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Abstract

Applicability of an ultrasonic method for non-destructive mapping of formation damage is reported for the first time. Oil-satu-
rated and ‘mud’-damaged Berea rock samples were prepared in the laboratory using a leak-off apparatus and machined dry rocks.
The depth of ‘mud invasion’ was monitored under varying conditions of overbalanced pressure AP and contamination time A7. An
interesting observation is that a region of AP ~ 2.07 x 10° kPa produces minimum invasion depth under the conditions investigated.

The results are discussed in the context of horizontal wells. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 81.70 Dw; 43.35+d; 91.60 Lj; 62.65+k
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1. Introduction

Vertical wells have been commonly used to extract oil
from geological structures since the early days of com-
mercial exploitation of oil. On the other hand, the idea
of horizontal wells initiated some 20 years ago offers
many advantages. For instance, horizontal wells pro-
duce three to five times more oil than vertical wells on
the average. Furthermore, the use of horizontal wells
alleviates unwanted production of water and gas, and
provides better sweep efficiency and sand problem at-
tenuation. However, one of the main disadvantages of
horizontal wells is that they are prone to more forma-
tion damage than vertical wells.

Oil is extracted from a reservoir by creating a pres-
sure gradient. According to Darcy’s law [1], oil moves
from regions of the reservoir where the pressure is high
to the wells where the pressure is low. The oil production
rate is in fact inversely proportional to the oil viscosity.
Furthermore, it is directly proportional to the magni-
tude of the pressure gradient, and to the permeability of
the formation. However, permeability is a characteristic
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of the formation, and can be altered locally during
drilling operations. A decrease of the permeability, also
called formation damage, results in a decrease of the oil
well productivity. It may be noted that formation
damage depends not only on the permeability decrease
but also on the geometric extent of the damaged area.

A key parameter in quantifying formation damage is
the skin parameter S, defined as [2]

S = (1k/ka = 1) In(ra/rv), (1)

where k is the reservoir permeability, x4 the damaged-
zone permeability, 7y, the well radius, and ry the dam-
aged-zone radius. This parameter is used directly in the
transient flow equations [3] to estimate the oil produc-
tion rate in wells that have been affected by formation
damage. In general, for a damaged well, the higher the
skin S, the more constricted is the oil production rate.

Different drilling fluids are used to facilitate the
drilling process. Invasion of fine particles from the
drilling fluids into the formation, also called the ‘mud
invasion’, blocks the pores or at least narrows them
down. This causes a decrease in the permeability of the
formation thereby resulting in a decrease of the pro-
duction rate when the well is put ‘on stream’. The eco-
nomic consequences of formation damage justify a
thorough study of this problem in order to find ways
and means to minimize its effects.

0041-624X/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0041-624X(01)00071-3



322

Indeed, numerous studies have been carried out to-
date to address different aspects of this problem [4-9].
Reference may be made to some review articles [5-7] and
books [2,3] for details.

To the best of our knowledge, the present paper is the
first report on the applicability of a non-destructive
method based on ultrasonic transmission to investigate
the invasion depth of drilling-fluid particles as well as
other fluids in the drilling process, work-over and
completion operations. We have applied this method to
map the formation damage in specially prepared Berea
rock samples. The results could be used to estimate the
skin parameter S that is crucial for the evaluation of the
productivity of the well after it has been completed or
repaired during the work-over operations.

2. Sample preparation

A leak-off experimental set-up was designed to simu-
late the drilling-fluid circulation process at the forma-
tion face in the well bore under bottom hole conditions.
This consisted of a Hassler type core holder that could
accommodate cylindrical rock samples up to 30 cm long
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and 5.08 cm diameter [10]. The core (rock sample) was
mounted inside the rubber sleeve and subjected to an
overburden (confining) pressure. One end piece of the
core holder had two ports (inlet and outlet), and is re-
ferred to as the injection end. The two ports were used to
circulate the drilling fluids across the face of the core,
and to inject oil and brine as well. The other end piece,
known as the production end, had only one port to
collect the filtrate, and/or oil, and/or brine, pumped
from the injection end. A 10-mm thick ring-shaped
stainless steel spacer was placed between the core face
and the injection end to allow the mud to circulate and
form ‘cake’ on the core face (Fig. 1a).

Back-pressure regulators (BPR) were installed at each
end to control and maintain the desired overbalanced
and pore pressure in the system. A differential pressure
transducer was also mounted on the core holder for
measurement of differential pressures across the core. A
fraction collector was used to collect the production
fluids in 10 cm? test tubes.

