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ABSTRACT

It is well known, for unit mobility ratio, that tharealsweepefficiency of a staggered-line-
drive pattern is always better than a five-spot pattern. However, this observation does not hold for
very favorable mobilityratios. We presergimulation result@nd, with the help of streamline and
saturation distributions, explain the differences between unit and favorable mobikios.
Simulations compare well with experiments conductddewhere. Accurate definition of
breakthroughtime is also discussed for multiphase, streamlisulation results. The exact
definition of breakthrough is difficult due to physiaikpersion in experiments ammerical
dispersion in simulations.

INTRODUCTION

Pattern geometry plays raajor role in determining oil recoverguring secondary and
enhanced oil recoverpperations.Although simulation is an important todbr design and
evaluation the first step often involvesough calculationsbased uporarealsweepefficiencies of
displacements itnomogeneous, two-dimensional, scalpbysicalmodel$-3.These results are
available as a function of the displacement pattern and the moétiity M. The mobility ratio is
simply the mobility of the displacing phase oweat of thedisplaced, or resident, phasecause
it is possible tocomputesweepefficiency analyticallywhen the displacing and displacgzhase
have the same mobiltty> , scaled physical model results have been verified for unit mobility ratios.

Convincing verification of the non-unit mobility ratio cases does not appear in the literature.
Typical finite difference solutions of the reservoir flow equations suffer from numeiggarsion,
the effects ofwhich arehard to evaluate. Furthermorthe scaled physical modetsults at low
mobility ratios (M << 1) are provocative. For instan€gy. 1a showghatrecovery from a five-
spot pattern at breakthrough for 1/M greater than abduis virtually 100%, whereasecovery at
breakthrough irFig. 1b for astaggered-line-drive pattern at &M of 7.5 is alitle more than
88%. This contradictthe common notiothat areakweepefficiency from a staggered-line-drive
pattern is always better than that from a five-spot pattern.

We use a 3D streamline simuld&tto analyze displacements in five-spot and staggered-line-
drive patterns for stable displacements, that is M less thantlie following sections, weresent
streamline distributions, saturation distributions, andfractional flow at the producer versus
dimensionless timeyt Thedimensionlessime isequal to the number gfore volumes of liquid




injected. With the streamline and saturation distributions at difféirees, weexplainwhy and at
what mobility ratio the five-spot pattern can recover more oil than a staggered-line-drive pattern.

The streamline calculation method is advantageous in that the segtédtsfrommuchless
numerical dispersion than typical finite-differenceapproximations, but some dispersion in
simulation results is evident. Therefore, we discuss how tottreatumericablispersion tmbtain
accurate estimates bfeakthrough times. We discusg proper way tocalculate fractionaflow
based on the flow rates e producer. Incomparing the simulatioresults withthe experimental
results ofDyeset all, physical dispersion ithe experiments ifound even though a piston-like
displacement was assumed.

SWEEPEFFICIENCY
Before proceeding, it is useful to recall the representation of experimental data in Fig. 1 and
the meaning of sweep efficiency. Dy&tsal! used various oils as bothe injectedand displaced
phases. These hydrocarbons waiiscible and theyssumed piston-like displacement. An X-ray
shadowgraphechniqguewas used to observie position ofthe displacingfront. Areal sweep
efficiencies are plottedersusdisplaceable pore volum&gectedfor different mobility ratios. In
the figure, the x axis is the reciprocal abbility ratio. Each curve in thgraphs corresponds to a
specific tp /AS, or displaceable pore volume injecte@ihe bottom curves show sweep
efficiencies at breakthrough. It is assumed that the displacement has a piston-like fribetreun
no physical dispersion. Likewise, the porous medium is assumed to be perfectly homogeneous.
For piston-like displacement, the areal sweep efficiency is

Ea=As/ Ay (1)

where Ag is thesweptareaand Ay is the totalarea. Before and at breakthrougfie amount of

displacing fluid injected is equal to the displaced flpiebduced, disregarding compressibility.
Assuming piston-like displacement, injected volume is related to area swept

V| = Ash@AS (2)

whereV, is the volume of displacing fluid injectedl, is thethickness ofthe formation, andg is
porosity. Hence,

En=As/ Ar =V, [ (ArhgAS) =tp /AS 3)

wheretp =V, / (Ar he) is the pore volume of fluid injected, alsocommoadyied dimensionless

time. ForAS=1, Ep =tp before and at breakthrough.
After breakthrough,

Ea=(Vi =Vp)/ (ArhpAS) (4)

whereVp is volume of displacing fluid produced.



