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Pore-scale model for fluid injection andin situ gelation in porous media
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We examine immiscible fluid displacement in a porous material for the case where a polymerization reaction
occurs at the interface between two fluid phases. A three-dimensional sphere-based network model is used to
study the process. Am situ reaction may affect the pore morphology, interfacial forces, or viscous forces,
thereby altering the pressure distribution and displacement pattern. The amount and manner in which the
displacement pattern is affected depends on competing rates of reaction versus convection. The model shows
that at high-capillary-number displacements, a narrow range of reaction rates affects the displacement process,
below which no effect is seen and above which the flow stops. As the capillary number decreases, this range
widens but at the expense of the overall hydraulic conductivity. This phenomenon is explained using micro-
scopic displacement patterns. An operating window can be drawn showing the flow and reaction domain in
which one would expect an interfacial reaction of this type to affect fluid displacement.
[S1063-651%98)13805-9

PACS numbds): 47.55.Mh, 47.70-n

I. INTRODUCTION so that the cross-linked polymer forms only where water is
This paper describes results from a network model stud present..A model e.xpenmenFaI system was used to study this
¥)rocess, the reactive organic-phase fluid was a solution of

of the |nJ.ect|on .Of a reactive fluid into a porous material to tetramethyl orthosilicatd TMOS) in an inert hydrocarbon,
form an immobile polymer or gel phase. This phenomenon

. " -~ which undergoes an interfacial reaction upon contact with
occurs, for example, during the injection of cross-linking

: . . . . : water to form silicic acid and finally silica g¢in the aque-
polymers into an oil reservoir or the impregnation of f|bersOus phasg[1]
or powders by a polymer. In either of these applications, the The reaction rate for most TMOS reactions can be con-

final spatial distribution of the polymer affects the macro-trolled by a combination of solutiopH and a choice of

scopic propemeg of the matengl. Hence, it Is important toalcohol catalysf2]. Unfortunately, within the constraints of
understand the influence of various parameters on the reag-

tion and injection process ﬁwe experimental system the reaction rate cannot be varied
The experimental work leading to this investigation in- gradually. A fast reaction rate can be obtained using ammo-

volved the injection andn situ reaction of a silica gel in nium hydroxide and octanol, in which case silica gel forms

consolidated porous media to study improved oil recovery.on the order of seconds so that the time scales for reaction

Experiments showed that gel does not coat or fill the void@nd injection are similar. At a neutrgiH a cross-linked
space uniformly. Rather, it deposits in specific sites withinsilica gel forms on the order of hours, so experiments were
the medium, which are dictated primarily by the position of Performed by injecting the reactant and allowing it to react
fluid interfaces during the delivery of reactants. The dynamfor 24 hours. As one might expect, the more rapid formation
ics of immiscible displacement are normally governed by theof silica gel during injection causes significant losses in per-
balance between interfacial and viscous forces at the por@eability (two to three orders of magnitude in consolidated
level. For this type of polymer injection, the displacementMedid. When the reaction rate is slow, the final permeabili-
pattern is also affected by tlie situ reaction, which continu-  ties are usually two to ten times lower than before treatment.
ally changes the pore-space morphology. Because of thgor either reaction rate, the final distribution of silica gel is
strong dependence on pore-scale events, the displaceméitnuniform, causing disproportionate changes in the aqueous
was modeled using a sphere-based network model that a¥ersus organic-phase permeabilitis3]. These observa-
counts for pore-scale disorder and interconnectivity. tions, along with the inability to effectively control the reac-
tion rate, prompted a pore-scale investigation of the dynamic
process to better understand the mechanism of injection and
A. Previous experimental results gelation and the subsequent effect on the hydraulic conduc-

. . tivity of the porous material.
The goal of previous experimental work was to develop y P

techniques to alter multiphase permeability in porous media
using polymers or gels. One proposed mechanism for poly-
mer delivery in oil-field operations is the injection of a reac- The complexity of the experimental process dictates that
tive organic phase that will polymerize upon contact with annumerous simplifications be made for the modeling. The ap-
aqueous phase. This technique provides a natural selectivityroach used in this work is to include a rigorous model of the

