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Methods calculate area

drained by horizontal

S.D. Joshi

Joshi Technologies
Internationat Inc.
Tuisa

The drainage area of a hor-
izontal well can be calculated
by averaging the results ob-
tained from two different
methods. For anisotropic res-
ervoirs, nonuniform perme-
ability has to be included in
drainage area calculations.

Well spacing

Horizontal wells, in gener-
al, give higher ressrves than
vertical wells, Two reasons
for obtaining higher uitimate
reserves are increase in the
drainage area and increase
in the recovery factor.

The most important reason
for obtaining higher ultimate
reserves from horizontal
wells is the significant en-
hancement of the drainage
area, especially as compared
to vertical wells. The other
reason for an increase in re-
serves is improvement in the
recovery factors. Recovery
factor is the percentage of
the original oil in place that
can be produced.

At the present time, the
field histories tend 1o indicate

that the recovery factors are,
in general, 2-5% higher than
those for vertical wells. Until
more long term histories are
available, it Is difficuit to
make an exact judgment.on
the improvement of recovery
factors.

In a given time period, a
horizontal well drains a larger
reservoir volume than a verti-
cal well. Thus, the spacing
used for a horizontal well
should be larger than that
used for a vertical well.

The drainage area of a hor-
izontal well also depends
upon natural fracturing in a
fractured reservoir,

In a naturally fractured res-
erveir, a horizontal well
drains more volume in the

" direction paraliel to the natu-

ral fractures than in the direc-
tion perpendicular to the nat-
ural fractures. Therefore, the
well spacing requirement
along a fracture trend is dif-
ferent than that perpendicular
to the fracture trend.

It is important to note that
even for a vertical well, the
well spacing is based upon
the reservoir parameters and
ecohomic criteria. Theoreti-
cally speaking, one can drill a
single well in a large reservoir

wells

and it will drain the entire
reservoir, although it may
take a very long time.

Well spacings are de-
signed so as to maximize the

oil recovery and ecenomic.

benefit of production. To esti-
mate the drainage area of a
horizontal well, first one must
estimate the drainage area
(or well spacing) of a vertical
welil.

Pseudosteady state

Dimensioniess time, tip,

which is used to define vari-
ous regions, is given as;

0.000264 kt

¢ l"'cﬂrw2 1

D =
and area-based dimension-
less time

tba = 1o (WYA)  (2)

Thus

0.000264 kt
A = G haA ©

1

where: k =
(md), t =
¢ = porosity (fraction),
p. viscosity (cp),
initial total compress-
|b|hty {psi™"), A = area sqg

permeability
time (hr),

lI Ill

ft, and r, = well bore radi-
us, ft

For a verical well located
at the center of a drainage
circle or a squarg, the time to
reach pseudosteady state is
toa = 0.1. Substituting this
in Equation 3, we have

0.000264 ki

=0T eA @
379 Cy A
o = B EEA )

fss = time to reach pseu-
dosteady state in hours

15.79 i A
ss = SR

toass is the time to reach pseu-
dosteady state in days.
Generally, oil wells are de-
veloped on 40-acre spacing
and gas wells are developed
on 160-acre spacing. Hence
40 acres = 40 x 43,560

sq f/acre = 1.7424 x 10°
sq ft (7)
160 acres = 180 X

43,560 sg ft/acre = 6.9696

" x 10% sq ft (8)

Substituting these areas
into Equation 6 gives for a 40
acre well:

27512 x 105 p cy
K

tpdss = (9)
and for a 160 acre well:
110.05 x 108
tpdss - R ¢ LC(; (10)

Equations 4 and 5 show
that transient time depends
on the basic reservoir proper-
ties, such as permeability,
porosity, and compressibility.
Time to reach pseudosteady
state does not depend on
well stimulation.

In the case of oil weils,
normally, the time to reach
pseudosteady state in of the
order of a few days to
months.

In contrast, for gas wells in
low-permeability reservoirs,
the time to reach pseudo-
steady state could be very
long; in some cases as long
as a few years.

Ol weli example
For an oil well drilled on 40-
acre spacing, calculate the

Based on Chapter 2 of Horizontal
Well Tachn . Vol. 1, to be pub-
hsgt;%d by PennWell Publishing in late
1 .
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Fia. 1 | wells in reservoirs with per-

meability less than 0.1 md,
can take years for the tran-
sient state to end. in such
tight reservairs, it is very diffi-
cult to drain the reservoir
economically. In these cases,
methods are needed to ac-
celerate reservoir drainage.

Infill drilling and horizontal
drilling provide alternatives to
drain the reservoir effectively.

The dimensioniess time to
reach pseudosteady state is
foa = 0.1, as iong as the
well is centrally located in a
drainage plane, i.e., when the
well is at the center of a circle
or a square (Xo/ye = 1).

When the drainage area
becomes rectangular, the
time to reach pseudosteady
state increases. For example,
when one side of a drainage
ractangle is five times larger
than the other side (x.f
Yo = 5) the dimensioniess
time to reach pseudostesady
state is tpa = 1.0, le,, ten
times ionger than a vertical
well located centrally in the
drainage plane.

Thus, vertical wells are un-
able to drain sifectively rect-
angular drainage areas in
uniform permeability reser-
voirs.

As shown in Fig. 1a, a long
horizontal well in a given time
can drain a larger area than a
vertical well.

A 4C-acre spacing vertical
well reaches psesudosteady
state in 16 days. By the same
principle (Fig. 1) a 2,000 ft
long well would reach pseu-
dosteady state in a 101-acre
area in 16 days.

Table 1 tells us that the
time to reach pseudosteady
state using vertical well drain-
ing a rectangle with dimen-
sions Xo/ys = 2.5 would 2.5
times longer than that for a
2,000 ft ioeng horizontal well
{assumes L is 2 1 — the
quantity Ye/Xe).

Thus, horizontal wells can
be utilized to drain a larger

Drainage areas

’?g. 1a Drainage effectiveness

>

Fig. ib  Anisotropic permeability
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Horizontal weil
draining 101 acres
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toa = 0.1

{ Fig. 'c Naturally fractured reservoirs l Lﬂg. 1d Drainage shapes]
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Wall length = 1,000 ft
Dralnage area = 74 acres (Jy, = 1.67)
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¢ = 745 ft

Well length = 2,000 ft
Drainage area = 108 acres (X,/y. = 2.34)
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Fractures
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Horizontal well

21 reservair volume than verticat
time to reach pseudosteady | o reach pseudosteady state | acres, thas = 7,974 | wells in a given time petiod.
state given ¢ = 10%, | for a gas well drilled at either | hr = 332 days = 0.91 | This becomes very important
¢y = 0.00005 psi~', | 20 or 160-acre spacing in a | years. in tight reservoirs when close
k = 36 md, and p = 4.2 | reservoir with an initial pres- For 160 acres, | vertical well spacing is re-
cp (shaliow weil-dead oil). | sure (p) of 1,450 psi and the | t,s = 63,772 hr = 2,657 } quired to drain the reservoir

Using Equation 5, f =
0.0002274 A = 396 hr =
16.5 days.

Gas well example
Calculate the time required

78 Qil & Bas Joumal, Sept 17, 1980

reservoir properties of
b = 7%, k = 003 md,
" 0.015 cp, and

]

¢y = 0.000680 psi~'.
Again using Equation 5

tes = 0.00915A. For 20

days .= 7.3 years of infinite-
acting pericd.

As noted in the previous
example, gas wells {or oil
wells) drilled in a very tight
reservoir, especially gas

effectively.

Therefore, in a, tight reser-
voir, horizantal wells can be
used to enhance drainage
volume per well in a givén
time petiod.
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Ax Fig. 2
.Development patterns for 360 acres
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| Fig- 2a  Nine vertical wells ] Fig. 20 and one vertical wells
ke = Ky K, K, = ky %a

] R s
i (REE
A
Inoslice:
- N - -

Three 1,000 ft horizontal

Fig. 2c and three vertical wells [ Fig. 2d Three 2,000 ¢ horizontal wellg]
K = Ky Ky K = K, Ky
f jky * ‘_1‘(!
= =
8 - . g ———+ !
2 - . 8 1
Lsel [}
A . l b —t i
Y
|- 3,690 ft - | 3690 It -
O]

Areal anisatrophy

The discussion so far has
been restricted to reservoirs
with homogeneous areal per-
meability, namely i, = ky
(Fig. 1b}). In naturally frac-
tured reservoirs, the perme-
ability along the fracture trend
is larger than in a direction
perpendicular to fractures. In
such cases, a vertical well

)

would drain more length along
the fracture trend.

The derivation starting with
Equation 11 can be used to
estimate each side of a drain-
age area in an areslly aniso-
trapic reservoir. The aquation
assumes a single phase,
steady-state (time indepen-
dent) flow through an homo-
geneous formation.

sk kP =0

Assuming constant values
of ky and k, in x and y direc-
fions, respectively, Equation
11 is rewritten as

2
kxdj + k—yz— 0 (12)

Multiplying and_dividing
throughout by ik, Equa-
tion 12 becomes

’kxdp

‘k"k‘/\k & Mk dyj

This can be transformed
into

dp  d%p
Vkeky 2 +‘gy-,2— = 0(14)
where
Yy =y JkoKy . (15)
and
y =Y VK (16)

Thus, an areally anisotro-
pic reservoir would be equiv-
alent to a reservoir with effec-
tive permeability of k.
The drainage length along
the high-permeability side is
larger by a factor of Vk/kx
than the drainage length
along a low-permeability
side.

Thus, if permeability along
the fracture trend is 16 times
larger than perpendicular to
it, then drainage length along
the fracture is four times larg-
er than the length perpendic-
ular to the fracture (Fig 1b).

In such areally anisotropy
reservoirs, using vertical
wells, it is difficult to drain the
larger reservair lengths in the
low-permeability direction.

A horizontal well drliled
along the low-permeability di-
rection has a potential to
drain a significantly larger
area than a vertical well and
therefore recover more re-
serves than vertical wells,

Thus, horizontal weils are
highly beneficial in areally
anisotropic reservairs.

It is obvious that in naturai-
ly fractured {ormations, hori-
zontal wells drilled in a direc-
tion perpendicular to the nat-
ural fractures are highly ben-
eficial (Fig 1¢). The success
of horizontal wells in naturally
fractured reservoirs, such as
Austin chalk formation in
Texas and Bakken formation
in North Dakota, illustrates
the advantage of horizontal
drilling in areally anisotropic
formations.

For fractured verticat wells,
limited results are available to
caiculate the time to reach

Sept 17, 1990, Ol & Gas Journal 73

iy

Igoos



PR 4 ehad wdwd

JLu YOG

Table 1

Start of pseudosteady state time

toraa XY
Xy, 1 2 3 5 10 20
0.01 ‘0.3 0.5 0.7 1.5 3.0 6.0
.05 0.3 0.5 0.7 1.5 3.0 6.0
0.10 0.3 0.5 8.7 1.5 3.0 8.0
0.20 0.3 0.5 0.7 15 3.0 6.0
0.40 0.3 0.5 0.7 1.5 a.0 6.0
0.50 0.3 as 0.7 1.5 3.0 6.0
0.70 0.3 0.5 0.7 1.5 3.0 6.0

“For fully penetrating infinite-conductivity fractures for various penetration ratios (x

%) and differant x4, ratics

pseudosteady state in square
drainage boundaries.! 2 Khan
has obtained results for frac-
tured vertical wells in rectan-
gular areas.?

Recently, similar results
were also available for heri-
zontal wells.*®* Mutalik, et
al.,* calculated the time to
reach the pseudosteady state
for fractured vertical wells
and harizontal wells in rect-
angular drainage areas (Ta-
bles 1 and 2).

it is important to note that
there is some discrepancy in
caiculating the time to start
pseudosteady state. For a
single-phase flow in a homo-
geneous reservoir, the rela-
tionship between the dimen-
sionless pressure and the di-
mensionless time for a well
producing at a constant rate
in a bounded reservoir (i.e.,
reservoir with a fixed drain-
age area) is a given, as

Po = A’ + 2nloa (17)

where A’ is a constant.

Taking derivative of Equa-
tion 17 gives
m = dpp/dtpa = 2w (18)

Thus, in a single-phase
flow calcujation, pseudo-
steady begins when siope,
m, becomes 2.

Some engineers assume
that when m reaches within
10% of 2w value, pseudo-
steady begins. Others use
5% criteria and a few use 1%
criterion.

Depending upon the criteri-
on used, one can estimate
different values for the begin-
ning of pseudosieady state.
Difterent criterion can give
significantty different values

for the beginning of pseudo- .

steady state.”
At present, there is no con-
sensus about the criterion,

80 Oll & Gas Jousnal, Sept 17, 1980

but most engineers accept
toa = 0.1 as a dimension-
less time to start a pseudo-
steady state for a vertical well
located centrally in either a
circular or square drainage
area.

Reference 1 does not in-
clude information about crite-
rion that were used to calcu-
late tpa = 0.1, probably be-
cause these results were ob-
tained using a numerical sim-
ulator. .

The results by Mutalik, et
al* for calculation of pseu-
dosteady state for horizontal
wells are probably conserva-
tive because they used a
slope requirement of 5%
within the value of 2m.

The above discussion indi-

cates that before using any

dimensioniess time to reach
pseudosteady state, it is im-
portant to critically review the
criterion that has been used.
This is especially important in
determining well spacing in
feases that last only for a
short time, say less than 10
years.

In these reservoirs, know-
ing the beginning of pseudo-
steady state becomes impor-
tant 1o drain a reservoir effec-
tively in a limited time period.

Drainage

Due to longer well length,
in a given time period under
similar operating conditions,
a horizontal well will drain a
larger reservoir area than a
vertical well. If a vertical well
drains a certain reservoir vol-
ume of area in a given time,
then this information can be
used to calculate a horizontal
well drainage area.

A horizontal well can be
looked upon as a number of
vertical wells drilled next o
each other and complsted in
a limited pay-zone thickness.
Then as shown in Fig. 1d,

JUSHL TECH.

. Dimensionless time, tpapss, at the .

hoo4

- Table'2

start of pseudosteady behavior* .

Lo
i2x, 0.2 0.4
1 0.4 0.4
5 0.4 0.4
10 04 0.4
20 c.4 0.4
50 Q.4 0.4
100 0.4 0.4
Lo
0.2 0.4
1 0.8 0.6
S 0.6 0.6
10 0.6 0.6
20 [+X>) 0.6
50 0.6 0.8
100 0.6 0.6
Lo
0.2 0.4
1 2.0 20
5 2.0 2.0
10 2.0 20
20 20 2.0
50 2.0 20
100 2.0 2.0

XSYe = 1
0.6 0.8 1.0
0.4 0.4 0.4
0.4 0.4 0.4
0.4 0.4 .4
0.4 c.4 0.4
0.4 0.4 0.4
0.4 0.4 0.4

XYy = 2
0.6 0.8 1.0
4.8 0.8 0.2
0.8 0.6 0.2
0.6 0.6 0.2
Q.6 Q.8 0.2
0.6 0.6 0.2
0.6 0.6 0.2

XlYe = 5
0.6 Q.8 14
2.0 2.0 0.4
20 2.0 0.8
2.0 2.0 0.8
2.0 2.0 0.6
2.0 2.0 0.6
2.0 2.0 0.8

*Resuits wera obtainad assuming y, = 933.33 ft and r, = 0.225 it. Times are for
centrally located wails far diflerent panetrations, L/2x,, snd dimensionlass lengths,

La.

Table 3
Alternative well lengths
Method 1 — half circles
Horizontal langth 500 ft 1000 ft 2000 ft
Area of two half circles, 30+30 30+ 30 30+30
acres =80 =80 =60
Arza of central
rectangle, acres 20.9 41.9 83.7
Drainage area, acres 80.8 1018 143.7
Method 2 — ollipse

a = Half mgjor axis, R 250 +912 500+912 1,000+812

= 1,162 = 1,142 = 1,912
b = Half minor axis, ft 912 912 812
Drainage area, acres 76.4 92.9 125.8

Average of Methods 1 and 2

Average drainage area, 78 ag 135
acres (Methads 1 + 2)
Number of wells for 8 ] 5

600-acre field

each end of a harizontal well
would drain half a circular
area, with a rectangular
drainage area at the center.

This concept implicitly as-
sumes that the reservoir
thickness is considesrably
smailer than the sides of the
drainage area. It is possible
to calculate the drainage
area of a horizontai well by
assuming an elliptical drain-
age area in the horizontal
plane, with each end of a well
as a foci of drainage ellipse.

The methods to estimate

drainage areas of harizontal
wells generally give fairly
similar results. As a rule of
thumb, a 1,000 ft long hori-
zontal well can drain twice
the area of a vertical well,
while a 2,000 ft long well will
drain three times a vertical
well, in a given time.

Thus, it is important to use
larger well spacing for a hori-
zontal well development than
that used for a vertical well
development.

The following examples for

drainage area calculations

-

fa



are for reservoirs with uni-
form permeability in the areal
plane. In a fractured reser-
voir, where permeability in
cne direction s higher than
the other, then the well wouid
accordingly drain a larger
length in a high-permeability
direction by a factor of Vky/Ks.
The k, represents higher per-
meability and k, represents
lower permeability in the hori-
zontal ptane (Fig. 1¢).

Horizental wells needed
A 400-acre lease is 10 be
developed using 10 vertical
wells. An engineer suggested
driling either 1,000 or 2,000
ft long horizontal wells. Cal-
culate the possible number of
horizontal wells that will drain
the lease effectively. Assume
that a single vertical well ef-
fectively drains 40 acres.
It rev is @ drainage radius of
a vertical well, then a 40 acre
vertical well drains an area of

a circle = mre? = 40
acres x 43,560 sq ft/acre,
rey = 745 H.

Two methods can be em-
ployed to calculate horizontal
wel! drainage area on the ba-
sis of 40 acre drainage area
of a vertical well.

In Methad 1 (Fig. 1d), a
1,000 ft long well will drain 74
- acres. The drainage area is
presented as two half circles
at each end and a rectangle
in the center. Similarly (Fig.
1d) a 2,000 #t long well will
drain 108 acres.

In Method 2, if we assume
that the harizontal well drain-
age area is an ellipse in a
horizontal plane, then for a
1,000 ft long weill:

a = half major axis of an
ellipse = (L/2) + rg=
(1,000/2) + 745 = 1,245 #
b = half minor axis of an
elipse = 1., = 745 1t
Drainage area =

43,560 = &7 acres

Similarly for a 2,000 ft long
well, a = (L/2) +
745, = 1,745 #

b = 745 fi, and drainage
area = wab/43,560 = 894
acres.

The two methods give dif-
ferent answers tor drainage
area. f average areas are
used the 1,000 ft well will
drain 71 acres, and a 2,000 ft
well will drain 101 acres.
Thus, a 400-acre field can be
drained by ten vertical wells,
six 1,000 ft long wells, or four

rab/
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2,000 ft leng weils.

Horizontal wells are very
appropriate for offshore ang
nostile environment applica-
tions where a substantial up-
front savings can be obtained
by drilling long harizontal
wells. Because a large area
can be drained with less
wells, fewer slots are re-
quired on offshore platforms,
and therefore, costs are sig-
nificantly reduced.

Alternative well iengths
A B00-acre lease is to be
developed with ten vertical
wells. Another alternative is
to drill 500, 1,000, or 2,000 ft
long horizontal wells. Table 3
shows the possible number
of horizontal wells that will
drain the leases effectively.
A 60 acre vertical well would
drain a circle of radius, rey, Of
912 ft. Area of a cir-
cle = wre® = B0 acres x
43,560 sq facre, r,e = 912
ft

Again using the two math-
ods described in the previous
example, Table 3 shows that
a 600-acre fieid can be effec-
tively drained either by ten
vertical wells, eight 500 ft
long horizontal wells, six
1,000 ft long wells, or five
2,000 ft lang wells.

Deveiopment patterns

A 360 acre lease (Fig. 2) is
to be developed using nine
vertical wells. How many
1,000 1t long horizontal wells
could drain this reservoir ef-
fectively? How many 2,000 ft
long horizontal wells could
drain this effectively? What is
the suggested development
pattern.

As shown in one of the
previous examples, if a verti-
cal well drains 40 acres effec-
tively, 1,000 ft and 2,000 f
long horizontal wells would
drain 80 and 120 acres, re-
spectively.

With 1,000 f#t long welis,
the 360 acre lease couid be
developed using either four
horizontal wells and one ver-
tical well or three haorizontal
wells and three vertical wells.
The possible configurations
are shown in Fig. 2.

Becauss a 2,000 ft long -

horizontal well could drain
120 acres. A 360 acre lease
also can be developed using
three 2,000 ft long horizontal
wells.

JuUdHI 1BCH.
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Anisotropic development

A well, Harris-1, drains ap-
proximately 40 acres in a 35
ft thick naturally fractured
reservoir.

Pressure tests conducted
between the Harris-1 and the
well to the east between Har-
ris-1 and the well to the north,
indicate permeability differ-
ences along the two direc~
tions. The permeability along
the east-west, k,, is 0.5 md,
while the permeability along
the north-south direction, ky,
is 4.5 md. An engineer pro-
posed to drill a 2,000 ft long
horizontal weil along the
east-west direction. Estimate
the drainage area and dimen-
sions of each drainage area
side.

Let us assume that the ver-
tical well, Harris-1, drains a
rectangle area due to aniso-
tropy.

If the reservoir has a uni-
form permeability, then the
well would drain a 40 acre
square with each side being

2%, = 2y, = J40 x 43,560
= 1320 ft '

The reservoir has nmauni-
form permeability in the areal
plane with k, = 0.5 md and
kK, = 4.5 md. Hence, k/
ky = 4.5/0.8 ='9 apd
\/ky/kx = 3

if the drainage rectangle
has sides 2x, and 2y,, and if
we assume that Harris-1
drains only 40 acres (Equa-
tions 15 and 16):

(2Xe) X (2ye) =
43,560

40 x

additionally due 1o anisotro-
Py, 2Y¥e/2Xe = 3.

Solving the above two
equations simuitaneously,

2x, = 762 ft
= 2,286 ft

and 2y,

Thus, for a vertical well, the
drainage length along the
north-south direction, which
is a high permeability direc-
tion is 2,286 ft.

Hence, vertical well spac-
ing along the north-south di-
rection, 2y,, should be three
times as large as alang the
east-west direction, 2x..

Assuming that each well tip
of a horizontal well drains half
of a vertical well, for a 2,000
ft long horizontal well drilled
along the east-west direction,
the drainage iength aiong this
direction is 2x, = 2,000 +
762 = 2,762 ft.

Similarly, drainage length
along the north-south direc-
tion will be the same as that
for a vertical well which is
2y, = 2,286 ft.

Therefore, well spacing
should be at least 2,286 ft
along the north-south direc-
tion and the horizontal well
tips should be spaced at least
762 ft apart.

Thus, welt spacing require-
ments for vertical, as well as
horizontal wells, are different
in isotropic and anisotropic
reservoir,
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BOOKS

Marine Technology Reference
Boak, edited by Nina Mor-
gan. Published by Butter-
worths, 80 Montvale Ave.,
Stoneham, Mass., 02180.
$7985.

