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ABSTRACT

Many different materials have been proposed to reduce
channeling of fluids through fractures and streaks of very
high permeability. These materials include gels,
particulates, precipitates, microorganisms, foams and
emulsions. In this paper, we compare the placement and
permeability reduction properties of these different types of
blocking agents. Comparisons were made of their
selectivity in entering high-permeability rock in preference
to low-permeability rock. We also examined their ability to
reduce permeability to a greater extent in high-permeability,
water-saturated zones than in low-permeability, oil-
saturated zones. Concepts are identified that may lead to
blocking agents with placement and/or permeability-
reduction properties that are superior to those of gels.

INTRODUCTION

In oil recovery operations, several different types of
processes have been proposed to reduce channeling of
fluids through fractures and streaks of very high
permeability in reservoirs. Processes that use crosslinked
polymers or other types of gels have been most common.
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However, processes using foams, emulsions, suspended
solids, microorganisms, and precipitates (or other products
of phase transitions) have also been proposed. In this paper,
we compare the effectiveness of these different types of
blocking agents. This paper summarizes the results from

extensive literature surveys and analytical and numerical
analyses that we performed over the past three years.'3

Our analyses focused on the placement characteristics and
permeability-reduction properties of the blocking agents.
Ideally, a fluid-diversion process should reduce channeling
of fluids through high-permeability, watered-out flow paths
without damaging oil productivity. However, in most
applications, the blocking agents penetrate to some extent
into low-permeability, oil-productive zones. QOil production
can be either enhanced or retarded, depending on how the
blocking agent's performance in low-permeability rock
compares with that in the "thief" zone.*®

The amount by which a process reduces the flow capacity of
a given zone depends on at least three factors: (1) the
distance of penetration of the blocking agent, (2) the
permeability reduction provided by the blocking agent, and
(3) the flow geometry. We used theoretical and numerical
analyses to quantify how selective the various agents are in
entering high- vs. low-permeability rock. We also
investigated which blocking agents have the best
permeability-reduction characteristics—that is, those that
reduce permeability to a greater extent in high-permeability,
water-saturated zones than in low-permeability, oil-saturated
zones. We also considered whether different types of
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blocking agents can be combined to perform better than
either agent individually. For example, can a gelant be
combined in a synergistic way with a foam or a particulate
to provide superior fluid diversion?
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For each of the materials discussed in this paper, a large
body of literature exists. Because of space limitations, most
of these publications will not be cited here. However, many
of these papers and patents are discussed in Refs. 1-3.
Much of the literature makes unsubstantiated claims that
materials will selectively enter and block high-permeability,
watered-out zones in preference to less-permeable, oil-
productive zones. Critical analyses of these claims reveal
that most of the proposed schemes suffer from the same
placement limitations that gels experience. 13 In this paper,
we focus on those concepts that may allow the development
of blocking agents with placement and/or permeability-
reduction properties that are superior to those of gels.

GELS

Placement. In this work, gelants and gels are used as
standards against which other materials are compared.
Typically, gelants consist of an aqueous solution with one
or more reactive components (e.g., a polymer and a
crosslinker). The gelant components react to form an

The distance of gelant penetration into a

immobile gel.

given zone can be quantified by straightforward
applications of the Darcy equation and fractional-flow
theory. These calculations demonstrate that gelants can
penetrate to a significant degree into all open zones—not
just those zones with high water saturations. A i}

™ { h icnlat: 1
precautions (such as zone isolation) are not taken during

gelant placement in unfractured wells (i.e., radial flow),
low-permeability zones can be seriously damaged even in
extremely heterogeneous reservoirs.* An effective gel
placement is much easier to achieve in fractured wells than
in unfractured wells because of the fracture's linear flow
geometry and because of the large permeablhty contrast
between the fracture and the porous rock. 46 Theoretical
developments*’ and many field results® 19 indicate that gel
treatments are most effective in reservoirs where fractures
constitute the source of a severe fluid channeling problem.

For the different types of blocking agents, Table 1 compares
the selectivities in entering high- versus low-permeability
zones. Each entry in Table 1 lists the distance of
penetration (in linear flow) of the blocking agent into one
zone relative to the distance of penetration into an adjacent
zone that is 10 times more permeable. Water injection is
assumed to result in a unit-mobility
example. For each material, one case

between layers, while a second case perrmt

between the layers. The basis of these calculations can be
found in Refs. 1-4 and 11. The values in Table 1 are meant
to illustrate what could happen (i.e., the extremes of
behavior)—not necessarily what will happen in every case.

