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Abstract

In most parts of the world, where there are hydreoban production activities,
water availability is often a major problem. Sometes when the water is available, it is
contaminated with hydrocarbons, thus limiting itssage.

However, to produce clean water from an aquifer daén by a gas cap, using a
horizontal well, water production rates have to benitored to avoid gas breakthrough
into the wellbore. In this paper, an aquifer is mekbd as having an active gas cap. If it
is intended to produce water from the same aquifgithout gas contamination, an
optimum water production rate from the typical adar is derived.

The derivation involves the use of Green’s and soairfunctions for deriving a
general pressure distribution expression. The prass distribution expression is then
solved to obtain a critical water production rateeyond which there will be
contaminated water production and below which thesdll be clean water production.
Measures are also suggested for achieving an enteghcritical water production rate to
meet demand.

Keywords:Aquifer-Gas Formation, Horizontal Well, Optimum WWaProduction Rate.

1.0 Introduction

In Nigeria today, water availability for both dortiesand industrial uses is a major problem. As ohé¢he world’s
leading oil and gas producers, Nigeria water supply

problem has been most protested in the oil produeireas. This is one of the main reasons for thedton of
environmental consciousness groups[1-2] now rigingumber in these oil producing areas.

In almost every oil and gas reservoir, there isgmifer zone underlying it, formed by at least, pnecess of the decay
of organic matter. This is also true even for fations in arid land. When water underlying a gasezisnproduced, the gas
expands by virtue of the reduction in its pressititee rapidity of expansion depends on (1) the caitipm of the gas (2)
water production rate and (3) the vertical perméglnf the aquifer. Since water has a much lowempressibility than gas,
more volumes of gas become mobile than the correipg volume of water produced. This leads to eachment of the
wellbore perforations by the gas causing gas biealgh. If this is allowed to continue, the gassgtee becomes prevalent
and the aquifer level must therefore fall due tarphdensity difference between water and gas, dbthhich now exist in
one “container”. Thus, for this reason, aquiferrses are usually considered as infinite even thahghaquifer structure
may be bounded. This property of infinity is funtfatributed to aquifer connectivity to far andder aquifer sources, like
underground rivers, etc, with which a single pressegime is prevalent. For this reason, most aguifinderlying gas
reservoirs may be produced for a life span evemgdorihan that of gas, if they were subjected toghme production
schedule.

Should simultaneous or separate production of watdror gas be contemplated, this paper derivesghmum water
production (critical) rate that will lead to onlyater production through a horizontal well. The agmh involves a solution
to a 3D-diffusivity equation describing flow of veamtin horizontal wells. Source and Green’s funcdi@are selected to
represent the boundaries of the aquifer and thecgps The aquifer pressure distribution is thenvedr Finally, this
distribution is utilized in deriving a relationshipr the critical water production rate. Factorgeeting this critical rate are
investigated with a view to providing a possibilifgr increasing the critical water production ragven without gas
production.
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2.0  Aquifer Model Description

Fig.1 shows an aquifer bounded on top by a gas cap tathe &ottom by a no-flow (impermeable) layer. lraliy, the
aquifer is assumed to have infinite dimensionsofizontal well of length L, (along the x-axis), wldy,,, (along the y-axis)
and stand-off z (along the z-axis) is drilled to produce wateradé g, high enough but not greater than a critate g, so
that gas will not be produced. The aquifer presstirequilibrium (before production) was ff the aquifer is isotropic, a
relationship is desired between the aquifer, wed#lkand water properties and time.

It is further assumed that the water in the aquifes a small but constant compressibility; i.ee, whater is substantially
free of gas contamination. Therefore, water flovergy is derived strictly from the aquifer. The pa® distribution
relationship to be derived shall assume that watproduced through the wellbore only and underessure drogp psi.
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Fig. 1: Aquifer Model showing Gas and Horizontal Well Riogis

Although, a constant water production rate is aber®d, if the well experiences successive differatgs, the total historical
rate can be computed by superposition techniquiheatwellbore. The effects of wellbore partial peagon in all the

directions of the aquifer, wellbore, skin, producedter salinity and temperature are, however, raisidered. Gas
displacement of the aquifer is considered to uhstab

3.0 Mathematical Model Description
Water flow from the aquifer is governed chiefly tye 3D diffusivity equation[4-5] (analogous to theat conduction
equationf]) given as follows for anisotropic aquifer:
9° 9° 9° 0
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The following dimensionless parameters based owtiibore half-length are introduced:
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Substituting Eq. (2) to (6) into Eq.(1), we haveampletely dimensionless diffusivity equation todmdved as follows:

2 2 2
6pD+6 pD+0 Po _ 9Py @)

ox:  ay: 9z% ot
The dimensionless source functions are selectentdiog to References [6] and [7] as follows:
(1) x-axis
Along the x-axis, the wellbore experiences a sostoength from an infinite slab in an infinite afgwioccupying the region
—\/k/kX < Xp < \/k/kX , given by integration of the Green'’s function:

5,
G(Xp,tp) = %_; ﬁ

This gives the source function g(ty) as follows:

F+XD erf(‘/i_xD ...................................................................... .9)

This is predicated on the assumption that the agisfinfinite laterally and that the well is loedtin the middle of the x-
axis.