This reference covers most
areas of marine and offshore
technology. It is designed,
says the publisher, 1o be a
first point of reference for the
main branches of marine
technoiogy. It will be useful
for engineers who are knowl-
edgeable in one branch of
the subject and wish to leam
guickly the most important
basics of another branch.

The sections of the book
have been written by experts
in the field and cover ocean
envirenments, offshore struc-
tures, naval architecture,
submersibles and diving, ma-
rine risers and pipelines, cor-
tosion, safety, and more.

WOAD: Woridwide Offshore Ac-
cident Databank, Statistical Re-
port 1990, published by Veri-
tec, P.Q. Box 300, N-1322
Hovik, Norway. $230.

Here is statistical informa-
tion on all aspects of offshiore
safety. It is an at-a-glance ref-
erence designed for anyone
engaged in offshore safety
and reliability, cost/benefit
analysis, and insurance.
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World methanol capacity/demand balance

‘1989 - 1990

1006

Foracast

. 1991 ‘1892 1993
: : -~ 1,000 matric tons ST

Formaidetyde 6917 7.082 1274 7472 7,830
OMT 637 647 853 854 670
Acetic acid 1,213 1,382 1,507 1,548 1,835
MTBE 2,997 2,426 2,544 3.569 065
Methyt methacrylate 492 494 540 569 585
Gasolinefusls 195 265 270 200 . 2358
Salvents 1,288 1,334 1,378 1,413 1,456
Others 4,168 4,564 4,675 - 4,798 4,880
Nontatulated countrias 240 245 250 285 260
Total demand 17,347 18,419 18,491 20,489 21,416
Namepiate capacity 22,123 22,513 23,191 24,091 24,776
Capacity @ 80% 19,911 20,262 20,872 . 21,682 2,298
Percant utllization @ namepiate 7 82 84 - 8§ 86
Parcent ulllization @ 30% nameplate a7 21 a3 94 96

* Estimated.

Sourca: Crocco & Associates inc.

Methanol
supplies
could be
pinched
by mid-
1990s

Global supplies of metha-
nol could be very tight by the
middie of the 1990s because
of pending reformulated gas-
oline specifications.

Those specifications will
require a minimum oxygen
content in gasoline hlends to
reduce emissions af carbon
monoxide.

Most of the oxygen re-
quirement will be met by
blending methyl tertiary butyl
ether (MTBE) into gasoline.
Methanol is cne of the two
feedstocks needed to make
MTBE.

A multiclient study, con-

ducted by Crocco & Asso-
ciates Inc., Houston, shows
that global methanol demand
will grow 4.1 million metric
tonsfyear to about 21.4 mil-
lion metric tons/year in 1993
fram about 17.3 millicn metric
tons/year in 1989, an in-
crease of some 23%. That is
primarily in response to in-
creased demand for MTBE
(see chart),

Methanol namepiate pro-
duction capacity will grow,
however, only 12%, moving
to about 24.8 million metric
tons/year by 1983 from
about 22.1 million metric
tons/year in 1988 (see la-
bie).

Caonsidering that only
about 90% of nameplate ca-
pacity can be fully utilized,
the increased demand will
push methanol plant operat-
ing rates to 96% by 1993,
according to Crocco & Asso-

ciates.

There are currently a few
methanol plant projects un-
der way that wili add some
methanol capacity. Two or
three smalf plants in the U.5.
and the Petralgas plant in
New Zealand, that will clean
up crude methanal to chemi-
cal grade, will start this year
and add about 450,000 met-
ric tons/year capacity, ac-
cording to Crocco & Asso-
ciates.

One large-scale methanal
plant is under construction in
Saudi Arabia, but this plant
will not likely start up until
1992,

Higher methano! demand
will boost methanol prices
during the 1990s and spur
new plant construction. But
new piant facilities would
take some time to construct,
keeping methanol supplies
tight. -
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METHODS CALCULATE AREA DRAINED BY HORIZONTAL WELLS

S.D. Joshi
Joshi Technologies Intemational Inc.
Tulsa

The drainage area of a horizontal well can be calculated by averaging the results obtained from two different methods.
For anisotropic reservoirs, nonuniform permeability has to be included in drainage area calculations.

WELL SPACING

Horizontal wells, in general, give higher reserves than vertical wells. Two reasons for obtaining higher ultimate reserves
are increase in the drainage area and increase in the recovery factor.

The most important reason for obtaining higher ultimate reserves from horizontal wells is the significant enhancement of
the drainage area, especially as compared to vertical wells. The other reason for an increase in reserves is
improvement in the recovery factors. Recovery factor is the percentage of the original oil in place that can be produced.

At the present time, the field histaries tend to indicate that the recovery factors are, in general, 2-5% higher than those
for vertical wells. Until more long term histories are available, it is difficult to make an exact judgment on the
improvement of recovery factors.

In a given time period, a horizontal well drains a larger reservoir volume than a vertical well. Thus, the spacing used for
a horizontal well should be larger than that used for a vertical well.

The drainage area of a horizontal well also depends upon natural fracturing in a fractured reservoir.

In a naturally fractured reservoir, a horizontal well drains more volume in the direction parallel to the natural fractures
than in the direction perpendicular to the natural fractures. Therefore, the well spacing requirement along a fracture
trend is different than that perpendicular to the fracture trend.

It is important to note that even for a vertical well, the well spacing is based upon the reservoir parameters and
economic criteria. Theoretically speaking, one can drill a single well in a large reservoir and it will drain the entire
reservoir, although it may take a very long time.

Well spacings are designed so as to maximize the oil recovery and economic benefit of production. To estimate the
drainage area of a horizontal well, first one must estimate the drainage area (or well spacing) of a verticai well.

PSEUDOSTEADY STATE

Dimensionless time, tD, which is used to define various regions, is given as:
[SEE FORMULA (1)]

and area-based dimensionless time

[SEE FORMULA (2)]

Thus

[SEE FORMULA (3)]
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where: k = permeability (md), t = time (hr), f = porosity (fraction), viscosity (cp), cti = initial total compressibility (psi-1), A
= area sq ft, and rw = well bore radius, ft ,

For a vertical well located at the center of a drainage circle or a square, the time to reach pseudosteady state is tDA =
0.1. Substituting this in Equation 3, we have

[SEE FORMULA (4)]
[SEE FORMULA (5)]
tpss = time to reach pseudosteady state in hours
[SEE FORMULA (8)]

tpdss is the time to reach pseudosteady state in days.

Generally, oil wells are developed on 40-acre spacing and gas wells are developed on 160-acre spacing. Hence 40
acres 40 x 43,560 sq ft/acre 1.7424 x 106 sq ft (7) ‘

160 acres = 160 x 43,560 sq ft/acre = 6.9696 x 106 sq ft (8)
Substituting these areas into Equation 6 gives for a 40 acre well:
[SEE FORMULA (9)]

and for a 160 acre well:

[SEE FORMULA (10)}

Equations 4 and 5 show that transient time depends on the basic reservoir properties, such as permeability, porosity,
and compressibility. Time to reach pseudosteady state does not depend on well stimuiation.

In the case of oil wells, normally, the time to reach pseudosteady state in of the order of a few days to months.

In contrast, for gas wells in low-permeability reservoirs, the time to reach pseudosteady state could be very long; in
some cases as long as a few years.

OIL WELL EXAMPLE

For an oil well drilled on 40-acre spacing, calculate the time to reach pseudosteady state given f = 10%, cti 0.00005 psi
1, k = 35 md, and m = 4.2 cp (shallow well-dead oil). Using Equation 5, tpss = 0.0002274 A = 396 hr = 16.5 days.

GAS WELL EXAMPLE

Calculate the time required to reach pseudosteady state for a gas well drilled at either 20 or 160-acre spacing in a
reservoir with an initial pressure (pi) of 1,450 psi and the reservoir properties of f = 7%, k = 0.03 md, m = 0.015 cp, and
cti = 0.000690 psi-1.

Again using Equation 5 tpss = 0.00915A. For 20 acres, tpss 7,974 hr = 332 days 0.91 years.
For 160 acres, tpss 63,772 hr 2,657 days 7.3 years of infinite-acting period.

As noted in the previous example, gas wells (or oil wells) drilled in a very tight reservoir, especially gas wells in
reservoirs with permeability less than 0.1 md, can take years for the transient state to end. In such tight reservoirs, it is
very difficult to drain the reservoir economically. In these cases, methods are needed to accelerate reservoir drainage.
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Infill drilling and horizontal drilling provide alternatives to drain the reservoir effectively.

The dimensionless time to reach pseudosteady state is tDA = 0.1, as long as the well is centrally focated in a drainage
plane, i.e., when the well is at the center of a circle or a square (xefye = 1).

When the drainage area becomes rectangular, the time to reach pseudosteady state increases. For example, when one
side of a drainage rectangle is five times larger than the other side (xe/ye = 5) the dimensionless time to reach
pseudosteady state is tDA = 1.0, i.e,, ten times longer than a vertical well located centrally in the drainage plane.

Thus, vertical wells are unable to drain effectively rectangular drainage areas in uniform permeability reservoirs.
As shown in Fig. la, a long horizonta!l well in a given time can drain a larger area than a vertical well.

A 40-acre spacing vertical well reaches pseudosteady state in 16 days. By the same principle (Fig. 1) a 2,000 ft long
well would reach pseudosteady state in a 101-acre area in 16 days.

Table 1 tells us that the time to reach pseudosteady state using vertical well draining a rectangle with dimensions xe/ye
= 2.5 would 2.5 times longer than that for a 2,000 ft long horizontal well (assumes L is 1 - the quantity ye/xe).

Thus, horizontal wells can be utilized to drain a larger reservoir volume than vertical wells in a given time period. This
becomes very important in tight reservoirs when close vertical well spacing is required to drain the reservoir effectively.

Therefore, in a tight reservoir, horizontal wells can be used to enhance drainage volume per well in a given time period.

AREAL ANISOTROPHY

The discussion so far has been restricted to reservoirs with homogeneous areal permeability, namely kx = ky (Fig. 1b).
In naturally fractured reservoirs, the permeability along the fracture trend is larger than in a direction perpendicular to
fractures. In such cases, a vertical well would drain more length along the fracture trend.

The derivation starting with Equation 11 can be used to estimate each side of a drainage area in an areally anisotropic

reservoir. The equation assumes a single phase, steady-state (time independent) flow through an homogeneous
formation.

[SEE FORMULA (11))

Assuming constant values of kx and ky in x and y directions, respectively, Equation 11 is rewritten as
[SEE FORMULA (12)]

Muitiplying and dividing throughout by kxky, Equation 12 becomes
{SEE FORMULA (13})]

This can be transformed into

[SEE FORMULA (14)]

where

[SEE FORMULA (15)]

and

[SEE FORMULA (16)]

Thus, an areally anisotropic reservoir would be equivaient to a reservoir with effective permeability of kxky. The drainage
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length along the high-permeability side is larger by a factor of ky/kx than the drainage length along a low-permeability
side.

Thus, if permeability along the fracture trend is 16 times larger than perpendicular to it, then drainage length along the
fracture is four times larger than the length perpendicular to the fracture (Fig 1b).

In such areally anisotropy reservoirs, using vertical wells, it is difficult to drain the larger reservoir lengths in the low-
permeability direction.

A horizontal well drilled along the low-permeability direction has a potential to drain a significantly larger area than a
vertical well and therefore recover more reserves than vertical wells.

Thus, horizontal weils are highly beneficial in areally anisotropic reservoirs.

It is obvious that in naturally fractured formations, horizontal wells drilled in a direction perpendicular to the natural
fractures are highly beneficial (Fig 1c). The success of horizontal weils in naturally fractured reservoirs, such as Austin
chalk formation in Texas and Bakken formation in North Dakota, illustrates the advantage of horizontal drilling in areally
anisotropic formations.

For fractured vertical wells, limited results are available to calculate the time to reach pseudosteady state in square
drainage boundaries.1 2 Khan has obtained results for fractured vertical wells in rectangular areas.3

Recently, similar results were also available for horizontal wells.4-6 Mutalik, et al.,4 calculated the time to reach the
pseudosteady state for fractured vertical wells and horizontal wells in rectangular drainage areas (Tables 1 and 2).

it is important to note that there is some discrepancy in calculating the time to start pseudosteady state. For a single-
phase flow in a homogeneous reservoir, the relationship between the dimensionless pressure and the dimensionless
time for a well producing at a constant rate in a bounded reservair (i.e., reservoir with a fixed drainage area) is a given,
as

[SEE FORMULA (17)]

where A' is a constant.

Taking derivative of Equation 17 gives

[SEE FORMULA (18)]

Thus, in a single-phase flow calculation, pseudosteady begins when slope, m, becomes 2p.

Some engineers assume that when m reaches within 10% of 2p value, pseudosteady begins. Others use 5% criteria
and a few use 1% criterion.

Depending upon the criterion used, one can estimate different values for the beginning of pseudosteady state. Different
criterion can give significantly different values for the beginning of pseudosteady state.7 8

At present, there is no consensus about the criterion, but most engineers accept tDA = 0.1 as a dimensionless time to
start a pseudosteady state for a vertical well located centraily in either a circular or square drainage area.

Reference 1 does not include information about criterion that were used to calculate tDA = 0.1, probably because these
results were obtained using a numerical simulator.

The results by Mutahk et al.4 for calculation of pseudosteady state for horizontat wells are probably conservative
because they used a slope requirement of 5% within the value of 2p.

The above discussion indicates that before using any dimensionless time to reach pseudosteady state, it is important to
critically review the criterion that has been used. This is especially important in determining well spacing in Ieases that
last only for a short time, say less than 10 years.

In these reservoirs, knowing the beginning of pseudosteady state becomes important to drain a reservoir effectively in'a
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limited time period.

DRAINAGE

Due to longer well length, in a given time period under similar operating conditions, a horizontal well will drain a larger
reservoir area than a vertical well. If a vertical well drains a certain reservoir volume of area in a given time, then this
information can be used to calculate a horizontal well drainage area.

A horizontal well can be locked upon as a number of vertical wells drilled next to each other and completed in a limited
pay-zone thickness. Then as shown in Fig. 1d, each end of a horizontal well would drain haif a circular area, with a
rectangular drainage area at the center.

This concept implicitly assumes that the reservoir thickness is considerably smaller than the sides of the drainage area.
It is possible to calculate the drainage area of a horizontal well by assuming an elliptical drainage area in the horizontal
plane, with each end of a well as a foci of drainage ellipse.

The methods to estimate drainage areas of horizontal wells generally give fairly similar results. As a rule of thumb, a
1,000 ft lang horizontal well can drain twice the area of a vertical well, while a 2,000 {t long welt will drain three times a
vertical well, in a given time.

Thus, it is important to use larger well spacing for a horizontal well development than that used for a vertical well
development.

The following examples for drainage area calculations are for reservoirs with uniform permeability in the areal plane. In
a fractured reservoir, where permeability in one direction is higher than the other, then the well would accordingly drain
a larger length in a high-permeability direction by a factor of ky/kx. The ky represents higher permeability and kx
represents lower permeability in the horizontal plane (Fig. 1c).

HORIZONTAL WELLS NEEDED

A 400-acre lease is to be developed using 10 vertical wells. An engineer suggested drilling either 1,000 or 2,000 ft long
horizontal wells. Calculate the possible number of horizontal wells that will drain the lease effectively. Assume that a
single vertical well effectively drains 40 acres.

If rev is a drainage radius of a vertical well, then a 40 acre vertical well drains an area of a circle = prev2 = 40 acres x
43,560 sq ft/acre, rev = 745 ft.

Two methods can be employed to calculate horizontal well drainage area on the basis of 40 acre drainage area of a
vertical well.

In Method 1 (Fig. 1d), a 1,000 ft long well will drain 74 acres. The drainage area is presented as two half circles at each
end and a rectangle in the center. Similarly (Fig. Id) a 2,000 ft iong well will drain 108 acres.

In Method 2, if we assume that the horizontal well drainage area is an ellipse in a horizontal plane, then for a 1,000 ft
long well:

a = half major axis of an ellipse = (L/2) + rev = (1,000/2) + 745 = 1,245 ft
b = half minor axis of an ellipse = rev - 745 ft

Drainage area = pab/43,560 = 67 acres

Similarly for a 2,000 ft long well, a = (L/2) +745, 1,745 ft

b = 745 ft, and drainage area = pab/43,560 = 94 acres.

i

The twb methods give different answers for drainage area. If average areas are used the 1,000 ft well will drain 71
acres, and a 2,000 ft well will drain 101 acres. Thus, a 400-acre field can be drained by ten vertical wells, six 1,000 ft
long wells, or four 2,000 ft long wells.
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Horizontal wells are very appropriate for offshore and hostile environment applications where a substantial upfront
savings can be obtained by drilling long horizontal wells. Because a large area can be drained with less wells, fewer
slots are required on offshore platforms, and therefore, costs are significantly reduced.

ALTERNATIVE WELL LENGTHS

A B00-acre lease is to be developed with ten vertical wells. Another alternative is to drill 500, 1,000, or 2,000 long
horizontal wells. Table 3 shows the possible number of horizontal wells that will drain the leases effectively. A 60 acre
vertical well would drain a circle of radius, rev, of 812 ft. Area of a circle = prev2 = 60 acres x 43,560 sq ft/acre, rve =
912 ft.

Again using the two methods described in the previous example, Table 3 shows that a 600-acre field can be effectively
drained either by ten vertical wells, eight 500 ft long horizontal wells, six 1,000 ft long wells, or five 2,000 ft long wells.

DEVELOPMENT PATTERNS

A 360 acre lease (Fig. 2) is to be developed using nine vertical wells. How many 1,000 ft long horizontal wells could
drain this reservoir effectively? How many 2,000 ft long forizontal wells could drain this effectively? What is the
suggested development pattern.

As shown in one of the previous examples, if a vertical well drains 40 acres effectively, 1,000 ft and 2,000 ft long
horizontal wells would drain 80 and 120 acres, respectively.

With 1,000 ft long wells, the 360 acre lease could be developed using either four horizontal wells and one vertical well or
three horizontal wells and three vertical wells. The possible configurations are shown in Fig. 2.

Because a 2,000 ft iong horizontal wel! could drain 120 acres. A 360 acre lease also can be developed using three
2,000 ft long horizontal wells.

ANISOTROPIC DEVELOPMENT

A well, Harris-1, drains approximately 40 acres in a 35 ft thick naturally fractured reservoir.

Pressure tests conducted between the Harris-1 and the well to the east between Harris-1 and the well to the north,
indicate permeability differences along the two directions. The permeability along the east-west, kx, is 0.5 md, while the
permeability along the north-south direction, ky, is 4.5 md. An engineer proposed to drill a 2,000 ft long horizontal well
along the east-west direction. Estimate the drainage area and dimensions of each drainage area side.

Let us assume that the vertical well, Harris-1, drains a rectangle area due to anisotropy.
If the reservoir has a uniform permeability, then the well would drain a 40 acre square with each side being
[SEE FORMULA]

The reservoir has nonuniform permeability in the areal plane with kx = 0.5 md and ky 4.5 md. Hence, ky/kx =4.5/0.5=9
and ky/kx =3

if the drainage rectangle has sides 2xe and 2ye, and if we assume that Harris-1 drains only 40 acres (Equations 15 and
16):

(2xe) x (2ye) = 40 x 43,560
additionally due to anisotropy, 2ye/2xe = 3.
Solving the above two equations simuitaneously,

2xe = 762 ft and 2ye = 2,286 ft :
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Thus, for a vertical well, the drainage length along the north-south direction, which is a high permeability‘direction is
2,286 ft.

‘

Hence, vertical well spacing along the north-south direction, 2ye, should be three times as large as along the east-west
direction, 2xe.

Assuming that each well tip of a horizontal well drains half of a vertical well, for a 2,000 ft long horizontal welf drilled
along the east-west direction, the drainage length along this direction is 2xe = 2,000 + 762 = 2,762 ft.

Similarly, drainage length along the north-south direction will be the same as that for a vertical well which is 2ye = 2,286
fl.

Therefore, well spacing should be at least 2,286 ft along the north-south direction and the horizontal well tips should be
spaced at least 762 ft apart.

Thus, well spacing requirements for vertical, as well as horizontal wells, are different in isotropic and anisotropic
reservoirs.
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Abstract

Evaluation of the production performance of a horizontal well
is an effort to justify: both the technical and economic
successes of the project, particularly in an area of horizontal
well development. When this implementation shows a good
promise for the plan of reservoir management, the engineers
involved should be able to estimate the drainage area of the
horizontal well. This is of importance in optimizing well
spacing for the development.

This paper presents a method to estimate the drainage area of a
producing horizontal well. The method was developed by
combining an equation of production decline introduced by
Shirman (1998) with an equation of material balance. The
advantages of the method presented here over the existing
ones available in the literature are simple and no requirement
of ultimate recovery data.

Field data of four producing horizontal wells were used to
evaluate the proposed method. Having the production
performance and the rock and fluids properties data,
calculation was performed to determine the drainage area of
each well under the study. The validation was done by (1)
comparing our results with that of a previous study and (2)
calculating the productivity index (PI) using a horizontal well
inflow equation and then compared with that measured in the
field. The comparisons show a very good agreement for all the
cases considered, revealing that the method is successfully
applied.

In addition, the paper also discusses the straiegy of orienting a
horizontal wellbore to maximize the benefit of horizontal well
application.

Introduction

The main objectives of the use of horizontal wells are to
increase and accelerate the rate of oil production and to
ultimately recover more oil from underground. These
objectives can be accomplished because, compared with
conventional vertical wells, for the same drawdown horizontal
wells can produce higher volume of fluids daily and can drain
larger reservoir area. Considering the latter advantage, the
spacing employed for horizontal well should therefore be
larger than that used for a vertical well. However, an optimum
condition must be evaluated because both the reservoir
characteristic and economic criteria dictate the well spacing.

Particularly, in the area of horizontal well development,
the real challenge is to make accurate evaluation of the
drainage area. Results of the evaluation are then considered in
the development program for maximizing the oil recovery and
economic benefit of production.

Several methods, such as pressure transient analysis,’
decline curve amalysis,z’3 and most recently inverted decline
analysis,® are commonly used for determining the drainage
area of a vertical well. Principally, such approaches may also
be employed for horizontal well cases.

In 1990, Joshi® introduced methods to calculate drainage
area of a horizontal well in isotropic and anisotropic
reservoirs. He explained the relation between drainage area of
a vertical well and that of a horizontal well. He suggested that
one must estimate the drainage area of a vertical well in order
to estimate the drainage area of a horizontal well. He also
described the effect of lateral anisotropy on the drainage area.
The drainage length along the high-permeability side is longer
than the drainage length along a low-permeability side.

Later Reisz® presented a method to estimate drainage area
of a horizontal well in an effort to evaluating the reservoir
performance of Bakken formation. The method is based on
material balance and decline curve analysis for single phase
flow. The derived equation for calculating the drainage area
contains Recovery Factor, which is not always available for
many cases.
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Vo and Madden’ recently conducted an analysis study,
which couples pressure transient test data and rate-time data of
horizontal wells in an attempt to characterizing the reservoir
and analyzing the performance of horizontal wells. The
methodology is basically generic and could be applied to
horizontal or vertical wells.