Table 1. Comparison of Placement Properties in a
Two-Layer Linear System with a 1:10 Permeability Contrast

distance in low-k zone
BLOCKING AGENT distance in high-k zone
without with
crossflow | crossflow
GELANTS
1. low viscosity 0.10 0.10
2. high viscosity 0.32 0.99
PARTICULATES
3. small particles 0.10 0.10
4. intermediate-sized particles 0.00 0.00
GELANT WITH PARTICLES
5. small particles 0.10 0.10
6. intermediate-sized particies 0.01 0.01
7. large particles 0.99 0.99
8. IN SITU PRECIPITATES 0.10 0.10
FOAMS
9. no foam forms in low-k zone . .00
10. foam forms in both zones 0.99 0.99
11. GELANT WITH FOAM 0.99 0.99
12. DILUTE EMULSIONS 0.12 0.20
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For the base case of a gelant with a water-like viscosity
(Data Row 1 in Table 1), the distance of penetration into the
low-permeability zone is 10% of that in the high-
permeability zone (both with and without crossflow*'1),
Increased gelant viscosity increases the relative distance of
penetration into the less-permeable zone. If crossflow
cannot occur between layers, the relative distance of
penetration for viscous fluids is governed by the square root
of the permeability ratio for the two zones.* Thus, in Table
1 (Data Column 1, Data Row 2), the value for high-
viscosity gelants is 0.1 or 0.32. If fluids can freely
crossflow between zones, the distance of penetration of a
viscous gelant into a low-permeability zone can be almost
as great as that in an adjacent high-permeability zone' '
(see Data Column 2 of Data Row 2 in Table 1).
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For a given distance of gelant penetration into a high-
permeability stratum, the minimum penetration into a less-
permeable zone is achieved using a gelant with a water-like
viscosity or mobility.*> In unfractured wells, viscous non-
Newtonian gelants will not provide a placement that is
superior to that for a water-like gelant.13 Therefore, in our
work, the placement properties of a water-like gelant are
used as a basis for comparison while investigating the
placement properties of other materials. The other values in

Table 1 will be discussed in subsequent sections.

Permeability Reduction. The permeability-reduction
properties of gels depend on whether they are "strong" or
"weak" gels. Strong gels (i.e., gels that fill most or all of the
aqueous pore space in a porous medium) reduce the
permeability of different porous rocks to approximately the
same value (in the low microdarcy range).“"15 In one
sense, this behavior could be very desirable. All gel-
contacted portions of a heterogeneous reservoir could be
altered to have nearly the same permeability. However, for
most strong gels, the final permeability is so Jow that flow
is effectively stopped!® (unless the distance of gel
penetration into the rock is very small®7).

For "weak" or "thin" gels (i.e., those leaving a significant
permeability), residual resistance factors generally decrease
with increasing rock permeability (i.e., flow through low-
permeability rock is restricted by a greater factor than in
high-permeability rock). Tracer studies indicate that these
gels occupy a small fraction of the pore space.15 Weak gels
usnally result from incomplete gelation and the formation of
a small volume of gel aggregates.'>''” For unbuffered
gelants, gel aggregates are usually formed in an
uncontrolled manner, so they provide low to intermediate
residual resistance factors that are often difficult to predict
from one porous rock to the next.!> In some cases, a more
controlled permeability reduction can be achieved using
polymers that adsorb onto rock surfaces (rather than gel
aggregates that are filtered from solution).!® As with weak
gels, residual resistance factors provided by adsorbed
polymers decrease with increasing permeability.!>2° This
behavior is opposite the desired trend.

A special property that has been reported for polymers and
gels is an ability to reduce permeability to water by a greater
factor than that to oil or gas (see Refs. 1-11 in Ref. 21).
Under the right circumstances, this disproportionate
permeability reduction could shut off water channels while
causing minimum damage to oil or gas productivity.>’

Calculations indicate that this property is critical to the
success of fluid-diversion treatments in production wells if
zones will not be isolated during placement of the blocking
agent, 572122

PARTICULATES

Placement. Several researchers proposed the use of
particulates as biocking agents (see Refs. 104-111 in Ref.
2). With particulates, two different approaches can be taken
to control placement. The first approach is commonly used
in matrix acidizing.?> If they are large enough relative to
pore throats, particulates can form a filter cake on the rock
surfaces. Since the largest volume of the injected
suspension enters the most-permeable zone, the largest filter
cake forms on that zone, and that filter cake can restrict flow
to the greatest extent in the most-permeable zone.
However, at best this method will equalize injection rates in
the different zones.”> If too much of the suspension is
injected, flow will be restricted in all zones. Also, any
beneficial flow diversion occurs at the wellbore. If flow is
reversed (e.g., return of an oil well to production), the filter
cake can be removed, and the effect of the diverting agent
will be reversed. Finally, if this diversion method is
combined with another blocking agent, such as a gelant, an
undesirable placement results—the gelant is diverted jnto
rather than away from the less-permeable zones.

The second placement approach using particulates relies on
the relation between the particle size and the pore sizes of
the zones of interest. In concept, a suspension of particles
could penetrate readily into a high-permeability zone, while
the particles are removed by filtration on the rock faces of
less-permeable zones. If the fluid contains a gelant or other
blocking agent, that blocking agent could be selectively
placed in the high-permeability zone with minimum
penetration into less-permeable zones.