SIMULATION RESULTS

We use a three-dimensional streamline simulator, called 3DSL, written by Batlyet§: 7
to simulate the displacement for the five-spot and staggered-line-drive pattasestiie pressure
field to decompose thflow problem into a series of streamtulthat span frominjector to
producer and carrydentical volumetricflowrates. Inthe simulations, we sethe conditions
identical tothose inthe experiments anchooserelative permeabilitcurvesthatensure a piston-
like displacement. The conditions are

1. Homogeneous permeability fielce., k is constant.
2. Straight line relative permeability curves with end point relative permeability of 1, i.e.,
krW = SW’ kro = % (5)
Therefore k;, + ko =1 for anys,,.
4. Mobility is altered bychangingviscosity, andthe mobility ratio is the reciprocal of

viscosity ratio.
5. We setAS=1 which meansthat ahead of the displacirfgont, the displacingphase

saturation is zero, and behind the front, it is unity.

3DSL is very fast compared to conventional finite difference simulators and exhibits much
less numerical dispersiofi 7. For our problem, it offers uthe streamline distributionvhich
facilitates explanation of displacement behavior.

We usemany pressure solve@ime steps) and verfine uniformgrids (100 by 10Qells
for the fivespot and 140 by 706ells for the staggeretine drive) to ensure convergesimulation
results. A grid refinement study showed thgsges to beoptimal in thatfurther refinement of the
grid did not yield noticeable changes in breakthrough timéhe oil production curve, or
displacement patterfiid=or unit mobility ratio (M =1), we actuallyonly need ongressuresolve.
But for mobility ratios far from 1, we need mapyessure solves. FA&/M = 20, we used up to
1000 pressure solves to enstinat theresults were converged. the streamlineapproach, a
pressure solve is accompanied by a re-determination of stregratime and, hencéhe flow field
on the underlying fixed grid.

Figure 2 displaysareal sweep efficiencies as a function of pore volungected for
differing mobility ratios,and compares simulation and experimen¢glultd. The solid lines are
simulationresults, solidcircles experimentalesults,and dotted lines connect circlésr ease of
viewing. In this figure, weoncentrate on onlthe favorable mobilityatios, M < 1. Wenoticed
more numerical dispersion for unfavorable mobility ratio cases, not reported here.

Figure 3 showsthe displacing fluid fractionaflow at the producer as a function of
dimensionless time for several mobility ratios. To compute fractibmal from the numerical data
we use acentral finite-difference formula rather théackward differencesThe shapes of the
fractional flow curves at breakthrought{ from roughly 0.7 to 1) indicate some numerical
dispersion. Weexpect the fractionaflow to increase sharply rather than gradually at water
breakthrough. As expectethe numericatlispersion decreases & becomes moréavorablé.
The most numerical dispersion occurs diait mobility ratio, as shown in Fig. 3. Waodify the
breakthrough time by trimming the numerical dispersion as will be described next.



BREAKTHROUGHDETERMINATION

Due to numericatlispersion,njected fluid breaks througtearlier at theproducer than it
should. Howeverthe numericablispersion does ndtave much effect on the late-tirdesplacing
fluid production. The fractionalflow versus tp plots shown inFig. 3 illustrate the early
breakthrough caused by numerical dispersion.

To correct for numerical dispersion in breakthroughimes and approximate the
breakthroughtime more accurately, weise fractional flow data afterbreakthrough which is
relatively free from the effects of dispersion and extrapolate back to the breakthrough keast- A
squares method is used with second order polynomials:

tp =a+bf,, +cf2 (6)

The datgpoints employedie between0.1< f,, <0.5. The dashed lines irFig. 3 illustrate this

procedure. All the breakthrough times reported here are modified using this method.

