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Abstract--The evolution and structure of pressure perturbations in a liquid-saturated porous medium 
and liquid-saturated porous media with gas bubbles has been investigated experimentally. The 
existence of two types of longitudinal pressure waves in consolidated porous media has been confirmed. 
The set of equations which describes the propagation of pressure waves of finite amplitude in an elastic 
gas bubble liquid-saturated porous medium was obtained. The pressure wave evolution in saturated 
porous media has been calculated by the Biot model and a good correlation with the experiment was 
obtained. 
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1. I N T R O D U C T I O N  

Theoretical analyses of pressure wave propagation in liquid-saturated porous media, given in 
the works by Biot (1956), Nikolayevsky et al. (1970) and Nigmatulin (1978), have shown 
that interphase friction on the fluid-rigid skeleton interface is the basic mechanism of wave 
evolution. Lyakhov (1974), Domenico (1977), Hovem & Ingram (1979) and Salin & Schon 
(1981) have shown that in unconsolidated porous media one longitudinal wave propagates, 
whose velocity is determined basically by the bulk modulus of the liquid. A comparison 
between experimental data on high-frequency acoustic wave attenuation and calculations using 
Biot's (1956) model shows a considerable discrepancy between the experimental data and 
calculation. In the region of high frequencies Salin & Schon (1981) account for this discrepancy 
by the effect of high-frequency scattering on the skeleton grains. For low frequencies, McCann & 
McCann (1985) have shown recently that taking into account the pore size distribution in a 
modified Biot model allows us to generalize the experimental data better. For the first time Plona 
(1980) and Johnson & Plona (1982) have experimentally revealed for ultrasonic waves in a 
consolidated liquid-saturated porous medium the existence of two types of longtitudinal waves, a 
"quick" one and a "slow" one, caused by the different compressibilities of the liquid phase and 
rigid skeleton. 

The existence of gas bubbles in liquid-saturated porous media sufficiently decreases the 
compressibility of the liquid phase, leading to the decrease in the "quick" wave and "slow" wave 
velocities and to the increase in amplitude attenuation. Nikolayevsky et al. (1970) have theoretically 
studied the pressure wave propagation in a gas bubble liquid-saturated porous medium assuming 
equality of the gas and liquid pressure. A linear set of equations for three-phase mixtures (porous 
skeleton, liquid, gas bubbles) with bubble dynamics was obtained by Bedford & Stern (1983) with 
the help of the Hamilton variational principle. Taking into account gas bubble dynamics, they 
calculated the phase velocity and harmonic wave attenuation vs frequency in an unconsolidated 
porous medium. Anderson & Hampton (1980) presented experimental data on the acoustic rigidity 
of a three-phase medium vs frequency, which proves the importance of gas bubble dynamics in 
acoustic waves. 

In this paper experimental data are presented on pressure wave structure and dynamics 
in liquid-saturated and gas bubble liquid-saturated porous media for a wide range of wave 
and medium parameters. The data were correlated with the help of known theoretical models, 
and the set of equations which describes the propagation of one-dimensional pressure perturbations 
of finite amplitude in an elastic porous medium saturated by liquid with gas bubbles was 
obtained. 
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2. T H E O R E T I C A L  ANALYSIS  AND N U M E R I C A L  C A L C U L A T I O N S  

Let us analyse the propagation of  one-dimensional pressure perturbations in a liquid-saturated 
porous medium containing elastic gas bubbles, assuming that the perturbation wavelength is much 
greater than the interbubble distance. According to visual observations and the data of Wardlaw 
& Kellar (1985), at small void fractions the gas phase is, as a rule, in the form of bubbles occupying 
not more than one pore size. This allows us to consider a gas bubble liquid as a homogeneous 
mixture with mean density Pro, mean pressure Pm and mean velocity Vm. TO describe one- 
dimensional pressure perturbations in a porous medium saturated with such a homogeneous 
mixture, we use the model of  multivelocity continuum for a porous medium saturated with an 
effective liquid (Nigmatulin 1978). The following assumptions are made: 

I. The size of  inhomogeneities in a multiphase medium is essentially larger than 
molecular kinetic sizes. 

2. Phase transitions are absent. 
3. Microdeformations of  the solid phase and variations of  its real density are small. 
4. The kinetic energy of pulsative motion and puisative momentum transfer are 

small, not only in the solid phase but in the liquid one as well. 
5. The averaged tensor of  viscous stresses in a liquid is small and the liquid viscosity 

will be taken into account only in a force of  interphase interaction. 

The mass and momentum conservation equations of the solid and liquid phases, which are 
averaged with respect to volume, incorporate the pressure gradients in the liquid and fictitious 
stresses in a solid skeleton, as well as interphase forces related to viscous forces on an interphase 
surface and small-scale pressure pulsations due to acceleration of  phases relative to each other. 
Nigmatulin (1978) obtained expressions for the components of interphase force due to viscosity 
F, at small Re. This force is of  the form 

F,, = 2 (v:  - r ,  ) 

with small-scale inertial effects 

d(t, 2 -- r', ) (~t -- I) 
F m = N~(1 -- q~)P2 dt S = (l - q~----~ 

and the first component of the tensor for the fictitious stresses in a solid skeleton 

KBpr. a t =  (KB + ~/g)e, + - -  
Ki 

Taking into account these correlations, a system of equations describing the propagation of 
one-dimensional pressure perturbations in the frame of a multivelocity continuum (Nigmatulin 
1978) can be written as follows: 

a4)p,, a~ppmt'm 
a ~ -  -~ a x  = o ,  [1]  

c~(l - q~)p, a ( l  - 4))p,r, 
+ - o, [2] 

& ?x 

dr  . . . .  t)q~P"-d-t-dcl dpm q5 2Vpm (vm ), [3] = ~ p . , ~ - - ( a  - = - ~  v - -  - v ,  
cx K0 

dvm l" " • dPI (~Pm ~o'f ~2Vpm (tm' 
- ( c ( - l ) ~ b P "  dt + [ ( l - q ~ ) P ' + ( ~ -  ) q ~ P m l d - 7 = - ( ] - 4 ) )  &v +~-.r +KT- -o  - v , ) ,  [4] 

KB 
~r r=  (Ka + .{/a)e + ~Tpm, [51 

de ,  at ' ,  
- -  = - ~ - - ,  [ 6 1  
& c x  
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1 (p Ksel~ 
P_L = 1 + -So [7] 

and 

Pm = P2( 1 -- ~) + P3~; [8] 

here x and t are coordinate and time, respectively; p is density; v is velocity; p is pressure; ar is 
the first component of the tensor of  the effective stresses in the rigid skeleton; ~b is porosity; K0 
is the permeability of  the medium; a is the coefficient of  added liquid mass; e~ is the rigid skeleton 
deformation; KE and/~ are the moduli of  the volumetric elasticity and porous skeleton shift, 
respectively; Kt is the modulus of the volumetric elasticity of  the porous skeleton material; v is the 
kinematic liquid viscosity; and E is the void fraction in the liquid. The subscripts denote the 
following: 1--the solid phase; 2-- the liquid phase; 3-- the gas phase; m- -a  gas-liquid mixture; 
0- - the  initial phase state. 

