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Dynamics of water coning
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Water beneath a layer of oil in a producing reservoir may rise and form a bell-shaped cone in the vicinity of
the well. We discuss how the dynamics of cone formation in two dimensions depends on the gravitational
contrast, the interfacial tension, and the flow rate of oil. For a constant flow rate below a critid@l. raseable
cones are formed. At rates abo@ , two dynamical regimes are expected. These are slow initial formation
and fast breakthrough to the well. Quasi-two-dimensional transparent porous models were used to perform
cone formation experiments. Effective acceleration due to gravity was systematically varied. The experiments
were simulated using a stochastic model based on invasion percolation in which capillary forces were explicitly
taken into account. We find agreement between experiments and simulations, and consistency with the theo-
retical predictions[S1063-651X99)07609-9

PACS numbd(s): 47.55.Mh, 47.55.Kf, 91.65:n

I. INTRODUCTION However, equally important questions concern the
namicsof cone formation. The issue is relevant for petro-

In oil reservoirs, a layer of water often lies beneath a layeleum engineering because water-free oil can be produced at a
of oil. As the oil is produced from a well in the oil layer, the supercritical rate during the cone buildup time. The advan-
oil-water interface is deformed into a characteristic bell-liketage of a higher flow rate must then be balanced against the
shape, thewater cone[see Fig. 1a)]. The deformation is disadvantage of earlier water breakthrough. The dynamics of
driven by the viscous pressure gradient in the vicinity of thewater coning is difficult to study in the field, due to the
well, and counterbalanced by gravity forces due to the deneonsiderable effort required to map the cone shape, and the
sity difference between the rising water and the oil. If thelack of detailed knowledge of the reservoir properties. Sob-
flow rate of oil is lower than a critical flow rat®., equilib-  ocinski and Corneliu§15] were among the first to discuss
rium is reached and a static water cone forms. In the fieldgdynamics, and observed cone formation under the well in a
coning is highly undesirable, as it limits production and re-wedge-shaped reservoir model. Breakthrough times were
duces recovery of reserves. Unfortunately, the technology fotalculated numerically by Ozkan and Raghay/&#] and Pa-
abatement of coning is still at an early stddé patzacost al. [17].

For the physicist, water coning presents an interesting In this paper we study the dynamics of water coning in
moving-boundary problem. The pressure distribution in thewo-dimensional porous media. In Sec. Il, experiments are
reservoir is determined by viscous and hydrostatic contribupresented in which a water cone formed below a well in a
tions. During the coning process the boundary conditions at
the oil-water interface change. Depending on the flow rate,
cone propagation either comes to a h@tstable cone is J] %
formed or continues up to the welthe cone growth process
is unstablé In addition, the properties of the reservoir influ-
ence cone formation. For instance, if the water is nonwetting
with respect to the oil, then the capillary pressure across the
oil-water interface opposes cone propagation.

A number of workers have attempted to characterize
breakthrough conditions and the shape of stable cones, in H ;\}
two- and three-dimensional reservoir2—10. (Two- ve-ANNNN \ y
dimensional geometries are used to study coning below hori- N Q\\\\\\QQ
zontal wells, where oil is flowing to a line sinkOn the
experimental side, Khafil1], Mungan[12], and Rajan and
Luhning[13] built three-dimensional scaled reservoir models ) (b) ! L— | X
and studied the shape of stable cones and breakthrough rates
under various circumstances. Schflgl] directly observeql_ FIG. 1. (a) illustrates the formation of a water cofiglack) in a
water coning in a Hele-Shaw cell and presented an empiricbgion saturated with oilshadedlin the vicinity of a well. (b) is a
formula to predict critical flow rates. schematic drawing of a two-dimensional reservoir model at the be-

ginning of (left-hand sectiopand during water coningiight-hand
section). Oil is flowing in at the top rim and pumped out through the
*Present address: School of Astronomy and Physics, R. and Bvell in the center of the model. The direction of gravijys indi-
Sackler Faculty of Exact Sciences, Tel Aviv University, Israel. cated.
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layer saturated with oil. Included is a preliminary presenta- TABLE I. Table of fluid properties in the Gullfaks reservoir,
tion of an experiment in which an additional gas phase wa&nd used in the model at 20 °C, including viscosity densityp,
superposed on the oil layer. Using the experiments as a refnd interfacial tension with respect to @il Olive oil representing
erence, a stochastic simulation model based on the invasidi in the experiment and citrus-oil—paraffin mixture representing
percolation model was constructed. The simulations are deglas were miscible. Olive oil and the water-glycerol mixture repre-
scribed in Sec. lll. Some theoretical predictions for the scalSenting water were immiscible.