Water based polymeric drilling fluid and 33.5° API
Arabian medium crude oil with 3.5% KCI brine were
used in the experiments reported here. The exact com-
position and other properties of the water based poly-
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Fig. 1. (a) Hassler type core holder. (b) Schematic diagram showing the experimental arrangement for monitoring ultrasonic wave propagation in

prepared Berea samples.
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Table 1
Drilling fluid composition

Water, cm? 1096
KClL g 133
XC-Polymer, g 5.0
Disprac, g 1.7
Dextrid, g 20
KOH, g 1.0
CaCos; (fine), g 16.7

Table 2
Drilling fluid properties

Density, g/cm® 1.09
Fluid loss, (ml per 30 min) through no. 50 filter 6.7
paper

pH 9.77
Apparent viscosity, cP 31.5
Plastic viscosity, cP 19.0
Yield point, cP 25

meric drilling fluid used are summarized in Tables 1 and
2 respectively.

Berea sandstone cores were machined to the desired
size. Their dry weights, dimensions, gas porosities, and
gas permeabilities were determined. These cores were
evacuated for 8 h in a saturator before being soaked
with the prepared brine for 12 h under 1.72 x 10* kPa
pressure as per API recommended procedure.

Pore- and particle-size distributions in the dry sam-
ples were determined as a preliminary test measurement
using centrifugal method and image analyzer respec-
tively. The brine saturated Berea core was mounted in-
side the core holder and flooded with brine at a constant
flow rate until steady state was achieved to absolute
permeability under reservoir conditions. After flooding
with brine, filtered crude oil was passed through the core
at a very slow rate to displace the brine in order to get
irreducible water saturation S,,. Initial oil permeability
of the core was also measured by flowing crude oil
through the core and measuring the flow rates and dif-
ferential pressures under steady state conditions.

Subsequently, the drilling fluid was circulated across
the oil- and water-saturated core at a constant flow rate
of 1.0 cm*/min. With the start of the circulation, parti-
cles in the drilling fluid begin to form a ‘mud cake’ on
the face of the core, and the fine particles as well as the
filtrate also starts penetrating the core. This pushed the
oil and the effluent was collected from the production
end in the fraction collector. The core may now be
considered damaged with invading filtrate and mud
particles.

Drilling fluid was circulated for different periods of
time AT with different overbalanced pressures AP. A
total of 11 different samples of varying lengths were
investigated. The lengths of the cores were selected from
10.2 to 25.4 cm to investigate the effects of AT, and AP.

Return oil permeability of the damaged core was
determined by flowing oil in the opposite direction at a
constant flow rate.

3. Experimental details for ultrasonic mapping

The experimental set-up for ultrasonic mapping of
the formation damage consisted of two panametric
transducers (model V403) used to launch and receive
longitudinal ultrasonic waves using a panametric pulser-
receiver (model 5072). The transmitted signals were
amplified by a panametric pre-amplifier and recorded on
a 500 MHz digital oscilloscope (HP 54615B) and a
personal computer (Fig. 1b). Refined petroleum jelly
was used as couplant.

In principle, it is possible to carry out in situ mea-
surements of mud invasion using the ultrasonic tech-
nique discussed in this paper. However, complications
could arise due to the changes in the velocity of ultra-
sound resulting from the changes in the density through
mud invasion as well as the stress-induced changes in the
density. The latter may be caused by the over balance
pressure AP existing between the two faces of the speci-
men in the experimental set-up that primarily forces the
mud as well as the filtrate through the specimen. This
stress-induced change in the velocity of the ultrasonic
wave is expected to vary along the length of the sample as
we move from the high-pressure end to the low-pressure
end [11-14]. In order to eliminate this stress-induced
velocity variation, we carried out ex situ measurements
on each sample mounting it on a separate platform for
mapping the mud-invasion profiles while it was held
upright without any pressure or stress. Indeed, these
measurements were made after preparing the samples
under different conditions of overbalance pressure AP
and contamination time AT, as discussed below. The
transmitting and receiving transducers were always kept
coaxial with the help of a contoured aligning support-
plate fixed to an optical table with adjustable height
while moving this support plate up and down in a
controlled manner through small steps.

