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ABSTRACT: Drilling fluid and filtrates invasion often alter the near-wellbore flow
properties during overbalanced drilling. The utilization of polymeric gels to prevent
drilling fluid loss reduces the risk of formation damage caused by this alteration. In
this study, the internal and external filter cake evolution by polyacrylamide (PAM)
cross-linked with polyethylenimine (PEI) was investigated. The analysis conducted
in this study showed that the cross-linked polymer activates and forms a mature gel
inside the formation’s pores. Gel also formed a dense uniform structure on the
rock’s surface, preventing further fluid loss. A high sealing pressure of up to 1000
psi was achieved, allowing drilling to continue without the need for additional
casing string to prevent lost circulation. Moreover, the PAM/PEI formula showed
less invasion of filtrate and evolution of a thin shallow internal filter cake that
penetrated less than half of the filter disk thickness. In comparison to the full
invasion and particle depositions that occurred with the water-based mud (WBM),
the PAM/PEI formula is expected to reduce the impact of lost circulation materials (LCMs) on formation damage.

■ INTRODUCTION

Filtration and flow characteristics of drilling fluids are of great
importance to address lost circulation problems or designing
preventive methods to strengthen the wellbore. The process
occurs when the differential pressure forces the fluid particles to
penetrate and deposit in and around the wellbore wall and form
a low-permeability filter cake.1−3 This process is considered as a
time-dependent process that occurs in different stages. The
spurt loss, which is the first invasion of fluid into the formation,
occurs within seconds at the first exposure of the drilling fluid to
the wellbore wall.4 The second stage of filtration shows more
invasion of the solid particles due to the overbalanced drilling’s
differential pressure. When a high concentration of drilling fluid
particles deposit in and around the wellbore, this will lead to the
evolution of an internal filter cake, as illustrated in Figure 1.
Another significance of the internal filter cake is referred to as

“mud cake wellbore strengthening”; low-permeability internal
filter cake imposes a positive change in the effective stress, which
can enhance the wellbore strength.5,6 After forming a stable
internal filter cake of a low permeability within the pore network,
only drilling fluid filtrates will be able to flow, which will lead to
the evolution of external filter cake.7,8 Reducing the near-
wellbore permeability prevents excessive drilling fluid filtrates
invasion, prevents pore pressure increasing behind the filter
cake, and reduces formation damage.1

Basically, drilling fluid filtration occurs in a static condition
when there is no mud circulation or a dynamic state with mud
circulation. The process is the same as explained in the
preceding section; however, during the adynamic filtration, the

shearing forces suppress the particles in the drilling fluid and
cause accumulation of larger particles at the external filter cake,
which may increase the thickness of the filter cake.9 During
dynamic and static filtration, many factors affect the external and
internal mud cake evolution, which are difficult to quantify. For
instance, the process could be affected by the physicochemical
properties of the suspension, clogging caused by migration of
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Figure 1. Schematic of Mud filtration through mud cake and near-
wellbore area.
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small particles, and the history of the process imposed by the
fluid flow on the solid matrix.
In other words, the characteristics of filtration and mud cake

evolution depend on many factors such as drilling fluid’s design,
fluid rheological properties, rock properties, and operation
conditions.10−12 The migration of fine particles into the
formation forms the internal filter cake, controlled by the flow
characteristics of fluid into the solid matrix. Fine particles might
penetrate deeper into the formation if the external filter cake
permeability was high, which can negatively impact the
formation’s permeability.13,14 A semipermeable external filter
cake significantly reduces the filtrates and invasion of the solids.
However, the invasion of larger particles is usually localized to
the near-wellbore area. Internal filter cake permeability also
affects the deeper invasion of the fine particles; therefore,
minimizing internal filter cake and quickly forming external cake
is very important for fluid loss and controlling of formation
damage.13

