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Leakage through filtercake into a fluid sampling probe
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Pore fluid can be withdrawn from reservoir rock by means of a probe lowered down a well and
clamped against the rock surface. The rest of the rock surface is covered by a drilling fluid filtercake
which impedes, but does not totally prevent, flow of filtrate from the wellbore into the rock and
thence into the probe. The magnitude of this filtrate flow is investigated in an idealized geometry in
which the porous rock, with permeabili; occupies the half-space>0. The probe covers the
circular regionr <a of the planez=0, and the rest of the plane is covered by a thin filtercake of
permeabilityk, and thickness. The fluid is assumed incompressible and obeys Darcy’s law, so that
the fluid pressur@ in the porous rock satisfies the Laplace equation. The pressure in the probe is
Po<0, andp=0 in the wellbore and in the pore fluid at infinity. This mixed boundary value
problem depends only dd=k_.a/kh. If K=0 the problem is equivalent to that of an electrified disc

at constant potentigd, in unbounded space, and pore fluid is drawn from the rock at infinity. If
K>0, fluid leaks from the wellbore into the reservoir, and the volume of fluid withdrawn by the
probe is equal to the volume of fluid which passes from the wellbore into the rock. WAiéh O

<1 fluid streamlines within the rock are similar to those or- 0 close to the probe, but emanate
from the filtercake ore=0 on a length scale ~a/K. Estimates of the hydraulic resistance of
filtercakes usually encountered when drilling for petroleum indicate that this leakage flux is
sufficiently small to be neglected over typical time scales for fluid sampling2001 American
Institute of Physics.[DOI: 10.1063/1.1360712

I. INTRODUCTION The rock surface=0 is divided into two regions. The cir-
cular probe contacts the rock in the regiorna. The rest of
Once an oil well has been drilled, a probe can be low+he rock surfacéz=0, r>a) is covered by a uniform filter-
ered down the well in order to extract fluid samples fromgsgke of thicknestéi<a and permeabilityk, .
various layers of reservoir rodk?> The cylindrical surface of We assume that at tinte=0 the rock is saturated with a
exposed rock is by this stage usually coated by a low permesingie pore fluid, i.e., we neglect any previous invasion by
ability filtercaké’ which impedes(but does not totally pre- filtrate from the wellbore such as would have occurred dur-

ven the flow of fluid from the wellbore into the surrounding ing drilling. Invasion by filtrate starts at=0, and although

rock. Once the probe has been clamped against the rock sur- T . o
: : : we shall distinguish filtrate from the original fluid in place,

face which surrounds the wellbotEig. 1), the filtercake that . . )

lies between the probe and the rock is removed. Fluid from'c shgll assume that the fluids have the same V.ISCOSIty. and

the pores of the rockpore fluid is pumped from the rock are_m|§C|bIe, i.e., there are no effects of interfacial tension/

into the probe, and thence into a fluid sampling device. ~ capillarity. _ .

There are many fluid flow problems associated with such We measure all pressures relative to that W|th|n.the well-
sampling techniques; it is likely that certain fluid sampling Pore, so that from now on the wellbore pressurepjs=0.
procedures in other porous media’ such as tissue’ pose Sirﬂihe fluid pressure within the probe is assumed uniform and
lar questions. Here we shall concentrate on the possibilitggual topg, and we takepp<<0 so that flow is from the rock
that it may be easier to suck fluid along a short path throughinto the probe. We assume that the difference between the
the low-permeability filtercake than to suck fluid from the wellbore pressure and the pore pressure in the rock far from
rock pores far from the probe. This would lead to a sample othe probe is negligibly small compared pg, so thatp—0
wellbore fluid, rather than to a sample of pore fluid, andwithin the rock at infinity. Thus we neglect the slow filtration
might, for example, hide the presence of petroleum reservefgom the wellbore to the rock which occurs even in the ab-
within the rock. In order to investigate this possibility, we sence of suction by the probe. We assume that the flow is
consider an idealized problem in which the curvature of thancompressible, and look for steady Darcy flow within the
wellbore is ignored(Fig. 2. The rock occupies the half- rock and filtercake. This will be incorrect at very early times,

spacez>0, and we adopt cylindrical coordinates,€,z).  pyt will be a good approximation close to the probe once the
pressure perturbation caused by fluid extraction by the probe