We caution that using the approach embodied in Eqg. (63ttmate theshape othe water-
cut curve for times exceeding breakthrough incurs a mass balance error. The amount of production
prior to breakthrouglthat is trimmedrom the original data isiot added back to the production
curve at later times. For this reason, we use Eqor{y) to estimatebreakthroughime and not to
analyze post breakthrough behavior.

Numerical dispersion is algelated to the number dife steps i.e., pressure solves). In
the streamline approach applied here, dispersion can be introduced through the pnoeggsnof
the streamline saturation distributi@mto the underlying Cartesiagrid used tocompute the
pressure fielel Hence, for a unit mobility ratio where the presdigid does not changehe most
accurateresultsare obtainedvhen a singldime step isused. Byperforming various singléme
step simulations, we determine a breakthrough time of 0.7178 for the fivedépet 1/2) with M
equal to 1. This is ingood agreementwith the analyticalsolutiort of 0.7177. Likewise,
analytically* and numerically determined breakthrough tif@sa staggered-line-drived{(a = 1)
pattern are both equal to 0.785. With multiple time steps (50) breakthroughwienesooner, but
using the methoddiscussed above, wabtain the same valuder the breakthrough times, at
M=1.

DISCUSSION

Comparing simulation results anelxperimentalresults in Fig. 2, wenotice that
breakthrough occurearlier in the experiments than predicted by ghmeulations. Notehat the
experimental breakthrougime for the five spot atunit mobility ratio is0.70 while the simulated
value agrees to within 4 significant figures with the analytical result. This discrepancy is consistent
with physical dispersion irthe experiments. Forthe staggered-line-drive pattern Fig 2b,
experimental data indicates that Eat breakthrough is roughl§.75 for Mequal to 1. In the
experiments there is physicallispersioneven though a piston-like front @ssumed. In the
simulation results presented in Fig. 2a, the sweep efficiency at breakthrough is 99.7%MvEen
20. An almost negligible area immediateround the producer is notcompletely swept at
breakthrough due to either a very small amount of dispersion in the simulations or perhaps cusping
of the displacement front toward the production well (refer to Fig. 3, five spot, 1/M = 20).



After breakthrough, the differences in areal sweep efficiencies between the experiments and
simulations become much smal(&ig. 2). After breakthroughthe numericatlispersion consists
of only a portion of the displacing fluid produced. As time increases, this portion decreases and the
dispersion has lessffect on arealsweep efficiency.However, the differences between the
experimental results and the simulation results are consistent, i.e. the areal sweep efficiencies of the
simulations are generally higher théimose ofthe experiments. As shown in Fig. 2(a), the
simulated breakthrough curve levels off at latgévl with near zero slope, and doesaxateed 1.
However, the experimental curve shotg equal to 1 &t/ M equal to about 7.5. We ndtat in
the plot drawn by Dyest al, the point where the breakthrough curve hitsBaeequal to 1 line is
only an extrapolation from other data points (refer to Fig. 8 of maf.equivalentlyFig. 6-2 of ref

3),

Areal SweepEfficiency

Figure 4 plots computeldreakthroughtp, versusthe conventionakhape factod/a for
variousmobility ratios. The analyticakolution forthe unit mobility ratié is also plotted on the
same figurefor comparison. We find a goochatch of thesweep efficiency at breakthrough
between the analytical solution and simulation results. The greatest differences are abodital% at
values of 0.75 and 3.0.

For unit mobility ratio, Fig. 4teaches that a staggered-line-drive pattdfa € 1) always
hasbetter areabweepefficiency than a five-spot patterd/& = 1/2). Asthe staggered-line-drive
pattern becomes longeglative toits width (d/a increases)the displacement pattern approaches
linear flow. High sweep efficiency results.

As the mobility ratio becomes mofavorable,the advantage of staggerkae drive on
sweep efficiency diminishes.When the mobility ratio decreases @2, the five-spot pattern
becomes better than the staggered-line-drive patterndwith=1. However, ifd/ a is increased,
the staggered line drive recovery can be better than the five-spot pattern for this mobility ratio.