Regular-drilling fluid systems have large quantities of fine
solids that invade the formation, causing damages in productive
zones. Bridging materials are often used to improve filtration
characteristics and prevent lost circulation, with formation
damage resulting from the invasion of fine solid within drilling
fluids that pass through the filter cake. The selection of proper
lost circulation materials (LCM) should consider many factors
such as particle size distribution, targeted fracture size, depth,
temperature, and type of mud. However, many attempts for
designing suitable drilling fluids for lost circulation treatment
have often failed due to many operational and complications
such as pumping requirements in deep drilling and increased the
risk of bit nozzle clogging.15 For instance, in high-temperature
formations, fluid viscosity, particle size, friction coefficient, and
Young’s modulus are thermally degraded properties, resulting in
ineffective sealing of the fractures.16 Moreover, particle size
degradation occurs during the long-term process of drilling fluid
circulation, also resulting in severe formation damage.17

Over the last few years, several researchers have examined the
use of other options such as nanoparticles to design drilling
fluids with enhanced properties that can endure extreme
downhole environments, particularly under HP/HT conditions.
Vryzas and Kelessidis summarized some of these nanoparticle
additives used in drilling fluid and reported an enhancement in
fluid properties and wellbore strengthening; however, there are
still many challenges that should be addressed.18 Others looked
into the effect of operational conditions and drilling parameters,
such as friction coefficients, that increase with declination of
particle’s sphericity and increase of surface roughness and
particle size in solid materials, which affect lost circulation
control.19 A clear understanding of the fluid loss mechanism and
particle−particle interaction is important for successful drilling
operations. Therefore, much attention has been paid to the
development of lost circulation materials to overcome the
limitations of the physical properties of both fluid and solid
particles.20

Many studies have investigated cross-linkable polymers as
LCM because of their high potential in sealing complex loss
zones with large fractures at various downhole conditions.21−23

Li et al. showed that the polymer and hydrated bentonite react
under the action of an organic cross-linking agent to form a
composite gel.24 The cross-linkable polymers are classified based
on their origin, natural and synthesized, or on their structure,
diversity ofmonomer structures, andmolecular forces. Themost

commonly used cross-linked polymer is the acrylamide polymer
cross-linked with polyethyleneimine (PEI).25

Our research group demonstrated that the utilization of
polymeric gels, particularly the polyacrylamide (PAM) cross-
linked with polyethylenimine (PEI), is effective in sealing near-
wellbore fractures.15,25−27 The PAM/PEI formula is widely used
in the oil and gas industry for various applications such as
polymer flooding, enhancing sweep efficiency in water flooding,
and water shut-off in high water productive zones.15,21−23,28

PAM is a water-soluble polymer, while PEI is a widely used
organic cross-linker and environmentally friendly additive.29−31

In this study, for the first time, the PAM/PEI formula is
investigated in terms of reducing the risk of formation damage
since it does not require adding a large-particle-size material to
the seal fractures. These types of gels have been widely used in
water shut-off and permeability alteration application in
produced wells. Many authors used oxidization treatment
employing different oxidizers such as sodium peroxide, calcium
peroxide, sodium persulfate, and ammonium persulfate.32−34

The removal of filter cake in some reported cases was up to
93%.35 The evolution of internal and external filter cake is
investigated using an optical method and elemental analysis.
Carbonate rocks, as an example of naturally fractured formation
with high permeability, were used to create disks for the static
filtration experiments.

■ EXPERIMENTAL SECTION
Fluid Preparation. Nonionic polyacrylamide (PAM)

having an average molecular weight (Mw) of 200 000 Da was
obtained from a commercial supplier. The as-received sample
concentration was 20 wt %with a viscosity of 70mPa·s for a pure
PAM having a concentration of 10 wt % in distilled water. The
organic cross-linker used was the highly branched polyethyle-
nimine (PEI) with a concentration of 33.3 wt % and an average
molecular weight of 750 000 Da. For drilling fluid formulation,
typical drilling fluid additives were used, including barite as a
weighting agent, sodium hydroxide to raise the mud’s alkalinity,
commercial mud deflocculant (tannin-based dispersant) called
Desco, and lignite as a mud dispersant.
The cross-linked polymer of PAM/PEI formula was prepared

