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Methods calculate area 
drained by horizontal wells 

S.D. Joshi 
Joshi Technologies 

International Inc. 
Tulsa 

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 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 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 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 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
ervoir, a horizontal' well 
drains more volume in the 
direction parallel 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 
weil spacing is based upon 
the reservoir parameters and 
economic criteria. Theoreti
cally 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 de
signed so as to maximize the 
oil recovery and economic 
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 
well. 

Pseudosteady state 
Dimensionless time, t D > 

which is used to define vari
ous regions, is given as: 

0.000264 kt 

and area-based- dimension-
less time 

toA = to (rw

2/A) (2) 

Thus 

0.000264 kt 
t D A - 4> ̂  c A ( 3 ) 

where: k = permeability 
(md), t = t ime (hr), 
<(> = porosity (fraction), 
j i = viscosity (cp), 
cu = initial total compress
ibility (psi - 1 ) , A = area sq 

ft, and rw = well bore radi
us, ft 

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

„ , 0.000264 kt 

_ 379 4> fx cti A 
TPSS — u (O) 

tpss = time to reach pseu
dosteady state in hours 

_ 15.79 (b p, c A 

tpjiss 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 ft/acre = 1.7424 x 106 

sq ft (7) 
160 acres = 160 x 

43,560 sq ft/acre = 6.9696 
x 10s sq ft (8) 

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

tpdss — 

_ 27.512 x 106 <j> n.Cj 
0) 

and for a 160 acre well: 
. _ 110.05 x 1Q6 4, n o 
Ipdss - £ P°) 

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

ln 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. 

Oil well example 
For an oil well drilled on 40-

acre spacing, calculate the 

Based on Chapter 2 of Horizontal 
Wall Technology, Vo!. 1, to be pub
lished by PennWell Publishing in late 
1980. 
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Horizontal wall 
Well length = 2,000 ft 

Drainage area = 108 acres (Xv'y. = 2.34) 

ORII 

time to reach pseudosteady 
s ta te g i v e n (J> = 1 0 % , 
c,i = 0 . 0 0 0 0 5 p s i - 1 , 
k = 35 md, and n. = 4.2 
cp (shallow well-dead oil). 
Using Equation 5, t p 8 a = 
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 pres
sure (pi) of 1,450 psi and the 
r e s e r v o i r p r o p e r t i e s of 
(f> = 7%, k = 0.03 md, 
u. = 0 .015 cp , a n d 
Cts = 0.000690 p s i - 1 . 

Again using Equation 5 
t p s s = 0.00915A. For 20 

a c r e s , t p a 8 = 7 , 9 7 4 
hr = 332 d a y s = 0 .91 
years. 

For 160 a c r e s , 
t p a s = 63,772 hr = 2,657 
days = 7.3 years of infinite-
acting period. 

As noted in the previous 
example, gas wells (or oil 
welfs) drilled in a very tight 
reservoi r , espec ia l l y gas 

wells in reservoirs with per
meability less than 0.1 md, 
can take years for the tran
sient state to end. in such 
tight reservoirs, 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 
IDA = 0 .1 , as long 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 ( x j y a = 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 s ide (x e / 
y e = 5) the dimensioniess 
time to reach pseudosteady 
state is trjA = 1-0, I.e., ten 
times longer than a vertical 
well located centrally in the 
drainage plane. 

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

As shown in Fig. 1a; a long 
horizontal welt 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 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 Xe/Ve = 2.5 WOUld 2.5 
times longer than that for a 
2,000 ft long horizontal well 
(assumes L is > 1 - the 
quantity Vg/Xa). 

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 re
quired to drain the reservoir 
effectively. 

Therefore, in a tight reser
voir, horizontal wells can be 
used to enhance drainage 
volume per well in a g iv in 
time period. 

73 Oil & Gas Journal, Sept 17,1990 
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Fig. 2 

Development patterns for 360 acres 
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Area! anisotraphy 
The discussion so far has 

been restricted to reservoirs 
with homogeneous areal per
meability, namely k x = 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 areally aniso
tropic reservoir. The equation 
assumes a single phase, 
steady-state (time indepen
dent) flow through an homo
geneous formation. 

ox" <k*ax> 0 (11) 

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

"dx2 + K"dy2 0 (12) 

Multiplying and dividing 
throughout by yk xk y, Equa
tion 12 becomes 

This can be transformed 
into 

/k xky 
d2p d2p 1 

dx 2 +~dy 7 2" 

wnere 
y' = y /k x7k y 

= 0 (14) 

(15) 

(16) 

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

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 reservoir lengths in the 
low-permeability direction. 

A horizontal well drilled 
along the low-permeabillty 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 wells are 
highly beneficial in areally 
anisotropic reservoirs. 

It is obvious that in natural
ly fractured formations, hori
zontal wells drilled in a direc
tion perpendicular to the nat
ural fractures are highly ben
eficial (Fig 1c). 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 vertical wells, 
limited results are available to 
calculate the time to reach 

Sept 17.1SS0,0U & Gas Journal 79 
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Table 1 

Sfarf of pseudosteady state time 

nVx, 1 2 5 10 20 
0.01 ' 0.3 0.5 0.7 1.5 3.0 6.0 
0.05 0.3 0.5 0.7 1.5 3.0 S.0 
0.10 0.3 0.5 0.7 1.5 3.0 6.0 
0.20 0.3 0.5 0.7 1.5 3.0 6.0 
0.4O 0.3 0.5 0.7 1.5 3.0 6.0 
0.50 0.3 0.5 0.7 1.5 3.0 6.0 
0.70 0.3 0.5 0.7 1.5 3.0 6.0 
'For fuily penetrating infinite-conductivity fractures for various penetration ratios (Xi/ 
x,; and different x^y. ratios 

pseudosteady state in square 
drainage boundaries.1 2 Khan 
has obtained results for frac
tured vertical wells in rectan
gular areas.3 

Recently, similar results 
were also available for hori
zontal wells.4"6 Mutalik, et 
al., 4 calculated the time to 
reach the pseudosteady state 
for fractured vertical wells 
and horizontal weils in rect
angular drainage areas (Ta
bles 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 homo
geneous reservoir, the rela
tionship between the dimen
sioniess pressure and the di
mensioniess 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 

PD = A' + 2-n-toA (17) 

where A' is a constant. 
Taking derivative of Equa

tion 17 gives 

m = dpo/dtoA = 2TT (18) 

Thus, in a single-phase 
flow calculation, pseudo-
steady begins when slope, 
m, becomes 2ir. 

Some engineers assume 
that when m reaches within 
10% of 2-n- 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 pseudosteady state. 
Different criterion can give 
significantly different values 
for the beginning of pseudo-
steady state.7 8 

At present, there is no con
sensus about the criterion, 

but most engineers accept 
IDA = 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 t D A = 0.1, probably be
cause these results were ob
tained using a numerical sim
ulator. 

The results by Mutalik, et 
al. 4 for calculation of pseu
dosteady state for horizontal 
weils are probably conserva
tive because they used a 
slope requirement of 5% 
within the value of 2ir. 

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 
leases 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 to 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 to 
each other and completed in 
a limited pay-zone thickness. 
Then as shown in Fig. 1d, 

Table'2 

Dimensioniess time, tDApss, at the 
start of pseudosteady behavior* 

u *vY. = 1 
U2X, 0.2 0.4 0.S 0.8 1.0 

1 0.4 0.4 0.4 0.4 0.4 
5 0.4 0.4 0.4 0.4 0.4 
10 0.4 0.4 0.4 0.4 0.4 
20 0.4 0.4 0.4 0.4 0.4 
50 0.4 0.4 0.4 0.4 0.4 
100 0.4 0.4 0.4 0.4 0.4 

Lo x̂ y. «• 2 
U2X, 0.2 0.4 o.e 0.3 1.0 

1 0.6 0.6 0.6 0.6 0.2 
S 0.6 0.6 0.S 0.6 0.2 
10 0.6 0.6 0.6 0.6 0.2 
20 0.6 0.S 0.6 0.5 0.2 
50 0.6 0.6 0.6 0.6 0.2 
100 0.6 0.6 0.6 0.6 0.2 

Uo x j v . = 5 
U2x. 0.2 0.4 0.6 0.8 1.0 

1 2.0 2.0 2.0 2.0 0.4 
5 2.0 2.D 2.0 2.0 0.6 
10 2.0 2.0 2.0 2-0 0.6 
20 2.0 2.0 2.0 2.0 0.6 
50 2.0 2.0 2.0 2.0 0.6 
100 2.0 2.0 2.0 2.0 0.6 

'Results ware obtained assuming y„ * 933.33 It and r„ = 0.225 It. Times are lor 
centrally located weils far different penetrations, L£bt«, and dimensioniess lengths. 
Lo. 