The objective of this paper is to provide an alternative
method to estimate the drainage area of a horizontal well. The
method was derived by employing equations of material
balance and decline curve. Combining these two equations
results in an equation from which a drainage area can then be
calculated. Field data are used to validate the method. The
results are compared with those obtained by previous study.

Since the lateral anisotropy affects the shape and size of a
drainage area, some numerical examples are presented to

highlight the importance of orienting a horizontal wellbore

correctly in order to maximize the benefit of horizontal well
technology.

Method of Approach
Decline curve analysis is a method that is widely used for
predicting future production rate and for estimating the
drainage area of a producing well. For a well producing oil
from a bounded homogeneous reservoir holding
incompressible fluid and a single phase flow at a constant well
pressure, the following equation, which is derived from
material balance and inflow performance equations is useful to
be used for predicting production rate versus time.®
F;-P wf
1 5.615B,¢t
+

J Ah¢C,

g()= M

At a pseudo steady-state condition, productivity index of
horizontal well, J;, can be estimated using the equation below,
neglecting wellbore frictional losses.?

0.00708k ;AL

#B[o.szs(x,, —Ye\/—%' }L B h{ln( 2”;; \/% J- 0.75H

(2

When production data and all parameters in Eq. (1),
except the drainage area, A, are available for a given
producing well then A can be determined, as long as all the
reservoir boundaries have been felt and single phase flow
holds. This situation must yield a constant value of A at all
time, assuming no interference caused by any new wells in the
same reservoir.

In many cases, however, production data are erratic. To
handle cases of this kind, a method that is capable of
predicting the decline trend is required. There are type curve
matching techniques that can be used to derive decline
equation. Most recently, Shirman’ proposed a universal
approach to the decline curve analysis. This method can be

Jh=

employed to obtain the best trend line. His decline curve
equation is written as follows:

-1/b

(1) = q;(1+bag?t) 3)

The procedure to use this approach is described in detail in
Ref 9. Substituting Eq. (3) into Eq. (1) results in the equation
below:

1.289x107* B, 1
A= > @)
P - 1
hoC, : :f YR
q;(1+bag;'t)

When the requirements in the assumption stated above are
met, drainage area A should then be a constant. In reality
physical properties of reservoir rocks and the residing fluids
change with producing time, raising a difficulty in evaluating a
constant value of A through Eq. (4). However, if we know the
time for pseudosteady-state flow to start occurring in the
reservoir, we may estimate the drainage area of the well. But
this is not always the case.

To solve the problem, we offer two ways of solution for
estimating drainage area of a well employing the equation
above. The first way is to have the derivative dA/dt = 0, which
is

J(P; - P,z aqft
(1+bag?lt)
and solve for z. The time 7 obtained is then used for calculating
the drainage area with the use of Eq. (4). The second way is to

plot A versus ¢ and then take the slope of zero on the curve,
resulting in a constant A.

- (J(P,- ~P,)~4q;(1+bagly™® )= 0

In this work, the later was used and the time t obtained at
the slope equals to zero was compared with the time to start
pseudosteady-state flow, 2, For the case of a horizontal well,
the equation'® below can be used to estimate 1, although 7,
is not equal to but should be lower than 1,, because a
pseudosteady-state flow occurs when the pressure transient
has reached the farthest boundaries and the pressure
disturbance in all directions has reached equilibrium.

1,650 ¢uC, X
teprf = —-——kh—l-—e— (6)

The method proposed here for estimating a drainage area is
an alternative technique and will be demonstrated by
employing field data to show its applicability.

Data and Decline Analysis
Data required for applying the method presented in this

. paper include daily production data versus time, flow test data,

and reservoir rock and fluid properties data of the productive
zone of interest. In this study, complete data sets available
have been obtained from Ref. 7.
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The reservoir and well data are shown here in Tables 1 and
2. The production data of each well under the study were
digitized from the corresponding figure showing the actual
daily rate versus time as presented in Ref. 7.

Application of the Shirman method to obtaining the best
match of production data was carried out for each of the
horizontal wells. Figs. 1 to 4 show results of the rate decline
matched for the actual data of wells C-50, C-48, C-35, and C-
29, respectively. Parameters a, b, and initial rate gi obtained
for each well are presented in Table 3. These parameters will
then be used for the purpose of estimating the drainage area as
required for the use of Eq. (4).

Results and Discussion
Drainage Area — Field Examples

In calculating a drainage area using Eq. (4), the most

difficult data to measure with reasonable accuracy is an
average thickness within a large area drained by the well. The
data of thickness reported (see Table 1) and used in this work
ranges from 20 to 50 ft. In this context, therefore, we have put
some efforts to analyzing all the data available in estimating
the average reservoir thickness for each horizontal well under
this study.

The information that is helpful in the analysis is the flow
capacity of each well and the productivity ratio of horizontal-
to-vertical wells (J,/J,) for the field. The related information is
presented in Table 2. With these data, we can determine
productivity index of the corresponding vertical well in the
similar conditions, i.e. J,=J,/AJ/J,). Furthermore, we may say
that for a given two vertical wells producing oil from similar
reservoirs, J,/1.; = kihi/koh,. The following is a description to
estimate reservoir thickness from the available information.

On the basis of the flow capacity of all the wells, it appears
that the highest flow capacity is provided by well C-29, i.e. J,
= 2.43 STB/day/psi, and thus the corresponding vertical well
has J, = 2.43/1.8 = 1.35 STB/day/psi. In the same way we can
calculate J, for the other wells, giving J,’s significantly lower
than 1.35 STB/d/psi. We might speculate therefore that the
well C-29 drains the thickest zone in the field, i.e. 50 ft.
Finally, using the appoach of J,/J,; = kih/kohs, we can
estimate average thickness for the other wells. The results are
summarized in Table 4.

Based on the analysis just described above and the results
obtained, we continue the work in estimating the drainage
areas using Eq. (4). As has been explained in the section of
method of approach above, the drainage area is determined at
zero slope on the curve of A vs. time, as shown in Figs. 5to 8
for our cases herein. Table 5 summarizes and compares the
results with those of a previous study. Results of the two
different studies are in good agreement.

It is clearly observed in Figs. 5 to 8 that A varies with
producing time. Certainly, A for a given well should be
constant when all the reservoir boundaries have been reached
and an equilibrium condition has been achieved. This variation
of A with time is merely due to inability of the analytical
method to account for fluid and rock property changes, as
implied by all restrictions born in the assumption used.
However, the calculated drainage area should represent the
area when the equilibrium conditions for pseudosteady-state
flow has been achieved. The period of time required to
achjeve the equilibrium may be roughly estimated using Eq.
{6) for a horizontal well case. It should be noted in this context
that boundary affected flow will start after pseudo-radial flow
ends. Therefore, we can check whether time ¢ to obtain the
zero slope is about close to £, estimated using Eq. (6), or not.

Table 6 presents results of 1,y calculations as compared
With s siope fOr each horizontal well. In general, we obtain
that they are in fair agreement, indicating that pseudosteady-
state flow was established for most the cases at the respective

Lzero slope.

At the end, we try also to calculate the productivity index
employing Eq. (2) for each horizontal well under the study
based on the drainage area obtained and then the results are
compared with those observed in the field. Table 7
demonstrates the results and the comparison shows excellent
agreement.

Effects of Lateral Anisotropy

All we have discussed above were focused on laterally
isotropic cases. Probably, many reservoirs are laterally
anisotropic, where permeability in x-direction is considerably
different from that in y-direction. At present it is difficult to
find any complete field data set in the pertinent literature
representing the anisotropic cases.

Knowing detailed characteristics of a reservoir is very
important because inflow performance of horizontal well is
significantly influenced by the directional permeability.
Knowledge of regional or local stresses distribution within a
geological structure and the depositional history of the
formation is also very useful in predicting the largest
directional permeability. We believed that a horizontal well
should be oriented such a way that the expected flow capacity
is maximized. However, the objective of reservoir
management must be achieved.

We now look insight about the effect of lateral anisotropy
on the reservoir area drained by and the flow capacity
expected from a well. To facilitate discussion, we have two
sets of hypothetical reservoir data as presented in Table 8. For
Case-1, a vertical well will drain an area comprising of a width
X, = 1180 ft and a length Y, = 2066 ft. If, instead of a vertical
well, a 1700-ft horizontal well is drilled in y-direction in this
reservoir then the drainage area components will be X, = 1180
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frand Y, = (1700+2066) ft = 3766 ft, or A = 102 acres. At this
condition, productivity index of the horizontal well will be
1.76 STB/d/psi. But if the well is drilled in x-direction then the
drainage sides will be X, x ¥, = 2880 ft x 2066 ft and thus the
area will be 137 acres with the productivity index of 1.85
STB/d/psi. It is obvious for Case-1 that a horizontal well
should be drilled with wellbore axis perpendicular to the
largest directional permeability.

Example of Case-2, which is a kind of fracture reservoir,
will give a more clearer picture when the degree of lateral
anisotropy becomes higher (see Table 8). For this case, a
vertical well will drain an area with X, = 843 ft and Y, = 2893
ft. Substituting for the vertical well, the 1700-ft horizontal
well drilled along y-direction will have a drainage area of 843
ft x 4593 ft or A = 89 acres and a productivity index of 3.3
STB/d/psi. Whilst, the horizontal well drilled along the x-
directional will drain 2543 ft x 2893 ft or A = 169 acres,
resulting in a productivity index of 5.52 STB/d/psi.

From the two examples described above, one can realize
the importance of detailed characteristics of a reservoir before
the implementation. Benefits obtained by orienting a
horizontal wellbore axis perpendicular to the highest
directional permeability are two folds, which are larger
drainage area and higher productivity index.

Conclusions

1. An alternative method to estimate the drainage area of a
horizontal well has been presented. Applicability of the
method has been demonstrated by using field data.

2. The degree of uncertainty of the average reservoir
thickness within the drainage area may be reduced by
analyzing all the data available that relate to the flow capacity.

3. Detailed characteristics of the reservoir is absolutely
important to maximize the benefits offered by horizontal well
technology. Orienting the wellbore axis requires knowledge of
the reservoir permeability distribution and direction.

Nomenclature

a = production decline at unit rate

A = drainage area, acre
A, = vertical well drainage area, acre

b = decline exponent
B, = oil formation factor, rb/STB

C, = total compressibility, psi-1

h = resevoir thickness, ft

J = producrivity index, STB/d/psi

Jy = productivity index of horizontal well, STB/d/psi
J, = productiviry index of vertical well, STB/d/psi
k;, = horizontal permeability, md

k, = vertical permeability, md

k. = permeability in x-direction, md

k, = permeability in y-direction, md »

k, = permeability in z-direction, md

L = horizontal well length, ft
P; = initial pressure, psi
P.; = bottom hole flowing pressure, psi
q = production rate, STB/d
q; = initial production rate, STB/d
r, = wellbore radius, ft
t = time, day
Loy = end of pseudoradial flow, hrs
X, = reservoir width, ft
Y, = reservoir length, ft
B = vertical anisotropy factor, dimensionless
U = viscosity, cp
® = porosity of reservoir rock, fraction
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TABLE 1-GENERAL DATA OF THE RESERVOIR AND
WELL PARAMETERS’
Reservoir pressure, psi 350
Reservoir temperature, °F 85
Porosity, fraction 0.30
Reservoir thickness, ft 20-50
Qil gravity, °API 22
Qil Formation Volume Factor, rb/STB 1.03
Oil viscosity, cp 43
Borehole diameter, ft 0.66
TABLE 2-HORIZONTAL WELLS DATA’
Leﬁ' kh kv P i P wf Ct Observed P1
Well ({0 (md)  (md) (s} (psi)  (psi) (STB/dips)  JH,
C-50 1166 832 83.2 136.8 21.5 1.5x107 1.21 14
C-48 1047 272 223 210.3 33.4 1.5x10° 0.73 2.2
C-35 730 372 43.6 159.8 15 1.0x107 0.56 1.5
C-29 1246 950 24.5 275.7 76.2 2.2x10° 2.43 1.8
TABLE 3 - DECLINE PARAMETERS OBTAINED
FROM SHIRMAN’S METHOD
qdi
Well a b STB/month
C-50 1.03e-8 1.82 21340.06
C-48 3.69¢-8 1.76 7777.25
C-35 2.73e-9 2.12 9354.25
C-29 1.5e-11 2.38 32366.4
TABLE 4 - ESTIMATION OF RESERVOIR THICKNESS
ky Jy J, h
Well (md) (STB/d/psi) I, (STB/d/psi) [¢i3)
C-50 832 1.21 14 0.86 35
C-48 272 0.73 22 0.33 43
C-35 372 0.56 1.5 0.37 40
C-29 950 2.43 1.8 1.35 50
TABLE 5 - RESULTS OF DRAINAGE AREA ESTIMATED
Time to obtain Drainage Area
Zero Slope {Acres)
Well (days) Present Study Previous Study’
C-50 1680 1445 1119
C-48 756 346 367
C-35 1272 908 574
C-29 338 492 694
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TABLE 6 - COMPARISON OF TIME PERIOD FOR ZERO SLOPE AND t.,r

Well
C-50
C-48
C-35
C-29

Drainage Area X, Teprf
(Acres) (ft) (days)
1445 7900 1000

346 3800 737

908 6300 942

492 4600 440

zzera slope

(days)
1680

756
1272
338

TABLE 7 - CALCULATED PRODUCTIVITY INDEX
AND THE COMPARISON WITH FIELD DATA

Productivity Index (STB/d/psi)

Well Calculated Field Data’
C-50 1.29 1.21
C-48 0.77 0.73
C-35 0.52 0.56
C-29 2.40 2.43

TABLE 8 - HYPOTHETICAL DATA OF RESERVOIR

AND WELL DESCRIPTION
Parameters Case-1 Case-2
Pnes, T 39 39
k,, md 13 150
k., md 17 17
ky, md ' 52 200
Hos CP 7.1 7.1
B,, rb/STB 1.10 1.10

T, Tt 0.38 0.38

A,, acres 56 56

»
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Fig. 1-Production decline of well C-50.
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Fig. 2~Production decline of well C-48,
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Fig. 3-Production decline of well C-35.
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Fig. 4-Production decline of well C-26.
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Summary. This paper presents screening criteria for vertical and horizontal wells witk or without induced fractures. The parametzic
basis of such screening makes the decision on either type of well more cbjective. A simple procedure to caleulate the optimum mumber

of orthogonal transverse

fractures in horizontal wells and their sizes is also presented. Two Important comparisons have not appeared

in the literarure: {1) the performance of a fully completed horizontal well with that of a hydranlically fractured well and (71 the perform-
ance of z hydraulically fractured horizontal well with that of a hydrauiicaily fractured vertical well, In addition, previous work does
not taks into account the effect of the plumbing system on well perfo:mance This paper is intended to fill these gaps.

Introduction

In the early 1980’s, major production successes through horizontal
wells were reportzd at the Prudhoe Bay field and the Rospo Mare
field, offshore Italy. The reported increase in production was on
the order of at least two to three times the equivalent production
of vertical wells. The Rospo Mare field happens to be the ideal
application of horizontal wells because of its producing formation
type. Giger er al.® reported that the Rospo Mare pay consists of
karsts that dre very-low-permeability, compact carbonates. The oil
resides mainly in the fractures and vugs of the karstic marrix sys-
tem. A horizontal well is more apt to intersect many of these dis-
crete patural fractures or vugular systems in such formations.

Recently, with the improvement in horizontal well drilling and
completion techrnology, the feasibility of horizontal wells is seri-
ously considered for such different reservoirs as the naturally frac-
tured Austin chalk formations, the low-permezbility Spraberry
formations in west Texas, the Hugoton formations in the Kan-
sas/Qklahoma region, and the naturally fractured Bakken forma-
tion in the Williston basin. Improvements in technology and
operating procedixres have also resulted in a substantial cost reduc-
tion. Wilkirson ef @l.2. reported @ reduction in cost per foot of
horizontal wells on the order of 40% over the average cost per foot
of the original three horizontal wells drilled at the Prudhoe Bay
field. Drilling costs, however, are still reponted to be 1.3 to 2 times
higher than'for comparable vertical wells.

Atterpts have also been made to induce hydravlic factures in
horizontal wells of low-permeability reservoirs. Unlike vertical
wells, more than one fracture can be induced in & horizental well.
These fractures should be parallel 10 each other and can be oz-
thogonal to'the horizontal well, dvparsdmg on its inclination with
the in~situ principal stress directions.?

In general, horizontal wells are believed to perform better than
their vertical counterparts in thin reservoirs, naturally fractured
reservoirs (duat-porosity and discretely fractured), reservoirs with
water- and gas-coning problems, and reservoirs with favorable ver-
tical permeability anisotropy. Naturally fractured reservoirs nor-
mally have favorable vertical permeability anisotropy largely as 2
result of verticel fractures. In this case, the anisomopy fratio of
horizontal/vertical permesbility) is almost unity. In reservois whers
the drive mechanism is bottomwater, gas cap, or a combination,
a horizontal well can be placed strategically and can be produced
with significantly lower drawdown, resulting in mcreased produc-
tion and uftdmate recovery.?

This study presents the effects of pemeabihty anisotropy, net
pay thickness, and horizontal permeability on the productivity of
hoerizontal wells on the basis of the inflow-performance relation-
ship suggested by Joshi.> The performance of fractared vertical
and fractured horizontal wells is compared. The fractured horizontal
well is treated as a choked vertical fracture because of the Hmited
contact between the well and the fractore, Well performance, cal-
culates by the optimum namber of induced hydraulic fractures in

*Now at Lectan Mining U.
Copyright 1891 Scciety of :‘-‘—e(ro!gum Enginacrs

2 horizontal well compared with those in a hydranlically fractured
vertical well, is evaluated with net-presant-value (NPV) consider-
ations.

Inflow Performance of Horizontal Wells

Giger et al.! reported the productvity of horizontal wells using
the steady-state equations for flow into horizomral wells prasented
by Merkulov® and Borisov.? They used (in Darcy units)

qy= . ce (1)
[ 1V 1-@i2rg)? k h
Hln ) —:——m( )-I
LiZra. L N2wr,/J

The derivation of Eq. 1 was ot published in Ref. 1. _

The flow of a single-phase fluid through 2 homogeneous porous
medium of uniform net thickness and produced through a horizontal
well can be described by a 3D Laplace equation (V2p=0). The
pressure distribudon arouad the horizontzl wellbore in the reser-
voir drainage area can be calculated by the solation of the 3D egua-

tion, with appropriate inner and outer bounda:y conditions. Iosh.z5

. simplified the 3D problem by coupling two 2D problems o the

premise that a horizontal well drains an ellipsoidal volume around
the wellbore of length £, as shown in Fig. 1. A comventional verri-
cal well, on the other hand, drains 2 right circular cylindrical volume
symmetrical around the vertical well axis. Fig. 2 shows the con-
figuration of the two 2D problems solved by Joshi. Immediately
around the wellbore, the flow is studied in 2 plane orthogonal to
tha wellbore axis—radial flow is basically assumed in this'region
{Cross Section BB). The other flow component into the horizontal
wellbore is considered to be in a horizontal plane (Cross Section
AA). The radial-flow problera is solved with Darcy’s law, where
the drainage radius is assumed to be one-half the net pay thickness,
the well is in the middle of the pay thickness, and the medium is
isotropic. Thus, radial ﬂow inte the wellbore in an orthogonal ver-
tical plane is

SakgLap Yrkphd .
gm—— B P A e

kB(n h/2r,)  pBIL)Ta(2r,)]

and gravity effects are neglected, |
Note that the factor = in the second term of the denominator of
Eq. 1, preseated by Giger er 2f,, does not occur i Eq. 2. .
The other flow component into the horizontal well inthe horizon-
1al plane, as solved by Muskat® using potential theory, was
presented by Joshi as

21?24'3]1.5./
xB{Infa+/a? —Z/2)? V@

25 Y~ R R " e A3y
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Total production of the horizontal well resulting from these two
flow components .is cbtained by adding the respective flow
resistances, or pressure drawdown per unit volumetric flow rate:

'4p/q=(ﬁp/é,)+(.ﬁp;’qg), ........................... @
. 2wkghip
and thus g= -+ -
¢ eV =Z? R [ RBY]
| cll
&2 L \2r,

for L>h and L/2<0.9rg. a, one-half the major-axis of the
~ drainage ellipse shown in Fig. 2 and given by JosHi, is

a=1/2(0.5+ {025+ T W2V IO505. L.l ©®

The derivation of Eg. 5 assumes complate isotropy in both the
horizontal and vertical plaves azd that permeabmty is kg in all
directions.

The assumption of isotropy in the nonzontal plane is very com-
mon n redial-flow calculations for vertical wells. The radial flow
component in ‘the verzical plane, however, canmot ke assumed to
be isotropic. In such sedimentary rock as sandstone, the horizon-
tal/vertical permeability ratio is commonly assumed to be 10:1.
" Consequently, Bg. 2 for radial flow in 2 vertical plane to a horizantal
well should be medified to account for any vertical anisotropy.
Muskat® accounted for such effects in the vertical plane by modify-
ing the vertical axis. The simple transformation to account for per-
meabzl.ry anisotropy is done by multiplying the net pay thicknass
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Fig. 4—Equivalent fracture half-length in vertical well to match
production from hotizontal-well

‘Flig. §—Vertical fractures in hgrizuntéi well,

by Loy =& g/ % and replacing permesbility in the vert:ca_ plane
by 2 geometric average permeability, (kgky)”* Thus, the Taas-
formed horizontal well productivity equation for a horaogeneous
reservoir with vertical anisotropy is

Z-‘Tkﬂkﬁp
g= - —, {7}
a2 —@IDT T Lk I\ )
uBiln l+Z—In '
L &i2 i L Non, /o

where 1 =Vkglky » L> Ik, and LI2<0.9rg. Eq. 7 (which is
in Darcy units) is used extensively in the parametric study of the
effects of anisotropy presented later. Note that r,, is acimal, not ef-
fective, wellbore radius. 7

Economides ez al. ? later found that Eq. 7 reguires az augmen-
tation. The term 2r,. in-the second logarithmic expression iz the
denominator must be seplaced by (4 + )ry,. For lazge permea-
bility anisotropies, this discrepancy can lead to errors.

Comparison of Horizontal Wells With Hydraulically
Fractured Vertical Wells

In low-permeability reservoirs where vertical wells are almost al-
ways hydraulically fractured, the engineering feasibilicy of unfrac-
tured horizontal wells should always be based on comparison with
equivalent vertical wells with hydraulic fracturss. An gasy way 1o

»
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do such 2 comparison is to use the concept of equivalent or effec-
tive wellbore radius. Equivalent wellhore radius is the extended
wellbore radins (underreamed well) that results in an equivalent
Pl of 2 well with a fixed fracture balf-length and conductivity. Fig.