For this second concept to work, several requirements must
be fulfilled. First, the particles must be small enough to
penetrate freely into the most-permeable zones. Second, the
particles must be large enough to form an external filter
cake on the rock surface of the less-permeable zones. Third,
the particle size distribution must be sufficiently narrow.
We developed a theoretical model to study the feasibility of
using particulates to prevent gelant penetration into low-
permeability zones during the placement process.> Our
analysis indicated that to achieve selective placement using
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particulates with a normal size distribution, there is a
maximum standard deviation of particle sizes that should
not be exceeded for a given permeability contrast. For
example, consider two zones with permeabilities of 10,000
md and 100 md, respectively. Assume a best case scenario
where all particles less than 33.3 pm in diameter will flow
freely through the 10,000-md rock and where all particles
greater than 3.33 um in diameter will form an external filter
cake on the 100-md rock. Therefore, if monodisperse
particles were available, a selective placement of a blocking
agent could be achieved using any particles that were
smaller than 33.3 um and larger than 3.33 ym.

In reality, particles in a given suspension have a distribution
of sizes. We have shown? that for a given standard
deviation of a normal particle-size distribution, the
maximum selectivity for placement of a blocking agent is
achieved by choosing the average of the critical particle
sizes of the high- and low-permeability zones as the mean
partic this example, (33.343.33)/2 = 18.3 ym). If
particles with a mean size of 18 um are used in our
example, the standard deviation of the size distribution must
be smaller than 9 um to achieve better selectivity than a
water-like gelant without particulates.? To achieve the same
selectivity as particulates with a monodisperse size of 18
pm, the standard deviation must be smaller than 4 um. The
maximum allowable standard deviation for selective
placement decreases with decreasing permeability contrast.?
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The above analysis is actually optimistic since it assumes
that the rock has a single pore size. Because porous media
contain a range of pore sizes, the particles used must have
a narrower size distribution than was indicated above to
achieve selectivity during placement.? The utility of
particulates in controlling placement of blocking agents may
also be limited by other factors that were not considered in
our simple model. In particular, the ability of particles to
penetrate into a given porous medium also depends on the
influence of fluid velocity, particle concentration, and the
surface chemistries of the particles and porous media.?*26

For our example case in Table 1, Rows 3 and 4 compare
possible relative distances of penetration for particulates. If
the particles are small enough to penetrate readily into both
zones in our example and if the particles are suspended in
a low-viscosity fluid, the relative distance of penetration
could be 0.1 (Row 3 in Table 1)—the same value as that for
low-viscosity gelants. For intermediate-sized particles
(those small enough to flow readily into the high-
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permeability zone but large enough not to enter the low-
permeability zone), the relative distance of penetration, in
concept, could be zero (Row 4 in Table 1). On the surface,
this behavior suggests a tremendous placement advantage
over gelants. However, if the particles flow freely through
the high-permeability rock, they may not provide a
significant permeability reduction. Therefore, the particles
by themselves are not expected to be an effective blocking
agent in the high-permeability zones.

The above shortcoming could be remedied by incorporating
a gelant or similar blocking agent with the suspended
particles. This point is illustrated in Rows 5-7 in Table 1.
Intermediate-sized particles suspended in a gelant (Row 6
in Table 1) could readily enter the high-permeability zone.
However, the particles would form a filter-cake on the
surface of the low-permeability zone—thus, minimizing
gelant penetration. The 0.01 values in Row 6 of Table 1 are
approximations that reflect that some gelant will inevitably
enter the low-permeability zone during placement. Even so,
the potential exists to achieve a substantially better
placement than that possible with a gelant alone.

Rows 5 and 7 in Table 1 emphasize the importance of
proper particle sizing when combining particulates with
gelants. If particles are small enough to penetrate readily
into both zones (Row 5 in Table 1), gelant placement will
be no better than that for a low-viscosity gelant without
particies. If the particles are too large to penetrate into
either zone (Row 7 in Table 1) external filter cakes will
form on both zones, and an excessive amount of gelant
could enter the low-permeability zone (as expected from
fluid diversion concepts in matrix acidizing23). In fact, the
gelant could penetrate almost as far in the low-permeability
zone as in the high-permeability zone (Row 7).

Permeability Reduction. The degree of permeability
reduction caused by particulates can be separated into two
components: (1) that associated with an external filter cake
formed at the surface of a given zone and (2) that associated
with an "internal filter cake" formed from particles trapped
inside the porous medium. Since the external filter cake can
be removed or circumvented by mechanical means (e.g., jet
washing, backflow, or perforation), we are concerned
primarily with the permeability reduction associated with
the internal filter cake. For particles trapped inside a porous
medium, the degree of permeability reduction qualitatively
follows the same trend as that for weak gels. In particular,
formation damage factors or residual resistance factors tend
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to increase with increasing ratio of particle size to pore
size.2”-2% (This behavior has been reported when the ratio
of particle size to pore size ranges from 1/14 to 1/3.%) This
paralle] in behavior between particulates and weak gels is
not surprising since weak gels usually consist of a
suspension of gel aggregates, which are a specific form of
particulate. In concept, the potential improvements in
placement that were discussed above with regard to
particulates could also be achieved using suspensions of gel
aggregates. Of course, the limitations also apply.