Alternative well lengths 
Method 1 — half circles 

Horizontal length 
Area of two halt circles, 
acres 

Area of central 
rectangle, acres 

Drainage area, acres 

500 f t 
30 + 30 

= 60 

1000 ft 
30-I-30 

= 60 

Table 3 

2000 ft 
30 + 30 

= 60 

2Q.9 41.9 

60.9 101-9 

Method 2 — ellipse 

B3.7 

143.7 

Half major axis, H 250 + 912 
= 1.162 

500 + 912 
= 1.142 

b *- Half minor axis, ft 912 912 

Drainage area, acres 76.4 92.9 

Average of Methods 1 and 2 

Average drainage area, 79 
acres (Methods 1 + 2 ) 

Number of wells for 8 
600-aere field 

9B 

6 

1,000+ 912 
» 1,912 

912 

125.6 

135 

5 

each end of a horizontal 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 considerably 
smaller than the sides of the 
drainage area, tt is possible 
to calculate the drainage 
area of a horizontal 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 horizontal 
wells generally give fairly 
similar results. As a ruie 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 weil 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 
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are for reservoirs with uni
form permeability in the areal 
plane. In a fractured reser
voir, 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 Ay/kx. 
The ky represents higher per
meability and kx represents 
lower permeability in the hori
zontal 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. 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. 

If rBV is a drainage radius of 
a vertical well, then a 40 acre 
vertical well drains an area of 
a circle = n-re v

2 = 40 
acres x 43,560 sq ft/acre, 
rev = 745 ft. 

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

In Method 1 (Fig. 1d), a 
1,000 tt 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 ft long well will 
drain 108 acres. 

In Method 2, if we assume 
that the horizontal well drain
age 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) + ra v = 
(1,000/2) + 745 = 1,245 ft 
p = half minor axis of an 
ellipse = rev = 745 ft 
Drainage area = irab/ 
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 = irab/43,560 = 94 
acres. 

The two methods give dif
ferent answers for drainage 
area. If average areas are 
used the 1,000 ft weil 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 weils. 
Horizontal wells are very 

appropriate for offshore and 
hostile environment applica
tions where a substantial up
front savings can be obtained 
by drilling long horizontal 
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 lengths 
A 600-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, rev, of 
912 ft. Area of a cir
cle = Trrev

a = 60 acres x 
43,560 sq ft/acre, rve = 912 
ft. 

Again using the two meth
ods described in the previous 
example, Table 3 shows that 
a 600-acre field 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 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 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 ft 
long horizontal wells would 
drain 80 and 120 acres, re
spectively. 

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

Because 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. 

The author 

Joshi 

S.D. joshi is president ot Jo
shi Production Technologies Inc. 
of Tulsa, which is involved in the 
research and development of 
field applications for horizontal 
W8l! technology In the U.S. and 
overseas. Joshi has 9 years ex
perience in the area of horizontal 
well technology. 

Along with Frank J. Schuh of 
Drilling Technology inc., Joshi 
teaches an industry short course 
on horizontal well technology 
through the University of Tulsa. 
Joshi received his PhD in me
chanical engineering from Iowa 
State University. Prior to forming 
his company in 1986, Joshi was 
a senior research engineer in the 
production research department 
ol Phillips Petroleum Co. 

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, kx, 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 well 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 

2Xe = 2ye = v/40 x 43,560 
= 1,320 ft 

The reservoir has nonuni
form permeability in the areal 
plane with k* = 0.5 md and 
ky = 4.5 md. Hence, ky/ 
k x = 4.5/0.5 = ' 9 and 
Ay/Rx = 3 

If the drainage rectangle 
has sides 2xa and 2y9, and if 
we assume that Harris-I 
drains only 40 acres (Equa
tions 15 and 16): 

(2x„) x (2y e ) = 40 x 
43,560 

additionally due to anisotro-
py, 2y^2Xa = 3. 

Solving the above two 
equations simultaneously, 

2x„ = 762 ft and 2y e 

= 2,286 ft 

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, 2ye, should be three 
times as large as along the 
east-west direction, 2xe. 

Assuming that each well tip 
of a horizontal wel! drains half 
of a vertical well, for a 2,000 
ft long horizontal well drilled 
along the east-west direction, 
the drainage length along 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 e = 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, well spacing require
ments for vertical, as well as 
horizontal wells, are different 
in isotropic and anisotropic 
reservoirs. 
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BOOKS 
Marine Technology Reference 
Book, edited by Nina Mor
gan. Published by Butter-
worths, 80 Montvale Ave., 
Stoneham, Mass., 02180. 
$195. 

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

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

W0AD: Worldwide Offshore Ac
cident Databank, Statistical Re
port 1990, published by Veri-
tec, P.O. Sox 300, A/-1322 
Hovik, Norway. $230. 

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

World methanol capacity/demand balance 

"1989 
• Forecast-

1990 1991 
• 1,000 metric tana -

1992 1993 

Formaldehyde 6.91-7 7,082 7,274 7,472 7,630 
DMT 637 647 653 654 670 
Acetic add 1,213 1,3S2 1,507 1,549 1,635 
MTBE 2,197 2.426 2.344 3.569 4,055 
Methyl mettiacrylate 492 484 540 56S 585 
Gasolina/fuels 195 265 270 200 .. 235 
Solvents 1,288 1.334 1.37S 1,413 Vt56 
Others 4,168 4,564 4,675 4,798 . 4,890 
Nontabulatad countries 240 245 250 255 260 
Total demand 17,347 18,419 19,491 20,489 21,416 
Namepiate capacity 22,123 22.513 23.191 24,091 24,776 
Capacity @ 90% 19,911 20,262 20,872 21,682 22,298 
Percent utilization @ namepiate 78 82 84 85 86 
Percent utilization @ 90% namepiate 87 91 93 94 96-
• Estimated. 

Source: Crocco & Associates Inc. 

Methanol 
supplies 
could be 
pinched 
by mid-

1990s 
Global supplies of metha

nol could be very tight by the 
middle of the 1990s because 
of pending reformulated gas
oline specifications. 

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

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

A multiclient study, con-

World methanol supply/demand 

ducted by Crocco & Asso
ciates Inc., Houston, shows 
that global methanol demand 
will grow 4.1 million metric 
tons/year to about 21.4 mil
lion metric tons/year in 1993 
from about 17.3 million 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 1993 from 
about 22.1 million metric 
tons/year in 1989 (see ta
ble). 

Considering that only 
about 90% of namepiate 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 will add some 
methanol capacity. Two or 
three small plants in the U.S. 
and the Petralgas plant in 
New Zealand, that will clean 
up crude methanol 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 methanol 
plant is under construction in 
Saudi Arabia, but this plant 
will not likely start up until 
1992. 

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

S.O. Joshi 
Joshi Technologies International 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 histories 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 vertical well. 

PSEUDOSTEADY STATE 

Dimensioniess time, tD, which is used to define various regions, is given as: 

[SEE FORMULA (1)] 

and area-based dimensioniess 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 (6)] 

tpdss is the time to reach pseudosteady state in days. 

Generally, oii 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 stimulation. 

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 oii). 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 dimensioniess time to reach pseudosteady state is tDA = 0.1, as long 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 (xe/ye = 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 dimensioniess 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 horizontal 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)] 

Multiplying 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 equivalent 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 1 b). 

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 welis 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 dimensioniess pressure and the dimensioniess 
time for a well producing at a constant rate in a bounded reservoir (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 dimensioniess time to 
start a pseudosteady state for a vertical well located centrally 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 Mutalik, et al.4 for calculation of pseudosteady state for horizontal 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 dimensioniess 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 leases 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 looked 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 half 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 long horizontal 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 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 wel! 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 long 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. 

The two 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 600-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, rev, of 912 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 horizontal 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 long horizontal well 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 simultaneously, 

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 well 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 
ft. 

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 strategy of orienting a 
horizontal wellbore to maximize the benefit of horizontal well 

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 analysis,2'3 and most recently inverted decline 
analysis,4 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, Joshi5 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 Reisz6 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. 

application. 
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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.8 

q(t) = 
Pi ~Pwf 

1 5.61550r 
—+-
/ 

(1) 

Ah(j)Ct 

At a pseudo steady-state condition, productivity index of 
horizontal well, Jh, can be estimated using the equation below, 
neglecting wellbore frictional losses.8 

0.00708Jfcft/iL 

/IS 0.523 •-IE) -0.75 

(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, Shirman9 proposed a universal 
approach to the decline curve analysis. This method can be 

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

• qi{\+baq^rllb 

(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: 

A = -

h(j)Ct 

Pi~Pwf 
(4) 

qi(l + baqtt)-l,b J 

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, i f 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 

• P w f ) - q i ( l + baq?trU b)=0 (5) 
{l + baqft) 

and solve for r. The time t obtained is then used for calculating 
the drainage area with the use of Eq. (4). The second way is to 
plot A versus t and then take the slope of zero on the curve, 
resulting in a constant A. 

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, t p s s. For the case of a horizontal well, 
the equation10 below can be used to estimate t p s s although t e p r f 

is not equal to but should be lower than t p s s 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. 

teprf ~ 
1,650 toiC,X't 

(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 qi 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//Jv) 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. Jv=Ji/(J//Jv). Furthermore, we may say 
that for a given two vertical wells producing oil from similar 
reservoirs, Jv l/Jv 2 ~kihi/k 2h 2. 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 t l 

= 2.43 STB/day/psi, and thus the corresponding vertical well 
has Jv = 2.43/1.8 = 1.35 STB/day/psi. In the same way we can 
calculate Jv for the other wells, giving Jv'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 v/J v 2 ~ k]h]/k2h2, 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. 5 to 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 
achieve 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 t to obtain the 
zero slope is about close to t e p r f estimated using Eq. (6), or not. 