dElectronic mail: sherwood@cambridge.scr.slb.com has diffused a distance large compared to the probe radius
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z’ Il. THE LAPLACE EQUATION AND BOUNDARY
) T 7) CONDITIONS
The rock has permeabiliti, so that the fluid velocity
within the rock is given by Darcy’s law
sampling u=— E v (1)
probe M P,
1 where u is the fluid viscosity. Hence, by incompressibility
SN 2
Q7 Vp=0. 2
On z=0 the pore pressune=p, over the surface of the
prober <a, but we must determine the boundary condition
to be applied for >a where the rock surface is covered by
a filtercake. The filtercake thicknesshswith h<a so that
4 T % within the filtercake we need consider only one-dimensional
T filtrate flow normal to the filtercake surface. The filtrate ve-
wellbore T porous locity u, in the z direction is
filtercake rock
kAp
FIG. 1. Schematic of a wellbore, with ax@5. The probe is clamped against uz= wh '’ ©)
the cylindrical wellbore, and withdraws fluid from the rock pores at a volu-
metric flow rateQ. where
Ap=py—Plz=0= —Plz-0 4)

is the jump in pressure across the filtercake and variesmwith
In Sec. Il we set down the dual integral equations andBut by continuity this flow through the filtercake must equal
boundary conditions which describe the problem. The simthe Darcy flow within the rock normal to the surfaze 0,
plest case of an impermeable filtercake is solved in Secand so
[l A, and the solution for the more general case of a perme-

: : . . s N k.p k op
able filtercake is then given in terms of an infinite seriesin ~ = <" —_ _ "=
Sec. Il B. The limit in which the filtercake permeability de- wh M JZ
creases to zero is noteworthy and is discussed in Sec. llIC. \ye scale all lengths with respect to the probe radius

Numerical results are presented in Sec. IV, and we close iffpys we wish to find a solution of the Laplace equatigh

z=0, r>a. (5)

for a real wellbore. conditions
p=py, z=0, r<1, (6a)
r P_ K =0 >1 6b
A E_ p! Z= ’ r ’ ( )
wellbore p—0, z—ox, (60)
—~
p=0 | N Rock where
; permeability k K
filtercake — _ X4 (7)
kh”
y The problem is axisymmetric, so that we seek a solution
probe | a independent ob of the form
Y
L Z o}
P=py p=pof0 B(s)Jo(sr)e”*“ds, (8
N whereJ, is a Bessel function anB(s), which is unknown,
must be chosen such that
N f B(s)Jo(srds=1, r<1, (93
0
FIG. 2. Schematic of the simplified geometry considered in Secs. II-IV. o
The probe is clamped against a plane rock surfze®, and the problem is f (s+ K)B(S)Jo(sr)ds= 0, r>1. (gb)
axisymmetric about the axis. 0
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I1l. SOLUTION OF THE LAPLACE EQUATION gl-28

A. Impermeable filtercake: K=0 E J ot K Jemeal $)J2n+4(8)ds

_ The caseK_=0 corresp_onc_;ls to the probler_n of an electr_|- Son

fied disk at uniform potential in free space, with the potential = m, n=0,1,2,.... (16)

vanishing at infinity. This is a classical problémith solu-

tion
The integrals on the left-hand side @6) may be evalu-
2 sins ated numerically using routines developed by LutaH.the
B(s)= s (10 infinite set of equationsl6) is truncated, the resulting finite

set of linear equations for thig,,} may be solved numeri-
Thus wherk =0, if we insert(10) into expressiori8) for the  cally. In the cas& =0 we know from(10) that
pore pressur@, we find that on the plane=0,

) HOB(S) 2 sins (Zs) 1’2J ) an
* s s)= =|— S).
z%f s 1Jy(sr)sinsds z=0. (11 ( ( 0 ud
0
The integral (11) is a special case of the Weber— N this case if we choosg=3 only the termm=0 in the
Schafheitlin discontinuous integral, with expansion(15) is nonzero, and all the computations pre-
sented here were performed with this choice for
2p0 ., ., Once we have solvedl6) to determine thga,,}, we
p=—_—sin*(r %), r>1, z=0 (128 know the expansiofl5) for B(s). The pressur@ is, by (8),
=py, r<1, z=0. (12b) w gl=Bg=sz =
p:pof — > amdam+ g(S)Jo(sr)ds. (18
s=0 StK 70

In the far field p~2py/#r, corresponding tdspherically
symmetrig radial flow toward a point sink.