Hypothetically, particulates could reduce the flow capacity
of water zones to a greater extent than oil zones. Small
particles could be injected that are soluble in oil but not
soluble in water.3%3! These particles must be sized so that
they enter the porous rock and become trapped by deep-
filtration. Upon returning the well to production, the
particles could significantly reduce the permeability of
watered-out zones. In contrast, in zones with high fractional
oil flows, the particles may quickly dissolve—thus restoring
a high oil permeability.

| N )
UCu

PRECIPITATES (PHASE-TRANSITION PRODUCTS)

Placement. Several investigators proposed the use of
precipitates (or other products of phase transitions) as
blocking agents for fluid diversion in oil recovery processes
(see Refs. 92-107 in Ref. 1). Typically, these processes
e forming a blocking agent in situ by mixing two
incompatible chemical solutions in the formation.
Alternatively, chromatographic separation in a formation
can be exploited to form a blocking agent from a stable
mixture. Llave and Dobson®? described a recent example
of the latter process. In their process, a low-viscosity
surfactant-alcohol blend was injected. In the formation, the
blend chromatographically separated, with the alcohol
propagating more rapidly than the surfactant. After the
alcohol was removed from the surfactant, the surfactant
formulation became very viscous and restricted flow.

invalvy,
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We surveyed the petroleum and patent literatures to
investigate whether blocking agents formed in situ from
phase transitions have potential advantages over gels.! In
most cases, the flow properties of the proposed materials
(before the phase transition) are no different from those of
gelants. Therefore, their placement characteristics are
similar to those of gelants. Specifically, for a given distance
of penetration into a high-permeability zone, the distance of
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penetration into a less-permeable zone will be no less for a
precipitate or phase-transition product than for a gelant with
a water-like mobility. Certainly, the mechanism of forming
the blocking agent can be different for a gel versus a phase-
transition product. This difference could allow one
blocking agent to penetrate deeper overall into a formation
than another blocking agent. However, it will not change
the relative placement properties (i.e., the distance of
penetration in one zone relative to that in a nearby zone
during unrestricted injection).* Thus, in our example in
Table 1, placement of these materials is not better than that
achieved using a low-viscosity gelant (Row 8 in Table 1).

Permeability Reduction. Very little work has been
reported on the permeability dependence of the

properties of We
suspect that they usually will be the same as those for
particulates. As mentioned earlier, residual resistance
factors tend to increase with increasing ratio of particle size
to pore size.?”-?> (Particulates that enter porous rock reduce
the flow capacity of low-permeability rock by a greater
factor than in high-permeability rock.)
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Thompson and Fogler31 investigated the use of "reactive
water-blocking agents” to plug water zones in preference to
oil zones in production wells. These chemicals are
dissolved in oil and then injected. They react upon contact
with water to form a precipitate or solid barrier. Ideally,
watered-out zones will be restricted by blocking agents
formed at the front between the displaced water bank and
the injected bank of reactive chemicals, while no blocking
agent should form in zones with high oil saturations. To
maximize formation of blocking agents in water zones,
Thompson and Fogler proposed using a relatively viscous
oil as a carrier fluid for the reactive chemicals. When the
well is returned to production after injecting the reactive
chemicals, water should finger through the bank of reactive
chemicals—thereby promoting mixing and formation of the
blocking agent. One of the main challenges in using these
materials is that reaction with residual water in the oil-
bearing zones could damage oil productivity. More work is
needed to assess the potential of reactive water-blocking
agents, especially their effects on oil productivity.

MICROORGANISMS

Many people have proposed the use of microorganisms as
blocking agents (see Refs. 1-24 in Ref. 3). In most of these



6 A COMPARISON OF DIFFERENT TYPES OF BLOCKING AGENTS

SPE 30120

proposals, placement of the microorganisms is dictated by
placement of the nutrients. Since the flow properties of the
nutrients are no different from those of gelants, their
placement characteristics are similar to those of gelants.
Specifically, for a given distance of penetration into a high-
permeability zone, the distance of penetration into a less-
permeable zone will be no less for the nutrient (and the
microorganism) than for a gelant with a water-like mobility.
If a viscous nutrient is used (e.g., molasses or comn syrup),
microorganism penetration into less-permeable zones
increases.*!!

From one perspective, microorganisms could be viewed as

particulates. Because of their narrow size distribution,
certain mlcroorgamsms could, in concept, provide the
adiantasan Aharantarmcting agenriatad with
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monodisperse particles (drscussed earlier). A suspension of
microorganisms could penetrate readily into a high-
permeability zone, while size restrictions prevent them from
entering less-permeable zones. Bae et al. 33 proposed the
use of spores to act by this mechanism. They observed
spores
permeabilities greater than 710 md but that do not propagate
through cores with permeabilities less than 380 md. Once
placed, nutrients could be provided so that the
microorganisms could restrict flow (i.e., by growing or
generating biomass or polymers). Thus, for our example in
Table 1, microorganisms conceptually could provide a
placement similar to that for intermediate-sized particles
suspended in a gelant (Row 6 in Table 1).

hn mmmemnanta thranah 1D A 1
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Two important restrictions must be noted when using
microorganisms in this mode. First, growth, aggregation of
microorganisms, and adsorption onto pore walls must be
limited during placement. Otherwise, these phenomena
could greatly limit the distance of microorganism
penetration into the high-permeability zones. Second, the
microorganisms should be near-spherical in shape during
placement Elongated microorganisms act as paniculates
with a significant size distribution.
the placement advantage for particulates will be lost unless
the size distribution is very narrow.
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FOAMS

Placement. A considerable volume of theoretical,
laboratory, and field work has been performed to evaluate
the use of foams as mobility-control agents during steam

and high-pressure gas floods (see Refs. 2-69 in Ref. 2).
Much less work has been done to evaluate the use of foams
as blocking agents. The distinction between a blocking
agent and a mobility-control agent is an important concept
to understand. A mobility-control agent should penetrate as
much as possible into the less-permeable zones so that oil
can be displaced from poorly swept zones. In contrast, we
wish to minimize penetration of blocking agents into the
less-permeable, oil-productive zones. Any blocking agent
that enters the less-permeable zones can hinder subsequent
injected fluids (e.g., water, CO,, steam) from entering and
displacing oil from those zones.