When the mobility ratio decreases @05 orlower (very favorable)the arealsweep
efficiency for the five-spot pattern is very close to 1 lateakthrough.That is, sweepout is
complete abreakthrough. At thisnobility ratio, the five-spot pattern is agood as a very long
staggeredine drive (d/a =15, almost lineaflow), and much better than the common staggered
line drive (d/a=1). The transition poinfor five spot sweepefficiency exceeding thdtom a
staggered line drive is around a mobility ratio of 0.3. Winenmobility ratio is higher tha@.3, a
staggered line drive is always better than a §ipet. If mobility ratio islower than0.3, then the
five spot can be higher in sweep efficiency than a staggered line drive.

These resultare rooted in the geometry elchpattern.The symmetry of thdive-spot
pattern about the diagonal connecting injector prodiucer coupled witlthe favorable mobility
ratio leads to almost perfestveep ofthe pattern area atreakthrough. Irthe common staggered
line drive, a portion of the pattern is always left unswept at breakthrough regardieesasbility
ratio. Increasingl / a of the staggered line drive reduces the fraction of the pattern vdhaines
not swept at breakthrough. Presentation and suppothese observations forrtine core of
discussion for the remainder of this paper.

The excellent displacemefitom a five-spot patteriior very favorable mobility ratios is
explained withthe help of streamlindistributions.Streamlines are presented in equal increments
of the stream function. Every pair of streamlines forms a streamduntehe volumetriélow rate
is the same in all of the stream tubes. Streamlines must extend from injgmtoducer.All of the
stream tubegonnect withthe same injector angroducer,and thepressure drop foall the




streamtubes is the same. With the same pressure draheasdme volumetritow rate, the flow
resistance is the same for all the streamtubes.
For our straight-line relative permeability assumptiome have

L u
=-Ap/qg= = dl 7
R p/q {) " (7)

where R and L; are the resistance and length of streamtupbeespectivelythatvary with time.

The quantity k is the homogeneougpermeability and A is the cross sectional area of the
streamtube. The cross-sectional area is

A=hw

whereh is the constant thickness of the layer and the variable width of the streamtube.
Resistance in streamtube is the same as that in streamfubed thus

L
gﬁmzqo (8)

for all the streamtubes at a given time, whé(¢) is constantMoving the constant parameteks
and h to the right hand side, we have

L
g%m:qo (9)

For a piston-like displacing front,

T 1dI | ldI (t) (20)
W[ —dl+p, [ —dl =C(t
! {) W 2|{iw

where 1, and i, are the constantiscosities ofthe displacing and displacédids, respectively,
and |, is the time-dependent distance from the injector to the displacing front.

Unit Mobility Ratio

For a unit mobility ratio, the pressurefield remains unchangedhroughout the
displacement, and so do te#eamlinesThe streamlinalistributions atM =1 for the five-spot
and staggered-line-drivel( a =1) patterns are shown in Fig. 5.

For unit mobility ratio, Eq. (10) is

L 1
pf —d=C (11)
o W

and C is independent of time. Frdag. 11, we knowthat if the ith streamtube isnger than the
jth streamtube, thethe averagevidth of the ith streamtubew; is greater to maintain the same



resistance andlow rate. Thereforethe volume of the ith streamtube is larger than the jth
streamtube. The greater the difference in streamtube length, the bigger the difference in streamtube
width, and, when breakthrough happenshia jth streamtubethe front has not progressed as far
in the ith streamtube.

For a five-spot pattern, the longest streamlin®as along théooundary, which is 2a. The
shorteststreamline is the one along théagonal, at dength of v/2a. The ratio of the longest

streamtube length over the shortestds The average width dhe longest streamtube is obtained
by equating volumetric flowrates ithe longest andshortest streamtubes, substitutiBgrcy's
Law, employing the result above regarding the lengths of the longest and shortest streamtubes, and
canceling identical termsuch as pressure drop. Hendke averagewidth of the longest
streamtube is als@'2 times as great as tishorteststreamtube and follows that the volume of
the longest streamtube is twice that of the shortest.