B. Requirements of the model
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fluid displacement while simplifying the reaction chemistry used for this work, a flow rate versus pressure-drop relation-
considerably. Hence, the basic mechanism to be modeled #hip for flow through each irregular cross section is calcu-
as follows. A nonwetting fluid with a time-dependent inter- lated numerically. These results are superimposed on equa-
facial reaction is injected into the medium; the extent oftions for creeping flow through hyperboloids of revolution in
reaction dictates the local wetting-phase viscosity, and porérder to account for the converging-diverging shéagetails
throats ultimately lose all conductivity as a result of gelation.Of this process are given in R€f7]). Once throat conduc-
Because pore-scale events are crucial to understanding ti¥ities have been assigned, they are used with the nodal

process, a number of characteristics were required of thBressures to write equations for flow through each pore. The

model. These characteristics included the ability to repron€t flow is zero for interior pores and is either unknown or

duce fundamental displacement phenomena and predict malg@'t If[)f_ a bou?daryfclpndltlorll fobr |r_1let or ?utletfporeﬁ_. g?ﬁ
roscopic parameters after the injection process. A networféerzlésﬁeﬁssﬁsnir%\?m Ii?162|r| %?jrigslgoerglsja lons for which the
?Oigeslc\;vlaes (;ngggr aie?egge:rr:;t;o ZﬁECt;xf;¥cézcnzgt?J§; The literature contains numerous models for multiphase
e . s ' flow in networks. Nonwetting phase injecti¢or drainageis
which are important to displacement proceqgkS]. Recent gp jection ge

- . . one of the easiest multiphase phenomena to model and,
advances have demonstrated the ability to effectively pred'“rtnence, has been widely studiéather published articles con-

macroscopic parameters using network models of realistig,; comprehensive references to past wEtR,11). The
geometrieg6,7]. _ _ most common algorithms are pseudostatic displacements,
Bench-scale rate studies were performed using a TMOGhich are the same as invasion percolation. They are valid
solution reacting at an aqueous interface. These studiesnly for conditions where viscous forces are not important.
showed that the interfacial reaction rate to form silicic acidModels for viscous displacements are more complex because
from TMOS depends on interface area, salinity, TMOS  the governing equations are nonlinear. The algorithm devel-
concentration, and temperature. The overall reaction to formdped for this work is valid for both capillary- and viscous-
silica gel depends on the interfacial reaction rate to silicicdominated conditions and the range in between, which al-
acid, as well as the ratio of phase volumes, and presumablgws investigation of how the capillary and viscous forces
the rates of diffusion of TMOS to the interface and diffusioninteract with the gelation reaction. The algorithm is de-
of the reactants away. Many of these parameters could not bgribed only briefly below, but a more extensive discussion

evaluated effectively in the complex pore structure. Hencegn pore-scale modeling of displacement phenomena can be
the chemistry of gelation is modeled as a simple function ofound in Lenormandet al.[12].
the time that an interface remains in a pore throat. The role
of .thtle network model is to Qetermine the location of all the Il. IMMISCIBLE DISPLACEMENT
fluid interfaces during the displacement process.
Because the injection-reaction process depends so
C. Network models strongly on pore-scale events, we begin with a brief discus-
sion of the governing phenomena for immiscible displace-

_Network models are usually comprised of tWO- nenis followed by some of the challenges for modeling this
dimensional (2D) or 3D networks of cylindrical bonds. process.

Regular lattice arrangements are most prevalent, although
methods have been proposed to vary the coordination num-
ber and bond lengthgt,5,8. The modeling described here
uses a three-dimensional packing of spheres as the founda- The displacement pattern during injection of a nhonwetting
tion for the physical network6,7]. This technique is well fluid into a porous medium is a strong function of pore-size
suited for granular porous media because the spatial correldistribution, pore shapes, fluid viscosities, injection rate, and
tion of pore sizes is included naturally, the distribution of the interfacial tension. For a fixed porous medium and fluid
pore sizes comes from specifying a grain-size distributiorpair, the displacement pattern can be correlated with the di-
rather than inference from porosimetry, the pore-scale momensionless capillary numbgs,12,13
phology for granular media is not compromised, and no scal-
ing parameters are needed. This technique is a promising N _HU 1)
method by which macroscopic parameters can be evaluated a5
from a description of pore-scale phenomena.