by adding PAM and PEI with specific concentrations (7.5:1) to
form 7.5 wt % PAM solution in distilled water. This
concentration was optimized in another study. The formula, as
shown in Table 1, with 3.5 lb/bbl bentonite was found to give

the best rheology and final gel strength required for sealing
application.36 The second fluid used in this study is a WBMwith
9.6 ppg; the composition of the water-based mud (WBM) is
shown in Table 2. The mud was prepared following API
recommendation practices by adding additives in the same order
shown in the table and allowing 5 min of high-speed mixing. For
the viscosity−temperature profile measurements, a high-
pressure/high-temperature (HP/HT) rheometer was used.
Measurements were conducted at a constant shear rate of 170
s−1, equivalent to 100 rpm, for better representation of the

Table 1. Composition of the PBM

product lb/bbl wt % vol %

water 318.6 90.5 93.5
bentonite 3.5 0.97 0.41
PAM 26.6 7.5 5.1
PEI 3.52 1 1
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rheological properties duringmud circulation. The samples were
heated at 4 °F/min in a temperature range of 70−266 °F (21−
130 °C). The maximum temperature was selected based on the
gel onset temperature of the cross-linked PAM/PEI established
in previous studies.25,37 The onset temperature of gelatinization
refers to the inflection point of the viscosity−temperature
profile, while the mature gel is reached at the plateau of the
curve.37,38

Experimental Setup and Filter Disk Preparation. For
the static filtration experiments or the permeability plugging test
(PPT), a permeability plugging apparatus (PPA) was used with
filter disks, as shown in Figure 2. Quarter-inch-thick disks with
2.5 in. diameter were cut from a heterogeneous carbonate core.
The process of coring and disk preparation is shown in Figure 3.
Static filtration experiments were conducted under a differential
pressure of 500 psi across the disks and at a temperature of 266
°F. Another two experiments were conducted using homoge-
neous aloxite ceramic filter disks with a mean pore throat of 50
μm (No. 170-53) and 10 μm (No. 170-55).

■ RESULTS AND DISCUSSION
Fluid Properties. The filtration process depends mainly on

the rheological properties of the drilling fluids and the size and
content of solids in it, as explained in the preceding discussion.
The two fluids used in this study, the PAM/PEI formula and the
WBM, were designed to have the same rheological behavior.
The difference is that theWBM contains different solid particles,
as shown in Tables 1 and 2, and sized calcium carbonate
(CaCO3) as primary LCM. On the other hand, the PAM/PEI
main sealing mechanism is its gelling property attained at the
preset onset temperature (266 °F). Both fluids have apparent
viscosities from 15 to 20 mPa·s at 266 °F. Figure 4 shows the
measurements of viscosity conducted at a constant shear rate of

170 s−1 (100 rpm) over a temperature range of 70−266 °F (21−
130 °C).
During the test, the samples are gradually heated at 4 °F/min

until the onset temperature is reached and then kept at a
constant temperature. There was a small drop in viscosity with
heating for both the WBM and the PAM/PEI formula. This is
normal for the PAM/PEI fluid since the gelation process has not
been initiated; however, when the onset temperature of
gelatinization (266 °F) is reached, the PAM/PEI fluid exhibited
a sudden sharp increase in viscosity due to the cross-linking
process between the PAM and the PEI. The result is a mature
high-strength polymeric gel. The gelling process of PAM/PEI
fluid is its main sealingmechanism. The increased viscosity helps
reduce filtration until the mature gel is formed inside the pores
and completely seals the loss zone.