ing behavior of cone formation are derived in Sec. 1V, and

experimental and simulation results are presented in Sec. V. Fluid me H 7
We discuss our results and conclude in Sec. VI. (kg/nm) (cP) (N/m)
Res. Expt. Res. Expt. Res. Expt. Res. Expt.
[l EXPERIMENTS Gas Citrus-oil—paraffin 280 864 3 4
The quasi-two-dimensional porous models used in the ex2!! Olive oil 645 911 46 65 0.001 0

periments consisted of a monolayer of 1 mm glass bead¥/ater Water—glycerol 1000 1199 25 27 0.0z 0.036

sandwiched between two 25 mm thick parallel polymethyl-
methacrylate(PMMA) plates. These models measurkd
=41 cmxH=44 cm in size and had a porosity ¢f= 0.54 the model through the well at the center of the model, at a
and a permeability ok=6x10"°¢ cn?. The width of the constant rateQ. Pump rates varied from 0.3 ml/min to 10
water layer wagl=6 cm, and the distance from the initial Mml/min. In the two-layer reservoir experiments, an outer oil
oil-water interface to the well was=8 cm. Model construc- reservoir was connected to the model through ducts at the
tion elements were identical to those described in Red].  upper rim, and the amount of oil in the model remained
A hole of 5 mm diameter in the center of the model repre-ConStant. In the three-layer reservoir experiments, a similar
sented an oil well. Ducts at the lower and upper rim of thereservoir containing citrus-oil—paraffin mixture was used. In
model were used to fill the model with the fluids prior to this case, the volume of olive oil in the model decreased
starting the experiments. during an experiment while the volume of citrus-oil—paraffin

For each experiment, a new model was used. During th&ixture increased. In both types of experiment, the amount
filling process, the model was tilted to a vertical position, Of the water-glycerol mixture in the model remained con-
and a water-glycerol mixturé75 wt% watey representing  Stant.
water was slowly injected through ducts at the lower end of Figure 2 shows the formation of a water cone in a two-
the model. When the lower portion of the model was com-ayer model inclined att=18° from the horizontal. The flow
pletely saturated with the water-glycerol mixture, olive oil rate was kept at a constant value @=4.4 mi/min. The
was injected through ducts at the upper end of the modev_vater-glycerol mixture—olive-oil interface evolved from a
This procedure was chosen in order to achieve a homogdlat front to a bell-shaped curve with a cusp. Breakthrough
neous distribution of fluids in the various portions of the occurred after approximately 10 min.
model. Good control of the initial conditions in an experi- Capillary forces can affect the coning process signifi-
ment was essential, as the wetting properties of the modd&iantly. In Fig. 3, a cone front observed in a vertical model
were history dependent. In a region that was intially satu-
rated by oil, the invading water-glycerol mixture was non-
wetting and water coning was opposed by capillary forces.
On the other hand, the water-glycerol mixture was the wet-
ting fluid for regions that were initially saturated by the
water-glycerol mixture. Oil displacing the water-glycerol
mixture in those regions was nonwetting, and again water
coning was opposed by capillary forces. The wetting amgle
was close to 90119], and no significant hysteresis was ob-
served.