Equations [1] and [3] represent the mass and momentum conservation for a gas-liquid mixture, 
with [2] and [4] representing the same for a solid skeleton. Equation [6] follows from determining 
the velocity and deformation of  a rigid skeleton at small deformations. Equation [7] is an equation 
of  the solid phase state. 

Following the works by Nakoryakov et ai. (1972, 1983) let us establish the correspondence 
between pressure and density in a homogeneous mixture. Assuming the possibility of  the 
substitution of  pressure in the liquid far from the bubbles Po~ instead of  pressure in the mixture 
Pm, we obtain, first, an equation for a single bubble pulsation in a porous medium, which follows 
from the set of equations of  continuity and motion of a noncompressible liquid in a porous skeleton 
in spherical coordinates relative to the bubble centre with radius R: 

dv~ 2v, 
d r  + --r = 0 [91 

and 

with boundary conditions 

and 

dv, dv~ 1 dP2 ev 
~t +v'&-r= p~dr KoV~ [101 

p 2 = p ~ ,  v , = 0  at r - - * ~  [11] 

4vp: dR 
P2=P3(R) R dt Pc at r = R ,  [12] 

where vr is the radial liquid velocity near the gas bubbles and Pc is the capillary pressures on a 
gas-liquid boundary. At small void fractions co < 0.1 the gas bubbles occupy, as a rule, one pore 
size and Pc = 2a/R, where a is the coefficient of surface tension. 

Integrating [9] and [10] with boundary conditions [1 1] and [12] yields the following system of 
equations: 

d2R 3(dR~  2 4 v (  ~R2~dR p3(R)-p~: 2a 
R--d-~+~\-~-] +~ l+~0j- ~ = p~ -~. [13] 

For small bubble oscillations 6R/Ro < I, and assuming thc number of bubbles per unit volume of 
medium is constant, one can write the relations for the transformation from bubble radius to 
mixture density in [13] in the following form: 

dR 

-~ = \3p.,o,oJ \ dt c~ dt ) 
and 

R - - ~ =  \3pmo,oJ\-d-~ c~ dt2 ) ' 

where c2 is the speed of sound in the liquid. 

[141 

[151 
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Assuming that a bubble is compressed adiabatically, the equation for the gas state in a bubble 
yields the equation for gas pressure and, to an accuracy of (6p/PmO~O) 2, we obtain: 

f i p 3 ( R ) = p 3 ( R ) _ p o = c ~ f p m F  l + (7 + l)diPm ( i  l dpm'~q [16] 
L 2pmo'o k ¢~ ~PmJJ 

and 

Co= Fp ,o  ( l  - 
L rpo c~ J ' [17] 

where 6pro = P m -  P~O, CO is the low-frequency speed of sound in the gas-liquid mixture with 
allowance for the liquid compressibility and y is the adiabatic index. 

Taking into account [14]-[16], [13] has the form: 

[ 2a ,o ( 10pm'~ .  -] 2o 
@ = = p = - p o  = l+po-----~37---~+ 1 ~ m )  tJOpmJCOOPm 

{d2pm 1 d2p,'~ 4V* [ d p m  l ~//m ) 2(}" [18] 

where B = (? + l)/(2p~*0) is the nonlinearity coefficient, 

R0 ~ 

is the dispersion coefficient and 

v * = v  1+4K0. ]. 

For bubbles with radius > 10/~m capillary forces yield corrections to terms in [17] not more than 
1%, and so they are not taken into account. 

It was shown in the works by Nakoryakov et aL (1972, 1983) that for a liquid with gas bubbles 
the nonlinearity caused by the equation of the gas state is much greater than the hydrodynamic 
nonlinearity. This allows linearization of the set of equations [1]-[8] for waves of finite amplitude 
and its reduction into the set of equations for pro, a f, p~: 

( c3t 2 ~ '~ ( Pm)T 
F ~2 Pro-- d Pm---- 

Vpmo~[Cor + ( H - C ) p m ]  = ( M H _ C 2 ) | o  ( \ Co/+ v c~ [19] 
Ko ~t L Ko b-t 

and 
~20, f 

(poM - p,,oC) ~ + [p0(M - C) + Pm0(H - C)] (32prn~t 2 

where 

~ f 
+ ( M H  - C 2) v ' ( p m -  e ) dx z = ( M H  - C2)~ 

H=KB+~p-¢  
(K, - KB)2 K~ 

M = - -  
O - K s  ' D --KB' 

( 
02 Pm -- C--~ [20] 

dt 2 

Km =c~pm0 is the 
(I - 4,) + p .o4 , .  

C = K~(K~ - KB) 
D - K 8  ' 

modulus of the bulk elasticity of the gas-liquid mixture a n d  Po = Plo" 
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The set of equations [18]-[20] forms a closed system which describes the propagation of pressure 
waves of finite amplitude in an elastic porous medium saturated with liquid containing gas bubbles. 
Unlike the equations obtained by Bedford & Stern (1983), [18-20] take into account the 
nonlinearity features caused by the gas bubbles and the viscous attenuation caused by the radial 
motion of the liquid near oscillating bubbles. This attenuation for low-permeable porous media 
prevails over thermal and dissipative losses. 