Table 6 presents results of t e p r f calculations as compared 
with t u r o s i o p e 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 
tzero 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 e = 1180 ft and a length Ye = 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 e - 1180 
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ft and Ye = (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 e x Ye = 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 e = 843 ft and Ye = 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 

Av - vertical well drainage area, acre 
b = decline exponent 

B0 = oil formation factor, rb/STB 
C, = total compressibility, psi-1 
h = resevoir thickness, ft 
J - productivity index, STB/d/psi 

Jh = productivity index of horizontal well, STB/d/psi 
Jv = productivity index of vertical well, STB/d/psi 
kj, = horizontal permeability, md 
kv = vertical permeability, md 

' kx - permeability in x-direction, md 
ky - permeability in y-direction, md •• 
Iq - permeability in z-direction, md 

L = horizontal well length, ft 
Pi = initial pressure, psi 

P - = bottom hole flowing pressure, psi 
q = production rate, STB/d 
q> : initial production rate, STB/d 

= wellbore radius, ft 
t = time, day 

teprf = end of pseudoradial flow, hrs 

xe 
= reservoir width, ft 
= reservoir length, ft 

P = vertical anisotropy factor, dimensioniess 
= viscosity, cp 

<t> - porosity of reservoir rock, fraction 
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TABLE 1-GENERAL DATA OF THE RESERVOIR AND 
WELL PARAMETERS 7 

Reservoir pressure, psi 350 
Reservoir temperature, °F 85 
Porosity, fraction 0.30 
Reservoir thickness, ft 20-50 
Oil gravity, °API 22 
Oil Formation Volume Factor, rb/STB 1.03 
Oil viscosity, cp 43 
Borehole diameter, ft 0.66 

TABLE 2-HORIZONTAL WELLS DATA 7 

h ky Pi Pwf c, Observed PI 
Well m (md) (md) {psi} (psi) fpsi"1) (STB/d/psi) 
C-50 1166 832 83.2 136.8 21.5 1.5xl0-5 1.21 1.4 
C-48 1047 272 22.3 210.3 33.4 1.5X10-5 0.73 2.2 
C-35 730 372 43.6 159.8 15 l.OxlO"5 0.56 1.5 
C-29 1246 950 24.5 275.7 76.2 2.2x10"5 2.43 1.8 

TABLE 3 - DECLINE PARAMETERS OBTAINED 
FROM SHIRMAN'S METHOD 

Well a b STB/month 
C-50 1.03e-8 1.82 21340.06 
C-48 3.69e-8 1.76 7777.25 
C-35 2.73e-9 2.12 9354.25 
C-29 1.5e-ll 2.38 32366.4 

TABLE 4 - ESTIMATION OF RESERVOIR THICKNESS 
** •4 J, h 

Well (md) (STB/d/osi) fSTB/d/Dsi") m C-50 832 1.21 1.4 0.86 35 
C-48 272 0.73 2.2 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 (davs) Present Studv Previous Studv7 

C-50 1680 1445 1119 
C-48 756 346 367 
C-35 1272 908 574 
C-29 338 492 694 



6 P. PERMADI, E PUTRA AND M.E. 8UTARBUTAR SPE 64436 

TABLE 6 - COMPARISON OF TIME PERIOD FOR ZERO SLOPE AND t,nrf 

Drainage Area Xe leprf tzeroslope 

Well (Acres) {ft) (days) (days) 
C-50 1445 7900 1000 1680 
C-48 346 3800 737 756 
C-35 908 6300 942 1272 
C-29 492 4600 440 338 

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 W E L L DESCRIPTION 

Parameters Case-1 Case-2 
h m „ ft 39 39 
kz, md 13 150 
kx, md 17 17 
ky, md 52 200 
Ho, cp 7.1 7.1 

BB, rb/STB 1.10 1.10 
rw, ft 0.38 0.38 

A m acres 56 56 
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Fig. 1-Production decline of well C-50. 

Fig. 2-ProductIon decline of well C-48. 

Fig. 3-Production decline of well C-35. 

1 1000 

Fig. 4-Production decline of well C-29. 



P. PERMADi, E. PUTRA AND M.E. BUTARBUTAR SPE 64436 

3 
4 

s. 
I 
& 1000 

• 
Field Data-*— -¥• Predicted 

• 
• 

1 

1600 2000 

£ 1GO0 

» 
& 
J 1000 I 

1000 
Tlnw(day>l 

Fig. 5- Determination of drainage area for well C-50. Fig. 7- Determination of drainage area for well C-35. 

Fig. 6- Determination of drainage area for well C-48. Fig. 8- Determination of drainage area for well C-29. 



A Parametric Comparison of Horizorif ai 
and Vertical Weil Performance 
Hemanta Makher jee , SPE, and Michael J . Economides,* SPE, Dowel! Schlumberger 

Summary. This paper presents screening criteria for vertical and horizontal wells with or without induced fractures. The parametric . 
basis of such screerdag makes the decision on either type of well more objective. A simple procedure to calculate the optimum number 
of orthogonal transverse fractures in horizontal weils and their sizes is also presented. Two important comparisons have not appeared 
in the Iiteranire: (1) the performance of a fully completed horizontal well with that of a hydraulicaliy fractured well and (2) the perform
ance of a hydraulicaliy fractured horizontal well with that of a hydraulicaliy fractured vertical well. In addition, previous work does 
not take into account the effect of the plumbing system oa well performance. This paper is intended to fill these gaps. 

Introduction 
In the early 19S0's, major production successes through horizontal 
wells were reported 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 et a l 1 reported that the Rospo Mare pay consists of 
karsts that are very4ow-pemeability, compact carbonates. The ofl 
resides mainly in the fractures and vugs of the karstic matrix sys
tem. A horizontal well is more apt to intersect many of these dis
crete natural fractures or vugular systems in such formations. 

Recently, with the improvement in horizontal weD doling and 
completion technology, the feasibility of horizontal wells is seri
ously considered for such different reservoirs as the naturally frac
tured Austin chalk formations, the low-penneability Spraberry 
formations in west Texas, the Hugoton formations in the Kan-
sas/OMahoma region, and the naturally fractured Bakken forma
tion in the WiMston basin. Improvements in technology and 
operating procedures have also resulted in a substantial cost reduc
tion. WiBdirson et al.2- reported a 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 Pradhoe Bay 
field. Drilling costs, however, are still reported to be 1.3 to 2 times 
higher than'for comparable vertical wells. 

Attempts have also been made to induce hydraulic fractures in 
horizontal wells of low-permeability reservoirs. Unlike vertical 
wells, more than one fracture can be induced in a horizontal well. 
These fractures should be parallel to each other and can be or
thogonal to'the horizontal well, depending on its inclination with 
the in-srtu principal stress directions.3 

In general, horizontal wells are believed to perform better than 
their vertical counterparts in thin reservoirs, naturally fractured 
reservoirs (dual-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 a 
result of vertical fractures. In this case, the anisotropy (ratio of 
horizontal/vertical permeability) is almost unity. In reservoirs where 
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 increased produc
tion and ultimate recovery.4 

This study presents the effects of permeability anisotropy, net 
pay thickness, and horizontal permeability on the productivity of 
horizontal wells on the basis of the inflow-performance relation
ship suggested by Joshi.5 The performance of fractured vertical 
and fractured horizontal wells is compared. The fractured horizontal 
well is treated as a chofesd vertical fracture because of the limited 
contact between the well and the fracture. Well performance, cal
culated by me optimum number of induced hydraulic fractures m 
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a horizontal well compared with those in a hydraulicaliy fractured 
vertical well, is evaluated with net-present-value (NPV) consider
ations. 

Inflow Performance of Horizontal Wells 
Giger et al. 1 reported the productivity of horizontal wells using 
the steady-state equations for flow into horizontal wells presented 
by Merkulov6 and Borisov.7 They used (in Darcy units) 

<?jr= 

4* ̂ T f ^ 4^)1 
, . . . (1) 

The derivation of Eq. 1 was not pubb'shed in Ref. 1. . 
The Sow of a single-phase fluid through a homogeneous porous 

medium of uniform net thickness and produced through a horizontal 
weU can be described by a 3D Laplace equation (V2p=0). Tbe 
pressure distribution around the horizontal wellbore in the reser
voir drainage area can be calculated by the solution of the 3D equa
tion, with appropriate inner and outer boundary conditions. Joshi5 

simplified the 3D problem by coupling two 2D problems on the 
premise that a horizontal well drains an ellipsoidal volume around 
the wellbore of length L, as shown in Fig. 1. A conventional %rerti-
cal well, on the other hand, drains a right circular Q-Hndrical 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 flew is studied in a plane orthogonal to 
the wellbore axis—radial flow is basically assumed in mis'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 problem'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. Titus, radial flow into the wellbore in an orthogonal ver
tical plane is 

<?r=" 
2iiksh£p 

• m 
lirkfzL&p 

and gravity effects are neglected. 
Note that the factor T in tbe second term of tbe denominator of 

Eq. 1, presented by Giger et al., does not occur m Eq. 2. 
The other Sow component into the horizontal well inthe horizon

tal plaits, as solved by Musical8 using potential theory, was 
presented by Joshi as 

fI5{m[a+Va2-CL/2)2 ]/(L/2)'}' 
43) 
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Rg. 1—Horizontal well drainage pattern (from Josh!5). 
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Pig. 2—Two 2D flow configurations In two orthogonal refer
ence planes (from Joshi5). 
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Fig. 3—Effective wellbore radius of hydraulicaliy fractured 
well (from Prats9). 