" 3.shows Prats’i0 comrelation of dimensionless wellbore radivs,

ryp, With dimensionless fracture conductivity, Cyp, given by
D ==r,m/:cf, A

where 7, 18 the effecdve wellbore radivs resuitng fom a frac-
ture half-Jength, x,, and

CfD —l\fHI/kuxI 3 verterrseareiresesnrerecr PO {9)
where kpw=proppant-pack conducuv:ty Assume that
PWD=EL o fXe eeo i 10y

where m=0.5 for an infinfte-conductivity vertical fracture
{C;p=30) and m<0.5 for & finite~conductivity vertical fracture.
In other words, for infinite~conductivity vertical fractures, a frac-
ture helf-length of 1,000 ft is equivalent to an unfractured well with
a wellbore radius of 560 f as far as productivity is concerned. For
finite conductivity, this number can be calculated from Fig. 3.
When Prats’ correlation is applied, an equivalent fracture half-
length in a vertical well can be calculated to match the production
from 2 borizontal well of any fixed length. In this case, it may not
be unreasonable to assume equal drainage volumes, rygy=rg. K
the hydraulically fractured vertical weil is assomed to have an
equivalent wellbore radius, r,,,, then equating its PI with that of

2 herizontal well results in

271'th 3
uB In(rgy/rm) iV
2.1ka
a~NE—(LI2)2 Toh. { Loui?\
#Blin + n
- L2 N 2r, 4

v (IT)

. rayLi2)
angd thus = - =mep, .. {12)
I m:,h\ .’mhfL}

2y, )

where m= =0 .5 for an infinite-conductivity vertical fracmre. Eq. 12
shows thatin low-permeability formations, the economic feasibili-
ty of horizomtat wells depends stroagly on the permeability anisotra-
ov I, The higher the value of I,,;, the lower the fracture
bate length-required in the vertical well will be to match the produc-
tivity of 2 Horizontal well. n fact, the product 7% forms a better
correlating :parameter with equivalent fracture half-length, xr. Fig.
4 presents this correlation of Xp V8. Loy :# for the assumed fracture

e =

conductivities of 1.6, 10, and 150, respectively; and ryg=r =
1,490 ft, r,,~0.365 &, and L=2,000 ft, Fig. 4 leads to the fol-
lowing impormpt observations: (1) for 7,22 100, a vertical well
with an xr < 1,000 & and 2 Grp =10 can replace a 2,000-ft horizon-
1al well; and (2) increasing I,,; for a fixed A requires 2 Jower frac-
ture conductivity, a lower fractore half-length, or both to replace
a 2,000-ft horizontal well. Note that Fig. 4 presents an example
for 2 2,000-ft borizontal well. Increasing the well leagth would make
the horizontal well compare better with the bydyanlicelly fractys *-“*d
vertical well.

Infinite-Conductivity Vertical Fractures in
Horizontal Wells
To induce multiple transverse vertical fractures in horizontal wells,
the horizontal section must be cased, selectively perforated, and
fractured starting at the end of the horizontal section. If ths non-
fractured casing interval is not perforated, then 2 minimure nem-
ber, n, of vertical fractures is reguired just to artain the productiviey
of the apen bole (encased horizontal completion). This analogy is
also applicable when massive natuzal fractures in a tight formetion
are penetrated by the well. r can be caleulated by asseming infinite-
conductivity vertical fractures with fracture half-length x¢. For an
opeshole completion, horizontal well productivity is given by Eq 7.
E r orthogonal hydraulic fractures of half-length x; are required
to match the openhole production, then each fracture must pradace
with 2 rate 97 where'

GAP=RGelAD. oo Feeieaes {13y

Assuming that the distancs betwesn two fractures is 2x @ig. 5
and that only linesr flow occurs in the formation to produce into
the fractures, then

qu/ Ap 5{2155{(2th}}[ FBX. ......................... (14)
Combining Egs. 7, 13, and 14 yields
2xkgh
{ T a+N@~ELi2% ] it (fa,,,-k )Y
{. @iz 2, /0
=[2nk. .r.k}}f_B.r ......................... e (15}
O W/C=2Xf YT, ovei e i (16}
_ a+Var—@ne | Iyk AN
where c=m[ ¢ ] = m( e N ).
L Lz L 2r,
mdx=LiRE=1L oo e e taerenne (18
Substituting the x value from Eg. 18 into Eq. 16 gives

wfC=[Axen(n—DVL, ..oiiiiieiii {19)



50
= Ry o=OIma ~ Horizontal Well
- n = 1o -
- T iD= 13320 == Hycdraulically Fractured
= Vertical Well
=) 1o
3 -
§-:- s ’mﬂfm:
2 -
2 = m—-07R
Z 5o kpw
& T EGDQ__ = :m
- ==
- 200
S T A M R S R T N T N T T
¢ 1000 2000

Borehale Length, L o Fragiure Length, 2x, &)

4.0
¢ ~ % = 1rmd - piorizentizl Weil
TR =10t - = Vericat Wetl Wik
O o= Hycraulie Fracture 28
- Tub. 1D =244 in {az =0,
_‘-"—"
= 3no = -
3 / | e
2 3 .75
= = //—/—__1—0—
e - 1
R —— _’/_._,:_?:"—’5
& N —e— e e o s
5 o /k« W e e e
c . = =300 nzm‘r 25
0o -‘————“"——'—‘7‘—-::::‘
= /1 38
8o ) ¥ T T T T T T Y
s 300

550.0 60,0
Borehole Length, L or Fracture Length, 2x¢ (R}

i
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Fig. ¢—Anisotropy effect on performance of horizontal gas
well and comparison with hydraclically fractured verticai well |
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Eg. 21 shows that 2 minimum »n of inﬁmte—conductiviqr vertical
fractores are needed, when the cased horizontal section is not per-
forated outside the fractured regions, to match the production from
the unfracrured openhcle horizontal completion.

Example Application: Given Z=2,000 ft, A=100 ft, [,
rdE—I 490 ft (160-acre spacing}, and r,,=0.355 f, calcuiate zhe
minimum pumber of infinite-conductivity vertical fractures of

X =100 ft to match the unfractured openhole production. Calcu-
Iations are shown below.

l ) L "a’}! 470.5
From Eq. 6: a= 03-—— 0.25+

L2
2000 _ 1,490 \#10%
= 0.5+ 1025+ - =1,666
- 2 LN \ 1,066/ J
From Eq, i7:
/ 1,666+~1,6662 —1,0002 300 7/ 300 \
1,000 2,000 \2x0.355

=1,10+0.90=2.0. _
From Eq. 20: D=(2,000 X z)/(4X2 100) =7.85.

From Eq. 21: n=(1+~1+4x7.84 )/2=3.35=4,

In this case, at least four infinjte-conductivity fractzes are needed
1 produce the equivalent of an opepbole horizontal completion.

Con;equmny, if horizontal wells need fracturing, the economics
may favor a versdcal waﬁ with vertical fracare, unless the formation
is very thin,

TABLE 1—INPUT DATA FOR PROBLEMS

USEQ IN FIGS. 6§ THROUGH 8
il Welt Gas Well
P Dsia 200 600
" Gravity, °AP) 30 -
GLR, sof/STB- 400 -
Y '0.65 G685
B, psia . &,500 4,000
Fu 0.25 0.25
A, acres 160 160
7, °F Z00 200
o, ft 8,000 8,000
- Surface temperature, °F . 80 B0
L GLegastiquid railc.

Anisotropy Effects

Productivity of horizontal wells determined from Eq. 7 shows its
dependence on amsofzopy JoshiS presented these effects by com-
paring productivity ratios of horizontal wells with those of vertical
wells for different horizontal well lengths and permeability anisotro-
pies. These productivity ratios actually compare the absolute open-
flow potentials (OFP’s) without considering the effects of the tebing,
flowline, ete. Depending on the nature of the tubing intake curves,

the effect of the plumbing system on well production may obscurs
the well performance predicted by productivity ragos. In the present
study, anisotrapy effects on: actoal ol and gas preduction are shown
in Figs. 6 through 9. These fgures present flow rates vs. borizontal
wellbore lengths for a range of I,,; that represents the anisotropy.
¥hy>ky, then I > 1, I =1 for the case of vertical.isotropy,
whereas ;<1 when ky>ky. In sedimentary formations with
primary porosity and permeability, the 7,,,; value should 2lways be
greatef than nnity. Normeally, it is assumed to equal 3, Iz naturally
fractured formaiions, I,,; can be very close to or less than um‘y

. By inducing clean, transverse'propped hydraulic fractures in

horizontzl wells, especiaily in YEIT-;GW-P-m&:bm'y formations,
one may create an effective 7 ;<1.

Figs, 7 :h‘ot.,,h 9 also compare the performance of horizontal
wells with that of vertical wells with induced hydraulic fractures

. for twa different fractore conductivities, krw (200 and 2,000 md-

ft}. Figs. 6 and 7 are for oil wells, and Figs. 8 and 9 are for gas
welis. Table 1 presents the data used to generate these figures.

Horizoatal well flow rates for an off well with good peameability
are compared with the vertical well productivity for the same reser-
voir. Fig. 6 presents this comparison for a pumber of [,,; values
between (.25 and 3. The formation thickness in this case is 20 1.
Because this is a thin formation, a 400-ft-Iong horizonzal well com~
pletion produces more than its vertical counterpart, even for very
unfavorable anisotropy (I4,;=3)- For I,,,; <3, any harizontal well
with more than aboat 100-it horizontal ovenho!e-cnmleﬁon Iength -
yields more production than the vertical well,

Fig. 7 compares the horizontal well performance for several
anisotropy valaes and horizental completion lengths with 2 hydrau-
lically fractured vertical well in 2 thick, low-permeability oif for-
mation. It is very clear from Fig. 7 that, except for very low 7,
(< 1), an induced vertical fractare in a vertical well in the forma-
tion produces more fluids to the surface. For a factre conduc-
tivity of 200 md-ft (which is low) and vertical fsotropy, a horizontal
well exceeding 300 ft will produce better than the hydraulically frac-
tored vertical well with the same fracmre length as the horizontal
completion length, For 2 better-conductivity (2,000 md-f) vertical
fracture in a vertical well, bowever, the J,; value must be <1.0
for the neorizontal well even fo compare in productivity,

Effects of anisotropy and length of horizontal completion.are also
studied for low-permeability gas formations. Fig. 8 describes a low-
permeability gas well (k=0.1 md). For 2 good fracture conduc-
tivity (2,000 md-ft), the only way that 2 horizoutal well of reasonable

- .. —_ 4 ~ Smm
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leagth (2,000 ft) could perform better than the vertical welliver-

tical fracture is if £,,,; < 1. For a low~conductivity fracture (200 md-
11}, a horizonal well would generally perform better than the frac-
tured vertical well if length is not a copstraint. Fig, 9 describes

2 higher-permeability gas well (k=1 md), Here thereisa clear-cut X

dxsm:\.txon horizontal wells are befter when Iy<1 and worse
when [,; =2 when they are compared to fractured vertical wells,
This clearly suggests that nanmrally Sssured gas reservoirs are good
candidates for horizontal weils.

Fractured Hotizontal vs. Fractured Vertical Wells

In this section, the performance of a horizontal well with an in-
duced vertical fracture is compared with that of 2 fractured vertical
well. As inall hydraulically Factured wells, flow is assumed to
we from the reservoir into the fracture and then from the fracture
into the wellbore. The remaining part of the well, perforated or
not, is assumed 1o conribute negligible flow. In other words, this
comparison is for reasonably tight wells, which, if lef unfractured,
would have virtually no prodoction. Note that, for hydraulically
fractured horizontal wells in tight formations, most of the benefits
resulting from the extended reach are not similar to those in higher-
permeability reservoirs. Hepce, fractures in a horizontal well should
be perceived more as means to improve and extend drainage pat-
terns rather than just to increase the flow when compared with 2
veriical well completion. With the exception of the limiting 2nd
unlikely case from an execution point of view, where the fracture
direction coincices perfectly with the well direction, the actual con-

.gact between fracture and well is very small. For the comparisoa

presented here, an analogy between z vertical well with a vertical
fracrurc and 3 horizontal well with 2 vertical fracture will be used,
The produced fluid is assumed to enter the wellbore only through
the fracrures.

The impact of the inefficient contact between the well and frac-
ture can be quantified witk a skin effect, 5., resulting from the
choke of the iimired contact, Fig. 10 contains all possible confign-
rations of the contact between the well and the fracwure. The frac-
ture direction, away from the well, is dlways normaal to the minimum
stress. With the rare exception of very shallow wells, where the
fracture js borizontal, the direction is vertical and normal to the
minimurn: Rorizontal stress. In Fig. 10, the minimum horizontal
stress is in the y direction and the fracture is in the xz plane. For
a perfectly vertical well, the fracture would have 2 full exposure
to the well along the z axis. A similar configuration would result
for a well drilled along the x axis. Any other angle results i a reduc-
tion in the contact between the wel! and the fracture. This can hap-
pen in deviated holes with an angle between the z axis and the xy
plane or in & perfectly horizontal well with an angle between tee
¥ axis and the xz plane, which describes the fracture, The smallest
comtact between the well and the fracture is for a well drilled ex-
actly in Lhe y direction and thus normel to the xz plage. This con-

»

fignration would result in the largest skin effect. On the other hand,
multiple fractures generated with this geometry could ald in the best
coverage of the dra::narre area.

The skin effect results in zn additional pressure drop from the
radial flow generated around the entry point. For a horizontal well,
penetrating the fracture at its midpoint and normal to its plane, the
radius of the radial flow is A2, where & is the fracture height
(assumed to coincide with the reservoir height.) The pressurs drop
within this radjal zone is

{p=Dup).=lap MA/2r 2%k, ....ooiiiinnl, @2)

where p is the pressure at the outer boundary and ky anf‘ w are per-

smeability and fracture width, respectively. Eq. 22 assames no gravi-
4 effects. It is simply the steady-state expression of Darcy’s lew
for radial flow through a reservoir of extent 4/2 and "he*ght" w.
This pressure drop must be adjusied by subtracting the pressure
drop that would result from ¢he linear flow within the fracture into
z fully penstrating well:

(P=Puf ) =I0D)gu/ 20Whewht, oo (23)
where wh is the flow area. The factor 1% accounts for flow fram

botk: wings of the fracture. -
The pressure differeace between radial and linear fow is then

APs=(P=Duslr—(P=Dyf)L +vr- e e etaieaeaa, {24)
[ n(r/2r T ‘
or Aup—q-&: b@i2n) T et 25y
2wl kpw 2kpw

Multiplying and dividing the right side of Eq. 25 by k? results ir

{— G 2r ) =wi2]8 oo s 26
Ps= 2akh Upw Hinthi2r,) l} @8

The muitiphier gu/(Zwkh), in Eq. 26 in Darcy ugits, is the standerd
mulriplier of the dimensicnless pressure for Snjte-conductivity frac-
tured wells that accounts for the pressurs drop at the well. Hence,
Eq. 26 describes a steady-siate pressure drop o be added to the
fracture pressure drop. We define the bracketed quantity as s, for
the choke from the well and fracture contact:

o= Rl WA, 3 =i e e (2T)

This i5 the maximim value of s, that occurs when the well is nor-
mal to the fracture plene. When the well is vertical or along the
fracture direction, then 5,=0, Except in rare cases, & longitudinal
fracture would not irprove the production over a verdceally frac-
tured well appreciably. Hence, this observation generally o

the need to drill a horizontal well exactly in the expected direction
of the induced fracture—i.e., along the maximom horizontal stress
direction. An exception to this rule, however, is the case of car-
bonate reservcirs requiring acid fractures: In these cases, it is

~em



TABLE 2—DATA FOR COMPARISON OF VERTICAL
vs. HORIZONTAL FRACTURED-WELL
PERFORMANCE EXAMPLE
o, fraction 0.1
. cp 0.7 .
Cp psi=t 16-5
&, md 1
t, days 30
X, # £00
w, in. . . 0.25
#r, md 24,000
f, 100
B, res pbl/STB 1.1
P psig §,500
Dy, psla 4,500
Iy 0.408

4,000,050 - ;
T ! !
w b ———— ’
£ 300 .oce"/ /—_\\ 9
c, :Z,//'— T 2y
£ 2000900 T ™~
£ 1
g I
© 2 1,000,000
. g -
§ T r———— - e e B B aem s am
o 000 2000 * 3000 4000
Fractura Langih.x ¢ ()
Fig. 12—NPV calculation for vertical fracture intercepted by
vertical well.

difficult to obtain enough fracture half-length from the vertical well,
4 horizontal well drilled in the direction of the maximum horizon-
tal principal sizess may lead to the inducement of 4 long, vertical,
longitudinal fracture along the horizontal wellbore.

Note that a vertical well in a formation to be fractured- should
_ be drilled with as litfle deviation from the 7 axis as possible. Hence,

if a deviated hole is necessary (offshore, pad drilling, efc.), a well
to be fractured shonld be completed vertically within the reservoir
1o micimize the contact skin effect.

On the other hand, horizontal well performance can substzntially
benefit from a completior with meltiple fractures. Each vertical
fracture penetrating a horizontal well is penalized with a skin of
the form given by Eq. 27. The total dimensionless pressurs for a
horizontal well penetrating 2 vertical fracture at 90° is then given
in oilfield units for ofl as

(PpYr=pp+s.=khapi(141.2gBE) «.oovivviiaiiat 28
and for gas as (pp)y=pp+s,=khap,/(1,424aT}. ....... 29

The value of this skin effect can be substantial and can have a major
effect on the production behavior of a hydraulic fractre. For
Cp=10, a graph of gp, Vs. fyp for various s, values is shown

‘TABLE 3—WELL ARD RESERVOIR DATA FOR
OPTIMIZATION OF FRACTURES IN VERTICAL.
AND HORIZONTAL GAS WELLS

%, md 0.8
2, psia 4.20C
F o 0.333
T, °F 230
A1t 103
Ay, acres 160
Ay~ acres 40
@, fraction 0.1
Model PN
Fiuid,** fom/1,000 gal 40
Preppant,t mesh 16/30
Da P5ia 2,000
, g i 2%s
5 ft 8,158 fc 8,262
E, psta. . 38x10°¢
v 0.25
O amin» DISI2 8,880 -
Ap,* psia 1,000
-1,% bblmin 20
"Cu? Ibmigat 10
~Four crthogonal fracturse,
v*Crosslinkad gel,

1Precured sand.

-3 thaximum,

-Satend of job. :

FKN g Perk}-zs-Kern-b&o'd,ran modsi.

in Fig, 11, An example solution is presented below, for the well
described in Table 2, to caleulate the 30-day production rate,

o K _ Q40000251 .
)‘D Exf (1}(500) b it ittt e, Sy

0.0063k  (0.0083)(1)(30)
dpexf  {0.1(0.7)(10-3)(500)>

Then from Cinco-Ley and Samaniego-V.’s1! solution, pp=2.2
In a vertical hole 5.=0, and from Eq. 28, 4=836 STB/D.

In 2 horizontal kole (Eq. 27) 5,=0.65, resulting in 2 (pp)p=
2.85. The flow rate through this well is then (Bq. 28) g=645
STB/D, a 200-STB/P drop. As can be seen from Eq. 27, the skin
effect from the contact is proportionat to the &k product. As 2 re-

and = =1.08. .... (31

'salt, its relative impact on'the redoction in the well flow rate is

greater. In general, the type of calculation shown above can allow
estimation of the mumber of fractures required to match the well
performance of a vertical well penetrated by a vertical fracture.
A simulator12.1% can be used to optimize the number and size of
hydraulic fractres with the NPV concept.

At first, & simulation is done for a vertical well with vertical frac-
mre configuration. This results in an optirnum fracture size corre-
sponding to the meximum NPV. This simulation is done for the
total drainage area described by the length of the horizontal reach
of the well and the paralle]l no-flow boundaries. The minimum nem-
ber of orthogonal vertical fractures is calcniated with Eq. 21. Then,
for each number of contemplated hydraulic fractures, the drainage
atea is divided equally, and the performance of these fractores over
time is corrected with the choke skin, as shown by Egs. 28 and
29. The carrespond.mc NPV is czlculated. The number of fractures
is increased to optimize the NPV and to exceed the NPV of the
induced-fractured vertical well. To calculate the skin effect, some
value of the kyw product must be assumed ahead of time. Follow-
ing the aptimization, this assumption may be readjusted as 2 muinor
rial-and-error caleulation. In general, this product does not chenge
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Fig. 18—NPV czaleulation for vertical fracture intercepted by
horizontal well.




greatly. An optimization of the number of fractures vs. the total
NPV may then be done. Each of these fractures has a correspond-
ing optimem size that is always smaller than that in the vertical
well case.

Fig. 12 plots NPV vs, fracture half-length of 2 fractured vertical
well. Table 3 contains the important parameters used in this sirm-
lation. Fig, I3 is the NPV vs. fracture halfilength of a fractured
hcrxznn_tal well that was ““choked”” with the gkin effect described
by Eg. 27. Two things ere important here: the opnm.zm fracture
length dropped from 1,100 1o 500 fi, and the maxdimum NPV
dropped from $3.6 million to $0.9 million. Hence, at least four
fracturss are peeded 'in the horizoatal well to equal the KPVofa
single fracture in the vertical hole. This does nct include the addi-
tional cost of drilling the horizontal well, which can be incerporated
as fixed costs in the NPV calculations and allocated egually to each
fracture to be completed in the horizontal well.

This calcylation geperally depenc}s heavily on the k2 srod:.ct and
the fracture permezbility. If kb is Iargs or k¢ is small {damaged),
then s, is large, resulticg in a utsprapoﬁonatc penalty on the
hydraulically fractared horizontal well. Most 2,000-ft horizental
wells that are candidates for fracturing need from two to ight or-
thogonal fractures to equal the NPV of a vertical fractured well.
Asthe honzoma_ well lengih chanoes, the optiroum number of frac-
wmres also chang:

Conclusions

While horizoneal wells are viable alterpatives to vertical wells, they
are not a panacea. Their choice over a vertical well must be decid-
ed an the basis of careful engineering evaluation. Applications where
horizontal wells are preferable are lsted below.

1. For [,/ < 100, a horizontal well performs better then a ver-
tical well with induced hydraulic fractures of reasonable length
(2,000 ft). Eg. 12 can be used to geperate this criterjon for any
other well lengths, drainage radii, and dimensionless fracture con-
ductivides. .

2. For an idzalized vertical isetropic medivm, borizontal wells
may appear to be preferable to vertical wells &n almost all cases.
For reasonable vertical anisotropy (I,,;> 1.5) and low permeabil-
ity (=0.1 md)y, however, even an extended-reach horizontal well
(L=2,000 ft) does not perform better then 2 vertical well with 2
hydranlic fracture.

3. Horizontal wells are particularly useful when 7, < 1, which
may be the case in massively, naturally fractured formations. In
this case, 2 horizontal well can infercept a number of discrete patural
fractures and have a significant improvement in production.

4. For reservoirs that are obvious candidates for hydranlic frac-
turing, it is reasonzble to compare a vertical well with 2 ventical
fracture 1 a horizontal well with & number of orthogonal vertical
fractures. The number and size of these fracteres are calculated
on tke basis of their performance. This performance is penzlized
by a skin effect resulting from the limired contact between the well
and the fracture.