(2) y-axis

The well is an infinite plane in an infinite reseivsince the wellbore width is too small compavéth the aquifer expanse
along this direction Hence, the appropriate sotunetion is:

oo ~Yup 14
1) = RO PUPPPPTPPTIN 0
S(¥p.tp) = 2\/—[) 10

(3) z-axis

On top of the aquifer is a gas bearing zone exgrirconstant pressure while at the bottom theeenis-flow boundary,
according to Fig. 2. This is a mixed boundary diabrawith a prescribed pressure (pressure rechaig#je top. Therefore,
the source function is written as:

_23 . (2n+1)*m°kt, T2y TZy
S(2y,t,) = . nZ;exp( T )cos(@n +1) e Ycos(@n +1) . ) FRTR XK\

It should be noted thabzz,p+ rwo.

EXP(—(Xp = Xp )2 /AL OXp werveveeieriiecieseete ettt (8)
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Constant pressure gas boundary

Horizontal water

No-flow bottom boundary

Fig. 2: x-z-plane showing a mixed boundary situation

In this dimensionless form the pressure drop idtewri as the product of the 3D sources accordinfléavman’s
product[3,6,8] method as:

tp

Po(X0» Yo 2o, 7) = 27t [ $(%5,7) * (Y5, 1) * S(Z s 1)AT.c .12)
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for a constant production rate.
Substituting Eqgs.(9) to (11) into Eq. (12) we have

yDymD)
e A
pD(xD,yD,zD,r):T\/ﬁl a3

Ze Xp(- @n+1)%m kr)cos((2n+1)nzm)COS((2n+1)nz
4hlk, hy h,

D)dr

4.0  Computation of Well Responses

Eq. (13) is the required dimensionless pressuré&iltiion when the horizontal well feels the extrrvertical
boundaries of the aquifer. It produces a steady stlect in the wellbore eventually. If the timewehich steady state is
reached is denoted by, then the corresponding critical water productiate is ¢, which is the critical water production
rate; and the prevailing wellbore flowing pressuiiét be p.ss Meanwhile, beforepts is reached, an important event had
taken place: a pressure drop history had beenigtegce in the wellbore until after the uppermostiore boundary was
felt. The pressure history was contributed by presgransients due to different reservoir and welindaries and is summed
up by superposition of all pressure drops occasidayethe boundaries.

Early Radial Flow Dimensionless Pressure Distributin
During the early radial flow period the well bekavas a fully penetrating vertical well of thickedsin an infinite
aquifer. The dimensionless pressure during they eadial flow is derived from Eq. 13 as:

_ (yD B wa)2 + (ZD B ZwD)2
4t

because during this period all the source functioage infinite origin[8-11] and the effect lasts fall t, until the
external gas boundary acts to stabilize it. Theoaeptial integral, Ei(-x) is read from Table[12). Eq.(14),a=2Vk/k, if Xp
<Vklky , 1 if x5 =\k/k, and 0 if % > Vk/k, .

ah,
Po (Xo: Yo 25.t5) =~ 80 Ei

Early Linear Flow Dimensionless Pressure Distributon

If the bottom no-flow boundary of the reservoirfédt first before the top boundary, then a linelamf would persist.
This period is characterized by equal changepinwith tp. the length of existence of this period is detewdi by vertical
permeability, length of well, well standoff and watithdrawal rate. The total dimensionless presslistribution for this
period is written by superposition as:

pD(XD’yD’ZD’T)__ahD Ei(- ( _wa)2+(Z - )2

\/7+X \/7 (er);V;Z)
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;exl@f e )eost— ) cost= == )dr

Eq. (15) can be solved analytically [8] if the flgpperiods are known with certainty. Eq. (16) givaesagpproximation. A
plot of py against logg gives a better value ot

We are not interested in the flow beyondstbecause atydy the gas is ready to be discharged into the wedlbo
Therefore, the actual expression fey must be derived. For this purpose, noting thateady state, change in pressure with
time is zero. That is,
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0o (X0, Yo Zoute Flow) — g e 17)
ot,
Eq. (13) is solved analytically fop & tpss Therefore, applying Eq. (13) in Eqg. (16) and saly retaining only the first
term in the summation and the first real valuepohtthe resulting exponential series, we have theimmim dimensionless
time for attainment of steady state as:

considering n = 0, i.e., wellbore vicinity. Eq. |18 mere approximation. Much better estimatesoatained from a well
test plot of p versus log ofg.