Two-layer reservoirs, consisting of an oil layer above a
water layer, were modeled by saturating the upper portion of
the model with olive oil. Three-phase experiments were also
conducted. In these experiments, an additional gas layer
above the oil layer was modeled by saturating only the center
portion of the model with oil. A dyed citrus-oil—paraffin
mixture representing gas was injected into the upper portion.
The fluids were chosen to match the ratios of density, vis-
cosity, and interfacial tension of the reservoir fluids in the
Gullfaks formation in the North Sea as closely as possible. 41 cm
Table | lists relevant properties of the reservoir fluids and the |G, 2. water coning at constant flow rate@F 4.4 mi/min in
model fluids. a two-layer reservoir model. The model was saturated with a water-

To begin an experiment, the model was tilted to a suitableylycerol mixture (dark) in the lower portion, and with olive oil
angle of inclinatione and the ducts at the lower end of the (light) in the center and upper portion. Time is indicated in seconds.
model were closed. A peristatic pump extracted the oil frominclination 18° from the horizontal.
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cone had formed below the well. The experiment was termi-
nated after ten additional minutes during which no further
cone propagation was observed.

I1l. SIMULATIONS

10.6 cm

Water coning in two-layer reservoirs was simulated using
a stochastic simulation model of the invasion percolation
FIG. 3. Water cone tips immediately before breakthrough intype [20,21] in which viscous forces are taken into account
two-layer models a®= 4.4 ml/min and inclinations o/=18° and  and fluid migration is possible. The pores in a porous model
90°, respectively. were represented by a square lattice of sites. The sites were
labeled to represent pores occupied by either olive oil or a
(a=90°) is compared with a front observed in an inclinaﬂonwater_—glycerol mixtgre. At the beginning of each simu.lation,
a radiusa; was assigned to the pore represented byithe

of 18°. (a) shows a detail of the sequence shown in Fig. 2.2 o e .
For low gravitational contrasta pg, pinning of the propa- site. The distribution of the rad{ia} approximated the pore
’ neck size distribution identified in a digitized image of an

gating front occurs. The resulting front is rough, and large ; S . .
regions of oil became trapped in the cone. In the verticafa)(pe”m.entaI model. The distribution increased approxi-
model, gravity forces are stronger by a factor of 3 and ardnately linearly up to a peak @~0.1 mm. Fora>0.1 mm

comparable to capillary forces only on a length scale of théN€ distribution ~decreased approximately - exponentially,

order of a typical pore siza. The cone is smooth on length @nging up to approximatelg=0.5 mm. o
scales larger thaa, and trapping of oil is rare. In the continuum approximation, the potential fiekd of

Figure 4 shows the formation of a cone in a three-layera” incompressible fluid in quasistationary flow satisfies the
model, at a constant flow rate Gf=8.8 ml/min. In the up- Poisson equatiolV?® =T, whereT represents the sources
per séction of the model, the gas intruded in the form ofand sinks. In the simulation, the fluid potential due to oil

viscous fingers, directed towards the well. Gas fingerProduction was found by solving the Poisson equation on all

reached the well after about 5 min, and oil production de-Sites of the lattice that were occupied with oil, using a relax-

clined. At this stage, a pronounced, apparently static, watedtion method[22]. The boundary conditions used wede
=0 at the top row representing the reservoir of olive oll

(inlet), andn-V® =0 at all other boundariegemaining lat-
tice boundaries and interfaces with regions filled with the
water-glycerol mixturg wheren is a unit vector normal to
the boundary or interface. At one site representing the well, a
finite source termT=Qu é(r —r,,)/ (kD) was used, wher®

is the flow rate or production ratg, the viscosity of the ail,

6 the Dirac delta functiont,,= (x,,,Y,) the location of the
well, k the permeability of the medium, ardl the thickness
of the model. At all other site§; was set to 0. To include the
effects of gravity, a hydrostatic pressure contributiBp
=pogh was added, wheré is the distance to the upper
lattice boundary.

The viscosity of the water-glycerol mixture was neglected
so that no viscous forces were present on sites occupied by
water-glycerol (=0). Pressure in the water-glycerol mix-
ture region was calculated relative to the reference pressure
Pei=®+ P4 at the lowest oil-occupied site on the lattice.
For theith water-glycerol mixture site, pressure was then
given by P= P+ pwgAh;, whereAh; is the height differ-
ence between thih site and the reference site.