Solving for flow in a network structure requires that one Here the capillary number is defined with respect to spatially
have a mathematical expression for flow rate versus pressueveraged parametersyu is the injected phase viscosity,is
drop in the network bondgFor instance, in networks with the superficial velocity, and is the interfacial tension. The
cylindrical bonds, the Hagen-Poiseuille equatif® for  capillary number indicates the relative importance of viscous
laminar flow in a tube is usually usedi-or sphere-based to interfacial forces.
networks, which are used here, the procedure is somewhat At the pore scale, a drainage front advances by a series of
involved. First, a Delaunay tessellation is employed in ordediscrete invasions. Each one occurs when the local capillary
to discretize the sphere pack into a series of pores and popressure is sufficient so that the interface can curve to con-
throats. The throats have irregular cross sections and a coferm to the smallest constriction imposed by the bounding
verging diverging geometry. Hence, the assignment of poresolid. In a network model, the invasion steps are also dis-
throat conductivities must include either a complex numeri-crete. In order to decide when an invasion occurs, one must
cal solution, or some manner of approximation. In the modehssign a capillary entry pressure to each pore throat based on

A. Displacement mechanisms
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its geometry. This parameter is usually calculated using thé&ont has passed. In this model, pores always contain wetting
equilibrium Young-Laplace equation, which requires knowl-fluid; the local saturation is related to the local capillary pres-
edge of the interface’s radii of curvature in a pore throat. Insure using simple formulas for the volume of pendular rings
a granular medium or in the model sphere pack used her@s a function of interface curvatufd6]. The local throat
local interfaces take on a saddle shape so that the radii ¢gfonductivity to the nonwetting phase immediately after dis-
curvature are different in magnitude and sign. In a pack oPlacement is taken to be 95% of the total conductivity. It
spheres, the pore throats are the spaces between three neififn increases to 100% in proportion to the nonwetting-

boring spheres whose centers make a triangle. One radius Bfi@se saturation. The wetting-phase conductivity is calcu-
lated simply as the difference between the nonwetting phase

curvature is estimated by the inscribed circle that fits into - i i S
this void. The other is estimated as a function of the averag _nd absolute co_nductlwty. This mathe_ma_tlcal relation is ar-
itrary and not intended to be quantitatively correct. It is

diameter of the bounding spher@sghich dictates the oppos- .

ing radius of curvature on the saddle as the interface iénstead designgq to aIIow. the exister!ce of a small We“."!g'
squeezed into the throat phase conductivity. The high nonwetting-phase conductivity

Once capillary entry pressures are assigned, the nonwe"f‘-fter displacement is consistent with relative permeability