Total production of the horizontal well resulting from these two 
flow components is obtained by adding the respective flow 
resistances, or pressure drawdown per unit volumetric flow rate: 

Aplq=(hpfqr)H^pfqR), {*) 

2nkHhAp 
and thus q— • 

In-
h 

L 2rw/J 
' • • -(5) 

ioxL>h and L i K Q S r ^ J a, one-half the major axis of the 
drainage ellipse shown in Fig. 2 and given by Joshi, is 

a=L/2(0.5+{O^-f-Er^f/^)]* p 5 } 0 - * (6) 

The derivation of Eq. 5" assumes complete isotropy in both the 
horizontal and vertical planes and that permeability is kj j in all 
directions. 

The assumption of isotropy in the horizontal plane is very com
mon in radial-flow calculations for vertical wells. The radial flow 
component in'the. vertical plane, however, cannot be assumed to 
be isotropic. In such sedimentary rock as sandstone, the horizon
tal/vertical permeability ratio is commonly assumed to be 10:1. 
Consequently, Eq. 2 for radial flow in a vertical plane to a horizontal 
weU should be modified to account for any vertical anisotropy. 
Muskat8 accounted for such effects in the vertical plane by modify
ing the vertical axis. The simple transformation to account for per
meability anisotropy is done by multiplying the net pay thickness 
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Rg. 4—Equivalent fracture half-length in vertical well to match 
production from horizontal weii. 

Fig. 5—Vertical fractures in horizontal welt. 

by =(ki^ky) ' A and replacing permeabiliry in the vertical plane 
by a geometric average permeability, (ksky)^. Thus, the trans
formed horizontal well productivity'equation for a homogeneous 
reservoir with vertical anisotropy is 

HBIn -
l L (1/2) 

1 
J L. 2r„ ) j 

•O) 

where 4 ^ =-4k 3 !k v ,L>Ij^A, andi/2<6.9rd 5. Eq. 7 (whichis 
in Darcy units) is used extensively in the parametric study of the 
effects of anisotropy presented later. Note that r w is actual, not ef
fective, wellbore radius. 

Economides et cd.? later found that Eq. 7 requires an augmen
tation. The term 2rw ia the second logarithmic expression in the 
denominator must be replaced by (1^+ l ) r w . For large permea
bility anisotropics, this discrepancy can lead to errors. 

Comparison of Horizontal Wells With Kydraulicaily 
Fractured Vertical Wells 
In low-permeability reservoirs where vertical wells are almost al
ways hydraulicaliy fractured, the engineering feasibility of unfrac-
tured horizontal wells should always be based on comparison with 
equivalent vertical wells with hydraulic fractures. An easy way to 
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Rg. 6—Anisotropy effect on performance of horizontal oil well 
and comparison with vertical well performance. 
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Rg. 7—Anisotropy effect on performance of horizontal oB weU 
and comparison with hydraulicaliy fractured vertical wel! Irt 
thick, fow-permaabiiity formation. 

do such a comparison is to use the concept of equivalent or effec
tive weDbore radius. Equivalent wellbore radius, is the extended 
wellbore radius (underreamed well) that results fa an equivalent 
PI of a weE with a fixed fracture half-length and conductivity. Fig. 
3- shows Prats'1 0 correlation of dimensioniess wellbore radius, 
r w 0 , with dimensioniess fracture conductivity, C r̂,, given by 

(8) 

where r H B is the effective wellbore radius resulting from a. frac
ture half-length, Xf, and 

C f D = k f w / k H x f (9) 

where £/w=proppant-pack conductivity. Assume that 

r V D ~ T i t ^ r u J x f > ( 1 0 ) 

where m=0.5 for an mfinite-conductivity vertical fracture 
(C^->2:30) and m<0.5 for a finite-conductivity vertical fracture. 
In other words, for infinite-condactivity vertical fractures, a frac
ture half-length of 1,000 f t is eqtirvateat to an unfractured well with 
a welftsore radius of 500 f t 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 io a vertical well can be calculated to match the production 
from a horizontal well of any fixed length. In this case, it may not 
be unreasonable to assume equal drainage volumes, r^—r^y. I f 
the hydraulicaliy fractured vertical weil is assumed to have sn 
equivalent wellbore radius, r H O , than equating its PI with that of 
a horizontal well results in 

In 1 htf j 
L/2 2rv> 

and thus rwa=-

[ S W a 2 ~ ( L / 2 ) 2 ] ( ^ ) ' W 

. . . ( I D 

(12) 

where m—0.5 for an mfinite-conductivity vertical fracture. Eq. 12 
shows that in low-permeability formations, the economic feasibili
ty of horizontal wells depends strongly on the permeability anisotro
py I ^ . The higher the value of the lower the fracture 
Mf-kagth;required in the vertical well will be to natch the produc
tivity of a horizontal well. Ea fact, the product I ^ k forms a better 
correlating:parzrneter with equivalent fracture half-length, xf. Fig. 
4 presents this correlation of Xf vs. I ^ h for the assumed fracture 

conductivities of 1.6, 10, and 150, respectively; and r ^ = r ^ r = 
1,490 ft , r v -Q365 ft, and L=2,000 ft . Fig. 4 leads to me"foi-
lowing important observations: (1) for 4^2:100, a vertical well 
with an Xf < 1,000 f t and a C/o=10 can replace a 2,000-ft horizon
tal well; and (2) increasing 1 ^ for a fixed h requires a lower frac
ture conductivity, a lower fracture half-length, or both to replace 
a 2,000-ft horizontal well. Note that Fig. 4 presents an example 
for a2,000-ft horizontal well. Increasing the weU length, would snake 
the horizontal' 
vertical well. 

ell compare better with the fcyt 

Infinite-Conductivity Vertical Fractures in 
Horizontal Weils 
To induce multiple transverse vertical fractures m horizontal weils, 
the horizontal section must be cased, selectively perforated, and 
fractured starting at the end of the horizontal section. I f the non-
fractured casing interval is not perforated, then a nunimum num
ber, n, of vertical fractures is required just to attain the productivity 
of the open hole,(uncased horizontal completion). This analogy is 
also applicable when massive natural fractures in a tight formation 
are penetrated by the well, n can be calculated by assuming infinite-
conductivity vertical fractures with fracture half-length x/. For an 
openhole completion, horizontal well productivity is given by Eq. 7. 

I f « orthogonal hydraulic fractures of half-length Xf are required 
to match the openhole production, then each fracture must produce 
with a rate q ^ , where' 

q/&p=nq f Ht&p (13) 

Assuming that the distance between two fractures is 2x (Fig. 5) 
and that only linear flow occurs in the formation to produce into 
the aactaits, men 

(14) qfulty=mH$XfW}£x 

Combining Eqs. 7, 13, and 14 yields 

/tfljln 
a+Va 2 - (L/2)2 

(L/2) 

(15) 

(16) 

=l2hkB{2xfh)Vii3x 

or T/C-(2xf»)/x, 

L V 2r w / 
where C=ln 

L/2 

andx=i./[2(n-l)] (IS) 

Substituting the x value from Eq. IS into Eq. 16 gives 

i r fC=[4x f n(n- lWL (19) 
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Rg. 8—Anisotropy effect on performance ot horizontal gas 
well and comparison with hydraulicaliy fractured vertical well 
In thick, low-permeability formation. 

i.e., n{n -1)={LirfACXf) =D ,. (20) 

and n=(l+Vl+4£>)/2. , . . .(21) 

Eq. 21 shows that a minimum n of imTnite-conductivity vertical 
fractures are needed, when the cased horizontal section is not per
forated outside the fractured regions, to match the production from 
the unfractured openhcle horizontal completion. 

Example Application: Given i=2,000 ft, k-lQQ it, 4^=3 ( 

rm=\,A9Q ft (160-acre spacing), and rw=0.365 ft, calculate the 
Dunimum number of infinite-conducriviry vertical fractures of 

=100 ft to match the unfractured openhole production. Calcu
lations are shown below. 

From Eq. 6: a=-^Q.5+, 
X / 2 / 

0.25 
0.5 

2,000 r =—I0-5-
FromEa. 17: 

0.25+ 
0.5 

= 1,666. 

C=m' 
2,6664-^1,6662-1,0002 

1,000 

300 
-In 

300 

2,000 \ 2 X0.365/ 

= L10+0.90=2.0. 
From Eq. 20: £>=(2,000Xw)/(4x2x 100) =7.85. 