The capillary pressuré. across a pore containing the
oil-water interface was given by Young’'s lawP.
=o(2D '+2a™ 1), whereD is the distance separating the
PMMA walls of the porous models, aracthe diameter of the
pore[see Fig. 8a)].

At the start of a simulation, all sites in the lower portion
of the lattice were labeled to represent the water-glycerol
mixture. The remaining sites on the lattice represented oil.

FIG. 4. Water coning at constant flow rate in a three-layer The simulations proceeded in steps in which water-glycerol
model. The model was saturated with water-glycerol mixtdegk) mixture invaded a site previously occupied by oil, and simul-
in the lower portion, with olive oillight) in the center portion, and taneously abandoned a sftee Fig. &)]. Only sites at the
with citrus-oil—paraffin mixture(dark gray in the upper portion. interface between the two phases could be invaded or aban-
Time is indicated in seconds. doned. At each stage, steps were chosen randomly among a

<— 41cm —>
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FIG. 5. lllustration of the simulation modela) Capillary pres- ; 2800 steps
sures in pores were calculated according to Young’s l@yThe
porous model was represented by a square lattice of sites. In eac
simulation step, water-glycerol mixture propagated into an oil-filled
pore (0), and oil propagated into a water-glycerol mixture—filled
pore (wg’'). The step was possible if the total pressure balance
APyg o= APy g Was positive. FIG. 6. Structures observed at various stages in a simulation of

water coning at constant flow ra@=4.4 ml/min and an inclina-
set of possible steps. This set included all steps with a postion of «=18°. The water-glycerol mixture is shown in black and

1600 steps

3000 steps 3047 steps

tive pressure balance olive oil is shown in white. The simulation was terminated when the
cone had reached the well, after 3047 steps. Only part of the
AP=APq - P — A Por wg' — péWg') (1)  440x410 lattice is shown. The figure should be compared with Fig.

2; the same parameters were used in experiment and simulation.
in which the condition
, when no step with positive pressure balance was possible or
PO <pve) (2 when the water-glycerol mixture reached the well site.

i ) ) To account for low fluid compressibilities, a trapping rule
was fulfilled. In Eq.(1), APy ., is the pressure difference [21]was used to prevent water-glycerol mixture from invad-
across the interface at the point where propagation of thg,q gil-filled pores that were not connected to the well by a
water-glycerol mixture into the oil-filled region occurs. path of nearest-neighbor steps between oil-filled pores. With-
APo g is the corresponding pressure difference at thejrawal of the water-glycerol mixture often led to fragmenta-
point where the water-glycerol mixture retrea®® and tion of the water-glycerol cluster, and occasionally “untrap-
Pg‘”g ) denote the capillary pressures that must be overcomping” of trapped oil regions.
in the step. The balance was typically positive for steps in The simulation model was calibrated to enable quantita-
which the water-glycerol mixture propagated upwards in thgive comparison with experiments. Production r&ewas
vicinity of the well and retreated at the boundaries of thedetermined directly by measuring the fluid potential gradient
lattice. The condition E¢2) eliminated unphysical steps and V& at the inlet boundaryQ was given byQ=A(k/u)V®,
required that the pressure at the oil-filled pore that becamwhere A=4.1x 10 % m? is the cross section of an experi-
invaded with the water-glycerol mixture be less than themental model. Values fdt, u, o, p,, andp,,y measured for
pressure at the pore from which the water-glycerol mixturethe fluids used in the experimental system were used. Pore
withdrew. radii a varied between 0.01 mm and 0.5 mm, and a value of

Among all possible steps, thé¢h step was selected ran- D=1 mm was used to assign capillary pressures. The di-
domly with the probabilityp; proportional toAP;. In a  mensions of the experimental model were retained. To simu-
sense, this rule is an extrapolation of Darcy’s law to the pordate experiments on inclined models, an effective accelera-
level, for the case of equal permeability at all porésn  tion due to gravity of g=ggsina was used, withgg
alternative rule in the spirit of the invasion percolation model=9.81 m/<.
is to select, at each stage, the step providing the largest pres- Lattices of 440410 sites were used in an attempt to
sure differencé\ P. That rule led to propagation only below model the experiments as closely as possible. Due to the
the well and thus to very poor representations of the con@eed to repeatedly solve the Poisson equation, the simula-
formation proces$.To establish a time scale, the time wastions required a large amount of computer time, ranging
incremented byAt=1/N during each step, wherd is the  from days to a few weeks for the longest runs. Figure 6
number of possible steps at each stage. shows several stages during a simulation, using a flow rate of