For pressure perturbations with typical frequency o < w, [w, = (3ypo/P2oR~) 'a is the resonant 
bubble frequency] at small but finite nonlinearity, dispersion and viscosity, it follows from [18] that 

6Pro "~- ~ "~ 0(8). [211 

Substitution of [21] into negligible small members of [18] at the first approximation yields: 

( p. l I-- 4'* @m ~2pm] 
[22] 

Excluding with the help of [22] the density of the homogeneous mixture Pm in [19] and [20], we 
obtain the equation set for p~ and o r for the evolution of low-frequency pressure waves of finite 
amplitude in a gas bubble liquid-saturated porous medium. 

For waves of small amplitude and typical frequency co <<~Or, when one can ignore in [19] and 
[20] nonlinear and dispersion effects and the viscous attenuation due to the radial oscillation of 
the liquid near bubbles, we obtain a linear set of equations for Pm and af: 

p~o(M -~C'02°f-~ Oj-~-p~o [ M -  C+ ~(I~-C)] 02p'Ot 2 

+ (MH - C2)  02pro v P m ° O [ C ° f + ( H  - C)Pm] =0 [23] 
Ox 2 Ko Ot 

and 

010"r ~ --C2)02(P~x-~-°'r)0. [24] (poM - p~C) -~- + [P0(M - C) + Pm0(H - C)] + (MH = 

The system [23, 24] was numerically solved by the method of fast Fourier transform by expansion 
of initial perturbations into Fourier discrete series and analysis of the propagation of each 
harmonic by means of a system dispersive relation. By reverse transformation at the necessary 
distance from the medium input we obtain the wave profile at this point and the wave velocity 
values. According to Biot (1956), for harmonic waves in a porous medium the interphase friction 
at the liquids-rigid skeleton interface vs frequency was taken into account by substitution of the 
viscosity ~ for v into [23, 24]: 

= v .  F(co) ,  [25] 

where 

s. T(s) 
F(c°)-- 4 ( 1 2T.(s)) 

and 

Bcr'(s) + i Bci'(s) =(o)]t/'; 
T(s) = Ber(s) + i Bei(s) ' s \~-~,/ 

co, are the characteristic frequencies of the porous medium, which for chaotic packing of round 
spheres are equal to co¢ -- tpv/2OKo (Salin & Schon 1981). The functions Ber and Bei are the real 
and imaginary parts of the Kelvin function, respectively. 
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Substituting the solution in the form of 

Pm= Pn exp[i (cod -- Kx)] + P0 [26] 

and 

a t = a. exp[i(co.t - Kx)] [27] 

into [23, 24], and taking into account [25], we obtain the wavenumber K vs frequency oJ.: 

--~ / = 2 ( M H  - C 2) + poM - 2pm0C iVpm°HF(m)lKoco. _J 

T- + poM - 2pmoC - ~ .  _] 

[~tp~p~ ivpoPmoF(co_~. )q~ _ 

• p~o H; [281 

and pressure amplitudes p.~,: vs effective stress a.~.2, 

,,o:_C, mol.FfK,. y ,o(,-c)+,.(,-c)]-,. [29] 
a.,.2 L\--~-./ M H - C 2  J Lk~o.] ~ - d : ~  

It follows from [28] that two types of  longitudinal waves can propagate in one direction in 
the porous medium. Subscript 1 (negative sign in [28]) corresponds to the "quick" wave, and 
subscript 2 corresponds to the "slow" wave according to Biot (1956). Taking this into account, 
the solution of  [23, 24] can be written as: 

/. 

pro(x, t) = ~ [Pn.t exp i(COnt -- K i x )  +Pn, 2 exp i (m. t  -- K2x)] +Po [30] 
n ~ 0  

and 
L 

af(x,  t) = ~ [a.. l exp i(cont - K ix )  + a..2 exp i(co.t - K2x)]. [31] 
n f O  

The values p,. i, o~• ~ and p,. 2, a.. 2 correspond to the initial amplitudes of  the pressure waves and 
tension with wavenumbers Ki and K:, respectively. They are determined from expansion of the 
initial signal into Fourier discrete series, 

L 

pro(0, t) = ~ (p.. ~ + P~2) exp ico.t + Po [32] 
n - - 0  

and 
L 

of(0, t) = ~ (o,. j + a,.2) exp imnt, [33] 
n- -0  

with the use of  [29]. 
The values pro(0, t) and af(0, t) are given by the boundary conditions at the input into the porous 

medium• According to terminology used by Nikolayevsky et al. (1970), the boundary condition 
"liquid piston" (i.e. the pressure in the liquid and the effective tension on the interface) is 

p r o ( 0 ,  t )  - - P 0  m Ap0(t), o'f(0, t) = 0. [34] 

For an "impermeable piston" the first component of  the overall tension tensor and the equality 
of  the rigid skeleton deformation and gaseous liquid are given as 

af(0, t) --pro(0, t) --P0 = ao(t), e~ = e m . [35] 

This method of  solution of  [23, 24] with due account of  boundary conditions [34] and [35] was 
realized by a computer, and a comparison of  the calculated results with the experimental data is 
given below. Note that the propagation of  pressure waves in a liquid-saturated porous medium 
can be described also by a linear system [23, 24]. For this we substitute P2 instead of  Pro, p2 instead 
of  Pm and K2 instead of  Km in the coefficients H, M, C and D. 
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3. EXPERIMENTAL PROCEDURE 

Experimental investigations of the propagation of pressure perturbations in porous media were 
carried out in two shock-tube setups (figure 1). Figure 1 (a) represents the principal scheme of the 
setup for investigation of pressure wave propagation in consolidated liquid-saturated and gas 
bubble liquid-saturated porous media. The working section (1), which is a vertical thick-walled steel 
tube with i.d. 0.01 m and length 0.54m, was filled with porous medium. Between the porous 
medium and working section wall a fluoroplastic 3.10 -6  m thick film was placed to eliminate the 
effects of porous medium friction against the walls of the working section on the wave propagation 
process. Chaotic packing made of plexiglass spheres, with dia (0.2-0.25). 10 -3 m, sintered just in 
the working section was used as the porous medium. Before the saturation with liquid the air was 
withdrawn from the working section by a pump (5) to prevent the appearance of air bubbles in 
the porous medium on its saturation with liquid. Benzine, kerosene and oil with differing viscosity, 
density and compressibility were used as working fluids. A porous medium saturated with liquid 
containing gas bubbles was generated in the following way. The liquid porous medium to be 
saturated was displaced equally by gas to the residual saturation of liquid distributed over the 
working section volume. Refilling of the working section was carried out at its continuous 
consumption rate which determined the residual void fraction in the range 0.01 < ~0 < 0.1. To 
decrease the void fraction in the experiments, the static pressure P0 in the working section was 
increased and the initial void fraction co ffi ~ P , / P o  was decreased in comparison with the void 
fraction ~ at atmospheric pressure p,. Average in length section of the void fraction ~ was 
determined by the measured rise of the liquid level Ah in a measuring tube over the porous medium 
for a decrease in the initial pressure P0 up to Pv: 

pvAhSh 
cg = [36] 