From' Eq. 21: «=(! + V l +4 x 7.84 )/2=3.35«4. 

In this case, at least four infinite-conductivity fractures are needed 
to produce the equivalent of an openhole horizontal completion. 
Consequently, if horizontal wells need fracturing, the economics 
may favor a vertical well with vertical fracture, unless the formation 
is very thin. 

TABLE 1— INPUT DATA FOB PROBLEMS 
USED IN FIGS. 6 THROUGH 9 

Oil Weii Gas Well 
p-> psla 
Gravity, °AP! 

200 600 p-> psla 
Gravity, °AP! 30 — 
•GLR, scf/ST3 400 — 
ys 

0.65 0.6S 
p, psia 3,500 4,000 
<V.ft 0.25 0.25 
A, acres 160 160 
r. °F 200 200 
b, ft 8,000 8,000 
Surface temperature, °F 80 80 

QLf?«gsa'Squla rails. 

500.0 1CC0.C 
Borehole Length, L or Frsclure Length, 2xf (ft) 

Fig. 9—Anisotropy effect on performance of horizontal gas 
well and comparison with hydraulicaliy fractured vertical wel! 
in thick, higher-permeability formation. 

Anisotropy Effects 
Productivity of horizontal wells determined from Eq. 7 shows its 
dependence on anisotropy. Joshis presented these effects by com
paring productivity ratios of horizontal wells with those of vertical 
wells for different horizontal well lengths and permeability anisotrc-
pies. These productivity ratios actually compare the absolute open-
flow potentials (OFP's) without considering the effects of the tubing, 
flowliae, etc. Depending on the nature of the tiromg'intake curves, 
the effect of tbe plumbing system on well production may obscure 
the well performance predicted by productivity ratios. ID the present 
study, anisotropy effects on actual oil and gas production are shown 
in Figs. 6 through 9. These figures present flow rates vs. horizontal 
wellbore lengths for a range of JC)a- that represents the anisotropy. 
Jfkg>ky, then J a r ei> 1. Ion-—I for the case of vertical.isotropy, 
whereas 1 when k v>k- d . In sedimentary formations with 
primary porosity and permeability, the 1 ^ value should always be 
greater than unity. Normally, it is assumed to equal 3. In naturally 
fracfared 'fdnnations, 1 ^ can be very close to or less than unity. 
By inducing clean, transverse-propped hydraulic fractures in 
horizontal wells, especially is very-Iow-psraieability formations, 
one may create an effective 1 ^ s 1. 

Figs. 7 through 9 also compare the performance of horizontal 
wells with that of vertical wells with induced hydraulic fractures 

. for two different fracture conductivities, k/w (200 and 2,000 md-
ft). Figs. 6 and 7 are for oil wells, and Figs. 8 and 9 are for ps 
wells.- Table 1 presents the data used to generate these figures. 

Horizontal we2 flow rates for aa oil well wiih good psrmeabiliry 
are compared with the vertical well productivity for the same reser
voir. Fig. 6 presents this comparison for a number of 1 ^ values 
between 0.25 and 3. The formation thickness in this case is 20 ft. 
Because this is a thin formation, a 400-ft-iong horizontal well com
pletion produces more than its vertical counterpart, even for very 
unfavorable anisotropy (/„,{=3). FoTTcmi<Z! any horizontal well 
with more than about 100-ft horizontal openhole-completion length 
yields more production than the vertical well. 

Fig. 7 compares the horizontal well performance for several 
anisotropy values and horizontal completion lengths with a hydrau
licaliy fractured vertical well in a thick, low-permeability oil for
mation, ft is very clear from Fig. 7 that, except for very lowi^ , 
(< I), an induced vertical fracture in a vertical well in the forma
tion produces more fluids to the surface. For a fracture conduc
tivity of200 md-ft (winch is low) and vertical isotropy, a horizontal 
well exceeding 300 ft wfl produce better than the hydiaalically frac
tured vertical well with the same fracture length as the horizontal 
completion lengoi. For a better-conductivity (2,000 md-ft) vertical 
fracture m a vertical well, however, the value must be < 1.0 
for the horizontal well even to compare in productivity. 

Effects of anisotropy and length of horizontal completion.are also 
studied for low-permeability gas formations, rig. S describes a low-
permeability gas well Qc-Q.l md). For a good fracture conduc
tivity (2,000 md-ft), the only way that a horizontal weil of reasonable 
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Fig. 10—Vertical fracture with all possible well configurations. 
Each ellipse corresponds to different angles of contact be
tween weil and fracture. 

, length (<,2,000 ft) could perform better than the vertical weE/ver-
tical fracture is if Z ^ s l . For aio w-corductivity fracture (200md-
ft) , a horizontal well would generally perform better than the frac
tured vertical well i f length is not a ccnsrxaint. Fig. 9 describes 
a higher-permeability gas well (fc=1 md). Here there is a clear-cut 
distinction: horizontal wells are better when I ^ u ^ l and worse 
when lot > 2 when they are compared to fractured vertical wells. 
This clearly suggests that naturally fissured gas reservoirs are good 
candidates for horizontal wells. 

Fractured Horizontal vs. Fractured Vertical Wells 
In this section, the performance of a .horizontal well with an in
duced vertical fracture is compared with that of a fractured vertical 
well. As in all hydraulicaliy fractured wells, flow is assumed to 
be 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 to contribute negligible flow, In other words, this 
comparison is for reasonably tight wells, which, i f left unfractured, 
would have virtually no production. Note that, for hydraulicaliy 
fractured horizontal wells in tight formations, most of the benefits 
resulting from the extended reach are not similar to those in higher-
permeabuiry reservoirs. Hence, 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 a 
vertical well completion. With, the exception of the limiting and 
unlikely case from an execution point of view, where the fracture 
direction coincides perfectly with the well direction, the actual con-
. tact between fracture and weE is very small. For the comparison 
presented here, an analogy between a vertical well with a vertical 
fracture and a horizontal well with a vertical fracture will be used. 
The produced Quid is assumed to enter the wellbore only through 
the fractures. 

The impact of the inefficient contact between the weD and frac
ture can be quantified with a skin effect, sc, resulting from the 
choke of the limited contact. Fig. 10 contains all possible configu
rations of the contact between rite well and the fracture. The frac
ture direction, away from the well, is always normal to the minimum 
stress. With tbe rare exception of very shallow wells, where the 
fracture is horizontal, the direction is vertical and normal to the 
rmnimum horizontal stress. In Fig. JO, the rmnimum horizontal 
stress is in the y direction and tbe fracture is in tbe xz plane. For 
a perfectly-vertical well, the fracture would have a 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 in a reduc
tion in the' contact between die well and the fracture. This can hap
pen in deviated holes with an angle between the z axis and the xy 
plane or in a perfectly horizontal well with an angle between the 
y axis and the xz plane, which describes the fracture. The smallest 
contact between the well and die fracture is for a well drilled ex
actly ic the y direction and thus normal to the xz plane. This con-
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Fig. 11—Solution for firtite-conductivity fracture (C tD =10) in
tercepted by horizontal well. Effect of choke skin resulting 
from limited contact between weii and fracture. 

figuration would result in the largest skin effect. On the other hand, 
multiple fractures generated with this geometry could aid in the best 
coverage of the drainage area. 

Tbe skin effect results in an additional pressure drop from the 
radial flow generated around the entry point. For a horizontal well, 
penetrating the fracture ai its midpoint and normal to its plane, the 
radius of fee radial flow is h/2, where & is the fracture height 
(assumed to coincide with the reservoir height.) The pressure drop 
within this radial zone is 

l p - P * f ) , - l & htCnf2rw)]!2Trkfw ; (22) 

where p is the pressure at the outer boundary and fy-and H> are per
meability and fracture width, respectively. Eq. 22 assumes no gravi
ty effects. It is simply the steady-state expression of Darcy's law 
for radial Sow through a reservoir of extent h/2 and "height' * w. 
This pressure drop must be adjusted by subtracting the pressure 
drop that would result from the linear flow within the fracture into 
a fully penetrating well: 

(p-p̂ h-wm&wwfy***, (23) 
where wft is the flow area. The factor J4 accounts for flow from 
both wings of the fracture. 

The pressure difference between radial and linear flow is then 

&Ps=(p-Pwf)r~(p-Pwf)L 

^Hh!2rw) z_~| 

. kfW 2kfWj. 