Fluid Filtrates and Evolution of the External Mud
Cake. One of the commonly used granular types of LCM is the
sized calcium carbonate (CaCO3). The varying wide particle
size distribution of the CaCO3 and its good mechanical and
chemical characteristics work as an excellent bridging material
that enhances mud cake consistency and increases the tolerance
to high differential pressures.
The results of the filtration control evaluation of the WBM

and PAM/PEI. The WBM contains 55 lb/bbl of calcium
carbonate with particle size distribution of d10 = 2 μm, d50 = 15
μm, and d90 = 100 μm. The results of filtration with time are
shown in Figure 5. Filtration experiments were conducted under
a 500 psi differential pressure for the WBM and PAM/PEI
formula using carbonate and ceramic filter disks; two disks with
different pore throat sizes were used, the 170-55 disk and 170-53
disk with pore throat sizes of 10 and 50 μm, respectively. The
PAM/PEI formula stopped filtration through the carbonate core
and both types of disks in a few minutes and peaked at 2−5.5
cm3 for both disks with different permeabilities. As the gelation
process takes place once the temperature of the fluid reaches the
gel onset temperature (266 °F), the fluid rheology increases
rapidly due to the formation of gel structure and filtration stops
immediately. The WBM, however, exhibited a progressive
filtration over time because of the high-temperature effect and
the deterioration of mud properties with heating.
When a differential pressure of 500 psi was applied across the

filter disk during the filtration experiment, the fluids were
filtrated through the initial rock permeability and later through
the subsequently formed internal and external filter cakes. The
structure of the external filter cake formed by PAM/PEI was a

Table 2. Composition of the WBM

products lb/bbl wt % vol %

water 314.764 78.1632 89.93
caustic 0.5 0.12416 0.093
bentonite 20 4.96 2.38
lignite 4 0.99 0.76
mud deflocculant 4 0.99 0.71
calcium carbonate 55 13.65 5.82
barite 4.43 1.10 0.29

Figure 2. Experimental setup: (a) PPA, (b) carbonate disk before experiment, (c) carbonate disk after experiment.
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dense wavy surface with a uniform structure. Figure 6 shows
external filter cake formation on different disks; the thickness of
filter cakes was around 2−4 mm for all samples.

Evolution of the Internal Filter Cake. Figure 6 shows the
scanning electron microscopy (SEM) images of the internal
filter cake formed inside carbonate cores during the HP/HT
static filtration test by the WBM and PAM/PEI formula. From
the SEM images, it can be observed that the unaltered carbonate
disk has clear open void spaces, as indicated in Figure 7a. The
carbonate grains in the spectrum of the SEM showed different
sizes, varying from 5 to 30 μm. It is also shown that there are
many connected void spaces, which contributed to the effective
porosity of the carbonate core.
Figure 7b shows the internal filter cake formulated by the

WBM. The calcium carbonate contained in the WBM and the
other solids in themud, invaded carbonate void spaces, and filled
it as shown in the SEM images in Figure 7b. The calcium
carbonate particulates distributed evenly inside the open voids
and formed a permeable internal filter cake, which led to the
progressive continuous filtration over time, as shown in Figure 5.
Similarly, the PAM/PEI formula filtrated inside the carbonate

disk and formed an internal filter cake. However, in this case, the
composition of the internal filter cake was different, which
affected its formation process. The PAM/PEI gels exhibited a
dense surface and neat structural pattern and resulted in the
absence of the porous structures in the micrographs of the
PAM/PEI gel, as shown in Figure 6c. Since SEM usually shows
the high-atomic-number component with a darker color, the
PAM/PEI gel in the black areas, indicated by the arrows in
Figure 6c, has filled all of the open voids of the carbonate and
remained there to seal it completely. The gel not only forms on
the surface of the rock, as shown in the external filter cake, but it

Figure 3. Process of carbonate coring and filter disks preparation: (a) rock after coring, (b) core, 2.5 × 3 in., and (c) disks, 2.5 × 0.25 in.

Figure 4. Viscosity−temperature profile of WBM and PAM/PEI fluid.

Figure 5. Filtrate volume from the static filtration experiments.