[eptS,(po - p,)] 

where I is the porous medium height, and Sh and S= are sections of the measuring tube and porous 
medium, respectively. At void fraction ¢0 < 0.01, the gas phase in the liquid-saturated porous 
medium is in the form of gas bubbles. Uniform bubble distribution along the porous medium length 
was maintained by the velocity of the pressure perturbation propagation. 
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Two types of pressure wave propagation were studied experimentally. There are both step waves 
and bell-shape waves. Profiles of step pressure waves were generated by spontaneous rupture of 
a diaphragm (3) which divides low- (2) and high- (4) pressure chambers. At incidence of an air 
shock wave formed in a low-pressure chamber on a porous medium interface, there appears in the 
liquid a pressure equal to that in the reflected air wave, and the "liquid piston" boundary condition 
is realized. Bell-shape pressure pulse with an intensity of 0.1-1 MPa were caused by piston 
impact against a thin liquid layer above the porous medium or directly across the porous medium. 
In this case the "liquid piston" and "impermeable piston" boundary conditions, respectively, are 
realized. 

Figure I(b) shows the schematic diagram of the setup for investigation of bell-shape pressure 
pulse propagation, for intensities up to 25 MPa, in an unconsolidated liquid-saturated porous 
medium. The characteristic feature of the setup is the ability to obtain pressure pulses for a wide 
range of changing wave duration and amplitude at piston impact against the movable bottom (10) 
of a wave transformation chamber (11) filled with liquid. Piston acceleration occurs in the 
low-pressure chamber (2) under the influence of pressure drop, caused by diaphragm rupture. 
Pressure waves are generated in the wave transformation chamber and then propagate into the 
working section (1) filled with porous medium. The transformation chamber and working section 
are made of a thick-walled tube with i.d. 53.10 -~ m and wall thickness 8 mm. This allows exclusion 
of the effects of wall elasticity on the wave propagation process. 

Unconsolidated river sand with particle dia (0.01-0.5). 10-3m refined from clay and organic 
admixtures was used as the porous medium. The method of wet stuffing was used to fill the working 
section with the medium. Sand was slowly poured with liquid into a reservoir and thoroughly mixed 
to exclude air bubbles. After this, liquid-saturated sand was poured into the working section, 
subjected to vibration and reduced by highly-permeable porous plates (12). This method allowed 
us to keep the medium porosity in the experiments constant. The modulus value of the volumetric 
skeleton elasticity KB varied with the change at reduction of the degree of the porous skeleton at 
exterior loading o0. To control equilibrium loading along the length of the skeleton at reduction 
the working section was subjected to vibration. The value KB was determined by the velocity of 
the compression wave propagation in the dry filling, taking into account the modulus of the rigid 
skeleton shift/~ vs KB (Domenico 1977): 

/~ = 1.1 .Ka. [37] 

Wave profiles were measured by piezoelectric pressure transducers (6) (the diameter of the 
sensitive element being 2. l0 -3 m) placed along the working section. The sensitive elements were 
not in contract with the porous medium skeleton and measured pressure in the liquid phase. Output 
signals, after passing through a high-resistance amplifier, were recorded with the help of an 
oscillograph (8). 

4. EXPERIMENTAL RESULTS AND NUMERICAL CALCULATIONS 

4. I. Pressure waves in consolidated liquid-saturated media 

Figure 2 presents the calculated phase velocity cp= Re(to/K) and attenuation coefficient 
rlp = J=K(to)  vs frequency [28] for the parameters of the consolidated porous medium [sintered 
plexiglass liquid-saturated spheres (beads)] corresponding to the experimental conditions. As 
shown in figure 2, a "quick" wave propagates almost without dispersion and attenuation, but the 
"slow" wave has strong attenuation caused by the interphase friction on the liquid-rigid skeleton 
interface. Stoll (1980) showed that the character of the "quick" wave evolution substantially 
depends on the viscous elastic forces caused by the squeezing out of the liquid near the contact 
points of beads at their deformation. In view of these forces, the effective tension tr r depends on 
the velocity of the rigid skeleton deformation. For harmonic waves this is equal to the substitution 
of the elastic coefficient H by the complex operator H* into the system [23, 24] and, consequently, 
into the dispersion relation [28], which has the form 

H *  = H + iogfloVp2. [38] 
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Figure 2. Calculated phase velocity and attenuation coefficient vs frequency for a consolidated liquid- 
saturated porous medium. (I, 3) Benzine; (2,4, 5) oil; (1,2) "quick wave" wave; (3,4) "slow" wave; 

(5) "'quick" wave with viscous elastic forces by [381. 

Here 80 is a coefficient depending on bead size and shape near the contact points, as well as the 
type of packing. For cubic packing of spherical particles with diameter d at their minimum 
approach at the distance h, Stoll (1980) obtained the following for 80: 

d 
80 = 2-'h" [39] 

The value//0 grows with an increasing number of bead contacts and, consequently, with packing 
density. The calculation of "quick" wave attenuation, with due account of viscous elastic forces 
according to [38], for an oil-saturated porous medium is presented in figure 2 (line 5 at 80 = 4. 103). 
It is seen that dissipation, due to viscous elastic forces at high frequencies co/COc> 10, will 
substantially influence the "quick" wave evolution. 