Multiplying and dividing the right side of Eq. 25 by kh results in 

or Aps— 

(24) 

(25) 

-f. 
2-irkhlkf 

f M M 2 r w ) - - m \ - (26) 

The multiplier qp/Glvkh), in Eq. 26 in Darcy units, is the standard 
multiplier of the dimecsicnless pressure for Smte-conducaviiy frac
tured wells that acaxmts for the pressure drop at the well. Hence, 
Eq. 26 describes a steady-state pressure drop to be added to the 
fracture pressure drop. We define the bracketed quantity as sc for 
the choke from the well and fracture contact: 

s ^ k h i k f w y m m r j — j n ] (27) 

This is tbe maximum value of s c that occurs when the well is nor
mal to the fracture plane. When tbe well is vertical or along the 
fracture direction, then se=Q. Except in rare cases, a longitudinal 
fracture would not improve the production over a vertically frac
tured well appreciably. Hence, this observation generally nullifies 
the need to drill a horizontal well exactly in the expected direction 
of the induced fracture—Le., along the maximum horizontal stress 
direction. An exception to this rale, however, is the case of car
bonate reservoirs requiring acid fractures: In these cases, it is 



TABLE 2-OATA FOR COMPARISON OF VERTICAL 
vs. HORIZONTAL FRACTURED-WELL 

PERFORMANCE EXAMPLE 

<p, fraction 0.1 
f l , cp 0.7 
c t , p s i " ' 1 0 - 5 ' 
k\ md 1 
f, days 30 
Xf, ft 500 
w, in. 0.25 
k f , md 24,000 
ft, tt 100 
B, res bbf/STB 1.1 
p,'. psia 6,500 
P,«r, psia 4,500 
r „ , ft Q.406 

•4,000.000 

Si 2.0CCO0O 

i f / 

I 
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0 1000 2000 ' 30CC 400D 

Fracture Langih,xt(ty 

Fig. 12—NPV calculation for vertical fracture intercepted by 
vertical weii. 

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

Note that a vertical well in a formation to be fractured-should 
be drilled with as little deviation from thez axis as possible. Hence, 
if a deviated hole is necessary (offshore, pad drilling, etc.), a well 
to be fractured should be completed vertically within the reservoir 
.to mirirriize the contact skin effect. 

On the other hand, horizontal well performance can substantially 
benefit from a completion with multiple fractures. Each vertical 
fracture penetrating a horizontal well is penalized with a skin of 
the form given by Eq. 27. The total dcnensionless pressure for a 
horizontal well penetrating a vertical fracture at 90* is then given 
in oilfield units for oil as 

(pD)T=pD+s c=kh&pf(Hl-2qBv) (28) 

and for gas as (j>D)T=pD+se-Kh&ppf(l,424qT)., (29) 

The value of this skin effect can be substantial and can have a major 
effect on the production behavior of a hydraulic fracture. For 
Cfo — IQ, a graph of qr> vs. for various s e values is shown 

TABLE 3—WELL AND RESERVOIR DATA FOR 
OPTIMIZATION OF FRACTURES IN VERTICAL. 

AMD HORIZONTAL GAS WELLS 

k, md 0.3 
p h psia 4,200 
r w , ft 0.333 
7, ° r 230 
h, tt 103 
A v , acres 160 
A n , ' acres 40 
<p, fraction 0.1 
Model PKN 
F lu id , " ibm/T,000 gal 40 
Prcppant,* mesh 18/30 
Pu, psia 2,000 

«V 2y 8 

A f t 8,159 to 8,262 
£, psia. 3 .8x10 6 

V 0.25 
Cffmiii. Psia 8,980 
A p , , 1 psia 1,000 

bbt/min 20 
C M , S Ibm/gai 10 

•Four crthogensl fractures. 
"Cretstinksd gel 
I procured sand. 
* Maximum. 
.5 At end of job. 
FKN-Perkins-Kern-tiardgran model. 

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

kfW 
Cm= = 

1 kxf 

(24,000)(0.25/12) 

and rt^rj = 

axm 
0.0G63£r (0.0063)(1)(30) 

.(30). 

4pc,xf (0.1)(0.7)(10-5)(500)2 
- = 1.08. (31) 

Then from Cincc-Ley and Samaniego-V.'s11 solution, JJ 0 =2.2. 
In a vertical hole sc=*0T and from Eq. 28, q=S36 STB/D. 

In a horizontal hole (Eq. 27) sc=Q.65, resulting in a (p j j ) r = 

2.85. The flow rate through this well is then (Eq. 28) q=645 
STB/D, a 200-STB/D drop. As can be seen fromEq. 27, the skin 
effect from the contact is proportional to the kk product. As a re
sult, its relative impact on: the reduction in the weE flow rate is 
greater. In general, the type of calculation shown above can allow 
estimation, of the number of fractures required to match the well 
performance of a vertical well penetrated by a vertical fracture. 
A simulator12-13 can be used to optimize the number and size of 
hydraulic fractures with the NPV concept. 

At first, a simulation is done for a vertical well with vertical frac
ture configuration. This results in an optimum fracture size corre
sponding to the maximum NPV. This simulation is done for the 
total drainage area described by the length of the horizontal reach 
of the weH and the parallel no-flow boundaries. The minimum num
ber of orthogonal vertical fractures is calculated with Eq. 21. Then, 
for each number of contemplated hydraulic fractures, the drainage 
area is divided equally, and the performance of these fractures over 
time is corrected with the choke skin, as shown by Eqs. 28 and 
29. The conesponding NPV is calculated. 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 k/w product must be assumed ahead of time. Follow
ing the optimization, this assumption may be readjusted as a minor 
trial-and-error calculation. In general, this product does not change 
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Fig. 13—NPV calculation 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 optimum'size that is always smaller than that in the vertical 
well case. 

Fig. 12 plots NPV vs. fracture half-length of a fractured vertical 
well. Table 3 contains the important parameters used, in this simu
lation. Fig. 13 is the NPV vs. fracture half-length of a fractured 
horizontal well that was "choked" with the skin effect described 
by Eq'. 27. Two things are important here: the optimum fracture 
length dropped from 1,100 to 500 ft, and the maximum NPV 
dropped from $3.6 million to $0.9 Bullion. Hence, at least four 
fractures are needed in the horizontal weU to equal the NPV of a 
single fracture in the vertical hole. This does act include the addi
tional cost of drilling the horizontal well, which can be incorporated 
as fixed costs in the NPV calculations and allocated equally to each 
fracture to be completed in the horizontal well. 

This calculation generally depends heavily on the kh product and 
the fracture permeabiiity. Ifkhis large or kf is small (damaged), 
then s c is large, resulting in a disproportionate penalty on the 
hydraulicaliy fractured horizontal well. Most 2,000-ft horizontal 
wells that are candidates for fxacniring- need from two to eight or
thogonal fractures to equal the NPV of a vertical fractured well. 
As the horizontal well length, changes, the optimum number of frac
tures also changes. 

Conclusions 
While horizontal wells are viable alternatives to vertical wells, they 
are not a panacea. Their choice over a vertical well must be decid
ed on the basis of careful engineering evaluation. Applications where 
horizontal wells are preferable are listed b&low. 

1. For 100, a horizontal well performs better than a ver
tical well with induced hydraulic fractures of reasonable length 
(2,000 it). Eq. 12 can be used to generate this criterion for any 
other weU lengths, drainage radii, and dimensioniess fracture con
ductivities. . 

2. For ao ids&tized vertical isotropic medium, horizontal wells 
may appear to be preferable to vertical wells in almost all cases. 
For reasonable vertical anisotropy { l a n i > 1.5) and low permeabil
ity (£0.1 md), however, even an extended-reach, horizontal well 
(1=2,000 ft) does not perform better than a vertical well with a 
hydraulic fracture. 

3. Horizontal wells are particularly useful when 1 ^ £ I , which 
may be the case in massively, naturally fractured formations. La 
this case, a horizontal well can intercept a number of discrete natural 
fractures and have a significant improvement in production. 

4. For reservoirs that are obvious candidates for hydraulic frac
turing, it is reasonable to compare a vertical well with a vertical 
fracture to a horizontal well with a number of orthogonal vertical 
fractures. The number and size of these fractures are calculated 
on the basis of their performance. This performance is penalized 
by a skin effect resulting from the limited contact between the well 
and the fracture. 

The NPV concept has been used to compare the optimum frac
ture size in-a vertical well with the number of optimum fractures 
in a horizontal well. Note that in all cases the produttiviry increase, 
if any, must take into account the additional costs incurred by' the 
chilling of the horizontal well. 

Nomenclature 
a — half-axis of drainage ellipse (Eq. 67, ft 
A = drainage area, acres 

'. 3 FVF, res bbl/STB 
ct 

CfD 
= total system compressibility, psi"1 ct 

CfD as' dimensioniess fracture conductivity 
=' slurry concentration, lbm/gal • 

tubing diameter, in. 
b = well depth, ft 
E = Young's modulus, psi 
h reservoir height, ft 
i' = injection rate, bbl/min 

anisotropy m&eK^K^lkyy^ 

k = formation permeability,' md 
kf = fracture permeabiiity, ma 
kg — horizontal permeability, md 
ky = vertical permeability, aid 
L = horizontal length, ft 
m ~ slope, psi/cycle 
n;- == number of fractures 
p — pressure, psia 
p ~ average reservoir pressure, psi 

pj> = dimensioniess pressure 
Pi — initial reservoir pressure, psia 
p p = real gas pseudopressure. psi2/ep 
p r ='treatment pressure, psia 
p tf - flowing tubing pressure, psia' 

p w f = Sowing bottomhole pressure, psia 
Ap — pressure drop, psia 

q = flow rate, STB/D and Mscf/D 
qfs = flow rate from fractured horizontal well 
qj; = horizontal well Cow rate 
q r =» radial Sow rate 

rdK ~ horizontal drainage radius, ft 
r^y = vertical drainage radius, ft 
r w — wellbore radius, ft 

r w a =» effective wellbore radius, ft 
r.vp = dimensioniess effective wellbore radius 
se - skin effect froin limited fracture/well contact 

t = time, days 
hj& ^ fracture dimensioniess time 

T = 2bsoM& temperature, "R 
w = fracture width, f t 

> x =• horizontal distance, ft 
Xf => fracture half-length in x direction, ft 
y = horizontal distance, ft 
z = vertical distance, fx 

7 g = gas specific gravity (air=l) 
Ii = viscosity, cp 
v = Poissoa's ratio ., 

^HOSK ~ maximum horizontal stress, psia 
jffmin - minimum horizontal stress, psia 

a v = vertical stress, psia 
<p = porosity, fraction 

Subscripts 
H - horizontal 
L ~ linear 
r = radial 
s — skin 
T = total ., ' . 
V = vertical 
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ABSTRACT 

Horizontal well performance analvsis 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 particular 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 
predictions. Rate-time data is frequently available and can be 
used to improve the analysis, but is often overlooked in 
horizontal 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 field examples. 

