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Abstract. In the present work, the effects of mechanicatatibn on the absolute permeability of porous media
saturated with water were experimentally verified the case in which there is superposition of afarm flow
externally imposed to the vibration. After the itfécation of a driving range within which indirectffects of the
vibration — such as those due to ultrasonic heatifighe system and to the mechanical disintegratibthe rock
matrix — are excluded, it was possible to verifgtttine vibration, at ultrasonic frequencies, redsitkee pressure drop
across the sample, and reduces, in transient stageflow rate through the sample. The combinatibmagnitude of
these two effects may result in an increase in lats@ermeability, being such changes dependenhervelocity of
the flow externally imposed besides being alsonatfan of the frequency. Analysis of the problemoading to the
acoustics approach permitted formulating a physicadel based on the concept of the viscous skith depersely
proportional to the oscillation frequency. The magism is consistent with the obtained experimergslilts, making
it possible to suppose that the effects resulheffact that the acceleration introduced by theatilon, changes the

viscous friction between the solid and liquid plsasdich compose the solid lattice and the fluid fils the porous
medium and flows through it.
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1. Introduction

Porous media are present in natural andtificeal accumulations — such as aquifers, petroleeservoirs, and
infiltrations in buildings or implants in organisrfar a continuous liberation of drugs.

Capillary forces control imbibitions, beingetlpermeability one of the basic properties of tleops medium.
Permeability is a measure of the capacity of thdiom to transmit fluids, and is proportional to tenductivity of the
porous medium to the flow of a fluid. In the defion given by Darcy’s law (Amyx, 1960), analogoasRoiseuille’s
law, permeability relates the pressure gradientichvitauses a liquid with certain viscosity to flamith a given
velocity. Absolute permeability is that determingden a single-phase fluid that occupies the whold volume of the
porous medium, flows through it under conditionvigtous flow.

Some references in the literature mentiondésgendence between the absolute permeabilityrenétéquency of
vibration of a porous medium. The importance ohgaj a better understanding of such variation iliethe fact that
this might contribute to the development of yetenttechniques for the additional recovery of fluglsred in porous
media.

Our preliminary experimental results showeat some effects other than those of direct intdoeghis work may
result of the ultrasonic irradiation of the porauedium, mainly the heating due to dissipation ef tiitrasonic energy
for prolonged periods, and the partial destructibthe solid matrix by the flow field. Selection séimples with higher
mechanical resistance — which also possess lowminab permeability — and the adjustment of testditons that
could lead to an appreciable effect, within a shpatiod of irradiation, permitted the isolation af effect of the
mechanical vibration on the hydrodynamic propemiesrelated to the heating or disintegration @f plorous medium.
This can be assured because the observed effestsdpto be instantaneous and reversible. On they bigind, analysis
of the problem according to acoustics theory peeaiitthe identification of a satisfactory explanatifor the
experimental results obtained.

Thus, besides the experimental verificatibthe effect of the frequency of vibration, this kgroposes a physical

model describing how the absolute permeability geanwith vibration in a saturated porous mediurough which a
uniform flow also occurs.



Changes in the permeability itself or in fitew rate through porous media under vibration nom@d in the
literature range from the behavior of water orweélls after earthquakes to laboratory scale. Tlaeeealso a wide
variety of conditions under which the observatiomsy have been made, such as, under constant flworaunder
constant pressure; under conditions of single-plfilase or under some proportion of multiphase flovibrating the
sample supported over the vibration source or thighvibrations source coupled to the sample’s ifde¢, such as the
configurations used by Fairbanks and Chen (197X3yoPoesicet al. (2002). The idea is that supporting the sample
over the vibrations source constitutes a way ofutating the transmission of vibrations producedhia surface to the
subsurface reservoir rock. Coupling the source te of the faces of the sample would simulate bottoote
applications. In the field scale, surface applaagiare usually used to stimulate not too deepveiss, up to 1500 m.

In a comprehensive review, Beresnev and &ohif$994) observe that the existing papers in ggnawntain
experimental verifications of the fact that, mokthe times, the application of elastic waves cawmeincrease in the
absolute permeability of saturated porous mediaaaniticrease in the permeability to oil — appageifithis happens to
be the less abundant phase in relation to the vgateration. But they list reports of cases in \Whige effect results
indifferent and even negative, depending on thgueacy and on the state of saturation of the pommegium.