However, for astaggered-line-drive pattern withia = 1, the ratio of the length along the
boundary (&/2) overthe diagonal\/5a/2)is 3/+/5=134. Fromthe streamline distribution in
Fig. 5, we know that the shortest streamline is longer than diagandl therefore the ratio of the
longest streamline ovéine shortest is lesthan1.34. This ratio is aboul.3 and, therefore, less
than thatfor a five-spotpatternwhich is1.41. The streamlines are more evenly distributed in the
staggered-line-drive than in a five-sgmdttern. Therefore, whethe shorteststreamtube breaks
through, a larger portion of the other streamtubes have been swept in a staggered-line-drive than in
a five-spot patternWhen d/a increases,the streamtube length ratipongest to shortest)
decreases. When breakthrough happens in the shortest streamtube, a greater portion is swept in the
longest streamtube resulting in higher sweep efficiency at breakthrough.

Five-SpotPatternVery FavorableMobility Ratio

For afavorable mobility ratio M <1), the displacement istable. Forequal volumetric
flow rate streamtubes, Eg. 10 holds. Here,carsiderthe case ofrery favorable mobilityratio,
i.e., thedisplacing fluid viscosity is much higher th#rat of the displacetluid. When thefront
moves a portion ofhe way downthe streamtubethe pressure drop isnainly in the displacing
phase. After a short injectidime (compared tdoreakthrough)the pressure drop ithe displaced
phase is negligible. Therefore, Eq. 10 can be simplified to the following form

lti 1
gwdl ac(t) (12)

In this extreme case, the displacement front is not influenced by the producer uinghthe very
close to theproducer becaudbe pressure dropetween thdront andthe wellplays anegligible
role in the displacement (c.f., réffor a discussion of cusping when M is near butegoial to 0).
Initially, flow around the injector is radial, because the pattern appears to be infsti@rtatimes.
For exampleexamineFig. 6b fort, = 0.583 However, after thefront reaches a corner of the
pattern, the no-flow boundarycondition along patteribordersalters the radiafflow pattern.
Pressure isobars mustersect theno-flow boundaries at 90 This constrainghe streamlines in
the regionadjacent to aboundary to beparallel to theboundary. Because thefluids are
incompressible, streamlines cannot terminate. The flow field in the region ndesrth&ansitions
from radial toquasi-radial. Fronthe figure, we alscseethat streamtubes ahead of thent are
narrower alonghe boundarythan those irthe center, which makethe front in the boundary



streamtubes move faster than in the cerstia@amtubesLittle area isunswept andhe sweep
efficiency at breakthrough approaches unity.

As in theprevious discussion, lang streamtube must be wider time swept region, as
compared to a short streamtube, in order to maintain equal resistancdl¢samate and pressure
drop) inall streamtubes. Thereforthe streamtubes along theundary widen neahe corners.
Streamlines must remain smooth as is apparent in Fig. 6b.

In summary,the very favorable mobility raticconspires with boundary conditions to
determine streamline paths and displacement patterns. Since the mobility ratio is very favorable, the
displacement front is not influenced by the production well and remains very similar in shape to the
pressure isobangntil immediatelyprior to breakthroughThus, sweegfficiency at breakthrough
IS near unity.

Staggered.ine Drive, Very FavorableMobility Ratio

For the staggered-line-driveattern,the displacement at the beginning is similathiat in
the five-spot pattern. That is, the displacement pattern is radial around the injector befianat the
reaches the nearestrner. The differences in displacement behavior betweentilee patterns
occurs after the front reaches the neamer. For dive spot, because of theymmetry,the front
reaches the two corners at the same time. However, for a staggered line drive, the front reaches the
closest corner first.

After thefront passeshe nearcorner,the streamlines evolve invaay similar to the five
spot. The streamtubes along theundaryarewide near the corner buharrow near thefront.
This makeghe front nearthe boundarymove faster because the streamtubesnareowerthan
those in the center of the pattern. Therefore, the front near the boundary on the nearcooaftow
side catcheaup, and the displacement approaches linflaw (see the relevant streamline
distribution inFig. 7 att, = 0.60and0.80). Ifthe aspect ratio i&rge, flow inthe center of the
pattern must become nearly linear becaus@tissure isobarare nearly straight and intersect the
pattern boundary at 90

Similar to the discussion abover a five-spot pattern, for a vefgvorable mobilityratio,
the displacingront is perpendicular tthe borders ofthe patternboth before and aftethe front
passes the nearest corner. As a resultseeelinear displacemefur sometime until the front on
the near-corner side approaches the producer as shown in Fig. 7.