The total volumetric flow rate of fluid through the probe The Darcy velocity(1) within the rock is
when the filtercake is impermeable is

1 pok f g2 Pes? i J ] q
Q(pO)=27ra2f ru,dr u-= au o STK & amdam+ p(s)Ja(sr)ds
r=0 (19@
dapok (= dapgk
_ 28 f s 1J,(s)sins ds= Po , (13 o g ey
=0 % pok (= s° Fe™®
Ufaj OSJF—KmZO amJdom+ g(8)Jo(sr)ds,
where in(13) we have used - (19b)
z
f tJdo(t)dt=2J,(2), (14 and the total volumetric flow rate of fluid through the probe
0

is
and the final integral of13) is again a special case of the
Weber—Schafheitlin discontinuous integfelg., Eq. 11.4.35
of Ref. 9. The definition(13) gives the flow through the
probe in the directiorz increasing, and is thus in the opposite
direction toQ depicted in Fig. 1. As indicated previously,
Po<0 and henc{?<0.

1
Qp=27-ra2j rudr, z=0
r=0
2[ PoK
ua

© 51*,8 o
fs:oS‘f‘K mzzo amJ2m+ﬁ(s)‘]l(S)dS

B. Series solution for arbitrary K (20
To solve the dual integral equatioi8) we follow the

where we have again usdd4). The total volumetric flow
standard procedure set down by Traritand seek an expan-

from the filtercake into the rock at the plaze=0 is, by

sion of the unknowrB(s) in the form (19b)
(s+K)B(s)=s'"# > andom: 4(S), (15) ol POk} F foo s2 A
m=0 Q.=Q.’'=2ma ua Iianx r:1rdr oSTK
where B is an arbitrary parameter which later will be re- w
qgireq to satisfy3>0. The goefficients{am} satisfy an infi- xS amdams 5()Jo(sT)d, (21)
nite linear system of equations m=0
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where the upper limit of integration with respect tdhas
been taken to b&, which we shall ultimately allow to go to
infinity. An alternative expression for the flux through the
filtercake itself may be derived froif8), and leads to

o Slfﬁ *

X L:OsH( > amJoms p(8)Jo(sn)ds.

m=0
Using (9b) we can show thaQ!®—Q{¥=0, as ex-
pected, so that we may defig.=QY=Q!?. Performing
the integral with respect toin (22), we obtain

pok

ua

s

s+K mn=o

R
rdr

=1

lim

R—x

Q¥ =—-2ma’K

(22

lim fm [RJ (SR
s=0

R—

QP =-2ma’K

o

_Jl(s)] am32m+ﬁ(s)d5- (23

For suitable functiong(s) which decay to zero as— o,
integration by parts give@Ref. 8, p. 344

«© Jo(SR) “
JJl(sR)g(s)ds=— r 909
0 s=0
=Jo(SR) |
+f0 —g 9'(s)ds (249
:£§)+0(R-3’2), R>1, (24b

where we assume that the derivatiyeis well-behaved and
decays as— o« sufficiently rapidly that the integral if243
exists. Hence, by23) and(24)

Pok|[ (= s7¥ <
o =2mak| B2 [ 2 S andan.s(s)2u(51ds
C2PKT(1+B) | (29

Alternatively, the same steps applied(&1) lead to
) Sl_ﬁ ~

L:os+ K > apdom: p(5)J1(s)ds.

m=0
(26)
Comparing(26) and (20) we see thaQ,=—Q.. Thus
all of the fluid withdrawn from the rock by the probe is

J. D. Sherwood and H. A. Stone

filtrate

original
pore fluid

FIG. 3. Sketch showing the front which divides invading filtrate from origi-
nal pore fluid at timety. Fluid from the filtercake at=r, has just arrived

at the probe, and there is steady flow of filtrate to the probe from filtercake
covering the region £r=<ry.

which is not desired. We shall therefore be interested later in
the amount of filtrate which has arrived at the probe having
traveled all the way from the filtercake covering the region
1<r<rg, and we define

r

Qf:(ro)=27ra2f

0
u,rdr, z=0
1

Sfﬁ

~ 272K | [ay(5) - rou(s10)] Sy

X 2 Ao 4(S)ds. (27)
The fraction of flow reaching the probe that comes from the
region 1<r<r is therefore

