the inertia of the granular 
layer. 
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The signals from transducer T5 show the history of the compressive stress which depends on 
the variation in the granular layer porosity in the vicinity of  the end-wall. The compressive stress 
signal is maximal when the porosity of  the sample near the end-wall approaches the minimum 
value. After the maximum, the compressive stress signal decreases but the porosity increases until 
the signals from transducers T4 and T5 register the same equilibrium pressure Pc ~ P~ (Ben-Dor 
et al. 1997; Britan et al. 1997). 

Contrary to the later case, the signals obtained at location (B:) do not reach equilibrium 
immediately after the unsteady spike but only increase gradually. The initial profile of  the gas 
pressure resembles a spike in the compressive stress measured by transducer T5. In addition, the 
time delay in the compaction wave arrival at the end-wall is more pronounced. Since the gas 
filtration is the main process providing pressure equalization inside samples of  large permeability, 
it can be concluded that the filtration rate decreases with the granular layer depth whereas the effect 
of  the compaction wave on the end-wall pressure increases. 

At the same time the signals from transducers T4 and T5 obtained for material N4 (for which 
f,,~ 0.0002 mm 2) show a precursor before the transmitted wave even at the location (A:). According 
to the wave diagram for this material the transmitted and the compaction waves propagate along 
the layer with nearly the same velocities and close to the location (B:) they interact. Thus, the time 
delay between the transmitted and the compaction waves arrival at location (B:) is extremely small. 
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Comparison between the calculated (open points) and the measured (black points) gas pressure rates for 
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The same tendency is observed in the pressure signals: a sharp rise in the gas pressure which 
manifests the moment of the compaction wave arrival is observed close to the moment of reflection 
of  the transmitted wave from the end-wall. 

In order to interpret the pressure/time signals measured by transducer T4 they are compared 
in figures 7 and 8 with calculations for the different sample depths and materials. The experimental 
signals are shown in the left side and the calculations are shown in the right side of these figures. 
As expected, the general trend is that the profile of the signals changes significantly with the sample 
depth L. 

The formation of the compaction wave inside the sample complicates the comparison between 
the measured and the calculated results because it affects the gas pressure signal during the whole 
test time from the beginning to the later part of the signals when the compaction wave has already 
disappeared. This contribution is called in the present study as a 'residual' effect since it makes 
the signals measured by transducer T4 to be higher than the calculated ones (see figure 6). This 
effect for the materials under investigation was discussed previously by Britan et al. (1997). Without 
going into detail we can use the data in figures 7 and 8 to elucidate the role of the gas filtration 
during the impact. 

Inspection of figures 7 and 8 shows that the experimental signals consist of two important parts. 
Initial unsteady variations of  the amplitude which are closely related to the compaction wave 
arrival at the end-wall and are most pronounced in the signals obtained with materials N2, N4 
and N5. In the signals obtained with materials N 1 and N3 these initial variations of the gas pressure 
are smoother. Comparison of the materials characteristics listed in table 1 and the calculated gas 
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pressure profiles shown in figures 7 and 8 gives no way of  explaining the reasons for such a 
difference in the initial gas pressure profiles. One can use for this purpose the particle response time, 
tp = pp~/18/~ (Britan et al. 1997). As expected, the maximum values of  % for materials N2, N4 
and N5 is % = 8.5 s, while for material N1, tp --- 50 s and for material N3, % = 26 s. Thus the effect 
of  the compaction wave on the end-wall gas pressure is stronger for the materials having smaller 
values of  %. 

The second part  of  the signals measured at the end-wall demonstrates the continuous, almost 
linear increase of  the gas pressure in the course of  the gas filtration. It can be compared in its slope 
(i.e. the rate of  the pressure increase) with the calculated one. I f  these two slopes are similar it can 
be suggested that the experimental and the simulated conditions for the gas filtration are the same. 
The data in figures 7 and 8 clearly show that the time duration of  the linear part  of  the signals 
increases significantly with the granular layer depth L. For  the deep layers, due to the small velocity 
of  the filtration, this time is long but for the short layers it is shorter than the test time of  the shock 
tube AT ~ 3 ms. 