ting phase can be advanced into the network by a number STIUd'eS'
techniques. For pseudostatic displacements, the interface al-
ways advances where the capillary entry pressure is smallest,
and the inlet capillary pressure rises or falls accordingly The displacement algorithm uses a quasi-steady-state as-
since there is no pressure drop in the injected phase. Whesumption(QSSA to model the displacement patterns over a
viscous forces are important, the displacement algorithm bebroad range of capillary numbers, which is effective for pre-
comes more complicated because choosing the sites to adicting unsteady behavior such as changes in injection pres-
vance the interface requires a knowledge of the contributionsure or the slow drainage of wetting films. It is described
to capillary pressure from internal viscous forces, as well abriefly here and shown in detail in Thompspi¥].
the injection pressure. Predicting the viscous pressure drops The inlet boundary conditions are found by specifying the
requires a solution of the flow pattern, which in turn requirestotal flow rate of injected fluidmeaning the injection pres-
a knowledge of the invaded pores. Consequently, the algasure will vary with timg. Displacement occurs by modeling
rithm must be solved iteratively or by nonlinear techniquesa number of discrete time increments during each of which a
[12-14. In some cases, this complication is ignored, and theQSSA solution for flow of the injected and displaced fluids is
pores to be invaded are chosen from the capillary pressurdsund. Each QSSA solution may include the invasion of any
during the previous stefi 5], which provides for a faster and number of pores at the fluid interface. The decision to invade
more stable solution, but the invasion pattern is approximatedepends on the local capillary pressure, while the invasion
In the model described here, an iterative technique is used t@ate into each pore depends on local pressures and throat
overcome this approximation. conductivities. The time step during which each QSSA solu-
Numerous other issues are important to moving-interfacéion is valid continues until most of the newly invaded pores
problems, such as snap-off or the validity of using constanattain their minimum capillary saturation. Because each pore
radii of curvature. Snap-off depends on the local aspect ratids invaded at a different rate, some will fill before the time
pore shape, wetting-phase conductivity, and local viscoustep is finished. Once a pore is filled during the current time
forces; while it can occur during nonwetting-phase invasionstep, advance of that interface is halted until the others fill.
it is infrequent when the nonwetting-phase saturation in-This procedure mimics the known invasion phenomenon
creases monotonically. For this reason, snap-off is neglecteshere pores are filled in discrete steps called Haines jumps.
The other approximations made here are quite standard iihe mathematics of the algorithm simply allows a group of
network modeling, and are required so that the solution opores to jump together. A time step ends when newly in-
the model remains tractable. vaded pores are filled, unless, one or more pores are filling
From the above pore-scale arguments it becomes evidestowly (when downstream conditions do not allow the wet-
how the macroscopic capillary number contributes to the disting phase to drain quick)y In this case a new time step is
placement pattern. When viscous forces are very small, theegun while the slow pores are still being invaded so that
displacement pattern is tortuous with many dead-end pattsome pores become filled with displacing fluid over the
ways because fingers advance only until a small pore is ercourse of many time steps.
countered, causing flow to branch out elsewhere. When vis- A significant difference between this and many other al-
cous forces are high, capillary pressures rise behind thgorithms is that the capillary pressure in a pore must always
displacing front so that small pores may be invaded after theorrespond to the saturation in that pore. This requirement
front has passed. Plug-flow displacements occur at high cagauses some numerical difficulty because the pressures in
illary numbers. each phase are determined independently, yet they dictate the
The final issue discussed in this section is the wettingiocal flow rates. These local flow rates in turn affect the
phase conductivity and saturation. In complex me@ia., saturation at the end of a time step, which must agree with
consolidated sangghe wetting phase never becomes iso-the pressures that were determined. Convergence of this sys-
lated. In sphere packs it can become essentially isolated item of constraints is sometimes slow or unstable, and addi-
the form of pendular rings. In a network model, the decisiontional research must be performed to facilitate rapid conver-
whether to maintain wetting-phase conductivity in invadedgence. However, the algorithm is consistent with the real
pores dictates whether wetting-phase ganglia can beconghenomenon, in which the wetting phase continues to drain
trapped or whether they continue to drain after a displacinglowly as the inlet capillary pressure increases and the sys-

B. Quasi-steady-state modeling
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tem approaches steady state. At a true steady state, a capil 8

lary pressure gradient will exist through the network and the §
pressure gradient in the hydraulically connected displaced a a
phase will be zero. 6 " YW -

To implement the displacement mechanism described }%;ff
above, the algorithm is divided into two components. The

first is the invasion sequence algorithm, which determines ,° 4 -;
what pores are to be invaded during the current time step. An@@ b
estimate of the pressures is made using information from the
previous time step along with expected changes. The esti-
mate is compared with the updated solution for pressure,
which requires the second component of the algorithm: the : .
guasi-steady-state solution for the pressures and flow rates 0.0 05 10 15
Once a correct QSSA pressure distribution is obtained, the
values are used to advance the fluid by a time step. Most of
the details of the numerical process will not be described
here. However, we describe the bookkeeping that is used to
keep track of the evolving saturation pattern. Pores along th
advancing front are divided into three categories.

2 4

Pore volumes injected

FIG. 1. Displacement at a low flow rate.