Figure 3 shows experimental data (1) and calculated results (2) for the evolution of the pressure 
step profile with initial amplitude Ap0 in a porous medium of sintered plexigiass beads saturated 
with benzine (a) and oil (b). It is seen that two types of longitudinal waves, "quick" and "slow" 
(Dontsov 1985; Dontsov et el. 1985) propagate in such media. The parameters of the consoli- 
dated porous medium are: ~=0 .35 ;  K0 --18 .10- '2 m~; KB=I.2'I09N/m2; g=0.41"KB; 
p, = 1.18.103 kg/m3; K~ = 5.8.10 9 N/m2; a -- 3. The moduli of the volumetric elasticity and porous 
skeleton shift were calculated by measuring the longitudinal wave velocity in a rod and in a plate 
made of sintered plexiglass beads. As the propagation velocity of a "quick" wave vt is essentially 
greater than that of a "slow" wave 02, then already at the distance x = 0.136 m the division of the 
wave into a "quick" one and a "slow" one is observed [figure 3(a)]. As a result of dissipative 
processes on the interface, the "slow" wave front flattens substantially. With the increase in liquid 
viscosity the process of flattening also increases, and for highly viscous liquids it is almost 
impossible to detect the "slow" wave due to its immediate attenuation after division of the initial 
wave [figure 3(b)]. Even for viscous liquids the "quick" wave maintains its shape almost constant 
at the distances studied. 

Calculated results via a linear model [23, 24] describe rather well the generation of "quick" (with 
amplitude Apt0) and "slow" (with amplitude Ap:o) waves from an initial signal Ap0 and their 
evolution along the length of the working section. Oscillations of waves on the second and third 
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Figure 3. Evolution of the stepwise pressure profile in a 
consolidated liquid-saturated porous medium. (I) Exper- 
iment; (2) calculation by model [23, 24]. (a) Benzine--  
P2 = 0.75.109 kg/m 3, K: = 0.86.109 N/m 2, v = 0.72.10 -6 m2/s. 
(b) O i l - -p ,=0 .86 -10~kg /mL K : = I . 5 1 ' I 0 9 N / m  -', v =  

25.2.10 -6 m"/s. 

Figure 4. Evolution of a bell-shape pressure wave. 
(I) Experiment; (2) calculation by model [23,241; 

(a) "'Liquid piston"; (b) "impermeable piston". 

transducers are caused by the peculiarities of air shock wave entry into the liquid-saturated porous 
medium. 

Figure 4 represents profiles of bell-shape pressure waves (1) in comparison with calculations 
(2) at different distances from entry into a benzine-saturated porous medium. The medium 
parameters correspond to the parameters in figure 3(a). The pressure wave profiles in figure 4(a, b) 
correspond to different types of wave perturbations, i.e. "liquid piston" and "impermeable 
piston", respectively. As for the step pressure profile at the "liquid piston" boundary 
condition [figure 4(a)], two waves ("quick" and "slow") are generated from the initial signal at 
the distance x = 0.136 m. The "quick" wave does not attenuate in the range of wave and 
medium parameters studied, but the attenuation of the "slow" wave is significant. This difference 
is caused by the fact that in the "quick" wave the shifts of the liquid and rigid skeleton are almost 
equal in size and coincide in phase, but in the "slow" wave these shifts occur in counter-phase 
(Biot 1956). 

In contrast to the "liquid piston", the total initial signal generates a "quick" wave at the 
"impermeable piston" but a "slow" wave is not observed, even for a porous medium saturated 
with a low-viscous liquid (benzine) [figure 4(b)]. 

The coefficient of added mass • varied in the calculations. The best correlation of the 
experimental data with the calculated results for wave division, attenuation and propagation 
velocity was observed at • = 3. The value of = essentially influences the propagation velocity and 
attenuation intensity of the "slow" wave, but the "quick" wave evolution in a consolidated phase 
is almost independent of ~. 
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Figure 5. Attenuation of  a bell-shape presure wave vs its duration. (a) "Quick" wave, experiment: (1) 
benzine; (2) kerosene; (3) oil; (4) calculation by [23, 24]. (b) "slow" wave, experiment: (1, 2) benzine; (3, 4) 
kerosene; (I, 3) Ap2o=0.1-0.3 MPa; (2,4) Apz0 =0.6-0.8 MPa; (5,6) calculations for benzine and 

kerosene, respectively. 
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Note that in the calculations the initial bell-shape signal was approximated by the relation 

'0' 

where ~ is the signal duration at the level 0.37"Ap0. 
Experimental data on the attenuation of "quick" (a) and "slow" (b) wave amplitudes for 

different durations of the signal entering the medium are shown in figure 5. Here Ap~ and ~P2 are 
the wave amplitudes at the distance x -- 0.136 m from the medium input; Ap~ 0 and ~p~ are "quick" 
and "slow" wave amplitudes at the medium input, respectively. The physical properties of kerosene 
are: 02 = 0.8.103 kg/m3; v = 1.7.10 -6 m2/s; K2 -- 1.2.109 N/m2; other medium parameters corre- 
spond to those in figure 3. In the range of wave duration and medium parameters studied, the 
"quick" wave does not attenuate, which corresponds with our calculations (4) [figure 5(a)]. For 
the "slow" wave, amplitude attentuation vs wave duration was observed in the experiments [figure 
5(b)]. The "slow" wave amplitude at the medium input Ap~ was calculated by the measured 
"quick" wave amplitude, with the help of the calculated value for the "quick" wave amplitude vs 
the "slow" wave amplitude at the medium input. The calculated curves for benzine (5) and kerosene 
(6) give good correlations for the experimental data for wave amplitudes <0.3 MPa. At greater 
amplitudes, for the benzine-saturated porous medium greater attenuation is observed than the 
calculations predict. This seems to be caused by a divergence in liquid flow behind the wave, given 
by Darcy's law with the increase in Re. So, for amplitudes Ap20 = 0.6-0.8 MPa, Re is equal to 
30-40, which gives a correction to the interphase friction due to the nonlinear term in 
Forchheimer's law (~40%), Re is determined by the liquid velocity vs the rigid skeleton in wave 
Au and bead diameter d. 

As shown in figure 2, the "quick" wave evolution at high frequencies is significantly influenced 
by viscous elastic forces caused by the squeezing out of viscous liquid near the contact points of 
the solid particles at their deformation. Figure 6 presents the evolution character of a stepwise 
"quick" wave front in an oil-saturated porous medium. The medium parameters correspond to 
those in figure 3(b). For a steep wave front a pronounced flattening of the wave profile is observed. 

2 I 3 

m ~ 0.136 m 

t J 1 . 1 0 " 5 s  

Figure 6. Front  structure o f  a stepwise "qu i ck "  w a v e  
in an oi l-saturated porous medium. ( I )  Experiment; 

(2) calculat ion by [23, 24]; (3) calculation with [38]. 
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Figure 7. Dependence of the "quick" wave amplitude at 
input into a porous medium at generation from the initial 
signal on the moduli of the volumetric elasticity of the 
porous skeleton vs liquid. Experiment: (1) benzine; (2) 

kerosene; (3, 4) oil; (5) calculation by [23, 24]. 



