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Abstract

Reservoir characterization is essential for effective reservoir and
wellbore management. But when a horizontal well is subject to constant-
pressure external boundaries, the extent of reservoir characterization that is
possible depends on the flow regimes that are encountered in a given flow
time. I n this paper dimensionless pressure distribution of a horizontal well oil
producer, subject to four vertical well fluid injectors, is utilized to identify the
possible flow regimes in the horizontal well. The study shows that the
number of flow regimes identifiable depends on the permeability distribution
and geometry of the reservoir. In particular, for a square shaped reservoir
with central horizontal well location, only two major flow regimes are
identifiable. More flow regimes may occur if the reservoir length is at least
one log cycle greater than the breadth, and the horizontal permeability is
substantially high.
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1.0 I ntroduction

When a horizontal well is producing under fluid eécjion drive by four vertical wells in a
rectangular pattern, the horizontal wellbore pressuay exhibit several flow regimes. By implicatio
therefore, test analysis using flow pressures fthen horizontal well will depend on the flow regimes
attained during the test time. One flow regimet ikacertain is the early radial flow regime. Tlés
unaffected by reservoir boundary conditions. Mditerothan not, flow transients are sooner curbethby
emergence of injected fluid in the production (hontal) well. This precipitates a steady-statevflo
situation, which eventually leads to injected flliceakthrough. Depending on the reservoir perntigabi
distribution, wellbore and reservoir geometry atwnf rates, the injectors may communicate with the
horizontal well at different times. This meansttlize emergence of a steady-state flow may noy full
characterize the reservoir, and so is the anapeiformed for the same test period. It is theefoery
necessary to isolate all the possible flow regifoesorrect analysis of pressure data.

To achieve this aim, a dimensionless pressureilalision model is derived for a reservoir with
constant-pressure external boundaries. Possible rkgimes encountered, owing to unsteady productio
of oil, and modalities for identifying each regimél be discussed. Useful information obtainakienfi
each regime will be sought.

In the literature, several authors [1-4] have disewdl horizontal well test analysis for reservoirs
with varied boundaries. What is most commonly désed for horizontal wells with constant-pressure
boundaries are the critical oil production rate6]5-fluid breakthrough time [7-10] and displacement
efficiency [10]. That is, the major concern hagibé¢he effect of the movement of oil-water or gds-o
interface, whether these boundaries are naturattiicial (fluid injection). The particular casd interest
in this paper is similar to a normal 5-spot injenfproduction pattern, but where the producer is a
horizontal well. The patterns where all the welts vertical are discussed extensively in [Ref. 1The
dimensionless pressure distributions are derivétiguSreen’s and source functions derived in Reff. [
and 13].

2.0 Reservoir and M athematical M odels Descriptions
A horizontal well is located in the center of anisatropic reservoir which has four vertical
injectors drilled in a pattern similar to a quaatt@ral geometry as shown in Figure 1. The reservoi
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pressure i, initially, and the horizontal well is allowed tequluce at a constant ratg,while maintaining
equal and constant injection rateg, at the four vertical wells. Subsequently, in @dance with
production and injection, the reservoir pressur@nges with time until production is completely lmeiad
by injection. It is assumed that the reservoirtaoms oil of small but constant compressibilityheTonly
sources of energy for oil flow therefore

are dissolved gas and fluid injection. A relatiipsbetween the wellbore and reservoir parametéts w
time will be derived to understand fluid flow incdua reservoir system. Furthermore, it is assutmaidthe
horizontal well is located in the middle of theelal extent of the reservoir and has Lengtfalong thex-
axis), and widtly,, (along they-axis).

The reservoir has permeability valugsk, and k in thex, y, andz- directions, respectively, and
has a bulk volumegych because it i ft thick (in thez-direction). The horizontal well is centered airpo
(X,¥,2) = & Yo Zv)- Skin and wellbore storage effects are not camsid. Reservoir description is achieved
under flow condition of unit mobility ratio. Thisoadition guarantees that there is no injected fluid
breakthrough into the producing well.
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Figurel: Reservoir Model consisting of Four Vertilcgectors and One Horizontal Producer