Ep, respectively. The interfacial tension was 50 dyn/cm. In-
jection rates were varied over four orders of magnitude be-
(i)  Uninvaded pores: These pores are still filled with wa-tween 0.2 and 0.0002 c¥'s. All of the above parameters
ter, and if they are the next ones invaded, then thavere chosen to represent the experimental studies mentioned
oil-phase conductivity of at least one throat must bePreviously except for the standard deviation in sphere size,
set to a nonzero value. which was chosen arbitraril{the experimental studies were
(i)  Partially invaded pores: These pores are relativelyPerformed in artificial consolidated ceramic media, while the

rare because invasion on the pore scale usually occuf80del is for unconsolidated spherical packings
in a discrete jump to the minimum capillary satura- The transient pressure response is an important parameter
tion. However. in cases where the evacuation of disfOF Most processes and is vastly different at the two extremes

placed fluid from that pore is slow, but the capillary represented by the capillary number. The pressure is shown

! . asP/Pg,, a dimensionless ratio of current inlet pressure over
pressure has been overcome, the invasion occurs at.

: . iflet pressure for single-phase flow of the displaced fluid at
leisurely pace dictated by .the flow out of the pore. . the same raténote that because the magnitude of the refer-
(iii) Completely invaded pores: These pores have been i

ded and h local il that i 2nce pressure is proportional to the injection rate, a high
vaged and have a local capiliary pressure thal IS €quaymensionless pressure does not necessarily correspond to a

to or above the minimum value. However, the nethigh apsolute injection pressurét very low injection rates

flow of the displacing phase in these pores may stilline interfacial forces dominate and the inlet pressure is

be nonzero during a time step in order to maintainpearly equal to the capillary pressure required to invade the

consistency between the capillary pressure and satyargest currently available pore. Because the invasion front

ration within a pore. The flow rates of injected and may break through a small pore into regions where the cap-

displaced fluids must, of course, balance one anotheillary entry pressures are lower, the inlet pressure oscillates

during injection as shown in Fig. 1. These oscillations are

The pressure distribution in each phase is solved by th&wore pronounced for a small medium because of the limited
Gauss-Seidel method with relaxation; over- and undernumber of choices for invasion during any given time step.
relaxation are used depending on stability during the currenfypically they would not be seen in a large medium such as
time step. For single-phase flow the equations are forced tene used for experimental displacements. Alternatively,
converge on zero net flow in each pgreass conservation when viscous forces dominate, the inlet pressure is not af-
For two-phase flow the equations are forced to converge ofected by interfacial forces, but rather, it represents the sum
an equal and opposite net flow of each phase. The capillar§f the viscous pressure drops within each phase. For a high
pressure in each pofee., the calculated pressure difference injection rate, the displacement is nearly plug flow. Hence,
between the two phasesust agree with the current satura- the inlet pressure is the series contribution from the two vis-
tion for that pore. cous pressure drops. This behavior is seen in Fig. 2, which
shows a nearly linear increase in pressure until breakthrough.
The pressure drop increases in proportion to the viscosity
ratio of the injected versus displaced fluid.

The network model used for this work is a sphere-based The displacement efficiency is higher for injections at
model. Small sphere packings were used for the multiphaskigh capillary numbers. This behavior can be quantified by
studies because the algorithm is computationally intensiveexamining the displaced fluid saturation at breakthrough and
for the results shown here about 1500 spheres were used $teady state for the four flow rates shown in Table I. This
create the bed, and an interior section containing 903 Detrend is also seen by simulating external residence time dis-
launay cells(pores formed the network. The mean-sphere tributions(RTDS in the injected phase once steady state has
diameter was 10Qum with a standard deviation of 2em.  been reached. The RTD is important because the average
The displaced and injected fluid viscosities were 1.0 and 2.@esidence time provides an indication of the injected-phase

C. Model results for fluid injection
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Pore volumes injected FIG. 3. Injected-phase RTDs after breakthrou@iiC, is the

outlet tracer concentration over the injected concentration.
FIG. 2. Displacement at a high flow rate.

(pore volumeginjected fluid. The three images are for cap-
illary numbers of 0.3, 0.003, and 0.0003. The darker lines
a represent bonds that have been invaded by displacing fluid.

L i SThe nearly plug-flow behavior at high injection rates is evi-
port th_e _|njected phase. Figure 3 shows RTDs fo_r steady fIO"l{ient, while the low injection flow rates create tortuous paths
of the injected fluid after displacement at three different rates, ith many dead ends

as compared to the RTD for single-phase flow (saturation
=1). After the high capillary number displacement, the in-
jected fluid occupies essentially the entire bed. For lower
injection rates, the final saturation of the displacing fluid de-
creases and the tracer peaks become narrower. The latter
trend indicates that a smaller size distribution of pores is
sampled and that fewer flow pathways are available.