Many field results demonstrate that foams usually act more
effectively as mobility-control agents than as blocking
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profiles were measured before, during, and after foam
injection, the profiles were consistently improved during
foam injection—demonstrating the ability of the low-
mobility foams to shift flow from high-permeability zones
into less-permeable zones.3*3® Also, when gas or water

ad aftar fi At tha
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quickly reverted to profiles that were the same or worse than
those observed before foam injection.>*3° This behavior is
consistent with expectations for injection of a high-mobility
fluid following a bank of low-mobility fluid in a
heterogeneous system.!! This behavior is opposite to that
desired for a blocking agent.

agantg
as\.«uto.

Nevertheless, in concept, several phenomena could allow
foams to be superior to gels as blocking agents, in some
circumstances. At present, these circumstances are
hypothetical; very few conditions have been verified
experimentally or in field applications. Details of our
analyses of these circumstances are presented in Ref. 2. In
what follows, we summarize the findings of these analyses.

Two phenomena, the limiting capillary pressure*®#2 and the
minimum pressure gradient for foam generation, 34 could
allow low- luuuruty foams to form in mgu-penneauuuy
zones but not in low-permeability zones. Exploiting these
phenomena during foam placement requires that (1) under
given reservoir conditions, a gas/liquid composition must be
identified that will foam in high-permeability zones but not
in low-permeability zones, (2) the foam must not easily
collapse or wash out from the high-permeability zones, and
(3) the aqueous phase must pot contain a gelant or other
reactive blocking agent.
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For our example in Table 1, an ideal placement could be
realized if foam forms in the high-permeability zone but
does not form in the low-permeability zone (Row 9 in Table
1). In contrast, an extremely unfavorable placement results
if foam forms in both zones. As shown in Row 10 of Table
1, the foam can penetrate almost as far in the low-
permeability zone as in the high-permeability zone. This
behavior is expected for viscous fluids when free crossflow
can occur.'"'? However, if crossflow cannot occur, the
relative distance of penetration into the low-permeability
zone is significantly greater than expected for simple
viscous fluids® (compare Rows 2 and 10 in Table 1). If
gelant is included with the foam (Row 11 in Table 1), a very
undesirable placement results regardless of whether foam
forms in the less-permeable zone.?

In cyclic steam projects, foam placement could be aided by
gravity effects combined with very large mobility contrasts
between the foam and the displaced oil. For cyclic steam
injection projects where the foam was intended to act as a
blocking agent, a common observation for successful field
applications was that steam and oil flow after the foam
treatment was diverted away from upper zones in favor of
the middle or lower zones.*> These results suggest that
gravity effects aided foam placement in the upper zones.

A circumstance where the presence of a preformed gel
could aid placement of a foam can be inferred from the
work of Craighead er al.** During hydraulic fracturing,
foamed gels show significantly lower leakoff rates than
foams or foamed polymers.** Logically, preformed foamed
gels may propagate substantial distances along fractures
with minimum leakoff. This argument parallels that given
for injecting preformed gels into fractured systems.®
However, a potential advantage over ordinary gels is that
the foamed gels may be more likely to extrude through
fractures without developing excessive pressure gradients.
This concept needs to be tested experimentally.

Permeability Reduction. Problems with foam propagation
and stability present challenges for foam applications both
as mobility-control agents and as blocking agents.? In many
cases, foam stability is significantly reduced by the presence
of 0il.***6  Hypothetically, this phenomenon could be
exploited to optimize the use of a foam blocking agent in oil
production wells. When oil wells are returned to production
after foam injection, foams could collapse more rapidly in
oil zones than in water zones. This behavior is most likely

o i . . . .
to be exploitable if the water zones contain no residual oil.

Foam washout from the water zones could be reduced by
incorporating a polymer or gel into the foam. If a gelant is
used, the foam must be produced from the oil zones before
gelation occurs; otherwise, the oil zones could be damaged.

Another potential advantage of foamed gels is that they may
allow more control in achieving low or intermediate residual
resistance factors.*’ To explain, strong gels (without foam)
can provide predictable and reproducible residual resistance
factors because gelation in the porous medium is fairly
complete.15 Because these gels fill most of the aqueous
pore space,’’ residual resistance factors are usually very
high (103—106). However, we sometimes desire lower
residual resistance factors (e.g., 1-100), that are associated
with weak gels. Unfortunately, for the reasons mentioned
earlier, weak gels provide low to intermediate residual
resistance factors that are often unpredictable.'> If a foamed
gel is used that incorporates a strong gel in the aqueous
phase, the thin gel films that separate the gas bubbles should
be formed reproducibly, and they may allow intermediate
residual resistance factors to be attained more reliably. This
concept also needs to be tested experimentally.