868 V.E. NAKORYAKOV et at. 

Comparison with the calculations (2) via [23, 24] shows that the front flattening in the experiment 
is more severe (this can be accounted for by neglecting viscous elastic forces). Introduction of the 
complex modulus H* by [38] allows us to describe the wave structure more precisely (line 3). The 
best agreement with the experiments was observed at the coefficient value fl0 = 4.103. For the sand 
liquid-saturated porous medium, as shown by Stoll (1980), the coefficient fl0 changes in the range 
104- l0 s. Note that for the experimental data shown in figure 5 the influence of viscous elastic forces 
is very small and is seen in signals of significantly shorter duration or at large distances from the 
porous medium input. 

The amplitudes of "quick" and "slow" waves at the porous medium input are determined 
by the conditions of the wave perturbation and the medium parameters. Figure 7 presents 
experimental data for the "quick" wave amplitude at the porous medium input at the generation 
from the initial signal vs the relation Ka/K2 at the "liquid piston" boundary condition. The 
medium parameters for experimental data plots 1-3 correspond to those in figures 3 and 5, 
and for experimental data plot 4, K, = 0.05. l 0  9 N/m 2. Here the calculated results for all three 
types of liquid, which also coincide (line 5), are also presented. The calculated result show that 
the "quick" wave amplitude under the given experimental conditions depends slightly on the 
liquid viscosity and density, and is determined, mostly, by the value KB/K2 for the given skeleton 
material. 

Figure 8 presents the experimental data concerning the propagation velocity of "quick" v. and 
"slow" v2 waves vs their amplitudes. In the range of wave intensity studied the velocities of"quick" 
[figure 8(a)] and "slow" [figure 8(b)] waves are independent of their amplitudes and coincide with 
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Figure 8. Velocity of pressure wave propagations vs their amplitudes. 
(a) "Quick" wave: (1, 2, 3) experiment; (4, 5, 6) calculation by [23, 24]; 
0 ,4)  benzine; (2, 5) kerosene; (3,6) oil. (b) "Slow" wave: (1,2) 
experiment; (3, 4) calculation by [23, 24]; (l, 2) benzine; (3, 4) k e r o s e n e .  
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Figure 9. Evolut ion of a stepwisc profile pressure 
wave in a consolidated porous medium saturated 
by kerosene with air bubbles. ( ] )  Experiment; 
(2) calculation by [23, 24]; (3) calculation by [41]. 
(a) (0=2.6%, P0=0.1MPa. (b) %=0.24%, 

P0 = 0.3 MPa. 
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the calculated values. This proves the validity of using the linear equation set [23, 24] for the 
analysis of the wave propagation process in the amplitude range studied. 

4.2. Pressure waves in a consolidated porous medium saturated with liquid with gas bubbles 

The results of the experiments show that in a consolidated porous medium saturated with gas 
bubbles and liquid two types of longitudinal waves, "quick" and "slow", also propagate. In figure 9 
the evolution character of the stepwise pressure profile in a porous medium consisting of sintered 
plexiglass spheres and saturated with kerosene with gas bubbles at different P0 and c0 is shown. 
The parameters of the porous skeleton and saturating liquid (4 =0.35; Ko= 18"10-12 m2; 
Ks = 1.2.10 9 N/m2; # = 0.41 "KB; ~t = 3; P2 = 0.81.103 kg/m3; v = 1.7.10 -6 m2/s;/(2 = 1.2.10 9 N/m 2) 
remained constant for all the experiments described. 

At large volumetric void fractions (c0 ~ 1-5%) and the initial atmospheric pressure 
(P0 = 0. I MPa) the "quick" wave is almost not generated [figure 9(a)]. With the decrease of c0 and 
an increase in P0, the "quick" wave amplitude increases [figure 9(b)]. In all the perturbation and 
medium ranges studied the severe flattening of the "slow" wave front caused by the interphase 
friction effect on the wave evolution process was observed. With the increase in volumetric void 
fraction the process of wave-front flattening becomes more severe. The "quick" wave amplitude 
and steepness of its front change slightly along the working section. The "quick" wave velocity 
is determined, mostly, by the compressibility of the porous skeleton and depends slightly on the 
value of the volumetric void fraction in the range studied, 0.2 ~< c0 ~< 2%. 

With the increase in the initial static pressure the steepness of the wave front at the porous 
medium interface decreases as a result of flattening of the air wave front, and typical wave 
frequencies are much lower than the resonant frequency of bubble oscillation. In this case waves of 
small amplitude, as shown in section 2, will be described by system [23, 24]. The solution of pressure 
wave profiles by this equation set made for the "liquid piston" boundary condition and initial 
medium parameters corresponding to the given experimental conditions, is shown by line 2 in figure 9. 
The calculation results describe well the initial "quick" and "slow" wave amplitudes at generation 
from the initial signal vs their evolution along the working section length x. Processing of the exper- 
imental data for the "quick" wave velocity shows that in the range of measurement accuracy the 
velocity value v~ = 1.4.10 3 m/s, for wave intensities Ap~o/Apo ~ 0.05, coincides with the calculated 
value vjc = 1.45. l03 m/s. The "slow" wave velocity, due to its strong attenuation, was ignored. 

Note that in the calculations the value of l was substituted for that of adiabatic ), in the set 
[23, 24], because the time for thermal gas relaxation in a bubble To = R~/n2a is much less than the 
time of pressure growth in a wave front and the process of compressibility of a bubble in a wave 
is isothermal; a is the gas temperature conductivity in a bubble. The air bubble diameter in a porous 
medium for small volumetric void fractions c0 ~< 1% is almost the same as the maximum pore size 
in such a medium (Wardlaw & Kellar 1985). Using for the evaluation of bubble radius a porous 
medium with cubic packing of equal-sized spheres, in which the maximum pore size is 0.7d (d is 
the sphere diameter), one obtains for the experiments Ro-,-0.7. l0 -4 m. 