Fairbanks and Chen (1971) verify experiméytddat the ultrasonic irradiation promotes an @ase in the flow
across a porous medium. The increase proved tefpendent on the driving frequency. They observimemease in the
temperature during the irradiation of the systemt, find that the increase in the flow rate is mggbater than what
could be attained only due to the respective dser@athe viscosity of the liquid if the flow isgosed to remain of
the viscous type. Thus they propose that the phenomis one of a capillary nature and speculatettieaeffect of the
ultrasonic irradiation is to cause a decrease énsihlid-liquid interfacial tension in the systemn @e other hand,
Poesioetal. (2002) notice that high power (2,0 kW and 0,7 l&gstic waves, with frequencies of 20 kHz and K@ k
respectively, applied with an acoustic horn in i@cion parallel to the flow, have a significanteet on the pressure
gradient of the constant rate flow through sampliethe Berea sandstone with permeability rangitognfrlO0 mD to
300 mD (1darcy (D) = 9,869x 10" n?). They concluded that the pressure gradient rémhuég only due to the heating
produced by the dissipation of ultrasonic energth@fluid with the consequent reduction of itscaisity.

Cherskiyet al (1977) verify experimentally an increase in peabiity as a direct function of the intensity okth
ultrasound applied simultaneously to a steady ftavough the porous medium Vogler and Chrysikopo302)
verify experimentally that the application of acbusvaves with frequencies from 60 to 245 Hz to flesv through
porous medium under constant pressure gradienbiaprthe transport of solute in relation to thedport promoted
only by the flow. lassonov & Beresnev (2003) notibat low intensity (0,2 to 125 W/n elastic waves with
frequencies up to 100 Hz improve the flow of flulisough porous media mainly as referred to thetiphdse flow in
which one non-aqueous liquid phase is displacethbyaqueous phase. Westermatkal (2001) list several papers
reporting the application of vibrations under a evidnge of frequencies — from 1 Hz to 5 MHz — aeslcdbe a down
hole tool capable of producing vibrations up to 29 with which they intend to carry out field-scatests. They
present experimental results showing that thereeiter oil recovery — under water injection — frgmrous media
submitted to vibrations, and even better recoviettya vibration is intermittently applied.

Aartset al (1999) attribute an ultrasound-induced flow ircapillary tube filled by a liquid — experimentally
verified — to the deformation of the pore wall, enthe form of transverse waves, producing a f@tistmechanism of
transport. However, they notice that the mechanigm not capable of totally explaining the phenomémraexample
regarding the results upon changes in rigidityhef ¢apillary wall.

While satisfactory physical models have ne¢rb proposed for explaining the observed effecth@fmechanical
vibration on the permeability of saturated porowsiia, on the other hand linear continuum mechargemits relating
the modes of propagation of elastic waves to thesiphl properties of the propagation medium. Thig/wt becomes
possible to predict that if, for example, low-anyalie, compression waves (also narRedaves or longitudinal waves)
are incident upon an elastic, homogeneous andjsotsolid — and/or shear waves (also nai®@&eaves or transverse
waves) — then waves of the same natleof S) will propagate through the solid with amplitudeglocities,
frequencies and phase angles proportional to tteamécal properties of the solide., proportional to the deformation
characteristics of that solid under the specifiofiguration of application of stresses.

Biot (1956a, b) extends these principles odppgation of mechanical waves through continuowslian by
formulating the theory as applied to saturated pemedia. The theory predicts that besides the cessjpn P) wave
and the shear§ wave, a second compression, slower wave (thug mensitive to attenuation), also named siow
wave will propagate. This is due to the differehtiaformation between the continuous and interpated solid and
liquid phases of which the system is composed.

As we will may conclude, the mechanism that givise to the second-type-wave constitutes a change of the
viscous friction between the solid and liquid plsasehich is responsible for the change in the pmesgradient
associated to the movement of the liquid throughptbrous medium.
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2. Interfacial tension

The free surface of a liquid in contact with a dadidheres to the solid surface if the intermolecidétractive
interactions in the solid-liquid interface are réghthan the intermolecular attractive interactiovithin the fluid
(Probstein, 1994). The solid-liquid interfacial adton due to surface tension forces are giventdsbalance the
contact between different phases, and is moresetéme higher the interfacial tension in relatiorntte surface tension
of the liquid — or the lower the contact angl petween the solid and the liquid —, as givenhgyYoung's equation,