Fi(ro)=QNQ.. (28)

We may integrate the fluid velocit{l9) to compute tra-
jectories of filtrate fluid particles as they travel from the fil-
tercake atz=0 toward the probe, thereby determining the
time a filtrate fluid particle takes to reach the probe. At any
given time there will be a front separating invading filtrate
from the original pore fluid, as sketched in Fig. 3. In Fig. 3
fluid from the cake atn,z)=(r,,0) has just arrived at the
probe at timety. There is by this time a steady flow of
filtrate into the probe from the region<lr <r of the filter-
cake, so that at timg, the fraction of the flow into the probe
that is filtrate from the wellbore i5(rg) (28).

C. Green's function for K<1

The flux through an impermeable filtercake is zero, but
we saw in Sec. Il B that as soon Ks>0 the total volumet-
ric flow rate Q. through the filtercake is equal to the flow

replaced by filtrate from the wellbore, rather than by porerate —Q, through the probe, which foK<1 may be ap-

fluid drawn from the reservoir at infinity. If this filtrate

proximated by(13). This discontinuity inQ. merits further

reaches the probe, the fluid sample will be contaminatednvestigation.

Downloaded 20 Jun 2003 to 140.247.59.174. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



Phys. Fluids, Vol. 13, No. 5, May 2001 Leakage through filtercake into a fluid sampling probe 1155

We now rescale all lengths B¢~ 1, so that lengths have so that the total volumetric flow rate through the probe is
now been scaled baK ™. The pressure field still satisfies 2 ok
the Laplace equation expressed in terms of the new scaled :27-ra f Fu.dt
variables ¢,2). In the limitK—0 the probe, which occupies PTK? ‘
the diskf <K, will appear as a point sink, and we may
neglect the fine details of the pressure distribution over the
probe surface. This allows us to modify the boundary condi- M
tion over the probe.

We now assume that the entire surface0 is covered
by a filtercake, wittp,,=0 in?>K andp,,=p, in T <K. We

B 2makp K fw J1(sK)J1(sK)

0 1+s (35)

But if K< 1 the dominant contribution to the final expression
comes frons>1, so that we may replace the final integral in

shall discuss later the relation between and py. The (35) by
boundary condition over the plarre=0 is 2makp K (= J1(sK)J1(sK) 7Kp.ka
~ ds= . (36
P M Jo S (36)
P o
55 P Pw=p, T>K (293 |t e wish this to equal{”, given by(13), we require
=p—p;, F<K. (29b _4po @7
We look for a solution of the Laplace equation of the toaKe
form

The pressurep; outside the filtercake in the region<(
B <K in this modified problem is therefor®(py,/K) and
p:plf C(s)Jy(st)exp —s2ds (30) much larger than the pressupg in the original problem in

0 which there is no filtercake in€9f <K. Since the filtercake
permeability is small compared to that of the rock, the flow
through the filtercake over the region=0@ <K will be ap-
proximately uniform, with Darcy veIocityQp/waz. The

and the boundary conditiof29) becomes

f (s+1)C(s)Jy(st)ds=0, F>K (31a pressure drop across the filtercake is therefmreto leading
0 order inK, and the pressure at the rock surface willg)
=1, P<K. (31  but will vary withrr.

Expression(33) for p is easily evaluated in the limi

_ The left-hand sid.e_s of31) are identical, unlike the s 1 whenk<1. We expand); as a power series in its ar-
mixed boundary condition®) of Sec. Il. One can therefore gumentsK to obtain

solve for C(s) by means of the Hankel inversion theorem,

but it is easier to note, by comparison with the Weber— K?p; (=
Schaftheitlin discontinuous integréd.g., Eq. 11.4.42 of Ref. P=— f
9) that if we take