For foams, gas residual resistance factors can increase with
increasing permeability.*> This behavior could be exploited
when using foam as a gas blocking agent. A similar
phenomenon has not been observed for water residual
resistance factors in the presence of foam.*> Gels and foams
are known to show different permeability reductions for
different phases.!"*>% Experimental work is needed to

establish the permeability reduction properties of foamed
polymers and foamed gels.*?

EMULSIONS

Can emulsions be made to work better than gels as blocking
agents? Analysis of the literature (Refs. 70-103 in Ref. 2)
suggests no reason to believe that emulsions have any
placement or permeability-reduction advantages over
gelants and gels.? For concentrated emulsions (either oil-in-
water or water-in-oil), their behavior in porous media can be
described using standard relative-permeability concepts.*>->0

Therefore, the placement properties of concentrated
emulsions are similar to those of viscous gelants.> Also, the
literature indicates that concentrated emulsions provide very
low permeability-reduction values (residual resistance
factors less than 1.5).2*%9%° Furthermore, residual resistance
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factors provided by concentrated emulsions do not increase
with increasing initial rock permeability.49’5°

Dilute emulsions show behavior that can be described by a
modified deep-bed filtration theory.>!33 Ref. 2 contains a
detailed examination of the literature and models that
describe the flow of dilute emulsions through porous media.
We can summarize the results of this analysis as follows:
although several features of emulsion flow through porous
media remain unanswered, our analysis of the literature
indicates that emulsions or emulsion/gel combinations will
not perform significantly better than gels as blocking agents,
particularly in the areas of placement characteristics and
permeability-reduction properties.

For our example problem, results shown in Row 12 of
Table 1 were obtained based on flow properties for dilute
emulsions that were reported in the literature.>>'"2  Qur
calculations indicate that at best, the placement properties
of emulsions will approach those for a low-viscosity gelant.

CONCLUSIONS

In this paper, we focused on ideas that may allow the
development of blocking agents with placement and/or
permeability-reduction properties that are superior to those
of gels. We identified foams, particulates with gelant, and
microorganisms as materials that conceptually could
provide superior placement properties. However, in each
case, important requirments must be fulfilled before the
materials will provide superior performance.

For particulates, the particles must (1) be small enough to
penetrate readily into the high-permeability zone, (2) be
large enough to form an effective external filter cake on the
low-permeability zones, (3) have a sufficiently narrow size
distribution, (4) not aggregate or adsorb excessively on pore
walls during placement, and (5) be suspended in a gelant
(preferably, a low viscosity gelant) or similar reactive
biocking agent.

For microorganisms, the first four restrictions for
particulates (above) also apply.

For foams, (1) under the given reservoir conditions, a
gas/liquid composition must be identified that will foam in
high-permeability zones but not in low-permeability zones,
(2) the foam must not easily collapse or wash out from the

high-permeability zones, and (3) the aqueous phase must
not contain a gelant or other reactive blocking agent
Several other special circumstances were discussed where
foams could be useful as blocking agents.

With each of the above materials, additional work is needed
to identify specific compositions that will provide the
desired improvements.

ACKNOWLEDGEMENTS

We gratefully acknowledge financial support from the U.S.
Department of Energy, the State of New Mexico, ARCO
Exploration and Production Technology Co., British
Petroleum, Chevron Petroleum Technology Co., Conoco
Inc., Exxon Production Research Co., Marathon Oil Co.,
Mobil Research and Development Corp., Phillips Petroleum
Co., Texaco, and UNOCAL.

REFERENCES

1. Seright, R.S.: "Improved Techniques for Fluid Diversion in
Oil Recovery Processes," first annual report,
DOE/BC/14880-5, U.S. DOE (Dec. 1993), 56-60, 166-181.

2. Seright, R.S.: "Improved Techniques for Fluid Diversion in
QOil Recovery Processes,” second annual report,
DOE/BC/14880-10, U.S. DOE (Feb. 1995), 1-50, 147-158.

3. Liang, J. and Seright, R.S.: "Use of Microorganisms as
Blocking Agents," New Mexico PRRC Report 95-2, Jan.
1995.

4. Seright, R.S.: "Placement of Gels to Modify Injection
Profiles," paper SPE/DOE 17332 presented at the 1988
SPE/DOE Symposium on Enhanced Oil Recovery, Tulsa,
April 17-20.

5. Liang, J, Lee, R.L., and Seright, R.S.: "Gel Placement in
Production Wells," SPEPF (Nov. 1993) 276-284; Trans.
AIME 295.

6. Seright, R.S.: "Gel Placement in Fractured Systems," paper
SPE 27740 presented at the 1994 SPE/DOE Symposium on
Improved Oil Recovery, Tulsa, April 17-20.

7. Seright, R.S., Liang, J., and Sun, H.: "Gel Treatments in
Production Wells with Water Coning Problems,” In Situ
(1993) 17, No. 3, 243-272.