Cosgzﬁ, where o is the surface tension (or liquid-vapor interfadinsion), o4 is the solid-gas interfacial
o
tension, andr is the solid-liquid interfacial tension. Thus, tihéerfacial adhesion due to interfacial tensiorcés is an

interaction of a static nature and does not playrate in the single-phase flow through porous raedi

3. Interfacial friction

When there is either a uniform movement @f $blid phase, with velocity, relatively to the liquid phase, or a

movement of the liquid phase, with veloclty, relatively to the solid phase, a friction foroé viscous nature, is given
rise at the interface, because this is the cagheofviscous transport of momentum between the ghéRmbstein,
1994). This force is given by

. (D)
F=Au,

or F=pU, sinceU =u, in this case. The resulting action of this foalso manifests as an interfacial adhesion,
causing one phase to drag the other. The intetfiiciaon — or drag — force is, thus, an interactiof a dynamic nature.

If besides being viscous the liquid is alscompressible, then the substitution of the unifalisplacement by the
vibration of an interface changes the interfacialgdforce. In this case, if the interface is tat@be an infinite plane, it
will be sufficient to represent the change in thieifacial friction as a change in the friction ffiéent, thus resulting
(Landau, 1987):

. (2)
By
w

F) = (8 +iB)u= Au-

where the vibration substituting the uniform moveinef the interface is represented by the harmomeement of the
solid surface, given by

. . 3)
u(t) =uo cos(a)t + y).

Thus, the introduction of an accelerated mme&t in the interface changes the adhesion betteephases, due to
the interfacial friction, and phases out this foiceelation to the velocity of the mobile phasén-this case the solid

surface with velocityu .
The out of phase component of the interfdcietion force corresponds to the inertial reastaf the liquid phase to
being dragged by the solid phase and, actuallyst¢ates a differential movement of the liquid padwith velocity

U ) in relation to the solid phase (with velocity) as will be seen in the following.
4. Vibrant liquid skin

The vibration of the solid-viscous liquid enface, to which the change in interfacial frictisnassociated, also
causes the change in the viscous, interfacial mtumetransfer, giving rise to a longitudinally viltirey liquid layer
instead of the uniform drag of the liquid phask e: a vibrant liquid layer with deptld («w) , contiguous to the solid

surface. Since if it is considered that the solid phaseeisntbbile phase with velocity, then the momentum transfer
transverse to the solid surface €., within the fluid — is given by (Landau, 1987):



. . X i[l—wtj ()
Uy(x,t)=uce *e'*

24
piw
decays exponentially from the solid surface to inithe fluid.

where 5s(a))= , which means that gradient of velocitiésy(x,t) of the vibrant, viscous liquid skid(c)

5. Transition frequency within capillaries

A consequence of the vibrant viscous skitfenmovement of the liquid comes when the osailtasolid-liquid
interface is not an infinite plane but a capillape filled by the viscous liquid: the vibrant layjerms an annular with
depthdy(«), contiguous to the inner wall of the capillarythvradiusa, giving rise to a transition frequencs, given

by:
_2u ©)
piat

,

While the vibration frequency is low enough fotdtbe around the value @, so that the vibrant skin depth is greater
than, equal to or of the order af the vibrating skin spans the distance of the di@mof the capillary tube. The

amplitude decay in velocity within de fluid is giveby Oy(x,t) (Eq. (4)), which may be taken as approximately

parabolic. Within this low frequency range all betfluid along the capillary’s diameter is viscqusbupled to the
vibration of the capillary, and the pressure gratiEdong the capillary’s length, associated wita thovement of the
liquid, is of the type given by Poiseuille’s lawi{@, 1987),

. 2 2 (6)
U exty (X = X_ 1- X_ @ ,
4u\ a®)oy

which linearly relates the pressure gradient to wacity of movement of the liquid within the tybpredicting a
parabolic profile of transverse distribution of agties.

At frequencies greater thapthe movement of the liquid deviates from the Rdlketype and, as frequency gets
higher, an ever increasing fraction of the fluidssawithin the capillary is free of the influence thie vibration
transmitted via the interfacial friction.

To our best knowledge, the pressure gradisabciated to this vibrant liquid movement withire tube has not
been directly treated throughout the literatureintyan the high frequency range, in which the desud of velocities
does not span throughout the capillary’s diamételirectly, however, there is the acoustics treattmehich describes
the analogous propagation of elastic disturbs tginaaturated porous media.