S
; mJo(s“r)eXp( —s2ds+O(K®). (39

As z—o the dominant part of the integral comes from

(1+5s)C(s)=KJ,(Ks), (320 s=0(z1), so that
- e F Jo(st) 2d —z—rszplz (39)
~ sh(st)exp —s2)ds= -——5—
»J1(Ks) R . P=5 |, 5% X 2(2°+72)
p=Kp1f 1T\]o(sr)exp(—sz)ds (33
0 S (Ref. 10, p. 1261, Eq. 10.3.20This represents a dipole pres-
satisfies the boundary conditiof31). sure field, which should be contrasted with the monopole-
Onz=0 the Darcy Ve|0city through the probe is like pressure field wheK =0. For fixedz, p decays a$_3

asr—o, More care is required to investigate the linfit
Jo(shds (34) —o whenz=0. Integrating firss Jy(st) and thenJ,(st) in

kK gp  kK?p; Joc sJy(Ks)

u=-—-—==

z ap Jdz auw Jo 1+s (33) by parts, and then expanding in powerskgfwe obtain

|

p K [= | KJp(Ks)  Ji(Ks)(2+3s) Ji(Ks)z
—=——= Jy(sh)e ®? - ——
P1 fJo 1+s s(1+s) 1+s

B KZFJ [ s—1  z(s-1) st O(K) 1 O( 2

__?2_ 0 O(Sr) (1+S)2+(1+S)3 S+ ( )+ (Z)

K?(1+2) .
= =55 +O(K)+0(2), F—ce. 40
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©)
Q7 Q,

FIG. 4. Total volumetric flow rat€,, into the probe, scaled by the flow rate
Q{” whenK =0, as a function of the filtercake permeability paramdser
(7). Number of terms in the truncated expansid®): (a) M=10; (b) M
=30.

We see that althougtB9) was incorrect orz=0, it appears
to have correctly capturedp/ 9z on the boundary.

Thus aK— 0 there is an inner region, around the probe,

J. D. Sherwood and H. A. Stone

FIG. 5. Pressur@ on the surface=0, as a function of radial position
after scaling by the probe pressusg. Filtercake permeability parameter
(7): (@ K=0, (b) K=0.1,(c) K=1, (d) K=10, () K=100.

We see that ten terms in the seri@$) (i.e., M = 10) suffice
to give good results up t& =200, since there is negligible
change in the computed value fQf, whenM is increased to

for which the pressure field is similar to that for the caseM =30.

K=0. However, on a length scale~O(K 1) all stream-
lines start from the filtercake=0. This breakdown of the
solution forK=0 at distance®©(K ) from the probe can
be predicted by simple arguments. If the presspiren z
=0 could be approximated for<OK<1 by the result{12)
for K=0, the total volumetric flow rat€. through the fil-
tercake over the annulus<r <R would be

Q=2 asz ru,dr Zwazkch rpdr
= u g
¢ 4 r=1 z Mh r=1 P
4p,RakK
N_pOT’ R>1.  (41)

This does not converge &—, and is comparable in mag-
nitude to the rowQE)O), given by(13), when

R~K™ L. (42)

We conclude that at sufficiently large distances

We next consider the pressyseon the surfaceg=0, as
given by (18). This is shown, scaled by, in Fig. 5, as a
function ofr, for various values oK.

One measure of the accuracy of the solution of the dual
integral equations is to consider how well the boundary con-
dition (99 is satisfied over &r<1. WhenK=0.1,M=10
gives p=1.0000 over this interval. IK=1, then M =10
gives errors as large as<2L0"°, which are eliminated when
M=30. If K=100, thenM =20 gives errors irp of order
3% 10 *, which are reduced to 1210 * whenM = 30. For
r>1 these two values d¥l give results which are identical
to five significant figures.

As K increases, so flow becomes localized near the
probe. Figure 6 shows the fractidf(ry) of the total flow
through the filtercake which passes through the regien 1
<rgy. Figure 7 shows streamlines corresponding to three
caseX=0.1, 1.0, and 10.0. Note that in the linkt—0 the
pressure gradientp/9z—0 on the plane=0. Flow within

~0O(K 1) from the probe the presence of a filtercake that is

slightly permeablérather than completely impermeapleas

a considerable effect upon the pressure distribution within

the porous rock, and the solution fir=0 breaks down.

IV. NUMERICAL RESULTS

In order to determine the solution, the expandib®) for
B(s) was truncated am=M—1. The M linear equations
(16) were then solved by the NAG routine FO4ATF. The
total volumetric flow rate through the filtercake was evalu-
ated using botti23) for Q{® and (26) for Q). The results

agreed to seven significant figures. However, the integral

(23) could be evaluated much more rapidly, presumably be
cause of improved convergence &s «.