Cylinder-shaped rock samples 5.08 cm in diameter
but having different lengths were investigated by sending
ultrasonic waves along the diameter at different posi-
tions spanning the entire length with a 0.5 cm resolution.
Up to 64 signals were averaged to minimize the noise
level. The transit times of the waves travelling from the
source to the receiver at different positions along the length
were stored in the computer. Velocities of the longitudinal
ultrasonic waves were determined simply by calculating
the ratios of the specimen thickness (i.e., the diameter)
and the transit times.

For each sample, the wave velocities were determined
under three different conditions as explained below.
However, each sample was always kept in a particular



324 M.A. Khan et al. | Ultrasonics 39 (2001) 321-328

orientation with the help of a reference line marked on
the sample and the platform. This was to ensure that the
pore orientations do not change for one particular
specimen during the course of measurements under dry,
oil-saturated and mud-damaged conditions. Further-
more, the thick end was always kept up with the lean
end being down. However, some preliminary checks
with reversed orientation with respect to the lean and
thick ends confirmed that this did not cause any mea-
surable change in the overall mud-invasion profile.

3.1. Dry samples

Initially, the core samples were completely dry and
the pores inside the sample were presumably filled with
air. This gave the reference velocities of the ultrasonic
waves for the particular sample under dry conditions at
different locations along the length. Any significant
change in the measured velocity should indicate the
presence of considerable levels of inhomogeneities or
voids. However, no real inhomogeneities were detected
in the samples under study here.

The mean velocity of ultrasonic waves in dry samples
is expected to be lower than the corresponding velocities
in oil-saturated and mud-damaged samples. Since ul-
trasound attenuates exponentially in air, it is understood
that the waves essentially follow a zig-zag path going
around the pores in the rock matrix instead of a direct
path to reach the other end. Thus, the actual path length
increases and the waves take more time to reach the
receiver. This shows through a decrease in the velocity.

3.2. Oil-saturated samples

In the second step, the dry samples were completely
saturated with brine that was subsequently displaced by
crude oil to get irreducible water Sy; and initial oil S;; in
place. The mean velocity in this case should be higher
than the case of dry samples because now the waves can
follow a straight path through the sample since the pores
are essentially filled with a liquid. Velocities at this stage
are considered as base-line velocity.

3.3. Mud-damaged samples

In the third step, the oil-saturated core samples dis-
cussed in Section 3.2 above were exposed to the circu-
lating drilling fluid at the face of the core under different
conditions of overbalance pressure AP and contamina-
tion time AT. In the process, the particulates (i.e., fine
particles constituting the mud) and the filtrate in the
drilling fluid penetrate the sample core, as noted earlier.
These invading particles are expected to clog the pores
and/or pore throats, after sticking there. Since solids
generally exhibit higher wave velocities than liquids, so
ultrasonic waves will travel faster through the pores

plugged by the solid particulate. Thus, one can get
higher mean velocity for mud-damaged sample than the
previous two cases. However, the ‘primary’ pores in the
original dry rock are understood to be filled by the mud
that itself may have some ‘secondary’ pores albeit much
smaller in size than the ‘primary’ pores. Furthermore,
these ‘secondary’ pores may also be filled with a fluid
(filtrate or the original oil etc.). In this sense the com-
posite picture is quite complicated.

At this stage, the core is damaged and its permeability
is reduced. The corresponding wave velocities were
again measured through the damaged cores, as men-
tioned earlier.

4. Results and discussion

The structure of rocks is expected to be quite com-
plex. There may be some inhomogeneities in the mate-
rial composition, grain sizes and their shapes, pore sizes
and their orientations, and their distributions within the
rock samples. Furthermore, there is the possibility of
partial saturation of the pores with the mud and fluids
(oil, water, or filtrate in liquid and gaseous phase).
However, as mentioned earlier, no significant inhomo-
geneities were found in the samples under study.

Mathematically, the velocity in the oil-saturated or
‘mud’-damaged samples at a particular point can be
calculated from

t:L/v:ZL,-/v,- (2)

where ¢ 1is the total transit time of the wave, L the total
length of the sample, L; the part length occupied by the
material i (rock grain, mud, oil, etc), v the average ul-
trasonic velocity through the sample, and v; the ultra-
sonic velocity through the part length occupied by the
material 7.

For each sample core, the velocities were measured
under the three different conditions discussed in Section
3 above, and at up to 47 different positions along the
length of the core, depending on the total length. These
were plotted in simple graphs to obtain unambiguous
information about the mud-invaded portion of the
sample.