6. Acoustics approach

The mathematical modeling developed by tlwustics approach is not concerned with the proldéthe effect of
the vibration on the pressure gradient associatélaet movement of the liquid phase through poroediaj because the
pressure gradient is undetectable by usual acom&tihods — these consist of the detection of digphents. Neither is
the formation of the vibrant viscous skin deteatdy acoustic methods.

Yet, according to the acoustics approachhiwithe low frequency range, at frequencies lessan «, the
Poiseuille-type interfacial friction causes tha¢ tmovement of the fluid out of phase with.-e., which takes place
relatively to — the solid surface behaves as the dliffusion of a pressure dissipation in the di@t of propagation of
compression disturbs (with velocit4,) through the system.

Within the high frequency range, at frequencgreater thamy, the deviation in interfacial friction from the
Poiseuille-type implies that the movement of flugdhtively to the solid surface — and out of phaté it — behaves as
the propagation of a true compression (longitudimalve, in the direction of propagation of the coegsion disturbs
through the system and with a velocity of propagatf an order comparable to theirs.
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In both frequency ranges the movement oflithéd phase (with velocityJ ) out of phase with the solid surface

(with velocity u) constitutes the propagation of a second typeoofaression disturb (with certain diffusion coefict
(Plona, 1980), within the low frequency range, dthwelocity Vp, within the high frequency range) through the
porous medium saturated with viscous liquid. Fds tfeason, the acoustics of saturated porous media be
approximated, from a macroscopic point of view, aas equilibrium problem of a continuum composed tw t
continuous, interpenetrated phases.

For the same limiting problems, Jones (198#)sidered only the description of the componerthefinterfacial,
relative movement out of phase with the frictioncko as the propagation of a transverse waivee—a wave from the
solid surface to within the fluid. This additionahve is given rise within the saturated porous om@dinder vibration
and to which an external uniform floWJ e, is superposed. He did not consider the problepredicting the effect of
an additional wave on the pressure gradient adresporous medium. Jones’ study does not dividebtteavior of

such additional shear wave, s34y, into low and high frequency ranges. Such a waveldvbe equivalent t@s.

Thus, the change in the pressure gradiemtésult of the change in the interfacial frictessociated with the out of
phase movement between the solid and liquid phesesscous contact. These are the same mechanisitraly
described — and experimentally verified — by theustics approach of the problem. In this senseatf@ogy between
the problems will make it possible that flow expegnts come to constitute an indirect method forvérgfication of
JonesVs, wave.

7. Porous medium

When the solid-liquid interface is used tpresent the saturated porous medium through whighifarm flow,

with velocity U e, externally imposed takes place, the interfagiatibn (Eqg. (1)) gives rise to the pressure gratiaes
given by Darcy’s lawé. g. for one-dimensional flow):

0P _ Ky, @

ox K

which makes it possible to approximate the poroadiom, from a macroscopic point of view, as a berafltortuous,
interconnected capillaries.
In this case, submitting the saturated pommeslium through which an externally imposed, umfdiow takes

place to the vibration;J(t) reduces the pressure gradient to
9 . . oo s (8)
—p.(t) O F(t) = ﬂ{u e~ uj —&(U e— uj
0X w

due to the change in interfacial friction. Thissts because part of the pressure grad|§${ associated to the uniform
X

flow externally imposedl ¢, is used to constitute the friction force (giventbe inertial component in the last part of
Equations (2) and (8)) associated to the formaticthe vibrant liquid skind(a)).

In its turn, the formation afi(«) is debited, in transient state, d e . It means that, as part of the mass of fluid

provided by Ue is utilized during and for the formation @¥(c), there is a transient reduction & e in the

downstream face of the porous medium. THig transient at the downstream face of the porousune also due to
the inertial term in Egs. (2) and (8), to which athematical model has not yet been derived, tdest knowledge.

8. Experimental results

When performing experiments for the verifioatof the effects of vibrations on the saturatedops medium to
which an external uniform flow is superposed (Pomp2004), we indeed noticed that the transient fange in



pressure gradient is followed by a transient radadn flow rate at the outlet port of the samge,can be respectively
seen in the graphs pft) and ofQ(t) shown in Fig. 1(a). [Data were acquired in a catapvia the output of a pressure
transducer and of a scale, respectively]

The transient reduction @4(t) seems to be related to the period of formatiothefvibrant viscous skind{ )),
whose depth is inversely proportional to the fragpyeof vibration. Data shown in Fig. 1(a) were doeg in
experiments of injection of an aqueous solutionyilindrical samples of porous media constitutedexfimentary rocks
(Brazilian Botucatu sandstone) fully saturated itk same fluid.