The experimental data and theoretical results for the "quick" wave amplitude at input into a 
porous medium at generation from the initial signal vs the relation between the moduli of the 
volumetric skeleton elasticity and the gas-liquid mixture are shown in figure 10. With the increase 
in Ks/K,,, that corresponds to the increase in the volumetric void fraction c0, the "quick" wave 
amplitude significantly decrease and at P0 = 0.1 MPa and E0 = !% almost the entire initial wave 
transforms into a "slow" one. So, due to the strong attenuation of the "slow" wave and essentially 
nonequilibrium division of the input wave into a "quick" and a "slow" one, at Co > 1% the pressure 
perturbation at the medium input attenuates almost completely at a distance of a few wavelengths. 
The numerical calculations of the wave evolution at the medium input describe rather well the 
experimental data for the wave intensity range studied, Apo/pl < 1. 

As shown by Chandler & Johnson (1981), the set of equations [23, 24] for low-frequency "slow" 
waves can be reduced to one equation of diffusion type. The solution of this equation for the initial 
stepwise signal has the form: 

//  "~ X 
Ap2(x, t ) =  Ap2o erfc 1 ~ /  [41] 

\ 2x/ aot J' 
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wave attenuation. (1) Experiment; 
(2) calculation by [41]. P0 = 0. I MPa, Apo/p o ~< 2, ~0 ;~ 0.5%. 

where a0 = c2oKo/(kv. Calculation of profile by [41] is shown in figure 9 (line 3). Unlike the exact 
solution by [23, 24], solution [41] yields an infinite propagation velocity but describes the "slow" 
wave profile well, except for the initial part of its front. 

Correlation of the experimental data on the attenuation of the pressure in a stepwise profile wave 
of duration to= 5.5.10-3s with the calculated results by [41] is shown in figure I!. Thus, 
experimental data on "slow" wave attenuation at Co > 0.5% can be well-described with the help 
of the approximate calculation [41]. 

With the increase in wave amplitude the nonlinearity of the medium begins to influence the "slow" 
wave evolution. Figure 12 presents the experimental data on the pressure maximum in a "slow" 
wave of duration to = 5.5.10 -3 s at a small distance x from the medium input vs the initial signal 
amplitude. For Apo/Po > 5, the contribution of the nonlinear effects to the wave attenuation be- 
comes significant, and for a precise description of the "slow" wave evolution it is necessary to solve 
the equation set [19, 20, 22], where the nonlinearity caused by the gas bubbles is taken into account. 

Unlike "slow" waves, in "quick" waves the dissipative losses and nonlinear effects conditioned 
by bubble pulsation in the water manifest themselves at essentially small wave amplitudes. For a 
rather strong stepwise wave with a steep front, nonlinearity leads, as in gas bubble liquid, to the 
possibility of an oscillating wave structure (figure 13). In front of the wave, as in a gas bubble liquid 
(Kuznetsov & Pokusayev, 1978), the forerunner propagates. The wave relaxation zone seems to 
be determined by the interphase friction on the liquid-rigid skeleton interface and the equalization 
of temperature in the liquid and gas. The wave front oscillation frequency is almost equal to the 
bubble oscillation resonant frequency. For the description of oscillation wave structures numerical 
calculations via the set [19, 20, 22] are necessary. 

4.3. Pressure waves in an unconsolidated liquid-saturated porous medium 

The experimental results show that in unconsolidated liquid-saturated sand, with the modulus 
of the volumetric skeleton elasticity less than that of the liquid, only one longitudinal wave 
propagates at a velocity v, almost equal to the speed of sound in the liquid (Dontsov 1985; Dontsov 
et al. 1985). Line I in figure 14 shows the character of the pressure wave evolution in oil-saturated 
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Figure 12. "Slow'" wave attenuation vs its intensity at the 
porous medium input. (I) Experiment; (2) calculation by 

[23, 24]. x = 0.028 m, Po = 0.1 MPa, ~0 = 0.7%. 
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Figure 13. Oscillating structure of  a "quick" pressure wave 
front, x = 0.137m, P0= 0.3 MPa, E0= 0.36% . 
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Figure 14. Evolution of  a bell-shape pressure wave in unconsolidated oil-saturated sand. (I) Experiment; 
(2) calculation by [23,24]; (3) calculation by [43]. Kal/Ke=0.5, lhilz =0.5 ,  p2=O.86"lO3kg!m ~, 
K z = 1 . 2 5 . 1 0 9 N / m  z, v = 3 2 . 4 . 1 0  -6mz/s. (a) K e = 1 0  s N / m  2, 0 = 0 . 3 3 ,  K 0=  24.10-12 m',  c I =  
1.39.103 m/s,  vic = !.39.10 ~ rn/s. (b) K s = 0.5' 10 ~ N/m e, 0 = 0.30, K o = 16.10-L: m 2, z. I = 1.59.103 m/s,  

v~c = 1.58.101 m/s. 

unconsolidated sand for different medium parameters. At x = 0, pressure wave profile in the porous 
medium at a distance of 0.012 m from the medium input was considered to be the initial signal. 
The parameters of the porous skeleton material are pj = 2.56. l03 kg/m 3 and Kz = 4. l0 ~° N/m 2. It 
is clear that at wave propagation its amplitude decreases and its duration grows. By comparison 
of the wave amplitudes in figures 14(a) and (b), we determine that with the increase in the modulus 
of the volumetric skeleton elasticity KB, the wave attenuation increase in the input signal duration 
leads to a decrease in attenuation, and that a change in the viscosity of the liquid which saturates 
the medium by 20 fold is not important for wave evolution. 

Line 2 in figure 14 shows the results calculated by the system [23, 24]. The initial signal was 
approximated by [40]. The value of the added liquid mass affected the wave evolution slightly and 
was calculated by the Berryman (1981) formula: 

1 -  . [42 ]  

This corresponds to the data of Domenico (1977) for unconsolidated sand at weak reduction. The 
calculated results proved that at KB<</(2 in a porous liquid-saturated medium only one longitudinal 
wave, i.e. the "quick" one, propagates. Comparison of the experimental and calculated results 
shows that attenuation in the experiments is greater than that in the calculations. In addition, the 
increase in Ke in the experiments leads to an increase in wave attenuation, but in the calculations 
this increase leads to a decrease in attenuation. This means that, in contrast to a consolidated 
porous medium, in an unconsolidated medium there exists, besides the interphase friction which 
is taken into account in the Biot (1956) theoretical model, an additional mechanism of dissipation. 