-The NPV concept has been used to compare the optimum {rac~
ture size in-a vertical well with the number of optimum fractures
in & horizontal well. Note that in all cases the productivity increase,
if any, must take into eccount the additional costs incurred by the
drilling of the horizontal well.

Nomeaclature

a = half-axis of drainage eltipse (Eq. 6), it
. A = drainage area, acres
. B = FVF, res bbl/STB
¢, = total systeme compressibility, psi~!
"Cyp = dimensionless fracture conductivity
Cys = slorry concentratior, lbm/gal -
d,, = tubing diameter, in
D = well depth, ft
E = Young’s modulus, psi
= reservoir height, f&
i’ = injection rate, obl/min
= anisotropy index=(kgyiky)*

DT Tlamae net e WermTloraelaw . Tovms IOWST

k = formation permeability, md
= fracture permeszbility, md
«c,; = horizontal permeability, md
ky = vertical permeability, md
L = horizontal length, ft
== slope, psi/cycle
ni= murber of fractures
g == pigssure, B ‘»us
P = average reservoir pressure, psz
Pp = dimensionless pressure
p; = initial reservoir pressure, psia
pp = real gas pseudopressure, psi/ep
p, ='treatment pressure, psia
pyy = Howing mbing pressure, psxa
p.r = fowing bottomhole pressure, psia
Ap = pressure drop, psia
g = flow rate, STB/D and Mscf/D
gz = How rate from fractured horizontal well
qy = borizontal well flow rate
g, = radial flow rate
rgg = horizontal drainage radivs, &t
ryy = vertical drainage radivs, ft
r,. = welibore redius, ft
r.e = effective wellbore radius, ft
r,p = dimensionless effective wellbore radius
s, = skin effect froln iimited fmcmre/well contact
¢ = tdme, days B
typ = fracmre dimensionless dme
T = zbsolute temperature, °R
w = fracture width, ft
v x = horizontal distance, ft
Xy = fracture helf-length in x direction, ft
¥ = horizontal distance, ff
z = vertical distance, f
= gas specific gravity (air= I}
= viscosity, cp
v=Pozsso:zs-auo. )
Hpay = maximum horizontal stress, psia
Oy = miminzum horizomal stzess, psia
oy = vertical strass, psiz
¢ = porosity, fraction

¥/

nu

¢

Subscripts

H = herizontal

L = linear

r = radial

s = skin

T = towml

V = vertical
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ABSTRACT

Horizontal well performance analysis can be difficult. Pressure
transient interpretation on horizontal wells is complicated by
the possibility of a multiple-flow-regime appearing during
testing, and even by the non-appearance of a pasticular flow
regime due to wellbore storage and testing time limitations,
As a result, interpretation of horizontal well pressure transient
data alone may be ambiguous and unreliable for performance
predxc:xon.s Rate-time data is frequently available and can be

used to improve the amalysis, but is often overlooked in
borizontal well evaluation.

This paper presents a practical procedure to evaluate and
predict performance of horizontal wells. The procedure
couples the analysis of pressure transient and rate-time data to
enhance the reservoir-well description and accurately predict
long-term performance of horizontal wells, The applicability
of the procedure is demonstrated by several ficld examples.

Results from the ficld tests illustrate that inclusion of the rate-
time data in pressure transient testing can be valuable to the
design of a successful pressure test. Ficld examples of the
design, planning, and tools used in the pressure tests are
discussed. Rate-time data can also belp improve the pressure
match resulnng in a comprehensive set of reservoir and well
propcmcs (vertical and horizontal permcablhues, well skin
condition, effective well length, reservoir pressure, boundary
effect, etc.) which enhances the reservoir-well description. This
enhanced description can be used to realistically predict a

References and figures at end of paper.
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well's long-term performance. Results indicate analytical
solutions available in the literature can be used with care to
perform the analysis. The application and limitations of the
use of these models are discussed. Good agreement between

mode! prediction and actual long-term well performance is
shown,

INTRODUCTION

Horizontal and extended reach drilling has been increasing in
the last tep years. Several ficld a gphcatxons bave demonstrated
the benefit of horizontal wells.™ Increasing in drilhng activity
has lead to the emergence of horizontal well drilting* and other
related techoologies. Included in these techaologies is a large
volume of publications devoted to the understanding of fluid
flow mechanism towards horizontal wellbores, interpreting
pressure transient tests and predicting horizontal well
performance>>* This related technology is also the focal point
of discussion in this paper.

The objective of this paper is to provide a practical procedure
to evaluate ang predict horizontal well performance. Although
the methodology is generic and could be applied to horizontal
ar vertical wells, it is more important for horizontal wells
because of the peculiar interaction between the horizontal
wellbore and the reservoir. The procedure, based on pressure
transient testing, utilizes the available rate-time performance
data to enbance the reservoir-well description from pressure
transient test interpretation. The cnhanced rescrvoir-well
description can then be used to predict well performance. The
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paper also shows that analytical models proposed in the
literature can be used with care to perform the task effectively.
The applicabitity of the suggested procedure is demonstrated
by several field examples cocompassing a wide range of
reservoir-well conditions, Ficld expsrience with pressure test
design, tocls used, and relevant engineering and geological
aspects of the wells and reservoirs under study is also provided.

HORIZONTAL WELL PRESSURE TRANSIENT TESTING

The goal of pressure transient testing is to determine reservoir
and well properties in the well drainage area so that the well

performance can be predicted. Because of the borizontal well.

geometry, the flow regimes are different than those of a
vestical well. The pressure transient response can take on

several particular flow regimes: early radial flow, early linear

flow, late radial flow and boundary-affected flow, Figure 1
depicts cach flow regime geo: and shows kow to identify

each on a log-log diagnostic plot of pressure and pressure
derivative,

Depending on which flow period affects the well test data, a
horizontal well test can allow the analyst to compute:
horizontal permeability, vertical permeability, effective well
length, well skin factor, reservoir pressure and reservoir size or
limits. Conventional techniques based on segmental analysis
of each flow regime identified may be convenient, however its
applicability often fails because of the obscured flow regimes
encountered. Type curve matching based on modeling may be
the only recourse to compietely define those test parameter
objectives mentioned.

A typical horizontal well type curve analysis procedure would
be

- From pressure match compute horizontal permeability

- From time match compute effective well leagth

- From dimensionless well length compute vertical
permeability

- Skin ecffect, reservoir pressure,
obtained directly from modeling

and reservoir size

In practice, many kave reported difficulties with horizontal well
test interpretation 2& curves, especially due to the non-
uniqueness problem. Our experience with numerous
horizontal well tests has shown wellbore storage effect often
distorts the early time radial flow and possibly the carly time
lincar flow data and thus prohibits the direct calculation of
vertical permeability and skin factor., Horizontal permeability
bas been obtainable with confidence in most tests given a fair
permeability formation. However, cffective well length
computed is commonly shorter than the actual completed
length. In many instances, the unknown estimate of actual pay
thickness hinders the estimates of other parameters. Equally
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important, testing time limitations can also prohibit the
evaluation of those parameters, ¢specially for low permeability
formations. 1t is obvious that additional information is needed
to cohance the model established from type curve maich,
Information such as core, well logs, mud logs, and production
datz, is often available prior to a pressure test and should be
used to enhance the pressure test interpretation, This paper
focuses on using production data to assist the pressuge test -
design and enhance the pressurc test interpretation,

HORIZONTAL WELL PERFORMANCE PREDICTION

Many authors have presented methods to predict horizontal
well rate bebavior in the recent past.!*?® Some methods are
based on analytical solutmns’z’ 8 and others are based on
numerical simulation,*# In this work, we mamly focus our
discussion on the aoaiytical approaches W5 o predict
horizontal well rates. This choice was made for consistent and
interchangeable usage of the same model employed in pressure
test interpretation as well as rate prediction. One can also use
numerical simulation to predict rates after the well test
interpretation. However this is not the scope of this paper.

The model established from pressure interpretation is also
used to predict well performance, The analytical model, based
on the constant pressure solution, is found applicable for most
of the wells tested because these wells are on pumps with
constant produciag bottomhole pressure. Essentially, all
parameters computed from well tests are kept the same when
the model is turned to constant pressure production mode,
Sometimes, adjusiments need (o be made for better match on
the cumulative production curve to compensate for the initial
unstabilized rate befure the well is pumped off. For the most
part, the effective well length, horizontal and vertical
permeabilities computed from well test interpretation remain
the same in the rate-time performance prediction.

PERFORMANCE ANALYSIS PROCEDURE

The following generic analysis procedure was used to test and
evaluate wells after completion:

1. Stabilize the well's rate for some time after well
completion and estimate the well productivity index?l"#
based on estimates of reservoir parameters

2. Establish a well-reservoir model'*™® for rate-time
prediction (based on Step 1) and tune the model by history
matching the observed data

3. Design and conduct a pressure buildup test based on the
parameters estimated from the previous two steps

4. lnterpret the pressure test data *16 and confirm the model
established with the available rate-time data via an iterative

292



SPE 26445

process

5. Predict well rate based on the enhanced mode! established
from both rate-time and pressure-time interpretation

6. Periodically repeat Steps 3-S5 to update the model
prediction

In the following, horizontal well test examples from two fields
are preseated. The contrast in permeability of the two
reservoirs under study demonstrates a wide spectrum of
application for the suggested procedure. In vach example, the
rcason for the horizontal well application, relevant geologicat, ™
drilling, completion and production data are given. The well
test design, conduct and analysis are then discussed. Next, the
enhancement of the pressure test interpretation using available
production data to predict rates is presented. Comparison of
the observed and predicted well performance is then shown.

FIELD EXAMPLES
The D

Background

The Dos Cuadras ficld, located offshore of Ventura in the
Santa Barbara channel, bas been exploited with horizontal
drilting since 1990, The primary reason for drilling harizontal
wells in this field is to reach extremely shallow and widespread
sands which were previously unreachable, even with sfanted
drilling rigs that stasted drilling at 30°. Secondary benefits
include increasing well productivity and accelerating
production.

dras Field - Hi eabili

Since the first Well C-50 was completed in November of 1990,
a total of cight horizontal wells have been completed in this
field. The main target of the horizontal wells is a high
permeability, shallow and unconsolidated sand reservoir that
contains fairly viscous fluid at low pressure. Table 1 provides
taservoir data and a description of the first four horizontal
wells, Figure 2 shows their locations in the ficld. All of these
wells have been drilled with watesbase mud and completed
with wire-wrapped screens for sand control.  Detatled
description on the drilling and completion of these horizontal
wells can be fourd in Ref. 33,

A systematic well performance evaluation program was carried
out following the procedure presented above to cvaluate the
performance of the first four wells. Correlation of results
obtained from the data analysis would be of value for planning
additional wells for further ficld development.

T desi nd
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The primary goal here is to predict time required for the late-
time radial flow to develop, First, well productivity index (PI)
estimate® andrate-time performance analysis™* were carried
out to match the observed dats. This scnsitivity analysis was
done using a range of the reservoir-well parameters. Although
determining the reservoir and well condition from suck an
analysts is difficult, it is belpful for a pressure test design.

Based on the above analysis and a pressure test design, the
late-time radial flow was anticipated to develop within a couple
of days. Due to the well mechanical condition and cost
considerations, surface shut-in and fluid level measurement
were used in the buildup tests for Wells C-50, C-35, and C-48.
The buildup data oo Well C-29 were acquired using capillary
tubing installed downhole. Overall, the quality of all test data
were good. The late-time radial flow periods showed up within
a reasonably short-time Sfter shutin (one to two days). This is
mainly dictated by the fairly Sigh permeability of the resesvoir
{> 200 md). During testing, periodic data collection and
analysis aliowed the tests to be terminated at the optimal time,

.

P e interpr rediction
For each well test, the type curve maich of the measured and
modeled data are presented.  The pressure in‘egral
technique> was utilized to eliminate scatteriog and facilitate
the type curve matching. The method was found to work well
with the data. For each test, plots showing type curve matches
of pressure, pressure integral and a Horner analysis ave shown,
It should be noted that the type curve match is based on the
pressure integral function, and the non-smoothed plot of the
pressure match is presented for reference purposes. Plots
presenting the well performance prediction are also shown
including both rate-time and cumulative production data for
cach well. The reservoir and well parameters computed from
well tests and used in rate prediction are summarized in Tables
2 and 3. Figures 3-7, 8-12, 13-17, and 18-22, present data of
Wells C-50, C-48, C-35 and C-29, respectively,

As observed in some of these figures, particularly for Well C-
29, the early-time shutin data show some behavior typical of
wellbore compressibility changes. This is not unexpected
because of a significantly long wellbore which allows phase
segregation during production and gas returning to solution
during the pressure buildup, Also note that i all the tests,
the produciag times are relatively long compared to the shutin
tmes. As a result, the drawdown type curves presented appear
to be adequate to match the test data.

From the analysis, determining vertical permeability is
uncertain because wellbore storage effect masked the carly
radial and linear flow data. However, from type curve
matching, k, can be inferred in the range of 0.005 to 0.11 of ky
using a thickness of 50 ft for all wells,
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In general, the effective well length, L g, computed from the
time match, can be uscd as a qualitative measurcment, in
conjunction with other parameters (L, skin), to evaluate the
efficiency of a horizontal well. For Wells C-50 and C48, the
computed effective well lengths, L, are close to the actual
well lengths, L. On the other band, L, computed for Wells
C-35 and C-29 are only & half and a third of the actual length,
L, respectively. It should be noted that, the actual well length
of cach well is determined from the MWD gamma-ray data
and confirmed with the mud log data.

The dimensionless welf length, Ly, is a measurement of how
effectively a horizontal well drains the vestical direction. The
larger the value of Ly, the more predominant the lincar flow
is and thus more fluid can be withdrawn for the same
drawdown. As shown in Ref. 7, a horizontal well with a Ly >
. 25 would behave similarly to that of a fractured well (¢, > 10).
Ou the other hand, as shown by Ref. 25, a horizontal well with
Lp of 0.5 would behave similarly to that of a vertical well. For
our wells tested, the computed Ly, values vary from 0.8 (C-50)
to as high as 3 (C-48). The Ly, values computed suggest these
wells perform as well as expected from a horizontal well
standpoint. Although having similar actual lengths, Well C-50
shows a Jow Ly, value compared to that of C-48 or even C-35.
Assumingk, /k;, is similar throughout, this possibly means Well
C-50 actually drains a thicker sand than that associated with C-
48 or C-35. This speculation secms in agreement with the
larger flow capacity value of Well C-50 compared to those of
C-35 and C-48. Similarly, the longer actual length and large
flow capacity computed for C-29 could mean its effective well
length would be short and/or the well drains a thicker sand,

Strictly speaking, mechanical skin effect to horizontal wells can
only be obtained with high confidence from analyzing the early
radial flow data, Because wellbore storage effect masked these
data in all tests analyzed, the model match and a comparison
of the magnitude of the pseudoskin value obtained from the
late-time radial flow semilog analysis are relied on to identify
damage. In the modeling type curve match for all tests, zero
skin damage was used. From the semilog analysis for the late-
time radial flow, all wells exhibited large negative values for
pseudoskin factor computed from the late-time semilog
analysis, This lcads to the conclusion that formation damage
to the wells was unlikely. From these well tests, no boundary
effect nor depletion was obscrved. Average pressure in each
well drainage arca was obtained by extrapolating the semilog
straight line of the late-time radial flow to itnfinite shutin time.

Once the pressure transient data were analyzed, the same
parameters were used to make rate-time performance
predictions. For the most part, all parameters from well tests
were kept the same, especially the horizoatal effective
permeabilitics and well lengths, Table 3 presents the
parameicrs used in the rate prediction for all wells, The
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drainage arcas shown in this table are large compared to the
actual physical reservoir limits, This is believed to be the
result of the inability of analytical models to account for fluid
property changes and the non-uniquencss problem in general,
While it is impossible to attach any physical meaning to the
drainage arcas shown, it is not so critical since good rate
prediction still can be made. Ia addition to predicting well
performance, theoretical PI's for all wells were computed using
the parameters obtained from the well tests data, and
compared to the observed PI's, This was done to further
confirm the well test model interpretation and to compare the
well performance to that of a vertical well under similar
conditions. Table 4 presents the PI comparison for all wells,

Simply based an improving productivity over vertical wells, all
cases show the use of borizontal wells is more favorable than
that of vertical wells with productivity at least one and a half
times better. A correlation of the actual well productivity
index varying with the actual well length is presented in Figure
23. The solid line shown is the least-square fit straight line for
tue first four wells, Following the success of these wells,
additional wells were drilled in the same zone of the field. The
actual PI data of the two new wells C-30 and 40 are also
shown in Fig. 23. As observed, the PI-wsll length correlation
drawn from the first four wells also fit well with the additional
wells, A correlation of cumulative oil recovery with well length
for these wells is also presented in Figure 24. As expected, the
longer the well length the more oil is recovered. It is also
noted that the lengths of the first four wells were dictated by
the reservoir limits and well control. Following these first four
wells, additional wells are all longer, in excess of 3000-ft
displacement.

Field X - Low Permeability

Background

The horizontal well application in this case is to improve
reserves by increasing wellbore contact with the tight
formation, by intersecting more fractures and by reducing
water production. The well was completed with a slotted liner
for about 2000-ft horizontal pay. The well was on production
for about four months and made little water prior to the
pressure test,

Pressure test design and conduct

Based on a modeling attempt, a test design was done to
anticipate the sufficient shutin time for the buildup test.
Uualike the previous example, little was known about this
formation. For example, pay thickness is estimated to be in -
the range of 30-150 ft and permeability is guessed to be rather
low. Figure 25 presents an attempt to match the well
performance data to that predicted from the model assuming
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certain reservoir properties, A low permeability of about 0.3
md and a thickness of 30 ft were used in the model. Based on
the modeling results and the well mechanical condition, the
test was planned for about a week and conducted by employing
susface shutin and downhole capillary tubing for pressurc
recording. As before, data were periodically collected and
reviewed during testing to allow the test to be termingted at
the optimal time. The carly-time radial flow period showed up
after about ten days due to significant storage effect and low
permeability. During the test, it was recognized that longer
test time may be helpful to reduce the nop-uniqueness
problem, the test was terminated at about eleven days for cost
saving, with the realization that good quality rate-time data was
available for confirmation of the type curve match. This
example clearly demonstrates the importance of using available
horizontal well rate data in ephancing the pressure test
analysis, especially for low permeability reservoirs,

r i i W tu

Figure 26 presents the pressure match of the observed data
onto the modeled results, Figure 27 shows a Homer plot of
the pressure test, Figures 28 and 29 present the rate
performance and cumulative oil recovery of the well with the
modeted and actual data. Results obtained from well test and
well performance analyses are sumnmarized in Table 5,

Although the pressure buildup data did not reach the lincar
flow nor late-time radial flow data which could pose oon-
uniqueacss problem for test interpretation, the uncertainty in
analyzing the pressure test data is greatly reduced with the
rate-time history matching. The rate-time performance
analysis involves iteration varying horizontal and vertical
permeability as well as thickness. Again, the use of horizontal
well modeling is the only recourse to analyze the test data to
achieve the test objectives. From modeling, the apparent
radial flow period observed from the test is identified as the
carly-radiat flow period rather than the late-time flow period.
The Horner analysis oa the early radial flow data provides an
independent way to obtain vertical permeability and skin factor
and confirm the model type curve match results. The final
match presented is the best match confirmed using the three
analysis techoiques: modeling type curve match, semilog, and
rate-time performance analyses.

From the combined analysis, horizontal effective oil
permeability is 0.11 md assuming a 90-ft ‘thick pay zone, The
thickness used is confirmed by the rate-time analysis. Vertical
permeability of nearly 001 md is determined. The effective
well length, L g, is computed as 1759 ft, or about 87 per cent
of the actual completed leagth of 2000 ft.

For horizontal wells, it is sometimes difficult to estimate how
much the actual pay thickness the well drains. For this well, it
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has been quggested that thickaess can vary from 30 ft to 150 ft.
One of the pressure test objective was to estimate the pay zoze
thickness. Although there is no clear evidence of the carly-
timme lincar flow in the pressuwre data that may help estimate
thickness, the combined effost of buildup test analysis and rate-
time performance evaluation used in this work, yields the
thickness estimate of 90 ft with certainty,

As mentioned, mechanical skin damage to horizontal wells can
only be obtained with high confidence from analyzing the early
radial flow data. This test is one of a few horizontal well tests
observed where the carly radial flow is cvideat. Although

- wellbore storage effect partially masked the carly-time radial

data, results from both the model type curve match and
Horner analyses indicate decisively the well is uadamaged. No
boundary effect nor depletion was observed from the well test
data, Extrapolation of the carly-time radial flow data in Fig.
27 to infinite shutin time yields a pressure of 3092 psia.

Based on parameters obtained from the well test and well
performance analyses, rate prediction was made assuming a
101-acre squasc drainage area (2100ft x 2100ft). Results
presented in Figs. 28-29 show good matches of the observed
and modeled data for the time period following the buildup
test. Even so, due to certain Iimitations of analytical modeling
as noted above, periodic updating production data to observe
the model match was exercised, As before, the theoretical well
Pl was also computed and compared to the actual PI to
confirm the well test model data and compare the well
performance to that of a vertical well. Results show the actual
and computed PI are 0.053 and 0.04 stb/d/psi, respectively,
Simply based on PI improvement, results also indicate the
norizontal well PI would be about five times that of a vertical
well. Based on this and other parameters computed (Lp=3;
Loy = 0.87 L; skin=0), this well is an effective horizontal well,

DISCUSSION

The methodology presented utilizes the analytical solutions to
analyze pressure transient data and predict horizontal well
performance accurately over several field examples. The
success of the methodology in predicting rates is in part ducto
(i) the Lttle production of water and (i) the oot so large
changes in the effective oil permeability. In fact, three buildup
tests were run oo Well Dos Cuadras C-29 over the years,
Results indicated some changes in the effective oil permeability
and cffective well length computed (Table 3). However, these
changes are not significant caough to impact the long-term rate
prediction (Figs. 22-23). In cases wherein significant changes
in the system compressibility and/or large changes in relative
permeability due to significant multiphase flow effects are
expected, oumerical simulation may be required. Evenin these
cases, the analytical approaches and the methodology proposed
can still be used for shorter-term prediction by periodic testing,
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CONCLUSIONS

The following generic conclusions are warraoted:

1.

A systematic proccdurc to ecvaluate horizontal well
performance has been presented. The procedure coupling
the use of pressure transient testing and rate-time data
analysis is a practical and reliable method to predict long-
term well rates. .

Rate-time data analysis is helpful when coupling with
pressure test interpretation for borizontal wells, especially
for low permeability and unknown formation thickness.
This is because (i) the many parameters involved in the
pressure analysis may hinder the uniquepess of the
pressure test interpretation alone and (if) testing time
limitations often prohibit a desired longer test.