@Vertical injector
O Horizontal producer
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Following the description above and the externalrses of flow energy, the horizontal well
experiences an infinite slab source from an irdirgtab reservoir with prescribed pressure on biatbss
(along thex-axis); an infinite plane source from an infinitéals reservoir with prescribed pressure
boundaries (along thg-axis), and an infinite plane source in an infindlab reservoir with a constant
pressure boundary at the top. These source fuisctiawritten as follows:

(1) X-axis
2.2
S(Xpt, ):izlexp(— TZ L )sinnisinm'[XWD sinnm2e (2.1)
T[n=ln eD eD eD eD
(2 y-axis
- 210, | . .
s( Y, i, )=iZexp(— nz = )smlrthsmlrth (2.2)
Yeo '# eD eD Yeo
3) z-axis
- 2n+1)*1t
s(z, .t, )=£ Zexp(—w)cos(Zn +1) nzﬂcos(Zn +1) nle (2.3)
h m=1 4h; h h

D D D
With these source functions the dimensionless predss written as follows using the Newman’s method
[12]

Journal of the Nigerian Association of Mathematical Physics, Volume 8, November 2004
Pressure transient analysis of a horizontal well E. S. Adewole and K.
O. Bello J. of NAMP



o (X0 Yo 12075 ) = 270, [ (5.7, )S(Yo Ty (2,7, )T, (2.4)
0
for a constant oil production rate. Substitutingaations (2.1) to (2.3) into equation (2.4) we have

{Z exp6 D)smn smnx”[’smi}.
Xo Xo %o %o

Po (% 1Yo Zo T, )——I{Z p6 D)swinyWD S|rirry°} (2.5)
Yoo Yeo Yoo
i‘exp6(2m Ni/as z, or.

)cost+1)rrhD cosgm+1) =

m=1

The dimensionless parameters are defined baseeltivove half-length as:

.2 |k
i, =—.]— 2.6
Y (2.6)
wherei =X, y, or z-axis
L |k
Ly =—.|— 2.7
° = ok (2.7)
2h [k
=— |— 2.8
> STk (2.8)
4kt
t, = 2.9
D (puCLZ ( )
D:M_ (210)
qu
4kt
= 211
D (p“CLz ( )

For flow observation using the horizontal well, equatid®) shows that the most likely flow regimes are:
(1) an early radial (2) an early steady state and (3) a late stedely
2.1 Early radial flow regime

During this period the effects of the four vertical injectarsd all the lateral and vertical
boundaries have not been felt. That is, the horizontal Vesll i still like a fully penetrating vertical well
in a reservoir of thickness L. Therefore, the dimensionlessspre distribution during this flow period is

written as follows:
o [ [,/k/kx+xD]+ f[,/k/kx—xD]]
-— |terf | ———||.
(2.12)

p(XyZT)=h—D [ |erf
D D'JD '™D?'"D 2\/; 2\/:

8 \k,k, o
{( yD -ywp )2 +(2D -2aD )2} /4tp

drt

D

T D
Equation (2.12) is predicated on the fact thatsiierce functions given in equations (2.1) to (2:&) represented by their early time
equivalents [12, 13] given the reservoir descriptnd well location. The general solution to etumef2.12) is :

2 _ 2 _ 2
0. (%o yo Zonty )= =0 [ K gl (Yo 7Y ) * (2 = 20)" | 5 15
8 |kk. 4,

wherea = 2 if V(k/k,) > xp, 1 if V(k/ky) = %o, and 0 ifV(k/ky) < Xp.

This period must prevail irrespective of the natiréhe external boundaries of the reservoir.
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2.2 Early steady state flow regime
This period may not occur if the well length is dpim relation to the reservoir thickness. It magwg however, if the
wellbore length is short compared with the reserttdtkness (this is a rare possibility), and tleeizontal permeability is larger than
vertical permeability. If it does occur, then aating to equation (2.4), the dimensionless presdistebution is written as:
22

1D w n Xup
Py (X5 .Yy 425, Ty ) =hy leexp(—L)smnnismnn
on=1 N

X X X
D D D D
, ‘ ‘ ' (2.14)
e -l[(yp-ywp )*+(zDp -zwD )°1/ 41D
— dt,
T

D

But in the former case, where the well length rgylin relation to the reservoir thickness, if thisra better
vertical permeability than the horizontal permeighilthe effects of injection along the andz-axes are
felt while the transients from th&-axis remain infinite-acting. Thus, the dimensesd pressure
distribution for this regime is written as:

k/ _
erf(\/i )+erf(\/?|i/_XD) O
T, .