During experiments, steady-state flow is not achieved un-
til well after the initial breakthrough of the displacing fluid
from a core plug or packed bed. During the time between
breakthrough and steady state there is a slow drainage of the
wetting films. The algorithm used here maintains the conti-
nuity of the wetting phase and allows for drainage in re-
sponse to increasing capillary pressures throughout the net-
work. Macroscopically, the model predicts a fraction of
displaced phase in the effluent for some time after break-
through, as well as a slight decrease in the injection pressure
while this occurs. These phenomena are consistent with what
is observed in real situations.

Previous studies show the effect of the capillary number
during drainage displacements graphicdlhy2,15. Similar
images are shown here to better illustrate the phenomenon
described below, for the reactive system. Because there is
not an effective way to graphically represent fluid displace-
ment in 3D sphere packs, bonds are drawn between pores
and the network is projected onto a 2D plane. Figure 4 shows
2D projections of the network for displacements of 0.4 PV

saturation(or more specifically, the saturation of the con-

TABLE |. Injected-phase saturation for decreasing injection
rates.

Displacing-phase saturation

Flow rate Nca

(cm?s)

(dimensionless

Breakthrough

Steady state

0.2
0.02
0.002
0.0002

0.3
0.03
0.003
0.0003

0.906

0.811
0.582
0.401

0.993
0.954
0.728
0.401

FIG. 4. Graphical depiction of immiscible displacement after
0.4 PV injected ata) N-,=0.3, (b) 0.003,(c) 0.0003.



5830 KARSTEN E. THOMPSON AND H. SCOTT FOGLER 57

I1l. MODELING FLOW WITH REACTION 4 o noaoomen

Clearly the injection of a polymerizing fluid into a porous nun
medium will change the fundamental displacement mecha- 3 | o veos
nism that was described above. Changes in viscosity affect g0 oot
the capillary pressure distribution, while the formation of 8 Jeeett
polymer or gel in pore throats changes the basic pore topol- o 2 - ot veert? “AM““AA anss
ogy. Because the process modeled here involves an interfa% Dnufo’A‘::AAAAA ant
cial reaction, the time that an interface spends in any given ap @ 2282
throat affects whether it is able to move at a later time, which 11 aDa=1
is indeed the phenomenon that has been observed experi +Da=40
mentally. The combined effects of the reaction, viscous nDa=625

forces, and interfacial forces lead to different displacement 0 '

i i ; : 0.5 1.0 1.5
mechanisms than are observed in cases having no reaction o
Pore volumes injected

A. Including reactive flow in the network model FIG. 5. Pressure response versus injected volume at various val-

Although some of the rate parameters for the TMOS re-i€s of Da for high flow rates.

action have been quantified, the complexity of the whole .

reaction sequence precludes incorporating a rigorous descrip- B. Effect of reaction rate

tion into the network model. Instead, the model allows the The reaction rate for gelation was varied in order to un-
viscosity of the wetting phase to increase with time in thederstand its effect on injection and placement of the gel.
neighborhood of an interfacegThis mechanism approxi- Note that for an efficient displacement without reaction the
mates the formation of silica gel in the agueous pha&e. dimensionless pressure will rise to a value of just over 2.0,
general exponential expression was used to describe theflecting the change in viscosity from 1 to 2 cP. For a less

change in viscosity: efficient displacementslow injection ratg the dimension-
less pressure rises to a larger value reflecting changes in both
p=potal 1- k(it_ )). 2) yisco_sity and relativg permeabil!ty. Bgaring this in mind, the
e\t tinv injection pressure without reaction will be used as the base-

line to compare with other reacting displacements at that

The parametek is used to vary the reaction rate in the modelinjection rate.
studies. The parameterwas chosen as #@meaning the gel Figure 5 shows the transient injection pressure for a flow
attains a viscosity of approximately 10 000 times the originalrate of 0.2 cris at three different reaction rates. The reac-
displaced-phase viscosjtyln the numerical scheme, pore tion rate of Da=1.0 is nearly identical to the baseline with
throats are closed after the viscosity of adjoining poreso reaction. As the reaction rate increases, the rate of pres-
reaches some limiting value. While this analysis is somewhagure increase and the final pressure are both higher. The re-
simplistic, it provides for a mechanism that resembles whatction rate Da 62.5 is the maximum rate that could be ac-
was observed experimentally for the rapidly reacting silicacommodated without completely losing conductivity
gel in visual micromodel studigsee Thompson and Fogler (injection pressure goes to infinjty
[1]). Figures 6 and 7 show equivalent plots for flow rates of