Field test examples pertaining to a wide range of reservoir
and well conditions are shown and discussed in detail.
Results show that the procedure is effective and reliable to
predict korizontal weill performance.,

On the particular tests considered, the following specific
conclusions are drawn:

4,

60

The efficiency of horizontal wells can be identified by
evaluating parameters obtained from pressure and rate-
time data analyses, Parameters such as effective
permeability, well length, dimensiontess well length, P1 and
PI ratio, and oil recovery can be identified from such an
analysis,

For our test data, despite the magnitude of the formation
permeability, a horizootal well with a2 dimensionless well
length in the order of 2 to 3 is achievable and effective as
a horizontal well application.

For the wells tested, the suggested procedure can be
performed effectively using analytical approaches. Certain
limitations on the use of these models are noted.
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NOMENCLATURE

B = formation volume factor, rb/stb

c = compressibility, 1/psi

C = wellbore storage coefficient, bbl/psi

Cp = dimensioniess storage coefficient

k = formation thickaess, ft

ky = horizontal permeability, md

k, = vertical permeability, md

L = actual well length (displacement), ft

Ly = ecffective well length (from well test), ft

Lp = dimensionless well length

p = pressure, psia

B = injtial pressure, psia

Pp = dimensionless pressure

Pl = productivity index, stb/day/psi
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PI(v) = vortical well productivity index, stb/day/psi From the pressure match,
Pi(h) = borizontal well productivity index, stb/day/psi ~«
q = flow rate, stb/d KA = 141.2(162)(1.3)(0.96)3.5x10™ = 10 md-
Ty = wellbore radius, ft ‘
5 = gkin factor Using b = 90 ft from the rate-time analysis, k; = 0.11 md.
At = time, brs
4 = producing time, hrs From the time match,
e S ———
Dimensionless pressure, pD 245(0.96)1.32x107(1 2x
Po™ 11 .74 Ba e[, ~p} From the Ly, match,
k, (Wa)’ (2(90)(2.7))2
* H nl * — = - o‘w
Dimensionless time, tp k, L 2000
, 00002637kt
L Lid
bueflizy This results in k, of 0,007 md. If one uses L g instead of L in
the above equation, one can obtain k,/k, = 0.076 and thus k,
of 0,008 md,
Dimensionless well length, Lyy .
Using conventional Horner analysis for the early-radial flow
r.=L E period shown in Fig. 27, one can obtain vertical permeability
B 2hN K,
162. 6qu. 162.6(162)(1.3)(0.96)
k
32N 733 s ~S27md-f
Horizontal permeability, ky,
£ This results in k L = 52.7 md-ft. Using L = 2000 ft yields k,
x = ykk, = 0,026 md. Assuming k, equal to k; sesults in k; of 0.006
. - md, {UsingL pof 1799 f{and k, = 0.11 md yields k, = 0.03
Vertical permeability, k, md and k, = 0008 md.] In addition, using the conventional
K = m skin equation for Horner analysis vields skin estimate of -0.6.
. ) . Results obtained from the pressure type curve match, rate-time
Dimensionless storage coefficient, Cpy modeling and semilog analyses appear to be iz agreement and
5.615C camplete the determination of the objeciive parameters to
p ® T enbance the evaluation of the horizontal well under study.
2ndhe 22y Without using one or the other, it would be difficult to obtain

APPENDIX

the full set of reservoir-well properties as such, especially for
this low permeability reservoir encountered.

In this appendix, we present an example calculation for the
well test presented. The data pertains to Field X,

From the model type curve matching,
fpp/Aply = 35% m“ / psi
[tD/AtIM = 12x10% /br
Lp = 27 .
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Well

C48

C-35

C-29

C-29

c-29

Well

C-50
C-48
C-35
C-29

Test

Reservoir pressure
Reservoir temperature
Depth

Porasity

Thickness

Oil gravity

Oil FVF

Oil viscosity

Compressibility

Wellbore radius

Completion Details

Date Length Zone
f

11/9¢ 1223 CiP

8/91 1047 CP

5901 730  Cip

7/91 2900 CIP

TABLE 1

350 psi
85°F

850 ft

03

20-50 ft

22° API
1.03 rb/stb
43 cp
5x10°%/psi
033 ft

nRgwn NN

Data Before Shutting in

BU ¢, Q,
test  hrs stb/d
1 730 140
1 6200 130
1 8000 82
1 192 200
2 320 400
3 8760 330 -
TABLE 2

Technique kb ok

: md-it md
Type Curve 41587 832
Semilog 4327t 865
Type Curve 13577 22
Semilog 18553 3N
Type Curve 18614 372
Semilog 18570 371
Type Curve 75045 1501
Semilog 81400 1628
Type Curve 67541 1350
Semilog 69246 1385
Type Curve 47466 949
Semilog 46416 928

kz chf LD
md ft

36 1166 08
223 1047 3
43.6 327 25
16 %05 3
6.4 783 2
4.5 1246 2
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Pw:fs
psia

215
334
14,5
2726
117.7
76.2

DOS CUADRAS HORIZONTAL WELL TEST RESULTS

' 11

C &
bb!/psi

0.29 ——-
e -43
028 -
- 55
011 -
— 43
% —
- 55
012 -
- 54
B

QS LRV T ~

"

psia

2103

o

1598
3207

2821

2751
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TABLE 3

DOS CUADRAS HORIZONTAL WELL PARAMETERS USED IN
RATE-TIME PERFORMANCE PREDICTION
Well L Kk k, X, Y, o Put G skin
ft md md ft ft psia  psia 10" /psi

C-50 1166 832 832 6500 7500 1368 215 15 0
C48 147 2712 223 4000 4000 2103 334 15 0
C35 73 372 436 5000 5000 1598 1S 1 0
C29 146 950 245 5500 5500 2757 762 22 0
JABLE 4
DOS CUADRAS HORIZONTAL WELL PI COMPARISON
Computed Observed
Wwell PI  Pi(h)/PI(Y) Pl PI(h)/PI(V)
stb/d/psi stb/d /psi
C-50 136 1.6 1.21 1.4
C-48 098 3.0 073 22
C-35 1.0 2.7 0.56 1.5
C-29 58 4.2 243 1.8
TABLE §

RESERVGiR & WELL DESCRIPTION - FIELD X

Initial pressure = 3000 psia
Depth = 6000 ft
Porosity = 0.249
Thickness = 30-150 ft
Oil gravity = 28° API
Cil FVF = 1.3 tb/stb
Ol viscosity = 0.96 cp
Total compressibility = 1.32x10 /psi
Wellbore radius = 03ft

Data before shutting in

Producing time = 3096 hrs
Oil rate = 162 stb/day

WELL TEST AND RATE-TIME PERFORMANCE ANALYSIS RESULTS

Method /'T eﬁhniqua kb &7 skin Bi Lcﬁ' LD PI k

md md psia ft stb/d/psi ft

Well test analysis
- Type curve 0.11 0008 O 3127 1760 27 0054 -
Horner -— 0.006 -06 3092 - - - -

Rate-time analysis 611 001 O 3127 2000 34 004 90
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ABSTRACT advantages of using horizontal wells are increasing
productivities, minimizing gas and water coning, extending areal
This paper presents the observed and predicted performance of sweep, and connecting vertical fractures. To drill & successful
horizoatal wells in four fields: (1) heavy oil reservoir - to and economical horizontal well for a specific reservoir requires
increase productivity and reduce gas coning, (2) thin oif column state-of-the-ant  drilling/completion  techniques, a detailed
with gas cap and bottom water - to minimize gas and water gealogic/reservoir description study, and an optimal well design.
coning, (3) waterflood in & tight oil sandstone rcservoir - to The horizontal well design involves many aspects such as well
increase injectivily/productivity, areal sweep efficiency, and length, location relating to GOC/WOC |, spacing, and
improve pressure maintenance (4) gas resexvoir with boltom performance prediction compared to & vertical well.
waler - to increase productivity and minimize water coning.
In this paper, we exhibit the tool used within Texaco to design
A pecial prognm, named "HVWELL", was used in these and evaluate horizontal wells, The applications for four field
studies 1o predict horizontal and vertical well production cases: (1) heavy oil, {2} severe zas and water coning reservoir,
performance. HVWELL requires minimal reservoir and fluid {3) oil reservoir with water injection, and (4) gas reservoir, are
information to creale a complete input dataset for runaing a illustrated.
finite difference simulator. [t is equipped with & unigue
automatic grid set-up option (o create correct grid geometry to
model various horizoatal well leagths snd wel: locations. The HVWELL: A Toal For Horizontal Well Evalua‘ions
geomeinics relate to GOC/WOC, and hydraulic fractures

perpendicular to the horizontal wellbore. The options can The best tool to cvajuate a vertical or horizontaf well
greatly minimize the input errors and reduce grid requirements performance i3 & numerical siraulator. Only the three-phase,
by simulating a symmetrical clement instesd of a fuil patlem. three-dimensional, finite difference models can accurately model
HVWELL not only calculates well productivities, bur also the sophisticated multiple-phase fluid flow around the wellbore.
predicts 3-D, 3-P coning behavior for cilher vurtical or However, to setup a model for & reservoir simulation requires
horizontx] wells. Short summary and graphical outputs are many input data including gas/oil and oil/water relative
autoinatically genented for each run. permeatiilities, gas and oil PVT tables, grid dimensions for x,
y, and z directions, well index, ctc. The grid setup for a
The horizontal well design and preduction predictions using horizontal well is much more complicated than a vertical well.
HVYWELL will be discussed in detail, and compared to ficld Using very fine grids to simulate horizontal well performance -
dats for cach case. can be costly and time consuming, but using coxrsc grids may

result in erroneous predictions. [n addition, constantly changing

the ;rid setup for various horizontal well lengths and vertical

INTRODUCTION locations requircs substantial manhours to optimize the
, horizonts! well design.

{n the last fow yeans, the number of horizontal wells drilled has

substantially increased worldwide. Very encounaging ficld A specisl program was generated to solve the simulator input

results are revealed and published in many papers.'* The major problems for single well (vertical or horizontaf) performance
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predictions. This program, so-called "b. WELL", consists of
three modules; & pre-processor (input pancls), a single/dusal
porosity model, and a post-processor. The pre-processor
requires minimum reservoir and fluid information o create a
complete input dataset, with PVT snd rock correlations, for
running a single porosity (or dusl porosity) simulator. An
sutomatic grid set-up option is &lso built into HYWELL to
creats correct grid geometry for modeling various vertical and
horizontal well length and well location relating to GOC/WQC,
and hydraulic fractures perpendicular to the horizontal wellbore,
Well block productivity indices for both vertical and horizontal
wells sre automatically calculsted using the method of
Peaceman®. These features greatly save man-time and cpu-time
for the data preparation in reservoir simulation.

CASE STUDIES OF HORIZONTAL WELL DESIGN AND PRODUCTION FORECAST

The simulator used in HVWELL is the VIP-ENCORE simulator -

developed by Western Atlas Intemationsl. VIP-ENCORE is a
threc-phase, three-dimensional, single/dual porosity, fully-
implicit (or IMPES) simulator. Results reported in this work
were calculated using the fully implicit reservoir and wellbore
pressure options. The pressure drop in the wellbore was
assumed to be negligible in this study. The post-processor
genentes short summary and graphical outputs for cach rua,

HVWELL not only calculates well productivities in single or
dual porosity reservoirs, but also predicts coning behavior for
cither vertical or horizontal wells, This program has been used
within Texaco for horizontal well design and production
forecast.

Figure 1 illustrates the 3-D cartesizn grids generated by
HVWELL for & 2,000 £ horizontal well in & 4,000 #t X 4,000
£ pattern. The SO-R oil colun. 1 is underlsin by x 300 ft bottom
water and overlain by & 50-8 gas cap. Due to the symmetry of
the flow pattern, only onc quarter (2,000 & X 2,000 f) of the
drainsge volume and onc haif of the horizontal welf (1,000 f)
were simulated and thown i the figure. A total of 11
logarithmically spaced grid blocks arc used in the x-direction,
and 21 grid blocks are used in the z- direction. Constant Az of
5 and 10 R arc assigned to the oil column and the gas cap, and
Az gradually incresases in the aquifer region. The herizonta) well
is plased in parallel to the y axis, 35 & below the original GOC.
A total of 15 grid blocks xre used in the y direction. The fine
grid blocks used aound the tip of the horizontal well ase
necessary lo better define the gas/water cones and to monitor the
fast pressure drop in the region. The well is located at 1={,
Jmi-8, K=13. A lotal of 3,150 grid blocks was used for this
example.

In some reservoirs, the horizontal well peactrates the whole y-
direction (horizontal well leagth would be equal to 4,000 # in
Figure 1), The idesl symmetrical shape of the cresting along
the y axis simplifics the 3-D model to & 2-D xz model, which
greatly reduces the computer time. In sddition, HVWELL also
generates cylindrical (r-2) grids for vertical well predictions if
needed,
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FIELD CASE STUDIES

¥ i

The rescevoir is an unconselidated sandstone favlt block in
offshore shallow (200 f) water, Average reservoir properties
are shown in Table 1, and the steucture map of the reservoir
fault block is shown in Figure 2. Note that the reservoir is very
shaliow (700 f subsea) and the total drainage ares is about 30
acres. Vertical wells had been drilled in this fault block with
commingled production from other zones. By the time the
horizonta! well was planned, the reservoir pressure had been
depleted from the original of 369 psia to 280 psia. Since the oil
viscosity is very high (39.8 cp), drilling & horizontal well was
suggested to increase productivity,

HVWELL was used in this case for the purpose of (I) w0
compare the differcnces between a vertical well and a horizontal
well, and (2) o conduct a history match with available
horizontal well date and provide & production forecast,

Figure ) illustrates a comparison of two horizontal well lengths
(1270-ft and 635-ft) a3 well a3 & ventical well projection. The
initial total (oil and gas) production rste of 1,200 RB/D and the
battomhole pressure limit of SO piz were azssumed for the
horizontal wells, and the initial total production rate of 300
RB/D and the same bottomhole pressure limit of 50 psia were
assumed for the verticel weli. The vertical well projection rate
was estimated by means of calculating the produstivity
improvement ratio.* In this case, the horizontal well (1270-R)
was expected to increase productivity by & factor of 4.52 (a
conservative {actor of 4 was used in this study). The
productivity improvement theory is discussed in Appendix.

The results reveal that higher and faster oil recovery can be
obtained froin drilling horizontal wells. This happens because
pressure drawdown for horizontal wells is in general much
lower than that of the vertical wells even though the production
rates for the horizontal wells are higher. Therefore, for a
unconsolidated formation, horizontal weils are more
advantageous in that a small pressare drawdown can be utilized
to produce a higher rate without the jeopardy of risking large
amount of sand production. In addition, the longer horizontal
well would have & much higher oil production rate.

A 1270-f horizontal well was drilled and the production kistory
was available. A production history match was made uzing
HVWELL. Aftier e model was st up, the oil production rates
wers used as input, and the gas—il ratio and the calculated
bottomhole flowing pressurcs were plotied against the observed
data. Since water cut was less than one percent, the water
production history match 'was neglected.

At the time the history match was made, only 300 days of
prodiiction dats was evailable. Figure 4 shows the oil history
match. Excelient bottomhole flowing pressure history match
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can also be observed in Figure 5. Note thal high bottomhole
flowing pressures were calculaud as were observed.  This
indizated that very small pressure drawdown w-.s required in the
beginning of the horizontal well operation. The bottombole
flowing pressure was gradually reduced as can be seen in
Figure 5. The gas-cil ratic history match is shown in Figure
8. Aithough the history match is not exsct, it is belicved that
the model describes the production trend of this reservoir.

A production forccast was run using the last bottombhole ﬂowing'

pressure of 50 paig after 300 days. Reault of tha oil production
curve after 300 days was plotted in Figure 4 with additional
production data. It can be seen that the production forecast
matched with the field data closrly. With this close history
match and prediction, production § ential of the fault block can
be confidently established.

We may sumnurize the observation® below:

a) Horizontal wells can greatly improve productivity in & heavy
oil reservoir, Longer horizontal well lengths result in higher
oil production rates.

b) The Jow pressure drawdown between 2 horizontal well and
unconsolidated formations minimizes saad production
problems.

Case2: Thin Oil Colump With Gas Cap And Bottom Water

This reservoir is located offshore in approximately 280 ft of
water. The ficld is mature and has been on production since
1974. By the time the horizontal well was drilled, the reservuir
pressuse had been depleted from 2418 psia to 1800 psia. The
reservoir propertics are shown in Taoble I, A limited surface
map, denoting the area of evaluation and relative porition of the
g3 cap and the horizontal well, is shown in Figure 7.

The horizoatal welf technology was suggested as & means to
improve oil recovery by increasing productivity and minimizing
the severe gas and water coning in this ares. Three concems
were raised in designing the horizontal well; (1) the optimum
horizontal well length, (2) within the provided drilling window,
what is the best vertical level for the well, and {3) what distance
should the well be placed from the edge of the gas cap.

All sensitivities were run using the model as shown in Figure 8.
Since the extent of the gas cap was limited, a half of the pattern
(instead of & quanier of the pattern used in the other cases) was
simulated. The gas cap is 60 f thick and 1960 R in length.
The oil column is 100 R giost snd 35 f net with varying
sand/shate layers. The water column is 60C R thick and
provides the aquifer support which is evident from the field
history.
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A history match was done based or the performance of nearby
wells (V1 and V2 in Figure 7) in order o verify the reservoir
parameters & be used in the horizontal well projection cases.
An 18 year history match was cstablished which noted
tncreasing gas-oil ratios and water cuts with time.

Various horizontal well lengths and vertical positions were
evalusted to test the gas and water coning sensitivity, Well
lengths of 500, 1400, and 2000 ft were positioned at the center
of the oil columa and 20 f above/below the center for
production comparisons. Additionally, the lateral positica of the
horizontal well with respect to the gas cap was reviewed.

~Figure 9 shows a compsrison case of various horizontal well

lengths as well as a vertical well projection. These cases are for
the horizontsl well positioned at the center of the oil column.
The maximum total (gas, oil and water) production rate of the
horizonta} wells was assumed to be 1,638 RB/D, which is three
times that of the vertical well (Joshi's* productivity ratio is
2.87). 'The results clearly show that all of the horizontsl wells
have higher, but faster declining oil rates compared o the
vertical well. The longer the well, the longer the high oil
production rate can be maintzined. The oil rate of & 500-ft
horizonta} well drops below that of the vertical well after 1.5
years of production.

The results of the vertical position runs recommend that the
horizontal well be located at or below the center of the oil
column in order to maximize the oil rate and recovery. The
model indicated that gas coning tendencies were more prevalent
thsn water coning. The laleral position of the well did not,
however, greatly affect the productivity. Figures 10-12 show
2 comparison case of a 1400-8 horizontal well located at the
center and 20 ft below the center of the oil column,

A 1414 foot horizontal well was successfully drilled and
completed slig ly below the center of the oil column. The field
results and projections are shown graphically by oil rate, gas-oil
ratio, and water cut vs, time. Most notable are the greatly
improved oil rates of the horizontal well cases aver that of the
vertical well as shown in Figure 10 The vertical and horizontal
well performance data has been superimposed on the plot to
access the accuracy of the model. Praduction rates are 3 times
that of the vertical wells.

The gas coning problems realized in the vertical wells can be
seea in Figure 11 which shows the gas-oil ratio versus time.,
The projected GOR’s of the vertical wells continue to increase
with time and range from 5 {0 7 times that of the horizontal well
cases. The reduced pressure drop in the horizontal well in
addition to the optimum placement helps (o stabilize the gss
cone and minimize gas production. As shown in Figure 1, the
horizontal well placed 20 & below the center of the oil column
has a lower GOR than the one placed at the center.



4 CASE STUDIES OF HORIZONTAL WELL DESIGN AND PRODUCTION FORECAST

The water coning problem realized in the vertical wells can be
seen in Figure 12 which shows the water cut versus time.
Water cut plots show an improvement in water production for
horizontal wells, As can be seen in Figure 12, horizontal wella
at the lower vertical position have & higher water cut than the
case &t the center of the oil column. Actual water production
has been dropping even though one of the sand members
pencirated was wet.

Several observations can be summarized below:

a) Horizontal wells greatly reduce the gas and watcr coning
problems scen in vertical wells.,

b) Horizontal wells outproduce cenventional wells by & factor
of 3 in this reservoir.

¢) Horizontal wells will increase recovery and reduce the
number of development wells needed to effectively depleie
this reservoir.

d) Vertical position of the horizontal well had & greater
influence on the well performance (especially coning) than
the lateral distance away from the gas cap.

Case 3; Tieht Ol Reservoir With Water Injection

The reservoir is & relatively tight (2 md) sandstone rese:ve 2
undecgoing a walerflood expansion. It has a 45-year production
history and is Jocated at & depth of about 8000 . Average
reserveir properties are shown in Table 1 and the structure map
is sboov in Figure 13, The production mechanism is aatural
w: .o However, water alto has been injected into the
re.s . maintain the reservoir above its bubble point
pressure. Afer 45 years of production and 40 years of water
injection, the reservoir pressure has declined from 3560 psig to
2000 psig. Prior to 1991, the reservoir had two sctive vertical
waler injectors and six venical oil producers which produced
approximately 250 BOPD. The proposed horizontal wells are
shown in the middle (producer) and the west side of \he
reservoir (injector). The objective of the horizontal oil producer
was to sccelerate oil production and o reduce the number of
wells drilled. The abjective af the horizontal water injectar was
to cffectively maintain the reservoir pressurc near 2000 psig.

In late 1990, a vertical producer, V-1 was drilled. The

production dats on V-1 was used for a history match study to
properly tune the reservoir parsmeters. When the study was
niede in mid 1991, six months of the ventical well production
data was available. A verticsl well history match and prediction
curve was established as shown in Figure 14, Subsequently, as
more data became svailsble, they were plotted on the same
prediction curve. It can be seen that an excellent history match
and production forecast for the vertical well was oblained.
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Bascd on Joshi's productivity improvement equation, & 7.25-fold
production rate increase should be obscrved in & 1500-f
horizontal well. Uzing a 6-fold maximum production rate
limitation for a horizontsl well, HVWELL was set up to run the
horizontal well production forecast.  The predicted oil
production curve is shown in Figure 14 with the actual
production dats. Note that the actuat oil rate is lower than
predicted but the total fluid production matches the prediction
reasonably well. Since no water production was expected, the
total fluids establish the production potential of the horizontal
well, [n this prediction, water injection was not used and in
reality the water injection in the horizontal injector was limited
due to mechanical problems,

. Several remedis! actions were taken to restore water injection in

this fast pressure decline reservoir.  Flgure 15 shows predicted
oil production rate for some higher water injection to fluid
production ratios. The total fluids production data are plotted
with the prediction curve where no additional water injection
was assumed. Water injection rates set to both onc-half of the
production value and the production value are also shown.
Results indicate that with successful water injection the reservoir
pressure is maintained, and high oil produclion rates of 450
BOPD can be cxpecied from the horizontal well.

Several observations are summarized for this case:

1) Productivity can be greatly increased (more than 6 fold) by
drilling & horizontal well in a tight oil rescrvoir.

b) Pressure maintenance is very important o keep the high
production rate for the horizontal wetl.

: Hi rmeability G voir With Bo
Water

The following example is located offshore. The proposed well
was o be drilled in 250 ft of water for shallow (1700 f TVD)
gas bearing formations, Normal development would require
extended-reach directional wells.