As shown by Stoll (1977), at pressure wave propagation in an unconsolidated porous medium 
shifts of the solid particles and losses due to friction between the particles are possible. This leads 
to the appearance of "dry" friction forces, which at low frequencies predominate over interphase 
friction forces. "Dry" friction for harmonic waves can be taken into account by substitution of 
the complex moduli of the volumetric elasticity ~B and the porous skeleton shift ~, instead of their 
real values Ke and g, into the equation set [23, 24]: 

~e = KB + iKm, ~ = lz + ipi. [43] 



872 V.E.  N A K O R Y A K O V e r a l .  

Hall & Richart (1963) have shown that imaginary modulus parts vs real ones, Kn~/KB and/~//~, 
slightly increase with the growth of skeleton elasticity e~ and, for 10 -5 < e~ < 10 -4, they change in 
the interval 0.03-0.07. Comparison of the calculated results after introduction of the complex 
moduli with the experimental data showed good correlation for KBt/KB= 0.5 and ~,/~ =0 .5  
(figure 14). For the presented experimental data the value e I ~ 10--' caused the increase in Km/K a 
and ~t~/p, in comparison with the data obtained by Hall & Richart (1963). The deformation value 
was evaluated by the relation el " ApodP/K2. 

The measured values of the wave velocity vj in figure 14 coincide with the calculated values v~c 
within measurement error. Note that introduction of  the complex moduli is not important for wave 
velocity. Comparison of the experimental results with the calculations showed that the "quick" 
wave propagation velocity and its degree of  attenuation were almost independent of the coefficient 
of added liquid mass a. 

For low frequencies of  the process to < 09, = dpv/2OKo and at Ka </(2 < K~ and substituting J~ 
and/a, instead of the real modulus values KB and/a, and with "dry"  friction between the porous 
medium particles in [28] (for a porous liquid-saturated medium), we obtain the equations for the 
propagation velocity v~ and attenuation coefficient K~ of harmonic waves: 

and 

where 

and 

r,  = [44]  
\Po] 

Ki = In \ P0 ] = a,. + :q, [45] 
x 

Koto2(Po - P20)2 
ct, - [46] 

2vvjpoP2o 

0q - . [47] 

The coefficient ~,. is determined by dissipative losses at the phase interface and ~ is determined by 
the "dry"  friction between the porous medium particles. For frequencies 

pop=,ov (KBI + ~,)  
to<< 

, _/K2 ) 
Ko(Po - P2o)" ~-~ + KB + ~ta 

we can neglect the dissipitation on the phase interface, and the attenuation coefficient is of the form 

Ki = ~, ~ ~. [48] 

The linear attenuation coefficient vs frequency can be used for correlation of the experimental data 
for pressure pulse attenuation by the transition from the typical pulse duration 6 to its typical 
frequency to* = I/,5. 

The experimental data on the attenuation of  bell-shape pressure waves in unconsolidated sand 
(with KB = 0.5.109 N/m:)  saturated with liquid for different wave durations ,5, wave amplitudes Ap0 
and liquid viscosity v are given in figure 15, where 

Kai + ]/h ~ =  

2vx~ + KB + ~ 

The oil parameters correspond to those in figure 8, and the kerosene parameters are 
,o 2 = 0.79.103 kg/m 3, K 2 = 0.9.109 N/m 2 and v = 1.54.10 -6 m2/s. 
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Figure 15. Attenuation of  a bell-shape pressure wave in liquid-saturated sand. KB=0.5.109N/m2, 
~ = 0 . 3 0 ,  K0=16-10-12m z. Experiment: (1,2) kerosene; (3,4) oil; (I ,3) 5 = (45-55). !0-6 s, 
Ap0 = 7-25 MPa; (2, 4) ~ = (80-100). I0 -6 s, Ap o = 2-5 MPa. Calculation by [23, 24] with "dry" friction 
[43], KBj/KB=0.5, p , /#=0 .5 :  (5,6) kerosene, (7,8) oil, (5,7) ~ = 48.10-6 s; (6,8) 6 = 1 0 - 4 s .  

(9) Calculation by [23, 24]. 

Also given in figure 15 are the calculated results of the wave amplitudes at different distances 
x from the porous medium input. Calculations 5-8 are presented with "dry" friction and 
dissipation at the phase interface. The experimental data are well correlated with the calculated 
results, and almost coincide for different perturbation and medium parameters in dimensionless 
coordinates. This is due to the weak influence of the phase interface dissipation on the wave 
amplitude attenuation. The calculated results without "dry" friction for all wave and medium 
parameters lie in the region 9 and yield essentially smaller attenuation than the experimental data. 

The deviation of the calculated results 5-8 from the direct lines in the given coordinates is 
connected with the increase in wave duration at evolution along the working section, which leads 
to a decrease in typical wave frequencies and, correspondingly, to a decrease in the degree of 
attenuation. 

The experimental data on pressure wave attenuation in an unconsolidated porous medium with 
the modulus of the volumetric skeleton elasticity Ks = 108 N/m: for different wave durations and 
intensities are shown in figure 16. Oil with the same parameters as those in figure 14 was used as 
the working liquid. It is clear that with the decrease in Ks, the role of dissipative processes at the 
phase interface grows which leads to a more pronounced disagreement between calculations 3 and 
4 in dimensionless coordinates, taking into account only the "dry" friction. 

In a recent paper McCann & McCann (1985) have shown that a linear dependence of attenuation 
on frequency, which is observed experimentally, can be obtained, taking into account both the "dry 
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Figure 16. Pressure wave attenuation in oil-saturated sand. 
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iment; (3,. 4) calculation by [23, 24] with "'dry" fr iction [43l. 
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friction" of particles and including a pore size distribution into a modified Blot theory. At the same 
time, such an approach does not allow us to account for the increase in attenuation in pressure 
waves with the increase in external load on a porous medium (increase of the bulk modulus), which 
is observed experimentally at small variations of medium permeability (small variation of pore size 
distribution). 

The comparison of the experimental data with calculation by wave velocity vs its initial intensity 
in oil-saturated sand is shown in figure 17. The medium parameters correspond to those in 
figure 14(b). The experimental data on the wave velocity are independent of the amplitude of the 
initial pressure perturbation and are in good agreement with the calculated value. The experimental 
data given in figure 17 prove the validity of the linear equation set [23, 24] for the description of 
pressure wave propagation in the amplitude range studied, 
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