We first consider how the volumetric flow ra@, into
the probe variegfor fixed suction pressurgy) as a function
of K. Figure 4 show®,, scaled byQ{”, as a function oK.

1.0

0.8

0.6
St

= :
04

0.2

0.0

FIG. 6. The fractionF; of the total flow through the filtercake which has
come from the region £r<r,, as a function ofry. (8) K=0.1, (b) K
=1.0,(c) K=10.0.
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(a) . 3000
N 1~ i
0
0
r
(b) 0 1 10
- o
FIG. 8. The nondimensional timb;)Qp/a3¢ that a fluid particle takes to
travel from (,z)=(ry,0) to the probe.(a) K=0.1, (b) K=1.0, (c) K
N1 =10.0.(d) The asymptotic predictiof43) in the limit K—O0.
Ny reached the probe, but filtrate from>ry(ty) has yet to do
%o s so. The fraction of fluid passing into the probe which is
filtrate, rather than original pore fluid, is therefdfe(ro(ty))
(28). The nondimensional timgQ,/a3¢ required forF to
© become large increases Ks—0, and from the analysis of
- Sec. IlIC we expect this time to increasekas®.
V. APPLICATION TO A WELLBORE
N 1~

A. Typical filtercake properties

Drilling fluid filtercakes are formed by cross-flow filtra-
tion within the wellbore. Such filtercakes grow until the fil-
tration rate is sufficiently low that further filtercake growth is

r prevented by the tangential flow of the drilling fluid adjacent
_ to the filtercaké'? Thus the filtercake thickness depends
FIG. 7. Streamlines fofa) K=0.1, (b) K=1.0, (c) K=10.0. upon the shear rates within the fluid. Fordham and L&tffa

found that the final steady flow rate through a filtercake

h K originating f he fil K f . formed from a water-based bentonite drilling fluid was typi-
the rock originating from the filtercake at any fixeg is cally in the range 0.2—-1.&ams ! when the filtration pres-

increasingly confined to a narrow region adjacent to the SUrgure was 1.93 MPa. The higher flow rate corresponds to
face and enters the probe closer to its outer edgé asK

. . steady Darcy flow through a uniform incompressible filter-
—0. WhenK<1 there will be a region £r<K™! over y y g P

ke f hich
which the pressure on the plame-0 may be approximated cae forwhic
by (12), so that the time taken by a fluid particle to travel

fromr=rq tor=1 is approximately 1.0
- S, S R ———— ¢

to=—3 Qf (ra—1)%2  1<ro<K™1, (43 08 — I
where the rock porosity is introduced because the velocity 06 —
of a fluid particle is higher than the Darcy velociti®) by a Saln V4
factor ¢ L. 04 |

We have already scaled lengths by the probe radjus A
and we now scale time bgF¢/Qp. Thus we are effectively 02 L
comparing results for different values &f at times corre-
sponding to an equal amount of fluid withdrawn through the 00 | !
probe. Figure 8 shows the tintg(r,) at which a fluid par- 0 1000 3, 0 3000
ticle starting at £,z)=(ry,0) reaches the probe, for three tOQp/a ¢

different values oK. Also shown is the asymptoi@3) for _ o _ _ , _
FIG. 9. The fractiorF; of liquid entering the probe at nondimensional time

the |Im|t K_>O'_ . . ton/a3¢ which has come through the filtercake the region Xr
F_lgure 9 relnterpre_ts the results Of Figs. 6 and 8. At time<; (t,)], rather than being part of the original pore fluid within the rock at
to, filtrate from the filtercake covering <dr<rgy(tg) has t=0.(a K=0.1,(b) K=1.0,(c) K=10.0.
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B. A cylindrical wellbore

Ke
—~5x10 ¥mPatst 44
ph “4 The analysis has so far assumed that the rock surface

covered by filtercake is an unbounded plane, as depicted in
We assume that the filtrate viscosityus=0.001 Pas, corre- Fig. 2. A real wellbore is a long cylindéFig. 1), with radius
sponding to water at 20 °C, so that r (typically of order 0.1 my, and the above-presented results
are inappropriate at distances away from the probe greater
than or comparable to,, .