Figure 6. External filter cake formation on different filter disks.
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also penetrates and plugs the pores from inside as well. This
allows drilling to continue without the risk of lost circulation.
For further analysis of the internal filter cake, energy-

dispersive X-ray (EDX) analysis was used to identify the
elemental composition on three samples, the blank unaltered
carbonate and the carbonate after being tested with WBM and
PAM/PEI. The elemental composition of the analysis is shown
in Figure 8. Generally, the Ca, O, and C contents showed
dominating percentages on all samples with up to 90wt%. Other
minerals distinguishing components such as Al, Si, Mg, Na, and
K were more prominent in the samples with the WBM, since it
contains bentonite and barite.

As shown in Figure 8, the C content in the carbonate after
PAM/PEI filtration test showed about 40 wt %, which is almost
double the amount detected in blank carbonate rock or after the
WBM test, which was 20 and 19.5 wt.% for blank carbonate and
carbonate withWBM, respectively. This notably high content of
carbon (C) is due to the PAM being mainly composed of
acrylamide monomers, which contain mainly carbon and
hydrogen with the chemical formula of (C3 H5 N O)n. The
EDX analysis agrees with the SEM images and indicates that the
PAM/PEI gels filled the pores of the carbonates and formed a
uniform internal filter cake. The bonding between the polymeric
gel and the carbonate rock could be verified visually from the
SEM that shows a thick structured surface of polymers and from
the filtration test, where the polymer plug successfully stopsmud
filtrations with a high maximum sealing pressure (>1000 psi).
Another analysis was conducted using ceramic filter disks with

two different permeabilities and different pore throat size. Figure
9 shows the SEM images post the PPT filtration test with PAM/
PEI. As shown in SEM images in the void spaces, indicated by
the arrows, the permeability of the ceramic filter disk has affected
the injectivity of the PAM/PEI fluid. The larger size of the pore
throat allowed more PAM/PEI into the filter disk, and the
internal filter cake wasmore notable in the filter disk with amean
pore throat of 50 μm(No. 170-53) compared to the one with the
lower permeability and smaller pore size of 10 μm (No. 170-55).
However, PAM/PEI fluid was successful in stopping loss
circulation in both cases, and filter disk pores were plugged.

Formation Damage and Secondary Filtration. Potential
formation damage in carbonate cores that may be caused by the
PAM/PEI or CaCO3 was also investigated using SEM images.
To reflect on the effect of formation damage, the spectrum of

Figure 7. SEM images for the (a) carbonate blank core and the internal filter cake after the PPA test with (b) WBM and (c) PAM/PEI.

Figure 8. EDX analysis of the internal filter cake formation in carbonate
by WBM and PAM/PEI.
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SEM was selected in two areas: one close to the entering side of
filtration and another one close to the exit side; the arrows in
Figure 10 indicate the areas. The post-PPT analysis of SEM
images was compared with the images obtained from unaltered
carbonate samples to check for the LCM invasion. To
investigate the internal filter cake after the filtration tests and
the deeper invasion of the WBM containing CaCO3, the
carbonate core was cut cross-sectionally, as shown in Figure 9.
The top three SEM images show the section of the core close to
the direction of the flow, which represents the internal filter cake.
The bottom three SEM images show the deeper invasion of the
mud after the fluid passes the internal filter cake. The arrow on
top of the filter disks indicates the direction of filtration through
the core.

The CaCO3, since it is a granular type of LCMs with different
particle sizes, tends to form an internal filter cake from the
particles that escape the permeability of the external filter cake,
as shown in the three SEM images in Figure 9 (top). The 1500
times magnification shows that the pores of the carbonate of size
10−30 μm are filled with CaCO3 particles and WBM solids.
Furthermore, the bottom three SEM images also show some fine
particles of CaCO3 covering the carbonate pores, indicating that
the differential pressure across the core will cause deeper
invasion of the WBM solids and LCM into the formation. These
CaCO3 particulates, if not removed later with acidizing or any
filter cake removals means will affect formation permeability and
impair the productivity of the well.
Overall, looking at filtration mechanisms of the WBM during

the PPT static filtration, the fluid filtration continuity depends

Figure 9. SEM images for the internal filter on ceramic filter disks Nos. 170-53 and 170-55 before and after PPA test with PAM/PEI.