D (2.15)
pD(XD'yD ’ZD’TD): £
R I°m°T Yoo A

> exp(-——) sinlt==sinlt—-

1= yeD eD Yeo

2.2
)y exp(—% )cos(2m+ 1)T[ZhLD cos(2m+1)rt§—D dt,
m=1

The period of occurrence of this regime and the $i¢ady-state period may be indistinguishablerims
of real pressure behavior. Once any of these gtstaties manifests, it prevails throughout thererftow
period because changes in pressure gradients toeaseur.
2.3 L ate steady-state flow period

Finally, the pressure transient felt in the hortabrwellbore is now contributed from all the
injectors. This will be evident by a final and pament steady-state manifestation. The dimensionless
pressure distribution during this period correspotwequation (2.5). Although, it exhibits the safiogv
characteristics like an early steady state, it rbayrecognized by a unique dimensionless pressure
distribution for a rectangular flood pattern, wheitherx.p >> Yep OF Xep << Yep. This will, however, be
shown later.

2.4 Periods of attainment of steady-state

At early radial flow period, the dimensionless prag distribution in the horizontal well would
exhibit dimensionless pressure gradients (with disi@nless flow time) typical of infinite flow. Afull
steady state, the dimensionless horizontal welbqanee becomes uniform because of the recharge from
external boundaries. At this time, injected flugdriow replacing the produced fluid in the poreshef
reservoir. The cumulative production rate can therused to calculate the amount of oil producechfr
onset of production to-date (at which dimensionl@s® the last steady-state period is attainediomF
equation (2.12) only infinite flow characteristiadll be exhibited. From equation (2.13), the fisséady-
state behavior will set in g torresponding tdpp/otp= 0. That is, at

2
Xeo (2.16)

Dss — 2
Tt

t

Similarly, by solving equation (2.15) fos £ tpss @ Second steady-state period may manifest at
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3
and, finally from equation (2.5), the final steagtgte period is attained at

2 2 2
> max.{& Yeo 4h°} (2.18)

2 2
o = max.{ 3:_:2[’ ,4hD } (2.17)

t

Dss 2 !

™3

It should be noted that these dimensionless tirhag@inment of steady state are (1) approxima&efrom
start of production to date, and (3) generallyieatthan the corresponding dimensionless breaktirou
times. Infinite-acting dimensionless times for ayggometry are less than their equivalgnt In all the
flow periods or regimes, solution to equation (2.4 vails throughout the flow period. Therefd,any

of the other regimes, the final dimensionless presdistribution is a superposition of this solatend the
solution at early radial period. In practice, b\l rate is large anld, is also large, the dimensionless times
of attainment of steady-state may be indistinguigh&rom one another.

3.0 Well test analysis

Once a pressure profile is obtained for any perigge-curve matching is recommended for
analysis. The type curves are prepared using emsaf?.5), (2.14), or (2.15).
3.1 Infor mation derivable from the flow regimes
3.1.1 Earlyradial flow regime

Flow is basically in the y-z plane. Therefokg,, k,, near wellbore effects, such as skin due to
damage or repair and partial penetration can hiea&sd, if more than one well test data are analyze
More than one well test data analyses are reqlieeduse these effects were not part of the floweainod
originally. A master type-curve qf,p againstty is matched and analyzed to obtain reservoir amd fl
properties during this period

[14]. A draw down test analysis using the masterves can give the volume of reservoir oil in
communication with the wellbore [15]. The wellbgreductivity index,Pl, can also be calculated using
Apssand the corresponding production rate [6].
3.1.2 Early steady-state flow regime

This regime still yields, andk, or k, using the trend on the type-curve just beforeetimergence

of steady state. However, the correct wellbore petidity index,Pl, cannot be estimated now. This period
is actually transitional, and therefore, does inaive the real character of the reservoir. But, Whier of
these two variations of flow (early or late steadgte) that is achieved first shows the nearnegheof
influencing boundary or the larger kgfandk..
3.1.3 Latesteady-stateflow regime

Using the early part of this flow regime, the infation described above can also be obtained.
Additionally, because all the reservoir boundades now felt, the reservoir pressuig gan be estimated
from the stabilized observed wellbore pressurerdfbee, the reservoir pressure declinepp, psi since
production commenced can be calculated if themigffective communication yet between the injector
and producer; for instance, if the reservoir exhilial porosity and is extensively heterogeneoimslly,
ke K, k; ork can be obtained from the trend just before thitogestarts.