The sand is & high permeability, unconsolidatcd, middle
Pleistocene sandstone. Logs showed 40 &t of gas on 110 ft of
water in & nearby weil. Depositional environment suggests that
the sand is & bifurcating channel deposit. Figure 16 shows the
structure map and position of the horizontal well.

A number of deeper horizons have been produced to depletion
in the srea which sct up the opportunity to develop the shallow
gss zones. High angle wells were drilled and successfully
completed in intermediate levels, Due to the nature of the

objective sand heing thin with & water column, horizontal wells
were considered & viable option to cfficiently snd effectively
produce the gas reserves. Water coning had been a problem in
other horizons and presented an interesting drilling and
completion chalienge.
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In order to determine the tppropriste recommendation for
developing the gas reserves, scversl runs were made to
investigate (1) horizontsl well leagth effect on gas productivity,
and (2} gas rate effect on water coning.

Figure 17 is a projection of various horizontal well lengths
compared (o that of & vertical well, all producing at & constant
mte of 15 MMCF/D. The plot suggests that increating
horizonta] well length improves the produstion capability to
maintsin higher rates for longer periods. Based on Joshi's
oquation, the productivity improvement ratic of the 300-f
horizontal well to the vertical well is 1,48, which is relatively
less than those of the three previous oil reservoirs.

We must, however, look at water breskthroughtimes (sce Table
2) and consider outflow performance in relation to tubular
constronts.  The horizontal well will delay the water
breakthrough time substantially even for & 300-f horizontal
well.

Figure 18 expands on the 300-R horizontal case and varics rate
projections for that length. The actual horizontal well drilled
reached & horizontal length of 310 it and its production is also
plotted on this figure. The well was brought on production
tlowly and gradually increased to & maximum rste of 18
MMCF/D. & is now being produced at a constant rate of
spproximately 14 MMCF/D. No water was produced over the
production period of 645 days.

Should the well performance continue to track similarly to the
projection, # is expected that water breakthrough will occur
within the next year. This assumes that the well rate will be
maintained at the 14 MMCF/D figure.

A3 mentioned earlier, there arc restrictions due to tubing size
and capacity to lift te water to the surface. The water-gas
ratios as shown in Figure 19 arc the mode! results and were not
subjected to tubular constraints,

We may summarize the predictions as follows:

) In this case, the actual horizontal performance is tracking
well enough to predict future water breskthrough time.

b) Harizontal well length has an impact on rate and well
performance.

¢} Horizontal wells delay water coning over that of vertical
wells snd often produce with lower water gas ratios.
CONCLUSIONS

This peper exhibits the early production data (1-2 years) of
horizontal wells in three oil and one gas reservoir. The

BEN WANG, B. N. MARKITELL ..

) W. S. HUANG : ' 5

advanisges of using horizontal wells over ventical wells are
shown, and the horizontal well design and production forccast
sre illustrated in each case. The main conclusions are listed as
follows:

1. Performance prediction of horizontal wells can be accurately
accomplished using finite difference simulators. A single
well program, nsmed "HVWELL", can auwtomatizally
generate grid, rock and PVT data for simulators with
minimal reservoir and fluid information. It was provento be
& robust tool for horizontal well design.

2. Horizontal wells showed great productivity improveinent
over vertical wells in the three oif reservoirs, The
improvement ratios range from 3 to 6. However, the oil
ate of horizontal wells genenlly declines much faster wnan
that of vertical wells. The decline rate depends on the
degree of presaure support and the horizonial well length.

3. Horizontal wells can effectively reduce gas and water
coning. Carefully positioning herizontal wells between the
GOC and WOC may maximize oil recovery by balancing gas
and water coning.

4. In the high permcability gas reservoir, the shont horizontal
well not only increases the gas rate, but also greatly delays
water breakthrough.

5. In order to accumtely predict horizontal well performance,
it is important to verify reservoir paramelers (such as
vertical/horizontal permeability ratio, relative permeabilities,
¢) by history matching the adjacent vertical well
performance.

6. loshi's cquation (or any other analytical equation) for
calculating productivity improvement ratio (horizontal
production rate/vertical well rate) can be used to predict the
initial production rate for a horizontal well, if the production
rates of the edjacent wells are available.

NOMENCLATURE

h = net pay thickness, f

J, = preductivity of a horizontal well, STB/D/psi
J, = productivity of & vertical well, STB/D/psi
K, = horizontal permesbility, md

K, = vertical permeability, md

~ L = haorizontal well length, #t
r, = cxternal drainage radius, f
ty = external drainage radius for horizontal well, &
., = exiermal drainage radius for vestical well, R
r, = wellbore radius, &

fo = cffect wellbore radius of & horizontal well, ft
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APPENDIX
Productivity Improvement

Joshi's equation® was used to sccount for the productivity andfor
injectivity improventents over a vertical well,

loshi's equation defines the productivity improvement of 2
horizontal well over a vertical well as:

In(-2)
?.__._’- )
r
" -

A

where 1), is the productivity improvement ratio. 1, and r,,
arc the externat drainage radii for vertical and horizontal wells.
We assume in this study that r,, = 1y = 1,, and

r,=J/Drainagedrea43560/x @

r,= cffective wellbore radius, R, of a vestical wel, and 1 is
the effective wellbore radius of a horizontal well which is shown
an,

.. r L)
T el o/ T-@zaR IR 2r P

(&)

h is thickness of the formation in feet and L is the length of the
horizontal well, R.

a=UD(0.5 025 +@rJIY @

I—F {5)

L]

where K, and K, are horizontst and vertical permeabilitics,
respectively.
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TABLE 1

SIMULATION INPUT VALUES
Reservair and Description | Case 3 Case d
Depth to Top of Formation, ft. subsea 700 4540 7965 1650
Initial Reservoir Pressure, psia 369 2418 3560 760
Connate Water Saturation, % 30 38 28 18
Reservoir Tempenature, ‘'F 88 133 216 91
Formation Thickness, ft - Gas, Oil, Water | 0,65,0 '60.100,600 0,30,0 40,0,110
Porosity, % 30 303 12 33
Permeability (horizontal), md 1150 810 2 6000
Permesbility (vertical), md 115 6.2 3 600
Oil Graviy, AP 2.5 35 46.3 -
Oil Viscosity, cp k'R 1.2 0.352 -
Gas Qil Ratic, SCF/STB 46 452 422 -

J Subbie Point Pressure, psia 369 1975 1550 -

I Formation Volume Factor, RB/STB 1.03 1.23 1.36 -

I loshi’s Productivity Improvement Ratio® 4.52 2.87 7.25 1.48
Horizontal Well Dnainage Area, Acres 30.6 588 763 758
Dmninage Arca Dimensions, X & Y, & 1040,1280 3200,8000 1320,2320 6000,5500

I Horizontal Well Length 1270 1414 1500 310

TABLE 2
o s
WATERW{ TIME
HORIZONTAL WELL
Rate MMCF/D) | VERTICAL WELL 306 FT <00 FT 1000 FT
10 349 DAYS 1209 DAYS NONE NONZ
l 18 23 DAYS 640 DAYS T24 DAYS 859 DAYS
i 20 12 DAYS 324 DAYS 415 DAYS NONE
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ABSTRACT

This paper reports the results of comparisons of
simulation runs performed by fourteen organizations
on a preblem involving production from a horizontal
well in a reservoir where coning tendencies are
important. The effect of well length and rates on the
recovery is examined. In addition, the paper also
reports the techniques used by the different par-
ticipants to calculate the inflow into the horizontal well
and the wellbore hydraulics.

A variety of methods was used by the participants
to model the inflow into the horizontal wells ranging
from the use of productivity indices to grid refinement.
A muititude of techniques was also used to calculate
wellbore hydraulics while a few participants selected

1o represent the wellbore by a constant-pressure line
sink.

All paricipants consistentdy predict a decrease in
the coning behavior with an increase in well length.
However, variations in the predictions were observed.
Although the modelling methods from different
participants can be grouped into different categories,
no trend in the predicted resuits, according to the
methods used, could be ¢ bserved.

References and figures at end of paper.

INTRODUCTION

Recent interest in horizontal wells has been rapidly
accelerating because of improved drilling technology,
and the increased efficiency and ecconomy of oil
recovery operations. This paper presents a problem
which deals with the effect of horizontal well lengths
and rates on the recovery and selected results as
submitted by the participants, compares various
approaches for modelling horizontal wells in reservoir
simulation, and discusses any large differences in the
submitted results. This paper is the scventh in a series

of comparative solution pro;ects (CSP)*8 dealing with
different aspects of reserveir simulation.
The objectives of this paper arc:
1. To compare predictions from  different
participants,

2. To compare different approaches for calculating
pressure drops in the wellbore, The inclusion of
wellbore hydraulics in the simulation is preferable.
However, participants can also represent the
horizontal wellbore by a constant-pressure line
sink,

3. To compare different approaches for calculating
productivity indices for a horizontal well, Par-
ticipants can also use local grid refinement around
the horizontal well if they so desire.
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In designing the problem, an attempt has been
made to have the data as simple as possible while
maintaining the practicality of the problem. The hope
is that major differences in the simulation results are
caused by different approaches for calculating pressure
drops and productivity indices.

PROBLEM STATEMENT

The problem deals with oil recovery by bottom
water drive in a thin reservoir where coning is impor-
tant,  Black-oil fluid properties and relative per-
meabilities from the Second SPE CSP? are used.
However, reservoir and capillary-pressure data are
different from those in the Second CSP.

Table 1 shows the reservoir data, Fluid property
data are given in Tables 2 and 3, and relative per-
meabilities and capillary pressures are reported in
Table 4. Initial conditions are also given in Table 1.
The initial bubble-point pressure is equal to the
gridblock oil pressure in each gridblock.

The reservoir is represented by a 9xSx6 grid
system. The gudbiock dimensions in the horizontal
directions (x and y directions) are shown in Figure 1.
The thicknesses in the vertical direction (z direction)
are reported in Table 1.

Fluids are produced from a horizontal well drilled
in the top layer (Layer 1). The well passes through the
gridblock centers and the entire length is open to flow.
Two lengths are considered:

a) L=900 ft. well completed in Gridblocks (L,5,1),
1=6,7,8

b) L=2100 ft: well completed in Gridblocks (1,5,1),
[=2,3.....8

The flow direction in the horizontal well is from left to
right in Figure 1. Fluids are removed from the portion
of the well in Gridblock (8,5,1) to the surface. The
horizontal wellbore has an inside diameter of 4.5
inches and an effective relative roughness of 1073,

A constant pressure line source is used to simulate
the bottom water drive. The line source is completed
in Gridblocks (,5,6), 1=1,2,...9 as shown in Figure 2.
Pertinent well data for both the injector and the
producer are given in Table 5. '

The horizontal well produces at a constant liquid
(oil and water) rate. Three ratcs are considered: 3000

STB/day, 6000 STB/day and 5000 STB/day. ’I‘hej
following eight cases are considered:

Case la:

L=900 ft

Liquid rete = 3000 STB/day
Simulation time = 1500 days
Reporting interval = 100 days

Casg 1b;
Same as in Case 1a but with L=2100 ft
Case 2a;

L=9500 fi

Liquid rate = 6000 STB/day
Simulation time = 1500 days
Reporting interval = 100 days

Case 2b:
Same as in Case 2a but with L=210C ft
Case 3a;

L=500 ft

Liquid rate = 9000 STB/day
Simulation time = 1500 days
Reponing interval = 100 days

Case 3b:
Same as in Case 3a but with L=2100 ft

Case 4a;

Horizontal permeabilities = 3000 md for all blocks
Vertical permeabilities = 300 md for all blocks
Horizontal well length L =900 ft
Liquid production rate = 3000 STB/day
Minimum bottom hole pressure of
producer = 1500 psia
Water injection rate into the lower horizontal
well = 6000 STB/day
Well index I, for injector in each
gridblock = 2.16 x 10° md.ft
Simulation time = 1500 days
Reporting interval = 100 days

Case 4b:

Same asin Casedabut with L=2100 ft
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Cases 4a and 4b differ from the previous cases
(Case 1s, 1b, 2a, 2b, 3a, and 3b) in the specification of
reservoir permeabilities (Table 1) and in the injector
constraint (Table 5). In the six previous cases, the
permeabilities are ten times smaller and the injector
operates at a bottom-hole pressure constraint of 3700
psia whereas a constant injection rate is maintained for
Cases 4a and 4b.

Cases 1 1o 3 examine the effect of rates and well
lengths on the recovery. Since pressure is maintained,
very little free gas is produced. In Case 4, the voidage
replacement ratio is less than unity, A substantial
amount of gas comes out of solution and is produced
with the liquids. Table 6 summarizes the lengths of
the producer and the injector/production schemes for
the eight cases.

DESCRIPTION OF THE RESERVOIR
SIMULATORS

This section describes the reservoir simulatois
used by the participants. The handling of wellbore
hydraulics and of the inflow into the horizontal well
are highlighted. Fourteen organizations participated in
the Comparative Solution Project. The names and
addresses of the participants are listed in Appendix A,
Because of space limitations, the write~-ups provided
by the paricipants were condensed when required,
with retention of the essential features.

ARTEP (Research association of Institut Frangais du
Pétrole, Elf Aquitaine, Total-CFP and Gaz de France)

Sigma-Core, thie ARTEP industrial simulator
(presently jointly maintained and developed by
Franlab) was used for the test examples of the present
Project, Sigma-Core is a three-phase, three-
dimensional black-oil and compositional model.
Several different choices of space and time discretiza-
tion techniques and matrix solvers are available.

In the runs for this CSP, a fully implicit, five-point
difference scheme with upstream mobilities was used.
The sparse linear equations were solved by D4
Gaussian elimination. The productivity indices were
calculated by matching semi-analytical resulis
(constant-pressure solution line source in a box shaped
reservoir with one constant pressure boundary and
three no-flux boundaries). The match consisted in
reproducing the difference of pressure between the
constant pressure boundary and the well and the
repartition of well rates along the wellbore. Results
are very close to those using Peaceman’s formula'*

with a circular permutation of the axes to account for
the horizontal well. The values of the productivity
indices in md.ft are:

Cases 12, 2a and 3a:

I=6,8
=7 L,

e-652x104mdft
.=590x 10° md.fi

Cases 1b, 2b and 3b:

=28 we = 6.63 % 10“ md.ft
=37  1,=594x10°mdft
12456 1. =550x10°md.ft

The values for Cases 4a and 4b are ten times the values
of Cases 1a and 1b respectively.

A very flexible monitoring scheme of injection/
production is available for wells, sectors and fields
with several wellbore-hydraulic calculations suited for
vertical, slanted or horizontal wells, The coupling
between wellbore and reserveir is fully implicit.

The wellbore hydraulics used for the current
project was from the Pepite model.” Reference 7
outlines the main features of this model which can
handle two-phase (liquid and gas) flow in pipes with
the modelling of stratified and slug flow patiems and
the transition from one pattemn to the other. It was
assumed that rates were constant between two adjacent
centers of perforated gridblocks.

Chevron Oil Fieid Research Company

A fully implicit black-oil sxmulator with Cartesian
local grid refinement capabthty was used. Local grid
refinement was used to zoom in on the wellbore and
replace it with a row of reservoir cells. Darcy’s law,
for axial flow in those cells, was replaced by a non-
linear relationship between pressure drop and fluid
velocity. The relationship was derived using Beggs
and Brill's multiphase pipe flow correlation®. Relative
permeability values were calculated, which ensured
that the phase velocities in the wellbore were the same
as those computed by the correlation (for wellbore gas
saturations between O and 10%). These relative
permeabilities were used for all cases. Flow from the
reservoir to the wellbore was treated as cell to cell
flow, eliminating the need for defining a productivity
index. Flow out of the wellbore occurred in the last
wellbore gridblock. The well bottomhole pressure was
the pressure in the cell from which fluid was removed.
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The multiphase relationships used for

(oil+water) and gas are:

liquid

ky(S)| B | =446+ 109w + 6235+ 1090V}

j=lg

Here k , and k,, are analogous to gas and liquid relative
permeagzhty functions, and Vg and v, are superficial
phase velocities.

Using Beggs and Brill's correlation for liquid
saturations in the range from 0.9 to 1.0, and liquid
flow rates from 9,000 to 200 reservoir bbi/day, and
assuming distributed flow, a least squares fit gives:

= §2:2404
k(S =583

=57

For the 900-ft well, each gridblock in (6-8, §, 1) is
locally refined to 3x7x5 with Ax=3x100ft,
Ay=17f,8ft,4ft, 2, 4ft, 811, 17ft, Az=51t, 4 ,
2 ft, 4 ft, 5 fi. For the 2100-ft well, each gridblock in
(2-7, 5. 1) is locally refined to 1 x 7 x 5 with Ay and
Az given as above; Gridblock (8, 5, 1) was locally
refined to 3 x 7 x § as in the 900-ft well. For both the
900-ft and 2100-ft case, a 2 ft x 2 ft cell at the center
of the refined region in the y-z plane represents the
wellbore,

Computer Modelling Group (CMG)

The simulator used is IMEX which is an adaptive
implicit, three-phase, black-oil simulator with pseudo-
miscible options!®, For this study, the hybrid grid
refi nement and wellbore frictional pressure and slip
opnons 42 were used.

The hybrid grid option results in curvilinear grid
refinement within the Cartesian grid about the horizon-
tal or vertical well. The grid is generated automati-
cally based on the reservoir permeabilities, k,, k,,
perpendicular to the well axis and user input number of
subdivisions per gridblock. If k; = k, then a circular
grid is created. If k; # k, then an elliptical grid is
created. This provides an accurate and efficient means
for modelling near wellbore phenomena allowing the
use of coarser Cartesian grids near the wellbore,

The wellbore frictional pressure drop and slip
option models the effects of pressure loss due to
friction and liquid holdup in the well tubing within the

formation. This is done by coupling a two phase
pipeflow correlation with the simulator in a fashion to
allow the same primary variable set within the
wellbore as within the simulator. Thus wellbore
pressures and insitu saturations and bubble point
pressures are calculated within a discretized wellbore,
Wellbore insitu saturations and pressures were solved
fully unphczﬂy with the muluphase flow correlation
coupled in an explicit fashion!!'2, This also provides
an accurate means 0 model mixing within the
wellbore and hence well backflow and crossflow
through the welibore.

When the above two options are used together, as
done for this study, the inner grid is cylindrical in
shape with the same dimensions as the wellbore, The
well productivity then is calculated by using steady-
state theory to calculate elliptical (or radxal dependmg
on permeabilities) gridblock locations'? and using
curvilinear transmissibilities.

For the cases in this comparative solution project
each Cartesian gnd where the wellbore is located was
divided into three in the elliptical direction and four in
the hyperbolic direction. Dukler's correlation’’ for
multiphase flow in pipes was used in the present study,

ECL Petroleum Technologies (ECL)

Eclipse 100 is a fully-impilicit, three-phase, general
purpose black-oil simulator with gas condensate
options. A series of special extensions to this
simulator is available, collectively known as Eclipse
200, Two of these special extensions have been
applied to this problem: Local Grid Refinement and
Wellbore Friction.

The Local Grid Refinement option allows selected
regions of a Cartesian grid to be replaced by finer-
detailed local grids, The refined local grids are
typically placed around wells that require coning
effects to be resolved in more detail. The local grids
may be Cartesian, 2-D radial (r,z), or 3-D radial with
four sectors. Efficiency is enhanced by solving each
local grid individually with its own timesteps and
iterations, so that small timesteps can be used when
necessary without holding up the progress of the
global field simulation.

The Wellbore Friction option models the effects of
pressure loss due to friction in the well tubing within
the formation. It is primarily intended for use with
horizontal wells, in which frictional losses may be
significant. Eclipse treats the friction head terms in

188




SPE 21221

LONG NGHIEM, DAVID A. COLLINS, AND RAVI SHARMA | 5

each well-block connection as additional strongly-
coupled variables, which it solves fully implicitly. The
frictional pressure drop over a length L of tubing is

App=2¢f+(@LMD)epeV?

where f is the Fanning friction factor which, for
turbulent flow in rough pipes, is calculated from
Haaland's formuta®® For multiphase flow, a
homogeneous model 1s used, in which the mixture
density and viscosity are the flow-weighted averages
of the phase properties.,

The well indices are calculated from Peaceman's
formula for wells penetrating perpend:culariy through
the centre of rectangular gndblocks

In Cases 4a and 4b the grid was not refined. In
Cases 1 to 3 the grid is refined as described below.

The aspect ratio of the well blocks in the yz-
direction is approximately unity when transformed to
an isotropic system, so a refinement that kept this
aspect ratio was applied. The refinement was applied
to the box of gridblocks consisting of the row of
blocks containing the production well plus an extra
block on either end. This box was refined as follows:

z-direction: 3 layerswithAz=8ft, 4 ft, 8 fi
y-direction: 3 rows with Ay =24 ft, 121,24 fi
x-direction: 2 blocks at each end of the refinement
box were refined into 4, with equal Ax values. The
other blocks were not refined in the x-direction,

The refined blocks containing the production
well thus had dimensions: Ax=300ft and 150 fi;
Ay =12 ft; Az =4 ft.

The well index calculated for each of these blocks
was 9.75 x 10* and 4.88 x 10% md.ft. For Cases 4a and
4b where no grid refinement was used, the well indices
were 5,154 x 10° md.ft.

Robertson ERC Limited (ERC)

The TIGRESS Reservoir Simulator has been used
for this project. TIGRESS (The Integrated Geophysics
Reservoir Engineering Software System) is an in-
tegrated software system which includes application
mmodules for geophysics, geology, petrophysics,
mapping, reservoir engineering, reservoir simulation
and economics. It operates in a UNIX and X Windows
environment with a database and user interface. The
TIGRESS software is being developed by Robertson

ERC Limited with significant financial backing from
ARCO British Limited, Enterprise Oil plc, Shell UK
Limited and The UK Department of Energy. Because
of their previous experience in writing the Pores Black
Oil Simulator and Scorpio, a Chemical Flood
Simulator, the mathematical aspects of the TIGRESS
Reservoir Simulator have been developed by AEA
Petroleum Services under contract to the TIGRESS
consortium. AEA Petroleum Services also carries out
the work for this project.

The simulator is based on a generalized composi-
tional formulation which mcoxporatcs IMPES and
fully implicit solution techniques'®, Fluid properties
can be calculated using either black oil or equation of
state compositional models. The non-linear equations

- are solved by Newton's method. Linear equations are

solved either by Line Successive Over Relaxation, or
by ORTHOMIN with nested factorization precon-
dluonmg Well block productivity indices are calcu-
lated using the method of Peacernan'®, modified to
allow for a horizontal well by interchanging the x and
z axes. The simulator calculates the pressure drop in
the wellbore using a modified version of the Beggs and
Brill's correlation proposed by Brown'®,

The calculations for this project used a fully
implicit solution method and the ORTHOMIN linear
solver. The reported results were obtained using the
original 9x9x6 grid. Some of the cases were repeated
using local grid refinement in the central region of the
model reservoir, but the results were found to be
similar to those with the original grid.