After each step, the viscous and hydrostatic pressur®=4.4 ml/min ande=18°. Important features of the simu-
fields were recalculated, and the boundary conditions werkated structures are in qualitative agreement with the experi-
updated to account for the the changing oil-water interfacements. These include the gradual formation of a rough inter-
Then a new set of acceptable steps was compiled, and thHace, the withdrawal and fragmentation of the water-glycerol
next step was executed. The simulations were terminatechixture in boundary regions, the complex disorderly cone



4248 JONN-ERIK FARMENet al. PRE 60

prefactor.Pg is a constant, and, andg denote the density

of the oil and the acceleration due to gravity, respectively. In
the water layer at the cone tip, the pressure is given by hy-
drostatic contributions only;P{y)= p,gb(1—h)—Apgbh

+ Py, whereAp=p,,—p, is the difference in density be-
tween water and oil. Cone propagation is driven by the sum

£ AP, of pressure differences across the interface at the tip
£ and far from the well,
£
l'o
APtot—AQIn b(l——h) —Apgbh—ZPc. (3)

The last term in Eq(3) represents the average capillary pres-
sures which we take to be negative across both the tip section
and the boundary sections of the interfao@posing cone
propagation

Equation (3) is the required continuum analog and can

FIG. 7. Cone frontgbold lines observed at initial and near-final NOW be used to discuss qualitatively the dynamics of water
stages, respectively, in a two-layer reservoir model. The flow rat€oning. For very lowQ, APy, is negative ah=0 due to the
was Q=4.4 ml/min. (a), (b), and(c) show experiments at inclina- Ccapillary pressure, and no cone can be formed. For interme-
tions of 5°, 18°, and 90° from the horizontal, respectively. Thediate Q, cone propagation is possible up to a critical height
fronts observed at the final stages of the simulatiegular lines, h.(Q), whereAP,, again becomes negative, due to the in-
using parameters matching the experiments, are also shown. creasing hydrostatic term. For high>Q., AP, is positive

for all h and breakthrough occurs. If the gravitational con-

profile, and the trapping of oil in the propagating cone. trast Apg is increasedQ. is shifted and breakthrough re-

Figure 7 shows direct comparisons of cone fronts ob-quires even higher flow rates.
served in experiments and simulations, at a constant flow The dimensionless cone height is a function of tirne,
rate ofQ=4.4 ml/min and varying effective acceleration due =h(t). To estimate the cone propagation velocity, we as-
to gravity (or cell inclination). The simulated cones are in sume that the velocity, of tip advancement is directly
fair agreement with the experimental structures, althouglproportional to the pressure differenceP,., that drives
significant deviations are apparentaat90°. Moreover, the propagation at each stagg,~ APy For smallh, vy, de-
differences in front roughness resulting from varyieagap-  pends, to first order, linearly oh. At In(1—h)~—1, or h

Base [cm]

pear less pronounced in the simulations. =(e—1)/e~0.63, vp(h) undergoes a transition from ap-
proximately linear dependence to exponential increase. This
IV. SIMPLE THEORY OF CONING transition is due to the logarithmic term in E®) and occurs
i ) ) ) independently of the values 6>Q. andApg.
In this section we derive a continuum analog to EL, The breakthrough time(Q;Apg;P,) is found by inte-

expressing the sum of pressure differences across the i”teéfating 1, over h. This must be done numerically. Keep-
face at the tip of the cone and far from the well. We set thqng Apg anra P, constant and varyin@, breakthrough time
well at the center of the coordinate system, and define thg,r fioyy rates above the critical one is well described by the
cone hglghtbh in terms of the initial dlsFancda from the  orm 7(Q)~1/(Q— Q)% KeepingQ and P, constant and
|n|t|al o!l-water mterface_ to the wellsee Fig. 1b)], and the varying Apg, a reasonable approximation feris 7(Apg)
dimensionless cone heightth<1. n ~1/(Apg.—Apg)°C where Apg, is the critical gravita-