The above procedure of  comparing the calculated and the measured results enables us to avoid 
the residual effect but leaves open the question how to choose the linear part  of  the pressure signals. 
To answer this question straight dashed lines which were drawn as tangents to the curves with the 
origin at the location were gas pressures for the calculated and the experimental signals are the 
same, are shown in figures 7 and 8. Clearly, if the agreement between the experiment and the theory 
in the gas pressure increase rate is observed, the origin of  the linear part  specifies at the moment  
after which the role of  the compaction wave becomes negligible and the gas pressure signal is 
determined by the gas filtration. 
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Figure 13. (a) Correlations between the time of the linear section origin of the signals from transducer 
T4 and the time of the maximum of the signals from transducer T5 vs granular layer depth L. (b) 
Comparison between the calculated (open points) and the measured (black points) gas pressure rates for 

the linear part of the signals from transducer T4. Granular material N5. 
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To ensure this one can refer to the data in figures 9-13. Curves (a) in these figures show the 
correlation between the instance of the linear part origin in the experimental signals in figures 7 
and 8 (cross points) and the time of the maximum in the compressive stress signals (solid lines). 
As discussed previously, the maximum in the compressive stress agrees quite well with the 
maximum effect of the compaction wave on the end-wall gas pressure (Britan et al. 1997). Curves 
(b) in these figures demonstrate the calculated (open) points and measured (black points) gas 
pressure increase rates obtained for the same conditions. Analysis of these data leads to the 
following conclusions: 

(1) There exists an initial depth of the layer L < L*, for which regardless of the material 
characteristics, the compaction wave compresses the gas in the vicinity of the end-wall ('piston' 
effect). Due to the piston effect a difference is observed in the measured and the calculated pressure 
increase rates for these conditions. 

(2) For longer layers L > L*, the end-wall conditions for most part of the test time are 
dominated by filtration because the compaction wave attenuates inside the layer, and the piston 
effect is weak. Clearly, in this case close agreement is observed between the measured and the 
calculated pressure increase rates. 

(3) Any attempt to choose the linear part within the initial unsteady period of the gas pressure 
signal, closer to the maximum of  the compressive stress, results in a difference between the measured 
and the calculated pressure increase rates. On the other hand, if the linear part begins after the 
time when the maximum of the compressive stress is attained, the calculated and the experimental 
gas pressure increase rates agree quite well for all the investigated materials and layer depths. 

5. CONCLUSIONS 

The gas filtration through five types of granular layers during weak shock wave impact were 
investigated experimentally and numerically. The purpose was to study the behavior of the gas 
pressure at the side-wall above and inside the layer and the dynamics of the gas pressure formation 
at the end-wall. 

It was found that the side-wall pressure traces above the layer show an initial pressure jump, 
which is followed by a gradual pressure increase to an equilibrium pressure corresponding to the 
incident shock wave reflection from a rigid wall. The amplitude of the initial pressure jump 
decreased with the permeability of the granular layer. 

Side-wall pressure traces inside the layers have a smooth profile without any evidence of the 
existence of sharp front variations in the amplitude which might correspond to the arrival of the 
reflected waves from the end-wall, 

The gas pressure traces obtained at the end-wall consist of two parts: initial unsteady variations 
of the amplitude which are closely related to the effect of the compaction wave on the gas pressure, 
and a continuous, approximately linear part when the gas pressure increases in the course of the 
gas filtration, 

The mass, momentum and energy conservation equations, describing compressible 
one-dimensional gas flow in a granular layer were presented. The developed model employed a 
homogeneous mixture approximation and neglected the porosity changes in the granular layer. The 
momentum and energy transfer rates between the granular medium and the gas were calculated 
using the phenomenological correlations for packed beds. These equations were solved numerically 
using a TVD numerical scheme. Contrary to the most known studies in this field no adjustable 
parameters were used in the calculations. 

Good agreement is found between the calculations and the side-wall pressure measurement above 
the granular layer. For  the later stage of the experimental gas pressure signals good agreement is 
observed with the calculated pressure increase rates when the end-wall conditions are governed by 
gas filtration. In the initial unsteady part of the signals large discrepancies exist between the 
calculations and the experiments due to the effect of the compaction wave on the gas pressure. 
Based on this experimental evidence the physical processes which are responsible for this behavior 
are discussed. To the best of  our knowledge such a comparison of  the experimental results obtained 
at the end-wall covered by different materials and for various layer depths has not been performed 
in previous studies on weak shock wave impact with granular layers. 
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A good to excellent agreement between the experimental results and the calculations is also found 
for the side-wall gas pressure signals obtained inside the granular layers. The reasons for this 
behavior are not well understood as yet. If this behavior is not a result of the gas flow leakage 
through the gap between the side-wall and the granular layer it can be concluded that the lateral 
effects of the compaction wave on the gas pressure in these experiments are bound to be negligible, 
and the suggested one-dimensional model is well suited also for predicting the gas pressure at the 
side-wall. 
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