4.0 Computation of dimensionless pressures

Most authors usually write approximate expressimnpredict the end of infinite flow. In most cas&s
horizontal well applications, the vertical bounddsy the first to create influence that curbs iréni
behaviour because it is the nearest. In the caskest here, the vertical boundary is a constanigure
boundary and would therefore produce a constarsispre effect with time. This will occur & = tpss =
4h,?%/312. The period between end of infinite flow atag, may be short but is very useful in estimating the
reservoir properties. In computing wellbore dimentgss pressurepyp, Yo= Yup (line source well)zy =

Zwp * Iwp @nd Kp = Yup. Any otherpp is computed based on the position of interestgatbe well length

or elsewhere in the reservoir. Infinite conductivg simulated by assuming = 0.732 91, [1,4]. The well
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is centered atyp, Yp= Yup @andzp= z,p, Where ¥p <Xp Or X,p = X along the well length. All integrals
were evaluated numerically [16].

5.0 Results and Discussion

Results ofp,p at varying ¢ and for different wellbore parameters for the waaldial flow period are shown
in Table 1.

Table 1 Dimensionless Wellbore Pressurgp,pat Early Radial
Period zp=0.5, Lp=1.0 (lb = 1.0), infinite conductivity case

to l'wo = 5% 10° rwo = 10% Fwp = 5% 10°

Equation. (2.13) Ref. [4]

10* 2.851 2.5049 1.7001 1.700
10° 3.427 3.0805 2.2758 2.276
102 4.000 3.6562 2.8514 2.849
10" 4,501 4.2318 3.4271 3.350
1 5.212 4.9587 4.1940 4.060

5.1 Early steady-state dimensionless pressures

Considering a rectangular reservoir geometry whgge= 10 andy.p = 20, then from equation
(2.18) the last steady-state period would statp@at 40.53. The earliest steady-state may statpat
4h%,/317 (or 1.35 x10) or, attpss =X%p/TC (or 10.132), immediately after the infinite-actipgriod. If
steady-state occurs first &t =1.35x10", then Table 2 shows the dimensionless wellboresspire
distribution to be observed.

Table 2: Dimensionless Pressprgif thehp =1.0 upper const
ant pressure boundary is felt first

tH rwp =5x10° 10* 5x10%
10% 2.851 2.5049 1.7001
10° 3.427 3.0805 2.2758
10? 4.000 3.6562 2.8514
10! 4.451 4.2070 3.4021
1 4.451 4.2070 3.4021

But if the x.p=10 constant pressure boundary is felt first thmegtisionless wellbore, wellbore
pressure distribution is shown in Table 3. Thaultssof pp attp for the example data are the same as
shown in Table 3 even if the constant-pressure @iauynaty.p =20 is felt first. This is as a result of the
occurrence of steady-state within the same logecgsk., =10. Assuming the reservoir is a square, the
same results will also be obtained for the samsomeaBut, ifxep = 10 andyep = 32 there is a possibility of
a distinct pressure distribution given by equat{@rl5), from that given by equation (2.14), because
equation (2.14) yields an earlier steady-statg atL0 while infinite behavior continues beyotd=10 for
Xep =10 andyep = 32 according to Eq.(2.15). Tlpg for the second early steady-state is shown inerdbl

5.2 L ate steady-state dimensionless pressur e distribution

For x.p=10 andy.p= 100, another unique pressure distribution, shawhable 5 is obtained using

equation (2.5). That is, the late steady statessume distribution will be observed when

2 2 2
Ve o max{ X 3n;

1y ™ 417

} by at least one log cycle, (betwegr1( and 16).
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Table 3: Dimensionless Presspreif the x.p=10 constant

ressure boundar

is felt first

to fwo = 5x10° Fwp = 10 Fwp = 5x10°
10* 2.851 2.5049 1.7001
10° 3.427 3.0805 2.2758
10, 4.000 3.6562 2.8514
10! 4.501 4.2318 3.4271
1 5.212 4.9987 4.1940
10 6.4712 6.005 5.3199
100 6.4712 6.005 5.3199