In the Muskat approximatiofi2,4,6,7,23, it is assumed  sna) contrast above which breakthrough is not possible for
that the potentiatb in the oil layer is not affec_tet_j _by the 4 given rateQ. Finally, keepingQ and Apg constant and
presence of the rising water cone. In an infinite tWo-5rving the capillary pressu, or the interfacial tensiomr,
dimensional reservoir, this implie®(r)~QIn(r/ry) at all 7(0)~1l(o.— 0)*® is found, whereo is the maximum in-
stages for the solution of the Poisson equation, whése¢he (4 tacial tension allowing for coning.
distance to the well, and, is a length scale characterizing
the problem. Let us ignore finite-size corrections, and let us
assume, as in the simulation model, that the viscosity of the
water is much smaller than that of the oil. In that cade, Figure 8 shows a plot of the normalized cone heiglais
=0 in the water layer because the viscous forces are ngf function of time, measured in three experiments and simu-
transmitted across into the oil-water interface. lations at the same constant flow r&efor several values of

Consider now the pressure differenceB across the in- 4. In the simulations, time is given in arbitrary units since
terface, ignoring capillary forces for the moment. Far fromfluid flow is modeled in discrete steps only. As expected,
the well, AP~0 because the influence of the well on the breakthrough time increased as the effective gravity forces
potential is small. At the tip of the corlsee Fig. 1b)], the  increased. In all cases, the propagation velocity, correspond-
pressure in the oil layer i§’§{§)=AQIn[(l—h)b/r0]+pogb(1 ing to the slope of the curve, increased when the relative
—h)+P,. Here, the first term represents the differedcky;, height h surpassed a value of about 2/3 of the maximum
in fluid potential at the cone tip, and=u/(27kD) is a heighth=1.

V. RESULTS
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FIG. 8. Plot of the normalized cone heightas a function of
time, measured in two-phase experimefggmbolg and simula-
tions (dotted line$ at Q=4.4 ml/min and various inclinations.
For the simulations, time is given in arbitrary unitgoper scalg

It is apparent that the effects of decreasingre not well
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2000

Q=4.4 ml/min;o=90""

AP [Pa]

FIG. 10. Running averages ofP measured in simulations for
various values ofQ and «=90° (solid lines and for Q
=2.5 ml/min anda=18° (dashed ling Also shown is the com-
plete sequence of measurements @ 2.5 ml/min ande=90°
(dotg. The inset shows contours of the fluid potentlalmeasured
at the final stage in a simulation, usif@=2.5 ml/min and «
=90°.

reproduced in the simulations; the change in propagation vehe ones shown in Fig. 8, representing averages of several

locity is too small. The curves correspondingde-5° and

hundred runs. In these simulations the effective acceleration

18°, respectively, cannot easily be distinguished on the scaldue to gravity,g, was set to 9.81 m?s(a=90°). At the

of the plot. At this point, however, the stochastic nature oflowest rate shownQ=1.9 ml/min, breakthrough time in-

both the experiments and the simulations must be stressedcreased markedly, and breakthrough occurred only in 60% of
Statistical fluctuations can only be reduced by averagindghe runs.(In the remaining 40% of the runs, a stable cone

over many realizations. To this end, simulations were perwas formed. (b) shows cone growth curves measured at a

formed on much smaller lattices of size>888 sites. On this

constant low pump rat€®=1.9 ml/min and several values

scale, a simulation was completed within a few minutes. Figfor the acceleration due to gravity. The insets show the re-

ure 9a shows a plot of cone growth curvégt) similar to

1.0 L T L)
Q=2.5 ml/min

0.8 Q=3.0 ml/min T
Q=3.6 ml/min

06 | Q=4.4 ml/min T

=
0.4 H E
Q=1.9 ml/min

0.2

0.0

0.8

0.6

0.4

0.2

0-0 1 1 1
0.0 0.5 1.0 1.5 2.0

t [arb. units]

FIG. 9. Plot of the normalized cone heigtitsas a function of

sults of the attempts to collapse the data on single curves,
based on the empirical fits obtained from integrating the ex-
pression 1AP(h). In both parts, the data collapses are quite
good, considering that E@3) is based on gross simplifica-
tions. Only one of the simplifications was explicitly built into
the simulation model, namelyp =0 in the water layer.