As in the previous section, the transient displacements arg.02 and 0.002 c#fs, respectively. In these runs, the highest
plotted using the dimensionless injection pressure versugaction rates shown are also the maximum rates that still
time or injected pore volumes. However, changes in injecallow for fluid injection. They also show larger pressure in-
tion pressure reflect polymerization of the injected phasereases as the polymerization rate is increased, which is not
(which blocks fluid flow as well as changes in viscosity and

relative permeability. As one would anticipate, the slow in- 16

jection of a reactive fluid causes a larger increase in the 14 . ™

dimensionless pressure because the fluid is given a longe & aDa=1
time to react as it flows into the porous material. It is desir- 12 + a +Da=40
able to remove this effect from the analysis so that the injec- 4, | o a Da =100
tion rate can be used to control the macroscopic capillary dP@“u x Da = 148

number. Accordingly, the reaction rate is shown below as the ,© 81 .
product ofk [from Eq. (2)] and the space-timéor average & 6 - x de

X
residence tim x
)3 4 A * i “W“.M
Da=kr. 3 2 mh‘ﬁ’x:MAMMAAAAAMAMMA
. 0 T T
This parameter is the Damkohler number for a first-order 0.0 05 10 .

reaction. Its physical meaning for this application is simply
the extent of reaction on a pore-volumes-injected basis. Sub-
sequent data are shown using the scaled reaction parameterFiG. 6. Pressure response versus injected volume at various val-
Da. ues of Da for moderate flow rates.

Pore volumes injected
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40 manner into all the pore space. At low injection rates, the
a5 L aDa=1 displacement pattern is tortuous with many dead ends. The
+Da=40 latter pattern evolves because the displacement front ex-
or o Da =100 plores various pathways in search of the lowest resistance;
25 + x Da = 181 when a small pore throat is encountered, a branch some-
o 20 1 ] where else in the displaced network advances.
o Now consider a high injection rate with polymerization
& occurring at the advancing front. The displacement pattern is
nearly plug flow so all interfaces advance at nearly the same
rate. There is a reaction rate below which no interfaces re-

main stationary long enough for the reaction to have an ef-
fect on displacement. There is also a rate above which no

4
T

0.0 0.5 o 10 15 interface advances quickly enough to “outrun” the reaction.
Pore volumes injected There is a range between these maximum and minimum rates
FIG. 7. Pressure response versus injected volume at various v hat is a:jffected by the IreactlorlL Howiverr,].bﬁcaus'(ﬁ allinter-
ues of Da for low flow rates. aces advance at nearly equal rates for high capillary num-

bers, this range is small.

surprising. However, two other effects are worth noting. Consider the opposite extreme: a capillary-dominated dis-
First, as the capillary number decreasggection rate de- pIacemgnt %t a very low injection rate._ Because Qf the
creases the maximum Damkohler number at which fluid branchlike displacement pattern, where fingers of fluid are

can be injected increases. Second, the dimensionless injeegsfhted into at region anld tr&er) tpafuse while othgr Iotwtefr-
tion pressureat this maximum reaction ratés higher for esistance routes are explored, interfaces can remain station-

these slow injection rates ary for a long time. Hence, even a slow gelation reaction can
The trends described ébove were analyzed at five inje prevent the later advance of an interface that paused and then

tion rates between 0.002 and 0.2%sn The results are com- P€¢@me fr.ozen in placg by.the reaction. By a similar argu-
bined in Fig. 8 to show the breakthrough pressures versus tt ent:[ha i'.nghle aq;llancmg f;)ngefr r&q;:]es mucrtl tmttnrr]e ra;|)|dly
polymerization rate for each different injection rate. The an the high-capiiiary-number Iromiith respect to the vol