438



SPE 30120 R.S. SERIGHT AND J. LIANG 9

8. Sydansk, R.D. and Moore, P.E.: "Gel Conformance 21. Liang, J., Sun, H., Seright, R.S.: "Why Do Gels Reduce

Treatments Increase Oil Production in Wyoming," Oil & Gas Water Permeability More Than Oil Permeability?," paper

J. (Jan. 20, 1952) 40-45. SPE 27829 presented at the 1994 SPE/DOE Symposium on
Improved Oil Recovery, Tulsa, April 17-20.

9. Moffitt, P.D.: "Long-Term Production Results of Polymer
Treatments on Producing Wells in Western Kansas,” JPT  22. Liang, J., Sun, H., Seright, R.S.: "Reduction of Oil and Water
(April 1993) 356-362. Permeabilities Using Gels,” paper SPE 24195 presented at

the 1992 SPE/DOE Symposium on Improved Oil Recovery,

10. Seright, R.S. and Liang, J.: "A Survey of Field Applications Tulsa, April 22-24.
of Gel Treatments for Water Shutoff," paper SPE 26991
presented at the 1994 SPE Permian Basin Oil & Gas 23. Williams, B.B., Gidley, J.L., and Schechter, R.S.: Acidizing
Recovery Conference, Midland, March 16-18. Fundamentals, Monograph Series, SPE, Richardson, TX

(1979) 6, 99-100

11. Sorbie, K.S. and Seright, R.S.: "Gel Placement in
Heterogeneous Systems with Crossflow,"” paper SPE 24192 24. Davidson, D.H.: "Invasion and Impairment of Formations by
presented at the 1992 SPE/DOE Symposium on Enhanced Particulates,” paper SPE 8210 presented at the 1979 SPE
Oil Recovery, Tulsa, April 22-24. Annual Technical Conference and Exhibition, Las Vegas,

Sept. 23-26.

12. Zapata, V.J. and Lake, L.W.: "A Theoretical Analysis of
Viscous Crossflow,” paper SPE 10111 presented at the 1981 25. Baghdikian, S.Y., Sharma, M.M., and Handy, L.L.: "Flow of
SPE Annual Technical Conference and Exhibition, San Clay Suspensions Through Porous Media,” SPERE (May
Antonio, Oct. 5-7. 1989) 213-220.

13. Seright, R.S.: "Effect of Rheology on Gel Placement,” 26. Eleri, O.0. and Ursin, J-R.: "Physical Aspects of Formation
SPERE (May 1991) 212-218; Trans., AIME, 291. Damage in Linear Flooding Experiments,” paper SPE 23784

presented at the 1992 International Symposium on Formation

14. Jurinak, J.J., Summers, L.E., and Bennett, K.E.: "Qilfield Damage Control, Lafayette, Feb. 26-27.

Application of Colloidal Silica Gel," SPEPE (Nov. 1991)
406-412. 27. Tien, C. and Payatakes, A.C.: "Advances in Deep Bed
Filtration," AIChE Journal (1979) 25, No. 5, 737-759.

15. Seright, R.S.: "Effect of Rock Permeability on Gel ‘

Performance in Fluid-Diversion Applications," In Situ (1993) 28. Vetter, O.J.,, Kandarpa, V., Stratton, M., and Veith, E.:
17, No. 4, 363-386. "Particle Invasion Into Porous Medium and Related
Injectivity Problems," paper SPE 16255 presented at the

16. Hejri, S. et al.: "Permeability Reduction by a Xanthan/Cr(III) 1987 International Symposium on Oilfield Chemistry, San
System in Porous Media," SPERE (Nov. 1993) 299-304. Antonio, Feb. 4-6.

17. Todd, B.J., Green, D.W., and Willhite, G.P.: "A 29. van Oort, E., van Velzen, J.F.G., and Leerlooijer, K.:
Mathematical Model of In-Situ Gelation of Polyacrylamide "Impairment by Suspended Solids Invasion: Testing and
by a Redox Process,” SPERE (Feb. 1993) 51-58. Prediction,” SPEPF (Aug. 1993) 178-184.

18. Zaitoun, A., Kohler, N., and Guerrini, Y.: "Improved 30. Houchin, L.R. et al.: "Evaluation of Oil-Soluble Resin as an
Polyacrylamide Treatments for Water Control in Producing Acid-Diverting Agent," paper SPE 15574 presented at the
Wells," JPT (July 1991) 862-867. 1986 SPE Annual Technical Conference and Exhibition,

New Orleans, Oct. 5-8.

19. Vela, S., Peaceman, D.W., and Sandvik, E.I.: "Evaluation of
Polymer Flooding in a Layered Reservoir With Crossflow,  31. Thompson, K.E. and Fogler, H.S.: "A Study of Diversion
Retention, and Degradation,” SPEJ (April 1976) 82-96. Mechanisms by Reactive Water-Diverting Agents," paper

SPE 25222 presented at the 1993 SPE Internationai

20. Jennings, R.R., Rogers, J.H., and West, T.J.: "Factors Symposium on Qilfield Chemistry, New Orleans, March 2-5.
Influencing Movbility Control By Polymer Solutions,” JPT
(March 1971) 391-401. 32. Llave FM. and Dobson, R.E.: "Field Application of

439

Surfactant-Alcohol Blends for Conformance Control,” paper



—
()

SPE N120
AL Ay I\ LS

33.