We now consider a cylindrical wellbore. We follow ar-
guments similar to those used to derive for the plane rock
Bentonite filtercakes are compressible, and so any estsurface of Sec. Il C the distané®(42) at which filtrate flux

mate of the filtercake properties ought to vary with the dif-through a low-permeability filtercake affects the flow toward
ferential pressure. In particular, if the probe lowers the porghe probe.

pressure markedly within the rock, the differential pressure If the filtercake is impermeable, we expect the probe to
across the filtercake in the vicinity of the probe will increaseappear to be a point sink when observed from sufficiently far
and the filtercake will be compacted. Pore fluid will be away. In the far field, to a first approximation, this point sink
squeezed from the filtercakeynd the hydraulic conductivity may be taken to be on the wellbore axis, rather than on the
k./h of the filtercake will be reduced close to the probe.cylindrical wellbore/rock interface. In terms of a spherical
However, the analysis presented in this report is valid onlyradial coordinate ¢ the pore pressure and Darcy velocity are
for a filtercake with properties independent of radial position

r. Although filtercakes formed from oil-based drilling fluids #Qp Qp
have lower permeabilities than those of water-based fluids, P~ 4gkry’ “f:mg'
the filtercake is thought to be weaker and therefore thinner

when formed under cross flow. The hydraulic resistance OWherer<0. We assuméas in Sec. I1l G that this pressure
such a filtercake is therefore typically only slightly more thanfied is unaltered when the filtercake becomes slightly per-

K
FC~5><10—16m. (45)

re>1, (48)

that of a water-based filtercake!® meable.

We assume a probe diametem221in., so thata We take a new set of cylindrical polar coordinates, with
=0.0127m. If we assume the rock permeability to e thez' axis along the axis of the wellbore and with the probe
=100 mDarcy=10"~m?, we conclude that atz'=0. The filtercake area per unit length of the wellbore is

2r,,, and the pore pressure in the rock immediately adja-
cent to the cake may be approximated @&8) with rg
~|z'| for |z'|>r,,. The total volumetric flow rate from the
wellbore through the filtercake over the intervalz<z’
Thus if there is a good filtercake, and if the seal between the<Z might be expected to be
probe and the filtercake is sound, any filtrate flow through
the filtercake should be negligibly small in the vicinity of the 2mr K. (2 , rwk
probe. Qe=~ 2h f_zdeN_ K
A typical flow rate through a probe in the field would be
of order 30 V" We takeQ,=10 5_m35 !, and assume a where a cutoff has been introduced |at|=a in order to
rock porosity $=0.1, so that the time scalg=a"¢/Qp,  ayoid the singularity near the origin, whefd8) breaks
which represents the typical time for pore fluid to move agown. The magnitude of this flow ra®, will be compa-

distance comparable to the probe radius, is of order |apie 1o that of the volumetric flow rat@, through the probe
~0.02s. This time scalé, is much shorter than a typical 4 5 gistance

fluid sampling timetg, which might be of the order to 2000

k.a .
K= =6x10°°. (46)

ChQ" log(Z/a), (49

s"18s0 that a nondimensional sampling time is of ortler kh a

=t /t;=1C. Z~aexp — | =aexg —|. (50)
WhenK is very small, the arguments of Sec. Il C lead- e v

ing to (42) imply that when fluid from the filtercake af, This distance is much larger than the equivalent result

=K ! starts to reach the probe, a considerable proportion 942) for a plane surface. The surface area of the wellbore
the fluid floyving into the probe wi!l be fiI.trate. We find from grows only linearly with distance from the probe, unlike the
(43) that this occurs after a nondimensional time quadratically growing surface area of the plane rock surface

considered in Secs. lI-IV. In consequence, the filtrate that
(47) flows from the wellbore into the rock has less effect upon the

unperturbed flow(48) than in the plane case. For typical

sampling times and filtercake hydraulic resistances, flow of
TakingK =6x 10"° we find that this nondimensional time is filtrate through the plane filtercake of Sec. IIl is negligibly
ty~3x 102 Thusts<ty, and very little filtrate will reach small, as discussed in Sec. VA. We conclude that filtrate
the probe in the time scale over which fluid is sucked fromflow is even smaller in the cylindrical geometry of a real oil
the rock. well.

fK:tK/tlmg_Kg'
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