Table 4:Dimensionless Pressupg if thexep = 10 ,Yep 2 32 const
ant-pressure boundaries are felt first

[ rwo = 5x10° 10* 5x10*
10* 2.851 2.5049 1.7001
10° 3.427 3.0805 2.2758
10° 4.000 3.6562 2.8514
10! 4.501 4.2318 3.4271
1 5.212 4.9987 4.1940
10 6.4712 6.005 5.3199
100 7.4180 7.0710 6.2660
1000 7.4180 7.0710 6.2660
Table 5 Late Steady-State Flow Dimensionless Pressure

Distribution, ppXep = 10 ,Yep = 100

to fwp = 5x10° 10° 5x10"
10* 2.851 2.5049 1.7001
10° 3.427 3.0805 2.2758
10° 4.000 3.6562 2.8514
10™ 4.501 4.2318 3.4271
1 5.212 4.9987 4.1940
10 6.4712 6.0050 5.3199
10° 7.4180 7.0710 6.2660
10° 8.5680 8.221 7.417
10° 8.5680 8.221 7.417

The dimensionless time at which fluid breakthroughobserved and the particular pressure
distribution obtained serve very useful projecteasment hints. As stated earlier, the appearancaef
steady-state contributed from any part of the raesgr means that the other injectors would not be
opportune to exert their influence. This is becaatssteady-state, which eventually leads to breaktih,
no meaningful pressure drop occurs in the reserany more. Hence, it becomes difficult to notice
contributions from the remaining injectors. The ol advantage of this behavior is that the coutirily
injectors can be identified given the prevailingndnsionless pressure profile and dimensionless dine
attainment of steady-state. Therefore, it is pertirto judge that (1) If the observed dimensionfgessure
corresponds to those in Table 1, then the horitevedbore flow is still in the infinite acting réme; that
the influence of any of the injectors has not biedirby the horizontal well. Clean oil is theredogxpected
to be produced throughout this time of prevalenteéhs regime. (2) If the observed dimensionless
pressure and time of attainment of steady-statemtabse in Table 2, then only the top of the nesieiis
contacted and therefore swept by injection. Thé&ans that there is no effective sweep of the regerv
along the x- and -y-axes. Oil production will tefare be limited to that swept from the top of the
reservoir. The only occasion when this occurreneg be advantageous is when the horizontal prodsicer
located very close to or at the base of the pag zios., atz,p = 0. Then will there be a large volume of oil
to be moved before steady-state is attained (3irttent of the results in Table 3 means that,gf>hp,
eitherk, >k, or the top of the reservoir is not effectively pivby injection. Otherwise, the trend shows
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that the lateral extent of the reservoir is swdfgotively and the injectors along the y-axis (wgsp >>
Xep) did not contribute significantly to oil displacent. (4) The dimensionless pressure distributions i
Table 4 or 5 show that the injectors at the fattleedent of the reservoir (i.e., &p= 32 or 100)
contributed to oil displacement without injectidnid breakthrough. This implies therefore thatimptm

oil recovery is achieved.

6.0 Conclusion

All the possible flow regimes of a horizontal wsllibject to four vertical injectors have been
identified. Numerical computations showed that tiuenber of flow regimes observable depends on the
reservoir geometry. These are (1) an infinite fl@gime (2) transition flow regime and (3) final axdeg-
state flow regime. Each of the flow regimes offenique characteristics that can be used to estibratte
wellbore and reservoir properties. For a squasers®ir geometry, only the infinite and the finkdté)
steady-state periods are observable. When thevoiskength is much larger than the width, theerthis a
possibility of more than two flow regimes.

Nomenclature Subscripts
compressibility, 1/psi D dimensionless
permeability, md h orizontal
pay thickness, ft t total
distances either in x,y, or z directions, ft e xterna
pressure, psi % vertical

si pounds per square inch w wellbore
production / injection rate, STB/ D
radius, ft
time, hours
source

TB/D stock tank barrel per day

well length, ft

porosity, fraction

viscosity , cp

dummy integration variable for time

T T —TOoOXO

nn —~-=20

NTEQ T
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