34. Friedmann, F. et al.:

35.

36.

w)
~J

38.

39.

40.

41.

42.

SPE 28618 presented at the 1994 SPE Annual Technical
Conference and Exhibition, New Orleans, Sept. 25-28.

Bae, ].H., Chambers, K.T., and Lee, H.O.: "Microbial Profile
Modification Using Spores,” paper SPE 28617 presented at

the 1994 SPE Annual Technical Conference and Exhibition,
New Orleans, Sept. 25-28.

"Steam Foam Mechanistic Field Trial in

AT

the Midway-Sunset Fleld," paper SPE 21780 presented at the
1991 SPE Western Regional Meeting, Long Beach, March
20-22.

Gauglitz, P.A. et al.: "Field Optimization of Steam/Foam for
Profile Control," paper SPE 25781 presented at the 1993
International Thermal Operations Symposium, Bakersfield,
Feb. 8-10.

Stevens, J.E. and Martin, F.D: "CO, Foam Field Verification
Pilot Test at EVGSAU: Phase IIIB—Project Operations and

Performance Review," paper SPE 27786 presented at the
1994 SPE/DOE Symposium on Improved Qil Recaovery,

Tulsa, April 17-20.

. Harpole, K.J., Siemers, W.T., and Gerard, M.G.: "CO, Foam

Field Verification Pilot Test at EVGSAU: Phase
IIIC—Reservoir Characterization and Response to Foam
Injection,” paper SPE 27798 presented at the 1994 SPE/DOE
Symposium on Improved Oil Recovery, Tulsa, April 17-20.

Hoefner, M.L. et al.: "CO, Foam: Results From Four
Developmental Field Trials," paper SPE 27787 presented at
the 1994 SPE/DOE Symposium on Improved Oil Recovery,
Tulsa, April 17-20.

Kuehne, D.L. et al.: "Design and Evaluation of a Nitrogen-
Foam Field Trial," JPT (April 1990) 504-512.

Khatib, Z.1., Hirasaki, G.J., and Falls, A.H.: "Effects of
Capillary Pressure on Coalescence and Phase Mobilities in
Foams Flowing Through Porous Media," SPERE (Aug.
1988) 919-926.

Zhou, Z.H. and Rossen, W.R.: "Applying Fractional-Flow
Theory to Foam Processes at the Limiting Capillary
Pressure,” paper SPE 24180 presented at the 1992 SPE/DOE
Symposium on Enhanced Oil Recovery, Tulsa, April 22-24.

Kovscek, A.R., Patzek, T.W., and Radke, C.J.: "Mechanistic
Prediction of Foam Displacement in Multidimensions: A
Population Balance Approach,” paper SPE 27789 presented
at the 1994 SPE/DOE Symposium on Improved Oil
Recovery, Tulsa, April 17-20.

43.

44.

45.

46.

47.

49.

50.

N
J—

52.

53.

440

. Soo, H. and Radke, C.1.:

Eson, RL. and Cooke, R'W.: "A Successful High-
Temperature Gel System to Reduce Steam Channeling,"
paper SPE 24665 presented at the 1992 SPE Annual
Technical Conference and Exhibition, Washington, D.C.,
Oct. 4-7.

Craighead, M.S., Hossaini, M., and Freeman, E.R.: "Foam
Fracturing Utilizing Delayed Crosslinked Gels," paper SPE
14437 presented at the 1985 SPE Annual Technical

Confcrence and Exhibition, Las Vegas, Sept. 22-25.

Bernard, G.G. and Holm, L.W.: "Effect of Foam on
Permeability of Porous Media to Gas," SPEJ (Sept. 1964)
267-274.

Bernard, G.G., Holm, L. W, and Jacobs, W.L.: "Effect of
Foam on Trapped Gas Saturation and on Permeability of
Porous Media to Water," SPEJ (Dec. 1965) 295-300.

Miller, M.J. and Fogler, H.S.: "A Mechanistic Investigation
of Waterflood Diversion Using Foamed Gels," paper SPE
24662 presented at the 1992 SPE Annual Technical

Conference and Exhibition, Washington, D.C., Oct. 4-7.

onr

8. b)’danSK R.D. rmymer-nnnancea Foams, SPE Advanced

Technology Series (April 1994) 2, No. 2, 150-166.

Alvarado, D.A. and Marsden, S.S.: "Flow of Oil-in-Water
Emulsions Through Tubes and Porous Media,” SPEJ (Dec.

1979 369-377.

Gogarty, W.B.: "Rheological Properties of Pseudoplastic
Fluids in Porous Media," SPEJ (June 1967) 149-160.

"The Flow Mechanism of Dilute,

St ble Emuls1ons in Porous Media," I&EC Fundamentals
(1984) 23, 342-347.

Soo, H. and Radke, C.J.: "A Filtration Model for the Flow of
Dilute, Stable Emulsions in Porous Media," Chemical
Engineering Science (1986) 41, No. 2, 263-281.

McAuliffe, C.D.: "Oil-in-Water Emulsions and Their Flow
Properties in Porous Media," JPT (June 1973) 727-733.