Pressures can be measured readily in the simulations, and
the validity of Eq.(3) can be checked directly. Figure 10
shows a plot ofAP as a function of the normalized cone
heighth, measured during simulation ruigsing the larger
lattice). AP(h) is a multivalued function since not every step
in the simulation leads to a cone height increase. Also, the
values of AP vary randomly since they depend on the ran-
dom capillary pressures and on the sequence of propagation
steps.

Running averages dfP confirm the simple picture given
in connection with Eq(3). For a given combination d and
a, AP varied approximately linearly witlm for h<<0.6. At
very low production rates@q=1.7 ml/min; not shown in the
figure), breakthrough was barely possible, akB decreased
linearly with h for small h. At higher rates AP increased

time, measured in simulations and averaged over several hundrégonotonically withh. For largeh, AP increased steeply in

realizations.(a) showsh(t) for «=90° and various flow rate®.

(b) showsh(t) for the constant rat€=1.9 ml/min and various
inclinations «. The insets show attempts to collapse the data on

curves, usingQ.= 1.8 ml/min andg,=13.5 m/$.

all cases. As in Fig. 8, a transition to fast cone propagation
can be observed &i~0.65.

In quantitative terms, however, the agreement with Eq.
(3) is poor. The reasons for that are threefold. First, the po-
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simulations. The simulations combine a discrete lattice
model of the porous model with a continuum description of
the pressure field. Similar approaches have provided good
_ S results in the context of slow fluid-fluid displacements in
-2, - . : uniform gravity fieldg25-29 and, more recently, in viscous
-20.0 -10.0 0.0 10.0 20.0 . L. .
Base [om] pressure fieldg30]. Additional successful approaches of this
sort include diffusion-limited-aggregation-like models of fast
fluid-fluid displacement§31—-33. In the present case, a sur-
prisingly realistic representation of the coning process in a
two-layer scenario was obtained. However, discrete
percolation-like models like the one used in this work do not
tential field ®(r) in the oil layer must meet the boundary provide intrinsic time scales. Since the primary object of this
conditions imposed by the geometry of the experimentalyork was the study of dynamics, the timé that elapsed at
model, which leads to a flattening of the potential close toeach stage had to be definad hog as being inversely pro-
the boundaries of the oil layer. The discrepancy to the logaportional to the number of possible moves. This definition is
rithmic solution, on which Eq(3) is based, is most pro- customarily chosen to represent processes that overlap in
nounced for smalh. Secondly, agQ is increased, the cone time, such as the simultaneous flow of water from various
broadens and an increasing number of simulation steps repmarts of the water layer into the rising cone.
resent flow of water to the slopes of the cone, as opposed to Using this time scale, direct comparisons of cone growth
flow of water to the tlp of the cone. This effect reduces thecurvesh(t) in experiments and in simulations showed 0n|y
running average ofAP so that a direct comparison with moderate agreement. These comparisons were based on
APy is not possible. Thirdly, as the cone rises, the potentiakingle realizations and are significantly affected by random
field starts to deviate from its original form, in contradiction fluctuations. Yet it is apparent that the simulations did not
to the Muskat approximation underlying E@). These three reproduce the effect of decreasing relative magnitude of
effects conspire to lower the average driving contributiongravity forces correctly. This conclusion is also supported by
A® to Eg. (3), and leave the opposing contributions un-Fig. 7. Possible reasons include an underestimate of the per-
changed. The factor by which®(h) is reduced depends meability of the experimental model, leading to a systematic
weakly on the flow rateQ but is roughly equal for all cone underestimate of simulated flow rate. In this case, the ratio of
heightsh. For this reason, the averages shown in Fig. 10 argravity and capillary forces to viscous forces is too small,
still reasonably well described by the form given in E8),  and variations of the former are masked by the dominant
provided that the prefactoA of the logarithmic term be viscous forces.
changed adequately. Moreover, the scaling predictions for Gravity opposes the tendency to form capillary fingers
breakthrough times hold, as shown in Fig. 9. and smoothes the cone front, as shown in Figs. 3 and 7. On
The sequence of simulations at small scales may also bge scale of the experiments, the local roughness of the front
used to study the cone shape at various stages during th@uld not be measured unambiguously. By analyzing the
formation, by averaging the individual shapes. A convenientlata shown in Fig. 7, the width of the front was found to
method is to identify all lattice sites that become invaded indecrease with increasing, in both experiments and simula-
more than 50% of the realizations, and use them to represetibns, as expected. Here the width was quantified by measur-
the cone. The resulting structure is free of random fluctuaing the standard deviation of a front from its running aver-
tions while the effects of capillary forces still are taken fully age, in a small interval defined by G4 <0.6. However, the
into account. The result is shown in Fig. 11, for two different quality of the data did not allow for quantitative statements.
flow ratesQ. As the viscous forces increaser the gravity The scale of the front roughness is given by the ratio of
forces decreagea large amount of water is redistributed and capillary forces to the remaining forces. The local front
the cones become more massive. It is interesting that at thgidth ¢ can be expected to vary continuously along the front
limiting flow rate Q. the cone doesiot degenerate into a since this ratio is small below the well and increases in
vertical line, since the ratio of driving forces and opposingboundary regions far from the well. In gravity-stabilized