Results from the field tests illustrate that inclusion of the rate-
time data in pressure transient testing can be valuable to the 
design of a successful pressure test. Field examples of the 
design, planning, and tools used in the pressure tests are 
discussed. Rate-time data can also help improve tbe pressure 
match resulting in a comprehensive set of reservoir and well 
properties (vertical and horizontal permeabilities, 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 

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 
model prediction and actual long-term well performance is 
shown. 

INTRODUCTION 

Horizontal and extended reach drilling has been increasing in 
the last ten years. Several field applications have demonstrated 
the benefit of horizontal wells.1 Increasing in drilling activity 
has lead to the emergence of horizontal well drilling* and other 
related technologies. Included in these technologies is a large 
volume of publications devoted to the understanding of Quid 
flow mechanism towards horizontal wellbores, interpreting 
pressure transient tests and predicting horizontal well 
performance.3"32 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 and predict horizontal well performance. Although 
the methodology is generic and could be applied to horizontal 
or 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 enhance the reservoir-well description from pressure 
transient test interpretation. The enhanced reservoir-well 
description can then be used to predict well performance. The 

References and figures at end of paper. 
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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 applicability of the suggested procedure is demonstrated 
by several field examples encompassing a wide range of 
reservoir-weil conditions. Field experience with pressure test 
design, tools used, and relevant engineering and geological 
aspects of the wells and reservoirs under study is also provided. 

HORIZONTAL WELL PRESSURE TRANSIENT TESTING 

Tbe goal of pressure transient testing is to determine reservoir 
and well properties is the well drainage area so that the well 
performance can be predicted. Because of the horizontal weil. 
geometry, the flow regimes are different than those of a 
vertical well. The pressure transient response can take on 
several particular flow regimes: early radial flow, early linear 
Sow, late radial Sow and boundarvaffected Sow. Figure 1 
depicts each flow regime geometry2^ and shows how 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 completely 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 length 
• From dimensioniess well length compute vertical 

permeability 
- Skin effect, reservoir pressure, and reservoir size 

obtained directly from modeling 

In practice, many have reported difficulties with horizontal well 
test interpretation using type curves, especially due to the non-
uniqueness problem. 3 2 Our experience with numerous 
horizontal well tests has shown wellbore storage effect often 
distorts the early time radial flow and possibly the early time 
linear flow data and thus prohibits the direct calculation of 
vertical permeability and skin factor. Horizontal permeability 
has been obtainable with confidence in most tests given a fair 
permeability formation. However, effective 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 

important, testing time limitations can also prohibit the 
evaluation of those parameters, especially for low permeability 
formations, lt is obvious that additional information is needed 
to enhance the model established from type curve match. 
Information such as core, well logs, mud logs, and production 
data, 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 pressure test 
design and enhance the pressure test interpretation. 

HORIZONTAL WELL PERFORMANCE PREDICTION 

Many authors have presented methods to predict horizontal 
well rate behavior in the recent past.12"20 Some methods are 
based on analytical solutions12*18 and others are based on 
numerical simulation.19"20 In this work, we mainly focus our 
discussion os the analytical approaches14*15 to predict 
horizontal well rates. This choice was made for consistent and 
interchangeable usage of the same model employed is pressure 
test interpretation as well as rate prediction. Ose 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 producing bottomhole pressure. Essentially, all 
parameters computed from well tests are kept the same when 
the model is turned to constant pressure production mode. 
Sometimes, adjustments need to be made for better match on 
the cumulative production curve to compensate for the initial 
unstabilized rate before the well is pumped off. For the most 
part, the effective well length, horizontal and vertical 
permeabilities computed from weU 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 weils after completion: 

1. Stabilize the well's rate for some time after well 
completion and estimate the well productivity index21*24 

based on estimates of reservoir parameters 

2. Establish a well-reservoir model12"18 for rate-time 
prediction (based on Step 1) and tune tbe 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. Interpret the pressure test data5"16 and confirm the model 
established with the available rate-time data via an iterative 
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process 

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

6. Periodically repeat Steps 3-5 to update the model 
prediction 

In the following, horizontal well test examples from two fields 
are presented. The contrast in permeability of the two 
reservoirs under study demonstrates a wide spectrum of 
application for the suggested procedure. In each example, the 
reason for the horizontal well application, relevant geological,' 
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 Dos Cuadras Field - High Permeability 

Background 

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

Since the first Well C-50 was completed in November of 1990, 
a total of eight 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 
reservoir data and a description of the first four horizontal 
wells. Figure 2 shows their locations in the field. Al] of these 
wells have been drilled with waterbase mud and completed 
with wire-wrapped screens for sand control. Detailed 
description on tbe drilling and completion of these horizontal 
wells can be found in Ref. 33. 

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

fH&Wt fort fyWt ft*"? conduct 

The primary goal here is to predict time required for the late-
time radial flow to develop. First, well productivity index (PI) 
estimate23 and rate-time performance analysis*4"15 were carried 
out to match the observed data. This sensitivity analysis was 
done using a range of the reservoir-well parameters. Although 
determining the reservoir and well condition from such an 
analysis is difficult, it is helpful 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 on Well C-29 were acquired using capillary 
tubing installed downhole. Overall the quality of all test data 
were good. Tbe late-time radial flow periods showed up within 
a reasonably short-time ^er smiths (one to two days). This is 
mainly dictated by the fairly burh permeability of the reservoir 
(> 200 md). During testing, periodic data collection and 
analysis allowed the tests to be terminated at the optimal time. 

Pressure test interpretation and well performance prediction 

For each well test, the type curve match of the measured and 
modeled data are presented. The pressure integral 
technique34"35 was utilized to eliminate scattering 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 Homer analvsis are shown. 
It should be noted that tbe 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 
each well The reservoir arid 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 smith data show some behavior typical of 
wellbore compressibility changes. This is sot 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 is all the tests, 
the producing times are relatively long compared to the shutis 
limes. 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 early 
radial and linear flow data. However, from type curve 
matching, kj. can be inferred is tbe range of 0.005 to 0.11 of k̂  
using a thickness of 50 ft for all wells. 
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In general, the effective well length, L e f r , computed from the 
time match, can be used as a qualitative measurement, in 
conjunction with other parameters (LQ, skin), to evaluate the 
efficiency of a horizontal well. For Wells C-50 and C-48, the 
computed effective well lengths, L e f f , are close to the actual 
well lengths, L Oa the other hand, L e f r computed for Wells 
C-35 and C-29 are only a half and a third of the actual length, 
L, respectively. It should be noted that, the actual well length 
of each well is determined from the MWD gamma-ray data 
and confirmed with the mud log data. 

The dixnenstonless wel! length, LQ, is a measurement of how 
effectively a horizontal well drains the vertical direction. The 
larger the value of Lp the more predominant the linear flow 
is and thus more fluid can be withdrawn for the same 
drawdown. As shown in Ref. 7, a horizontal well with a LQ > 
25 would behave similarly to that of a fractured well (tD > 10). 
On the other band, as shown by Ref. 25, a horizontal well with 
Ljj of 0.5 would behave similarly to that of a vertical well. For 
our wells tested, the computed Lp values vary from 0.8 (C-50) 
to as high as 3 (C-48). The LQ values computed suggest these 
wells perform as well as expected from a horizontal well 
standpoint. Although having similar actual lengths, WeU C-50 
shows a low LQ value compared to that of C-48 or even C-35. 
Assuming k /̂kj, 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 seems is 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 tbe 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 is 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 leads to the conclusion that formation damage 
to the wells was unlikely. From these well tests, no boundary 
effect nor depletion was observed. Average pressure in each 
well drainage area was obtained by extrapolating the semilog 
straight line of the late-time radial flow to infinite 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 horizontal effective 
permeabilities and well lengths. Table 3 presents the 
parameters used is the rate prediction for all wells. The 

drainage areas shows 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 Quid 
property changes and the non-uniqueness problem in general 
While it is impossible to attach any physical meaning to the 
drainage areas shows, it is act so critical sisce good rate 
prediction still can be made. Is addition to predicting well 
performance, theoretical Pi's for all wells were computed vyyo 
the parameters obtained from the well tests data, and 
compared to the observed Pi's. This was dose to further 
confirm the well test model interpretation asd to compare the 
well performance to that of a vertical weU under similar 
conditions. Table 4 presents the PI comparison for all wells. 