HOT Engineering (HOT)

The test problem was solved with the Mult-
purpose Reservoir Simulation System SURE. SURE is
4 general non-isothermal compositional model which
is formulated for any number of phases and compo-
nents while the input data and results remain in
vell-known black-oil format. The available simulation
models, from black oit 0 compositional, are defined
blockwise. The models may therefore be changed with
time as well as used simultaneously in one reservoir.
The grid-refinement option allows construction of a
reasonable grid sysiem focusing on interesting areas.
This may also be applied dynamically. Using grid
gathering, blocks can be merged in aquifer areas. The
dynamic implicitness, which was used for this test, |
reduces the number of implicit unknowns while
providing the same quality as the fully implicit
method. Direct Gaussian elimination procedure and an
iterative solving method (ORTHOMIN) with incom-
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plete factorization are available.
used for this test.

The latter one was

The calculation of pressure drops in horizontal
well sections within SURE is based on the Dukler's
correlation!” and is done explicitly. This is because it
meets both our requirements by being sufficiendy
accurate in comparison to other models, and by having
a moderate calculation demand.

This calculation model is based on a wide range of
experimental data whicht supplies the necessary
information to correlate the most significant variables
in multiphase flow: liquid hold-up and friction factor.
The calculations do not include the effect of different
flow pattems on pressure losses, thus resulting in-a
simpler calculation model. The basic equation used in
this correlation is the familiar Weisbach's friction loss
formula. Dukler proposed a different formula for
friction loss which includes mixture properties and
liquid hold-up,

The producuvnty indices are calculated from
Peaceman's method®*, This gives a value of 5.19x10*

md.ft for Cases 1, 2 and 3 and 5.19x10° md.ft for
Case 4. -

Integrated Technologies INTECH)

The simulator used is the VIP-ENCORE simulator
developed originally by the firm LS. Nolen and
Associates (now part of INTECH), VIP-ENCORE is
the “black-gil" simulator module of the
VIP-EXECUTIVE simulator software  system.
VIP-ENCORE is a three-phase, three-dimensional,
vectorized, fully-implicit (or IMPES) simulator in
which internally the hydrocarbon fluids are handled
compositionally. Fluid data input can be in the
conventional "black-oil" tabular form or as a two- or
multi-component system defined by pressure-
dependent k-values. The BLITZ matrix solver, also
developed originally by J.S. Nolen and Associates, was
used in the simulations described herein,

Wellbore hydraulics calculations for the horizontal
section are not implemented in VIP-ENCORE. In lieu
of that, the horizontal wellbore is simulated by a row
of high-transmissibility blocks. The transmissibility
used to simulate wellbore flow is that value which

allows a match of the pressure drop obtamed from a -

multiphase, horizontal flow calculation'®, Because the
pressure drop in the simulated wellbore is from block
center to block center, the values reported are for 600
ft and 1800 ft, respectively, rather than the actual

wellbore lengths of 900 ft and 2100 ft. (In all cases
investigated the pressurc drop is very small - maxi-
mum 0.5 psi/100 ft).

Simulation of the wellbore with a row of high-
transmissibility gridblocks provides two additional
benefits. First, it provides a measure of grid refine-
ment because in the y and z directions there are three
blocks rather than one. Second, well productivity is
determined by the transmissibilities of the block faces,
so no "well index" or similar factor is required for each
perforated gridblock. (It is necessary, however, to
adjust transmissibilities at the wellbore, as described
later).

The eight runs specified for the Seventh CSP were
all made using a row of gridblocks for the wellbore.
As a result, INTECH’s grid dimensions were 9x11x8 =
792 blocks rather than 9x9x6 = 486 blocks. The
"original" column and row of blocks containing the
wellbore (J=5, K=1) are divided into three columns
and three rows respectively with Ay = 29.17 fi, 1.66 ft,
28.17 ft and Az = 9.17 f1, 1.66 ft, 9.17 ft. y-and
z-direction spacing of the wellbore blocks is 1.66 ft
which is the spacing necessary for the block pressure
to equal the steadg -state flowing pressure of the well
(after Peaceman’ All other guidelines (rates,
pressures, wellpore Iengtbs)' were followed explicitly.

Adjustments (increases) in the y- and z-direction
transmissibilities are needed because of the small
cross-sectional areas to flow associated with the small
Ay znd Az values used to simulate the wellbore along
with the relatively long lengths of flow. Nine-point
differencing in the vertical plane could help offset this
problem, but that is not normally available.
INTECH's approach was (0 use the transmissibilities
detcrmined from a finer grid (9x17x12) system, The
transmissibility of each wellbore block face of the
Ox11x8 grid system was taken as the transmissibility
computed at the face between two 1.66 ft blocks in
both the y- and z-direction of the 9x17x12 grid system.
Use of these adjusted transmissibilities produced
wellbore gressures very close to the method of Babu
and Odeh®.

Japan National Oil Corporation (JNOC}

JNOC coupled a fully implicit black-oil model to a
model for multi-phase flow in pipes to include
wellbore hydraulics in the calculations. The reservoir
and wellbore equations are solved sequentially in the
coupled model.
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In the coupled model, the pressure drop in the
wellbore is used instead of the hydraulic head as in the
original black-oil model to calculate wellbore flowing
pressures at the perforated blocks. The pressure drop
was obtained from a previous calculation. Therefore for
each horizontal multiblock well, there is one additional
ynknown, i.e. the well pressure at the last downstream
block, just as in the original black-oil model.

The multi-phase pipe flow model calculates the
pressure drop in the pipe from data on flow rates, well
pressures and well geometry. The calculations are
based on the Beggs and Brill correlation® in which the
flow regime is determined among six regimes (single-
phase liquid, single-phase gas, bubble, stratified,
intermittent and annular), The model allows precise
calculations by dividing the wellbore clement in each
gridblock into several subsegments. In the current
runs, ten subsegments were used for each wellbore
element per gridblock,

The calculations of reservoir and wellbore equa-
tions are repeated until the updated well pressure is
satisfactorily close to the value from the lzst calcula-
tions, From a practical point of view, iterations
between the black-oil model and the wellbore model
are required only if there is a drastic change in the
production rate.

The productivity indices are calculated using the
method of Peaceman'* for nonsquare gridblocks with
anisotropic permeabilities, The calculated values are
5.194x10* md.ft for Cases 1, 2 and 3, and 5.194x10°
md.ft for Case 4.

Marathon Oit Company

Marathon’s simulator is fully implicit, three-
dimensional and three-phase?’. It can simulate single-
or dual-porosity reservoirs using five-point or nine-
point finite difference. For this study, nine-point finite
difference in the yz plane (i.e. perpendicular to the
horizontal well) was found to give essentially the same
results as five-point, therefore the reported results are
for five-point. The gas and oil phases are treated by
use of a two-component formulation in which the
maximum amount of dissolved surface gas in the oil

phase and vaporized stocktank oil in the gas phase can -

be approximated as a function of pressure”<,

The horizontal-well pressure drop calculations for
this comparative study were obtained using the
Mukherjee and Brill correlation, The oil, gas and
water PVT data were input into an auxiliary program

to calculate tables of pressure drop as 2 function of oil
rate, water-cut and gas-oil ratio using the specified
empirical correlation. These tables were input into the
simulator. Pressure drop between any two locations in
the well is interpolated from the tables using total flow
rate from all "upstream" locations in the well. Previ-
ous timestep values of flow rate are used to estimate
the pressure drop (i.c. calculations are explicit), For
this reason, timesteps were limited to be no greater
than 10 days. Well connection factors for the producer
were calculated using the method of Babu et al®?,
From the rigorous formulation in Reference 24, a
wellbore connection factor for each node was deter-
mined to be 5.19x10° md.fi for Cases 1, 2 and 3, and
5.19x10° md.ft for Case 4,

Phillip’s Petroleum Company

Phillip’s simulator is a gencral purpose three-
dimensional, three-phase reservoir model that can be
used to simulate vertical, inclined and horizontal wells.
The model uses a fixed or variable degree of implicit-
ness to solve for pressure, water saturation and gas
saturation in saturated cells; and pressure, a water
saturation and bubble point pressure in undersaturated
cells. Results reported in this work were calculoted
using the fully implicit reservoir and wellbore pressure
options. Productivity indices into each horizontal
wellbore gridblock are calculated by Peaceman's
method 4,

The cquivalent gridblock radius propased by Babu
et ai* was comparcd to Peaceman’s expression with
good agrcement between the two methods. The grid
system specified in the problem statement resulted in an
equivalent gridblock radius of 5.86 ft and a productivity
index of 5.194x10* md.ft for Cases 1a through 3b, and a
productivity index of 5.194x10° md.ft for Cases 4a and
4b. In this model, horizontal wells are treated as either
a line source or a line sink, i.e. no wellbore hydraulics
are included. Relative permeabilities were calculated
using Stone’s second method.

Time increment size was controlled by a dual set
of constraints. The maximum saturation change per
timestep was limited to 0.05, and the maximum time
increment size was limited to 0.10 years to minimize
time truncation error.

Reservoir Simulation Research Corporation
(RSRC)

The simulator used by RSRC is based on a general-
ized compositional solution algorithm. This algorithm

20t




SEVENTH SPE COMPARATIVE SOLUTION PROJECT:
8 MODELLING OF HORIZONTAL WELLS IN RESERVOIR SIMULATION

SPE 21221

supports the use of different fluid-property modules
within one basic simulator. The algorithm uses a full
Newton-Raphson solution technique which, due to
fewer iterations per timestep, is more efficient than
other commonly used methods, The calculations are
structured so that no material-balance errors occur. The
black-oil fluid-property option was used to solve the
comparative solution problem. A detailed description
of the simulator used in this study is presented in
Reference 25, The simulator uses a fully implicit
treatment of fluid mobilides at production wells and
uses an implicitly calculated bottom-hole pressure to
allocate well rates between layers for rate-limited wells.

The productivity index for the horizontal producer
in this problem is calculated based on Peaceman’s
method'*% modified to allow for a horizontal well by
interchanging the x- and z-axes. Using the formula for
interior wells', the productivity indices are 5.19x10
md.ft for Cases 1,2 and 3, and 5.19x10° md.ft for Case
4. Using the formula for edge wells®, the respective
productivity indices are 2.106x10* md.ft and
2.106x10° md.f.. It was found that the use of either
productivity index produces similar results. The
formula for edge wells was used in the simulation
reported herein,

The pressure drop in the horizontal wellbore was
not included in the simulation results reported,

Shell Development Company

The simulator used was the implicit black-oil
version of Shell’s multipurpose isothermal reservoir
simulator. The unknowns solved for in the simulator
are the reference phase pressure and the accumulation
of Peaceman’s formulas for a vertical well'* and
transposing the x and z dependence in the formulas.
The value of the productivity indices were 5.194x10°
md.ft for Cases 1, 2 and 3 and 5.194x10° md.ft for
Case 4.

The pressure drops within the wellbore are divided
into a gravity and a viscous term. The gravity tem
uses either a no-slip assumption for the average
density of a tahle of average density as a function of
the surface flow rates passing through a completion
interval. The average elevation of a completion
interval can either be set to the gridblock elevation or
be specified by the user. The pressure drop due to
viscous forces is calculated from tables of pressure
drop per unit length as a function of the surface flow
rates flowing through a particular interval. The pipe
length between two adjacent completion intervals must

be specified by the user. Although the tabular ap-
proach allows for a wide range of pressure drop
correlations to be used by the simulator and hence
requires an outside program to generate the input data,
the Dukler's correlation'” can be used within the
simulator to generate the tables,

Stanford University

The simulator used is a three-dimensional,
three-phase research simulator with local grid refine-
ment, hybrid grid and domain decompositicn options.
The wellbore hydraulics option in the simulator was
not used for the runs reported here,

The productivity index was computed by using the
analytical solution of the single 21:(>Jhlasc=. differential
equation reported by Babu et al™ and numerical
solution of the finite difference equations for single
phase flow. In these calculadons only the producer
was considered. The resulting productivity indices are
5.08x10% md.ft for Cases 1,2 and 3 and 5.08x10° md.ft
for Case 4.

Calculations were made with maximum timestep
size of 10C¢ days for Cases 1, 2 and 3 and that of 50
days for Case 4.

Additional runs with local grid refinement and
smaller timesteps were also made. The results how-
ever were not significantly different from those
reported here.

TDC Reservoir Engineering Services

The TDC simulator, BLOS, is a standard 3-D,
3-phase, 3-component, IMPES, finite-difference based
simulator. The model uses a two-point approximation
for transmissibilities for enhanced spatial accuracy and
a stabilized Runge Kutta time-integration scheme for
increased timestep sizes relative to the normal IMPES
limitation.

Flow coefficients for the horizontal well were
computed using Peaceman’s proccdure". The
horizontal well was specified as constant potential,
with inflow to each segment being determined by local
mobility and pressure drop. We compute a well index
of 5.19x10* md.ft for Cases 1, 2 and 3 and 5.19x10°
md.ft for Case 4.

For the staticd well paramecters, we computed a
wellbore pressure drop of approximately 0.011 psi/ft
for an oil flow of 9000 STB/day. This would give a
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maximum pressure drop of only 3 psi for the link
closest to the offtake point. Outer intervals would
have lower pressure drops. We, thus, elected to ignore
the wellbore hydraulics in the simulations,

SUMMARY

The above descriptions shows a variety of methods
for calculating inflow into the well. Participants use
either Peaceman's approach'¥, Babu et al's
approach®®* or their own approach for calculating the
productivity indices. These methods all give similar
values. Four participants used grid refinement around
the well. CHEVRON and ECL used Cartesian local
grid refinement while CMG used elliptical local grid
refinement. INTECH used finer Canesian gridblock
sizes for the whole row and column of gridblocks
containing the wellbore. In CHEVRON, CMG and
INTECH's approach, the inflow imtc the well is
calculated from a direct discretization of the flow
equations, whereas ECL used Peaceman's formula',

Different correlations were also used to calculate
the wellbore hydraulics. A few participants selected
not to include wellbore hydraulics and represented the
wellbore as a line sink with uniform pressure.

Table 7 summarizes the various methods for
calculating well inflow and wellbore hydraulics. The
symbols that will be used to identify the plots from the

‘| different participants are also shown,

RESULTS
Cases1,2and 3

These cases examine the effect of well length and
production rates on the recovery., Since pressure is
maintained, very little free gas is produced. Refer to
Table 6 for a summary description of these cases.

Figures 3 through 8 show the oil rate and cumula-
tive oil produced for the different well lengths and
rates. The results show that the use of a longer well
reduces the water coning tendencies. Figures 9
through 14 show the corresponding water-oil ratios.

Table 8 shows the values of the cumulative oil produced
at 1500 days predicied by the different participants.
Some variations in the predicted results are observed.
The last two rows of the table show the mean and
standard deviation of the predicted cumulative oil.

When the problem was sent out to potential

participants the first time, three-phase relative per-
meability models were not specified. It was later
suggested 10 participants to use the normalized Stone 2
relative-permeability model®. However, some
participants had already completed part of the runs
with the Stone 1 three-phase relative-permeability
model?®. The use of the Stone 1 model should give
results similar to the Stone 2 model for Cases 1, 2 and
3 because very little free gas was produced. ECL,
HOT and Shell’s results for Cases 1, 2 and 3 were
obtained with the Stone 1 model, whereas all the other
participants used the normalized Stone 2 model.

Figures 15 through 17 shows the cumulative water
produced. The variations between the participants are
relatively small because the well produced at constant
liquid rates with high water-oil ratios. Although not
shown here, the amounts of injected water predicted by

the participants are very similar, The bottom-hole

pressure and pressure drop predicted are almost
constant throughout the simulation, The values at
1500 days are shown in Tables 9 and 10 respectively.
The results in Table 8 indicate that the standard
deviation in the predicted bottom-hole pressure is
higher for the shorter well. Table 9 shows a wide
variation in the predicted pressure drop. A zero
pressure drop comresponds to the use of a uniform-
pressure line sink.

Case 4

Cases 4a and 4b were designed to yield a large
amount of free gas flowing into the producer. Figures
18 and 19 show the oil rates and cumulative oil
produced. There are larger variations in the cumula-
tive oil produced than in Cases 1, 2 and 3. The mean
and standard deviations of the cumulative oil produced
at 1500 days are given in Table 8. As in the previous
cases, there are larger variations for the shorter well.

Figures 20 and 21 show the water production rates.
The water rates dropped sharply as the minimum
bottom-hole pressure of 1500 psia was reached around
700 1o 800 days. The cumulative water production is
shown in Figure 22. There is reasonable agreement
between different participants. Largest variations
occur between 600 and 900 days.

The gas-oil ratios are depicted in Figures 23 and
24, and the cumulative gas production is shown in
Figures 25 and 26. Cas production rates peaked
around 700 to 800 days and then decreased. As free
gas production increased, the decrease in bottom-hole
pressure accelerated (Figures 27 and 28). The average
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reservoir pressure exhibited a similar behavior. At
arounnd 700 to 800 days, the bottom-hole pressure
reached its minimum value of 1500 psia. The reser-
voir pressure was then maintained and free gas
production decreased.

Figures 29 and 30 show the predicted pressure
drop along the wellbore. The pressure drop increased
with increased free gas flow rates. There are sizeable
variations in the peak pressure drop predicted. For the
900 ft well, three participants (HOT, INTECH and
Marathon) predicted a peak pressure drop of less than
10.5 psia, six participants (ARTEP, CMG, ECL, INCC
and Shell) predicted a pressure drop between 27.6 psia
and 32.9 psia whereas ERC predicted a value of 42.5
psia. Forthe 2100 ft well the predicted pressure drops
are larger, with substantial variations among the
participants. Chevron predicted substantially higher
pressure drops than the values shown in Figures 29 and
30. The variations in pressure drop in Case 4 are much
larger than the variations in Cases 1, 2 and 3 because
of the large flow rate of frec gas in the wellbore.

In Case 4, all participants but Shell used the
nomalized Stone 2 model for relative permeabilities.
Shell used the Stone 1 model for all runs.

Observations

Although the modelling method. rom the dif-
ferent participants can be grouped into different
categories according to the approaches for calculating
well productivity indices and for calculating wellbore
hydraulics (pressure drop) (see Table 7), no trend in
the predicted results corresponding to the mecthods
used could be observed. Other factors such as trunca-
tion errors, convergence criteriatimesteps taken and
implicit/explicit formulation could have masked any
possible trends in the results.

It is not possible to identify the effect of wellbore
hydraulics in the results, A recent study'? shows that
runs with and without wellbore hydraalics may give
similar cumulative productions for the cases con-
sidered; however, the inclusion of wellbore hydraulics
in the calculations yields a substantially different
drainage pattem along the wellbore. Thus, information
on rates and cumulative production per well element
would be required. This information was not re-
quested in the problem statement. The effect of
wellbore hydraulics is more pronounced in high-
permeability reservoirs than in low-permeability
reservoirs. Indeed, the effect depends on the ratio
between pressure drop and pressure drawdown, and

increases with this ratio.

Table 11 shows the total number of timesteps and
Newtonian iterations from the participants. Runs with
the shorter well seemed to require more timesteps and
iterations than runs with the longer well for most
participants although there were exceptions. This can
be attributed to a stronger coning behavior associated
with the shorter well which makes the problem more
difficult to solve. Participants who used grid refine-
ment may require more timesteps and iterations than
would otherwise be required. This is due to small
gridblocks used near the well.

Note that participants were requested to provide
results at every 100 days. The plots were generated by
joining these results by straight lines, Smoother
curves could have been obtained if more frequent
results were reported.

CONCLUSIONS

This Comparative Solution Project deals with the
effect of varying the rate and the length of a horizontal
well on the recovery of oil from a reservoir where
coning is important. Two salient aspects of modelling
a horizontal well were examined, namely 1)the
calculation of inflow into the well, and 2) the handling
of the wellbore hydraulics.

A variety of methods was used by the participants
to address the above aspects. They all consistenty
predicted a decrease in the coning behavior with an
increase in well length.

The calculation of inflow into a horizontal well has
been a subject of much research and discussion
recenty?®>?, The variety of methods used by the
participants suggests that this is an area of active
research. An important aspect to investigate would be
the effect of grid spacing on the inflow calculation. In
the current problem, the grid spacings of the well
block in the y and z direction are respectively 60 ft and
20 ft, which are reasonably small.

The inclusion of wellbore hydraulics in a reservoir
simulator has been mentioned in the literature.
However, few details were given. In view of the
variety of techniques used by the participants, publica-
tions discussing in detail the techniques used and their
importance in reservoir simulation would certainly be
welcome. A comparison of different multiphase flow
correlations for horizontal wellbore flow in the context
of reservoir simulation would also be desirable,
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NOMENCLATURE

D wellbore inside diameter

£ friction factor

I,  wellindex

Ky relative permeability for Phase j
L wellbore length

p pressure

§; saturation of Phase j

v velocity

Vsj superficial velocity of Phase j
Ap,  frictional pressure drop

Ax grid spacing in x direction
Ay grid spacing in y direction

Az grid spacing in z direction
K viscosity of Phase j
P; density of Phase j

Subscripts

1 liquid
g gas
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Figuee 36: Cumulative gas production for Case 4b
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Figure 27: Bottom-hale pressure for Case 42
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Figure 29: Tofal pressurc drop atong welldore for Case $2
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Figure 4: Oil rate (solid) and cumulative oil
production (dashed) for Case 1b
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Figure 5: Oil rate (scolid) and cumulative oil
productiori (dashed) for Case 2a
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Figure 6: Qil rate (solid) and cumulative oil
production (dashed) for Case 2b
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Figure 7: Oil rate (solid) and cumulative oil
production (dashed) for Case 3a

4000 1600
. Case 3a

3500 ~ 1400

3000
— - 1200
y ot
O 0
© 2500 =
/ g
..w - 1000 —
0 O
~“2000 - ©
(1)) 2
O O
- 1500 e
= -
) -

: - 600 O
1000 |-
500 - — 400
0 l ] 1 I | | l 200
0 200 400 600 800 1000 1200 1400 1600

Time (days)

R




Figure 8: Oil rate (solid) and cumulative oil
production (dashed) for Case 3b
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Figure 9: Water—oil ratio for Case 1a
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Figure 10: Water—oil ratio for Case 1b

14
Case 1b
12 |
10 +
m L
m —
4
2
0 | l | 1 | 1 i
0 200 400 600 800 1000 1200 1400
Time (days) .

1600

e 1221




Figure 11: Water—oil ratio for Case 2a
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Figure 12: Water—oil ratio for Case 2b
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Figure 13:

Water—oil ratio for Case 3a
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Figure 14: Water—oil ratio for Case 3b
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Figure 16: Cumulative water production for
Case 2a (solid) and 2b (dashed)
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Table 8 Cumulative 0il Production in MSTB at 1500 Days

§

la 1b 2a 2b 3a 3b

735.6 936.7 967.0 1206.2 1092.0 1306.8

-Table 9 Bottom Hole Pressure in psia at 1500 Days

la 1b 2a 2b 3a 3b

3444.88 3564.58 3202.85 3457.23 2952.26 3347.14

Table 10 Total Pressure Drop in Wellbore in psia at 1500 Days