The depths of mud invasion in the sample cores for
different overbalanced pressures and contamination
times were measured through ultrasonic velocity profiles
along the length of the core. Fig. 2a presents a typical
velocity profile for the core prepared with AP =
2.07 x 10* kPa and AT =12 h. The velocity distribu-
tions at the three stages; dry, oil and water saturated (at
Sei and Sy;), and mud-laden sample are quite distinct.
The average velocity in the dry rock is 1990 m/s while
for oil-saturated sample the average velocity is about
30% higher, i.e., 2580 m/s. In this figure, the velocity in
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the dry rock sample has been multiplied by a factor of
1.25 to highlight the comparison between the mud-in-
vaded sample and the oil-saturated sample. The velocity
profile for oil-saturated sample acts as the base-line ve-
locity distribution. As expected, the mud-laden portion
of the sample core shows higher velocities. We note that
initially (seen from the right side, or the dense end) there
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is a plateau where the average velocity is about 3%
higher than the base-line velocity. This region is fol-
lowed by a linear decrease in the velocity. The plateau
indicates that this part is essentially completely filled with
the mud particles and the filtrate, while the linear decrease
in velocity is due to a gradual decrease in these parti-
cles and filtrate concentration (i.e. incomplete invasion).
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Fig. 2. (a) A typical velocity profile for the 10-cm long Berea core prepared with overbalanced pressure AP = 2.07 x 10 kPa and contamination time
AT = 12 h. The velocity in the dry rock has been multiplied by a factor of 1.25 to highlight the comparison between the mud-invaded and the oil-
saturated sample. (b) Velocity profile for the 10-cm long Berea core prepared with overbalanced pressure AP = 4.83 x 10° kPa and contamination
time AT = 24 h. The velocity in the dry rock has been multiplied by a factor of 1.35 to highlight the comparison between the mud-invaded and the
oil-saturated sample. (c) Velocity profile for the 10-cm long Berea core prepared with overbalanced pressure AP = 2.07 x 10° kPa and contamination
time AT = 4 h. The velocity in the dry rock has been multiplied by a factor of 1.25 to highlight the comparison between the mud-invaded and the oil-
saturated sample. (d) Velocity profile for the 10-cm long Berea core prepared with overbalanced pressure AP = 0.69 x 10° kPa and contamination
time AT = 24 h. The velocity in the dry rock has been multiplied by a factor of 1.15 to highlight the comparison between the mud-invaded and the

oil-saturated sample.
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Fig. 2 (continued)

Apparently, the remaining portion of the sample leading
to the lean end may not be affected by the mud.

When the velocity in the mud-damaged sample be-
comes equal to the reference velocity, this may imply
that this region remains unaffected in as far as mud or
filtrate invasion is concerned. Accordingly, the invasion
depth of the mud can be measured easily from the ve-
locity profile, and the region occupied by the filtrate can
also be seen.

Fig. 2b shows an example of a nearly full-length
invasion of ‘mud’ under AP =4.83 x 10° kPa and
AT = 24 h. Here the region with pores exclusively filled
by the filtrate (without the fine particles constituting the
mud) is not visible.

It is further noted that towards the lean end of the
sample, the velocity profile shows some mixed behavior.
Normally, one would expect that the velocity in the
mud-damaged samples should be either higher or equal
to the base-line velocity (oil-saturated case) within the
statistical error margin. But in some of the mud-dam-
aged samples (Fig. 2a), it is seen to be actually less than

the base-line velocity, while in some other cases it could
be slightly higher than the base-line velocity. In most
cases, however, the velocity change was seen to be
within the noise level (see Fig. 2c, representing the data
for AP =2.07 x 103 kPa and AT =4 h; and Fig. 2d,
representing the data for AP = 0.69 x 10 kPa and
AT =24 h).

Interplay between several different processes comes
into consideration here. Firstly, since the sample is held
vertically with the dense end up during the ultrasonic
measurements, gravity might induce some accumulation
of fluid/filtrate at the lean end. Furthermore, accumu-
lation of the filtrate fluids through the ‘end effect’ caused
by the viscous forces might also influence the velocity at
the lean end. In these two cases, the density of the filtrate
compared to the oil and water becomes an important
consideration. However, the actual density of the filtrate
(after removal of particulates, i.e., mud fines) is slightly
higher (specific gravity = 1.083) than the corresponding
density of oil/water/brine filling the pores discussed in
Section 3.2. This should result in a higher velocity rather
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than lower. A further possibility is partial saturation of
the pores near the lean end with liquid and gaseous
phase (oil, water and/or filtrate) including trapped air.
This could be caused by some evaporation of the fluid
from this end through extended exposure to ambient
atmosphere or in some cases, just an incomplete initial
saturation (trapped air etc.), and these would result in a
lower velocity. In any case, the time between preparing
the mud-damaged sample and subsequently initiating
the ultrasonic measurements should be minimum pos-
sible to control possible loss of fluid through evapora-
tion.