Height [om]

FIG. 11. Cone fronts ah=0.5 andh=1 found by averaging
over several hundred simulations on small lattices, usirg90°
andQ=1.9(solid lineg and 4.4(dotted lineg ml/min, respectively.

forces is not constant during cone formation. fluid-fluid displacement experimentin the absence of vis-
cous forcey it is well known thaté~|Bo| ~"/(** 1), where
V1. DISCUSSION the Bond number Bo is the ratio of gravity forces to capillary

forces andv is the percolation correlation expondb,27.

The importance of capillary effects in the experiments isA similar relationship seems to hold for fluid-fluid displace-
apparent. Random capillary forces can pin the propagatinghent processes that are driven by weak viscous fdinghe
oil-water interface, leading to a rough front. A dimensionlessabsence of gravily where the capillary number Ca replaces
capillary number Cg, describing the advancement of the the Bond number B430]. An analog scaling law for the
cone tip, can be defined by & uyVyp/o. During most of  front width in water coning may involve a combination of
the formation timey;, was of the order of 10* m/s. Insert-  Bo and Ca. In practice, the capillary-induced roughening of
ing the valuesu,, and o for the viscosity of the water- the front will be small on the overall scale of the cone, which
glycerol mixture and the interfacial tension, (& 10 %is s given by the size of the reservdtens of meters in typical
obtained. Displacement processes of oil by water in this reeil fields). Nevertheless, capillary forces should not be ne-
gime are known to be dominated by capillary for¢2a4]. glected even on the reservoir scale since they make a crucial

Capillary forces were explicitly taken into account in the contribution to the overall pressure balance that controls
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cone propagation. For instance, heterogeneities in the reseaeterized by a transition from slow to fast cone growth. Fi-
voir can distort the cone shape significantly due to the comnally, we speculate on the dynamics of coning in three-
bined effects of variations in capillary pressure and permeeimensional systems. The potential field in the oil layer is
ability. The scaling predictions for breakthrough times will then described by a function of the fornr 1INo pronounced

break down altogether in that case. One way to investigatgansition from slow to fast cone propagation, but a gradual

coning in such a scenario, next to detailed experimental studncrease in propagation velocity with increasing cone height,
ies, is to construct a computer model in which the pore radishould be expected in that case.

associated to the sites reflect the spatial distribution of reser-

voir permeability. To model coning in a reservoir, rather than

ina Iabor_atory model, each _site will represent a macroscopic ACKNOWLEDGMENTS
rock section rather than a single pore.
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