When the front approaches the producer, the streamtubes narrowtdeeonfinement of
the pattern boundary and the well. And therefore, with the same flowthratdisplacing fluid will
break through relatively quickly in the streamtubes closest to the producer. The front on the far no-
flow side progressemore slowly. This streamline distributiodoes notchange greatly as the
mobility ratio becomes moravorable. Sweep out dfie pattern is notomplete abreakthrough.
For instance, a small amount of the resident fluid remains along the right hand bourgtasywas
by the saturation distribution in Fig 7atat= 0.94.

If the length of staggerdihe drive is increasefincreasingd/ a), then the displacement
will approach lineaflow and the sweepefficiency at breakthrough will approaamity. The
proportion of unswept area decreasesd 4a increases.

With the piston-like displacement behavieyw well understood, an obviowesxtension of
this work is to consider sweepfficiency for the more general case afon piston-like
displacements. Fatisplacements with M close to 1, vexpect that fractiondlow versustime
curves atthe producer couldbecome morespread aghe amount of oil displaced by tHeont
decreases and significant giroduction fromeach streamtubeontinues afterbreakthrough.




However, for very favorable mobility ratiothe largeviscosity ofthe displacingphase dominates
displacement behavior. It is very hard to achieve a displacdmenthat isnot pistonlike in this
limit. Recovery from a five-spot pattern wilkmain near 1 apreakthrough for veryavorable
mobility ratios.

CONCLUSIONS

Pattern performance changes with mobiligtio. For unit mobility ratio, unfavorable
mobility ratios and some favorable mobility ratigg > 0.3), a common staggered-line-drive/&
= 1) patterrhaslarger areabweepefficiency than a five-spotd(a = 0.5) pattern. However, for
very favorable mobility ratiofM < 0.3), a five-spot patterrnas better sweepefficiency than a
common staggered-line-drive.

Thereason for this behavior the evolution of thepressure distribution aritie resulting
streamlines with mobilityratio. For veryfavorable mobilityratios, the displacingfront nearly
parallels an isobar and intersettie patterrooundary at 90 This causeshe fronts attimes near
breakthrough tdoecome radiaaroundthe producer for a five-spot pattern. Thilssplacing front
shape is due to the symmetry of the five-spot pattern.

For astaggeredine drive undergoingdisplacement at a very favorable mobiligtio, the
displacing front is also perpendicular to the bordethefpattern. Howeverbecause the pattern is
not symmetric, sweepout at breakthrough is not complrily. in the limit ofvery larged/a will
the areal sweep efficiency approach 1.

The simulation results are quite close to d@imalyticalsolutions forunit mobility ratio. The
resultsare also very close tdhe experimentatiata, Dyes et af', after breakthrough atarious
mobility ratios. We findphysical dispersion ithe Dyeset al experimentalresults that causes
earlier breakthrough time.

We observed someumericaldispersion in ousimulationresults. For veryfavorable
mobility ratios, the dispersion is small. We corredtssl simulatiorresults byfitting the fractional
flow curves with second order polynomials to estimate breakthrough times.
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NOMENCLATURE

area, I
. areaswept,1
total area of the pattern? L
distance between like wells (injection or production) in a row, L
distance between adjacent rows of injection and production wells, L
A areal sweep efficiency

fractional flow of water

bed thickness, L
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permeability, 12

relative permeability of oil

relative permeability of water

length, L

length of stream tube i, L

distance of the displacing front from the injector in stream tube i, L
mobility ratio

pressure, M/l T?

flow rate, 3/T

flow resistance of stream tube i, MALT
saturation

water saturation

dimensionless time

volume of displacing phase injected, L
width of a stream tube, L

porosity
viscosity, M/Le T
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FIG 3. Fractional flow versus dimensionless time at producer
-- determination of breakthrough time
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FIG. 4 Effect of mobility ratios and pattern geometry on areal sweep efficienc
at breakthrough.
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FIG. 5Streamline and saturation distributions, unit mobility ratio.






FIG. 7Staggered-line-drive pattern, very favorable mobility ratio, 1/M = 20
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