4.1. Influence of overbalanced pressure (AP)

We have investigated the influence of increasing
overbalanced pressure in the 6.90 x 10°-4.83 x 10* kPa
range while keeping all other parameters constant for
different contamination times AT (Fig. 3). We may look
at curve “a” in Fig. 3 which summarizes the influence of
increasing AP on the invasion depths for a fixed con-
tamination time A7 =24 h. One would expect an in-
crease in invasion depth with increasing AP in the sense
that higher pressures would force the mud particles and
the filtrate to penetrate deeper into the formation.
However, contrary to this expectation, our experiments
indicate an initial decrease in the invasion depths when
AP increases from 6.90 x 10°-2.07 x 10° kPa. But, as AP
increases beyond 2.07 x 103 kPa, the invasion depth
increases albeit rather slowly, in line with the expecta-
tions.

We may note that the invasion depth is considerably
higher i.e. 12.9 cm for AP = 6.90 x 10> kPa than for
AP = 1.38 x 103 and 2.07 x 10° kPa which are 11.3 and
8.31 cm, respectively. Further increases in AP tend to
increase the invasion depth slowly, reaching 11.97 cm
for 4.83 x 103 kPa. Thus, the region around AP =

-
(&)

2.07 x 10 kPa acts as a critical pressure zone which
produces minimum invasion depth.

A possible reason for this interesting behavior can be
understood from some intuitive arguments as well as
some previous observations made by different re-
searchers, even though those observations were made in
different contexts. For instance, this can be viewed in
terms of some bridging action and entrainment of par-
ticles occurring at the pores. The bridging and entrain-
ment actions have been discussed in some detail by
Monaghan et al. [15], Krueger et al. [16], Gruebeck and
Collins [17], Krueger [5], and Saleh et al. [18]. More
specifically, at high-pressure gradients and correspond-
ingly high flow rates, randomly dispersed particles ap-
parently tend to interfere with each other as they
approach the pore constrictions and finally cause some
sort of bridging action [5,15-18]. On the other hand, at
low-pressure gradients, the particles are in more gentle
movement and align themselves so that one by one they
can work their way through the constrictions without
bridging and thus can effect deeper invasion [15-18].

It is believed that at low AP (e.g., 6.90 x 102 kPa), the
mud particles gather themselves loosely at the pore
constrictions. These loosely blocking particles allow fil-
trate and micro-fine particles to pass through them re-
sulting in deeper migration. As AP increases, these
particles start to form relatively tight bridges at the pore
throats and begin to act as “one-way check-valves”,
thereby allowing less filtrate and micro-fines through
them to move into the formation. This is seen through a
decrease of the invasion depth when AP is increased to
2.07 x 10> kPa. At AP ~2.07 x 10° kPa, particles
appear to form a perfect check valve as they develop the
tightest bridge at the pore constrictions.

The increase in invasion depth with AP beyond
2.07 x 10° kPa is easier to explain. Overbalanced pres-
sures >2.07 x 10° kPa result in breaking of the tight
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Fig. 3. Effect of overbalanced pressure AP on the depth of mud invasion for different contamination time A7.
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particle bridges mentioned above. Either these particles
break into small sizes or pore constrictions/throats get
enlarged by the pressure gradient or by entrainment of
some grains from the pore throat walls [17]. This helps
the filtrate and the solid particles to migrate deeper into
the sample.

The overall behavior generally follows the same gen-
eral trend in curves “b”” and ““c” in Fig. 3 corresponding
to AT = 12 h and 4 h, respectively.

5. Conclusion

We have, for the first time, demonstrated the appli-
cability of ultrasonic mapping of formation damage. A
parametric study was carried out on the depth of mud
invasion under different conditions of overbalanced
pressure and contamination times. A minimum invasion
depth is observed around a critical overbalanced pres-
sure ~2.07 x 10° kPa. This has been explained in terms
of bridging and entrainment action of the particles
under certain conditions of overbalance pressure. The
results may have some important applications for some
oil-field operations particularly in the context of hori-
zontal wells.
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