Figure 10. SEM images for the invasion of WBM filtrates inside carbonate disk.
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on the permeability of this external filter cake as well as the
internal filter cake. The internal filter cake is supposed to reduce
the near-wellbore permeability, representing the carbonate core
disk. However, in this case, the WBM containing calcium
carbonate did not form a low-permeable filter cake; therefore,
the fine particles of LCM still penetrated deeper into the pores,
as shown in the three images in Figure 10 (bottom). The CaCO3
particulates, if not removed, will remain in the wellbore or
formation and permanently reduce the productivity of the well.
This invasion makes formation damage difficult to remove.
On the other hand, The PAM/PEI internal mud cake did not

penetrate deep inside the core; only about 0.125 in. was affected,
as shown in Figure 11. The three SEM images in Figure 10 (top)
show thick polymer gel covering all carbonate pores and sealing
them entirely with a thick-layer, high-strength gel with a very low
permeability indicated by the filtration results. The bottom set of
SEM images show clear open pores with no visible traces of
polymer. This suggests that the resulting internal filter cake from
the PAM/PEI formula is limited to small areas near the wellbore,
which will reduce contamination of the reservoir and cause less
formation damage.
The process mainly depends on the rheological properties and

injectivity of the polymer fluid. The injectivity of PAM/PEI fluid
also depends on the initial permeability of the carbonate
formation in the vicinity of the wellbore, which governs the
depth of invasion. Later, when the cross-linked polymer
activates, a mature gel forms inside the formation, sealing the
pores entirely and preventing a further invasion of fluids. After
sealing off the loss zone with PAM/PEI gel, the drilling could be
resumed safely with no risk of further mud loss.

■ CONCLUSIONS

This study provides insight into the filtration process of the
polymer-based fluids and the evolution of the internal filter cake.
Understanding the formation process of internal and external
filter cake by these polymeric fluids would highlight the factors
affecting deep invasion and formation damage caused by
alteration of fluid flow characteristics.
Moreover, the cross-linked polymeric LCM could overcome

many limitations faced when regular granular LCM, such as
calcium carbonate (CaCO3), were used. This eliminates the
impact of filtration factors such as drilling fluid properties, the
concentration of LCM, type, and size of solids. Using such cross-
linkable polymeric fluids as sealing materials increases the
efficiency and maximizes sealant integrity with minimum

formation damage. The following are the major concluding
points:

• The filtration process of PAM/PEI fluid depends mainly
on the rheological properties after gelation, which impacts
its injectivity and deep invasion.

• PAM/PEI fluids are limited to the high-temperature
formation to provide sufficient heat to trigger the cross-
linking process. The PAM/PEI gelation time could be
controlled depending on the depth and temperature of
the loss zone.

• The internal filter cake formed by PAM/PEI gel is limited
to a small area near the wellbore. This will reduce deep
invasion and isolate reservoir fluids and cause less
formation damage.

• The EDX analysis showed that the PAM/PEI gels filled
the carbonates’ pores and formed a uniform internal filter
cake.

• A pressure test up to 1000 psi verified the integrity of the
seal. The seal integrity is usually tested by applying a
certain pressure and check if the seal will withstand the
pressure and maintain its integrity. The pressure at which
the seal fails is called the opening pressure.

• Calcium carbonate particulates contained in the WBM
showed deeper invasion and precipitated inside the pores
of the carbonate disks. The filtration continued to
propagate with time, which indicates that at high
temperatures, CaCO3 is not a good choice. Besides,
granular LCM needs to be selected and appropriately
designed to prevent further invasion by forming a low-
permeable internal filter cake.
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■ NOMENCLATURES
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EDX energy-dispersive X-ray
LCM lost circulation materials
PAM polyacrylamide
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PPA permeability plugging apparatus
PPT permeability plugging test
SEM scanning electron microscope
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