In a sample with absolute permeabilty= 8 mD (1darcy (D) = 9,869x 10 n¥’), the solution was injected, at
constant rate, during 300 s, causing a pressug Apgt), of approximately 48 PSI (330,86 kPa) to buildagooss the
sample while the flow rate registered at the odtleé of the sampl&4(t), was constant and equal to the injection rate
at the inlet faceQq(t) = 0.0225 crifs. During the following 300 s (from 300 s throu®0 s), the sample was submitted
to an irradiation of frequencw = 40 kHz, while the injection of brine continuagperposed at the initial, constant
value,Q.. During the next 300 s the sample continues saietier injection of brine at the initial inl€x.

Thus, it is possible to define relative vhadas of these variables as the ratio between ifferehce of the final and

the initial values to the initial valué}ﬁ = ﬂ being the initial value that of the variable waith the influence of
X X,
vibration, and the final value that of the maximuaniation registered under application of vibration

The registered reduction @(t) apparently only could be detected because ofais®ciation of the low initial
permeability of the sample to the high frequencyibfation. But also mainly due to the measuremeand registering
— of the flow rate at the outlet face of the sangitang the timeQ(t), as can be seen in Fig. 1(a).

In shorter tests (steps of 120 s) so thastraples did not undergo irreversible changes, dendencies could be
forwarded for the relative variation of the pregsdrop (Fig. 1(b)) and of the relative variatiorflofv rate at the outlet
face of the sample (Fig. 1(c)) as a function of tlosv rate at the inlet face and providing variasoin the initial
permeability of the samples (8 mD and 70 mD) anithénfrequency of the vibration sources (25 kHz 40dHz).

With these two sets of data, it was possible t@utate the relative variations of the absolute ppility of the

samples under the respective test conditions, mdeaseen in Fig. 1(d). Notice that there is araagqut tendency of
decaying increase of the permeability, as a dif@ottion of the external flow rate and as an ingeftsnction of the
frequency (within this narrow range). This trendrss to be able to evolve into increasing redudtifo, as in the case
of the 8-mD sample under irradiation of 25 kHz. sTkind of behavior has already been reported inliteeature

(Beresnev, 1994).

9. Conclusions

It is possible to draw the conclusion that tibration, in this work tested within the randeuttrasonic frequencies,
does affect the conditions of a uniform flow extdly imposed to a porous medium saturated by thwiflg viscous
liquid.

Analysis of the problem by means of the atiosisapproach — and comparison with the experinheetults —
permits formulating the hypothesis that the acesien introduced by the vibration promotes a viscomomentum
transfer from the solid phase to the liquid phadsch, in steady state, changes the friction foluetsveen the phases.
The experimental results are consistent with ttzlavle phenomenological description.

Despite the argument according to which tbeation in the ultrasonic range may be of difficimhplementation in
eventual applications in field scale, this rangense adequate to the basic research, in laborataty, f the involved
mechanisms.

In works to appear elsewhere we intend terektthe range of frequencies of vibration so amd¢tude the sonic
region, as a means of figuring out more broadlyeitfect on the variations in permeability. Perhapgler low
frequencies the variation Qs is not as easily noticeable due to the probablghrianger transient duration — with the
lower rate of variation of\p(t) and, consequently, s —, neither perhaps will the amplitude of variatmm\p be that

large. We also intend to model the transient foimmadf &(c) and its influence oQ4(t) and consequences +§1— p(t) .
X
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Figure 1. (a) — Buildup of the pressure drap(t), and registering of the outlet face flow ra@g(t), during the brine
injection experiment with constant inlet raf&, Beginning of irradiation dt= 300 s; end dt= 600 s. (b) —

Relative variation of the pressure dr A(A p) ) as a function of the flow rate at the inlet f&ge given the
p

changes in initial permeability of the samples and of the frequencies of vibratfo) Relative variation of

the flow rate at the outlet face of the sampl%gf—) as a function of the flow rate at the inlet f&g¢ given the

S

changes in initial permeability of the samples and of the frequencies of vibratfdh— Relative variation of

the absolute permeability of the samp%k}f’;) as a function of the flow rate at the inlet f&ge given the

changes in initial permeabilitg of the samples and of the frequencies of vibration
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