If the well produces water under a dimensionlessvdifown of , the dimensionless critical water production rage ig
written as follows:

1
0 T T TSP OO PP PP @9
Po
where
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according to Ref. [13], but using pressure dropeiad of density differencepn Eq. (19) may be obtained from Eq.
(14) or (15) according to flow time as discusseovab

5.0 Results and Discussion

Dimensionless critical production rates were coragdbr several dimensionless well lengths(equal to the reciprocal
of dimensionless reservoir thickness fior isotropic reservoir), and radii. In each gagmiform flux, i.e. » = 0.0, was
assumed. Wellbore stand off,,pz= 0.5 (central location) and well width, y= 0.0 (line source well). pz= z,p + fwp. The
results obtained are shownTables1 and2.

Table 1: Dimensionless Critical Production Rates fgy £2.828x10°

to Dimensionless Lengths
0.10 0.25 0.50 1.00 10.00
10° 8.20 20.40 40.80 81.70 818.00
10° 0.30 0.80 1.60 3.20 32.70
107 0.10 0.30 0.60 1.20 11.90
10° 0.07 0.20 0.30 0.70 7.10
10° 0.04 0.10 0.20 0.50 4.60
10" 0.04 0.10 0.10 0.20 4.20
1 0.04 0.10 0.10 0.20 4.20
10 0.04 0.10 0.10 0.20 4.20
100 0.04 0.10 0.10 0.20 4.20
1000 0.04 0.10 0.10 0.20 4.20
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Table 2: Dimensionless Critical Production Rates fgy 2.828x10'

to Dimensionless Length
0.10 0.25 0.50 1.00 10.00
10° 0.11 0.30 0.60 1.20 12.00
10° 0.07 0.18 0.30 0.70 7.00
10° 0.04 0.12 0.20 0.50 5.00
10° 0.03 0.10 0.20 0.40 4.00
1072 0.30 0.10 0.20 0.30 3.00
107 0.30 0.10 0.20 0.30 3.00
1 0.30 0.10 0.20 0.30 3.00
10 0.30 0.10 0.20 0.30 3.00
100 0.30 0.10 0.20 0.30 3.00
1000 0.30 0.10 0.20 0.30 3.00

Effects of Wellbore Pressure DropAp

From Eq. 20, small pressure draw down in the wedlbie conducive for higher daily water productidinis easy to
achieve such draw down with small and inexpensivags. This is a sand face pressure drop and capthmized if (1) the
wellbore condition is good (2) pump station is el@nough to the wellhead (3) the pump is in a sonadhanical state and
(4) the pump is correctly selected.

Effects of Wellbore Length L, and width, y,

For a constant draw down, results in Tables 1 asitogv that longer wells would produce the effedtsuge daily water
production. This increases the sweep area of thdeady the wellbore thus preventing early gasaktbrough. Short wells
would cause high capillary effects, which promatering of the gas into the wellbore. Narrower weilks., smaller yp or
rwp, can also boost the critical water production.rate

Effects of Water Properties

Water flow properties, such as viscosity and fdromavolume factor, do not affect the critical waf@oduction rate
significantly because they are fairly constantffesh water. Fresh water produced at the surfatiethat in the wellbore are
the same because the water neither expand noksdtrihe surface. This is further due to the ligféect of temperature on
fresh water. However, highly viscous water will ued the critical rate and, therefore, the volumewafer that can be
produced for a particular time. Dissolved solidsl &gh depth of aquifer are the main causes ofagdelviscosity. Water
compressibility produces almost insignificant ef§eon the critical rate, because there is ho gesoblied in the fresh water.

Effects of Aquifer Properties

The most important aquifer properties are the diwaal permeabilities. The critical water producti@te increases with
increases in the directional permeabilities. Caitiproduction rate varies slightly but inverselyttwthe aquifer thickness.
Well stimulation practices, such a acidizing, ftagig and perforating, can boost near wellbore patuilities significantly.

6.0  Conclusion

In areas where gas production activities are préagm, water production can also go on simultankodehis study
shows that in an aquifer overlain by a gas cap

(1) Long horizontal wells can boost daily wateoghuiction requirement

(2) Water properties do not significantly affecter production rate

(3) Water production rate can be boosted withearchvellbore

(4) Agquifer thickness slightly but inversely afteavater production rate
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Nomenclature
B,, water formation volume factor, aquifer barrelfage barrel

h  aquifer thickness, ft

x distance in the x-direction, ft

y distance in the y-direction, ft

z distance in the z-direction, ft

L well length, ft

z,, well stand-off from the bottom of the aquifer, ft
k total permeability, md

p pressure, psi

t  time, hours

c water compressibility, 1/psi

My Water viscosity,cp

¢ porosity, fraction

r, wellbore radius, ft

T dummy time variable

g production rate per unit half length of wellbore
Owc Critical production rate, bbl/D

A drop

G Green’s function

S source function

Subscript
D dimensionless

ss steady state

w  water

wf wellbore flowing
e early

Superscript
* arbitrary well position
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