breakthrough pressure is the recorded injection pregsiite ume of fluid |nJ_e(_:tedBecause th? reaction rate is scaleq with
mensionlessat the time that the injected fluid reaches theP°"® v?fl?lmes injected, a very high value of Da is required to
outlet. This pressure does not necessarily correspond t?J“\’/t/o ow. K le of . d h |

steady state, but it is a good basis for comparison. The com- € now make a couple of notes in regard to these last

bination of runs shows the overall trend described abovegrguments. For a low-capillary-number displacement with a

slower injection rates accommodate higher Damkohler numf€action rate near or equal to the maximde., Q=0.002
bers before flow is stopped, but at the expense of hydrauli@nd D& 181 in Fig. 7, side branches are quickly blocked by

conductivity. gel. Hence, there can be no backtracking to find a path of
lower resistance once the tip of the finger encounters a high-
capillary resistance. This effect is twofold. First, the displac-
ing finger is highly tortuous but with few branchéson-

The mechanism for the phenomena described above firmed by pictorial output from these runsSecond, because
explained by pore-level arguments. First, recall how a disthe displacing finger cannot backtrack, the final conductive
placement pattern varies with injection rgte equivalently, channel most likely has a high resistance to flow. This con-
the capillary number high injection rates cause a plug dis- clusion explains the high dimensionless pressure drops that
placement where the front advances in a steady, methodicate seen for low-flow-rate displacements with moderate to

high gelation rates.

C. Mechanistic arguments

30
25 IV. DISCUSSION
- It is clear that a competition exists between the viscous
%’ 20 t forces(which cause pore throats to be invaded after a front
£ passesand the reaction ratéwvhich causes pore throats to
s °T close if an interface remains static for an extended period of
2 —+—02oms time). This effect causes the Damkohler number dependence
5 107 _’_0‘05‘"“:/3 shown in Figs. 5-7. In this paper, this phenomenon was
® . | +g'8§§m /33/ shown for a unique placement mechanism where the gel or
a _"—0'002"'“3/5 polymer forms via an interfacial reaction. However, the
ol : : o e Damkohler number is known to govern other flow and reac-

0 50 100 150 200 250 tion processe$17], and we would expect that it would be
useful in characterizing other processes involving reactive
polymer flows in porous medi@.g., material impregnation
FIG. 8. Increasing flow resistance as injection rate decreases and From the results shown in Sec. Il we note that for all
Da increases. injection rates there exist both a lower reaction rate where

Damkohler number: Da
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injection decreases. This information is consolidated on a
1000 single plot in Fig. 9, which shows an operating window for
this process. The scaled reaction rates Da at which these
limits occur is shown as a function of the volume fl(or

0 100 superficial velocity of the injected fluid. The operating win-
2 dow between these lines is the region in which the placement
2 of polymer is affected by the reaction rate.
3 One should note that the simulations shown here were
% 10 performed all on the same networtOther networks were
s —4—maximum reaction rate that used in order to check that the general trends were consis-
o e tent) This choice was made in order to isolate the effects of
has effect reaction and displacement rather than the morphology and
1 ‘ f heterogeneity of the porous media. However, it is expected
1 10 100 1000 that both small- and large-scale heterogeneity would strongly
Injected flux {cm/s) affect the injection-reaction process, especially for multi-

_ _ _ ) .. phase systems as described here.
_ FIG. 9. Operating er_1d_ow whe_re gelation reaction affects injec- Finally, it is noted that the most useful way of evaluating
tion:  Da versus superficial velocity. the effects of a gel treatment is usually by some macroscopic
parameter, the choice of which depends on the process of
fluid injection is not affected by the reaction and a highinterest. For applications in oil production this parameter
reaction rate where flow is stopped because the porous meould be the multiphase permeability. The network model
dium’s conductivity is lost. Furthermore, the mechanistic ar-has been used effectively for the prediction of averaged mac-
guments given in Sec. Il C explain that this range betweenoscopic behavior. Examples can be found in Thompson
the lower and upper limits becomes larger as the rate of fluif14].
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