Simply based on improving productivity over vertical wells, all 
cases show the use of horizontal 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 
the first four weils. 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 tbe 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. 
Unlike 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 03 
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 
surface shutin and downhole capillary tubing for pressure 
recording. As before, data were periodically collected and 
reviewed during testing to allow the test to be terminated at 
the optimal time. The early-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 non-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 enhancing the pressure test 
analysis, especially for low permeability reservoirs. 

Pressure test interpretation and well performance evaluation 

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

Although the pressure buildup data did not reach the linear 
flow nor late-time radial flow data which could pose non-
uniqueness problem for test interpretation, tbe 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 tbe test is identified as tbe 
early-radial flow period rather than the late-time flow period. 
The Horner analysis on the early radial flow data provides an 
independent way to obtain vertical permeability and skin factor 
and confirm tbe model type curve match results. The final 
match presented is the best match confirmed using the three 
analysis techniques: 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-fi thick pay zone. The 
thickness used is confirmed by the rate-time analysis. Vertical 
permeability of nearly OJOI md is determined. Tbe effective 
well length, L ^ , is computed as 1759 ft, or about 87 per cent 
of .th* actual completed length 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 

has bees suggested that thickness can vary from 30 ft to 150 ft. 
One of the pressure test objective was to estimate the pay zone 
thickness. Although there is no clear evidence of the early-
time linear Sow io the pressure data that may help estimate 
thickness, the combined effort of buildup test analysis and rate-
time performance evaluation used is this work, yields the 
thickness estimate of 90 ft with certainty. 

As mentioned, mechanical skis 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 early radial flow is evident. Although 

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

Based os parameters obtained from the well test and well 
performance analyses, rate prediction was made assuming a 
101-acrc square 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. Eves so, due to certain limitations of analytical modeling 
as noted above, periodic updating production data to observe 
the model match was exercised. As before, the theoretical well 
PI was also computed and compared to the actual PI to 
confirm the weU 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 os PI improvement, results also indicate the 
horizontal well PI would be about five times that of a vertical 
well Based os this and other parameters computed (L D

S 3; 
L e f f = 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 is predicting rates is in part due to 
(i) the little production of water and (ii) the not so large 
changes is the effective oil permeability. In fact, three buildup 
tests were run on Well Dos Cuadras C-29 over the years. 
Results indicated some changes is tbe effective oil permeability 
and effective well length computed (Table 3). However, these 
changes are not significant enough to impact the long-term rate 
prediction (Figs. 22-23). In cases wherein significant changes 
in the system compressibility and/or large changes is relative 
permeability due to significant multiphase Sow effects are 
expected, numerical simulation may be required. Even in 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 

Tbe following generic conclusions are warranted: 

1. A systematic procedure to evaluate 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. 

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

3. 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 horizontal well performance. 

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

4. 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, dimensioniess weil length, PI and 
PI ratio, and oil recovery can be identified from such an 
analysis. 

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

6. 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 
C D = dimensioniess storage coefficient 
h = formation thickness, ft 
kh = horizontal permeability, md 
kj = vertical permeability, md 
L = actual well length (displacement), ft 
L c f f = effective well length (from well test), ft 
Ljy a dimensioniess well length 
p = pressure, psia 
Pi = initial pressure, psia 
pD = dimensioniess pressure 
PI » productivity index, stb/day/psi 
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PI(v) • vertical well productivity index, stb/day/psi 
PI(h) • horizontal well productivity index, stb/day/psi 
q = flow rate, stb/d 
r w «* wellbore radius, ft 
s » skin factor 
At * time, hrs 
tp * producing time, hrs 

DEFECTIONS 

Dimensioniess pressure, pp 

Dimensionless time, t D 

kh \pt-A 

0.0002637fe 

Dimensioniess well length, LQ 

3 »*H 
Horizontal permeability, kh 

Vertical permeability, \ 

K M fiFj 

Dimensioniess storage coefficient, C D 

5.6I5C 

APPENDIX 

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

Front the model type curve matching, 
tPbApfcl « 3.5 xl<r*/ psi 
lVAtlM * UxlOT-Vhr 
Lo - 2.7 

From the pressure match, 

- 141.2<162)(1.3)(0.96)3.5xl0-* « 10 md-ft 

Using h = 90 ft from the rate-time analysis, k̂  » 0.11 md. 

From the time match, 

0.0002637(0.11) 

From the Lp match, 

This results in kg of 0.007 md. If one uses L e { f instead of L in 
the above equation, one can obtain \ l \ = 0.076 and thus \ 
of 0.008 md. 

Using conventional Horner analysis for the early-radial flow 
period shown in Fig. 27, one can obtain vertical permeability 

k J L - ^ - - - lo2.6X16^L3)(0.96) ̂  ^ 
623.8 

This results in k̂ L • 52.7 md-ft Using L • 2000 ft yields 
- 0.026 md. Assuming ky equal to kh results b k,, of 0.006 
md. [Using L c f r of 1759 ft and lĉ  - 0.11 md yields 1̂  • 0.03 
md and kg * 0.003 md.} In addition, usbg the conventional 
skin equation for Horner analysis yields skin estimate of -0.6. 

Results obtained from tbe pressure type curve match, rate-time 
modeling and semilog analyses appear to be in agreement and 
complete the determination of the objective parameters to 
enhance the evaluation of the horizontal well under study. 
Without usbg one or the other, it would be difficult to obtain 
the full set of reservoir-well properties as such, especially for 
this low permeability reservoir encountered. 
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TABLE 1 

DOS CUADRAS RESERVOIR & WELL DESCRIPTIONS 

Well 

Reservoir pressure 
Reservoir temperature 
Depth 
Porosity 
Thickness 
Oil gravity 
OilFVF 
Oil viscosity 
Compressibility 
Wellbore radius 

Completion Details 

Date Length Zone 
ft 

350 psi 
85° F 
850 ft 
0.3 
20-50 ft 
22° API 
1.03 rb/stb 
43 cp 
5xlCT/psi 
0 3 ft 

Data Before Shutting in 

Q, BU 
test hrs 

o Pvrft 
stb/d psia 

C-50 11/90 1223 C1P 1 7300 140 21.5 
C-48 8/91 1047 CP 1 6200 130 33.4 
C-35 5/91 730 C1P 1 8000 82 14.5 
C-29 7/91 2900 C1P I 192 200 272.6 

2 3720 400 117.7 
3 8760 330 76.2 

TABLE 2 

DOS CUADRAS HORIZONTAL WELL TEST RESULTS 

Well Test Technique khh *h K Leff h> C P* 
md-ft md md ft 

h> 
bbl/psi psia 

C-50 1 Type Curve 41587 832 3.6 1166 OS 0.29 — .. . 
Semilog 43271 865 — --- — — -4.3 136.8 

C-48 1 Type Curve 13577 272 223 1047 3 0.23 .. . . . . 
Semilog 18553 371 — — — — -5.5 2103 

C-35 1 Type Curve 18614 372 43.6 327 23 0.11 mm* 

Semilog 18570 371 — — — — -43 159.8 

C-29 1 Type Curve 75045 1501 16 905 3 0.1 ... 
Semilog 81400 1628 — — — — -5.5 320.7 

C-29 2 Type Curve 67541 1350 6.4 783 2 0.12 . . . . . . 
Semilog 69246 1385 — — — ... -5.4 282.1 

C-29 3 Type Curve 47466 949 4.5 1246 2 1.1 .. . . . . 

Semilog 46416 928 ... . . . . . . — -5.7 275.7 
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TABLE 3 

DOS CUADRAS HORIZONTAL WELL PARAMETERS USED IN 
RATE-TIME PERFORMANCE PREDICTION 

WeU L e f f kh ^ X e Y e P i Pvrf <i skin 
ft md md ft ft psia psia 10 /psi 

C-50 1166 832 83.2 6500 7500 136.8 21.5 1.5 0 
C-48 1047 272 22.3 4000 4000 2103 33.4 1.5 0 
C-35 730 372 43.6 5000 5000 159.8 15 1 0 
C-29 1246 950 24.5 5500 5500 275.7 76.2 2.2 0 

TASLE4 

DOS CUADRAS HORIZONTAL WELL PI COMPARISON 

Computed Observed 
Well PI PI(h)/PI(v) PI PI(h)/PI(v) 

stb/d/psi stb/d/psi 
C-50 136 1.6 1.21 1.4 
C-48 0.98 3.0 0.73 2.2 
C-35 1.0 2.7 0.56 1.5 
C-29 5.8 4.2 2.43 1.8 

TABLE 5 

RESERVOiR & WELL DESCRIPTION - FIELD X 

Initial pressure = 3000 psia 
Depth = 6000 ft 
Porosity = 0249 
Thickness = 30-150 ft 
OU gravity = 28° API 
OH FVF = 1.3 rb/stb 
OB viscosity = 0.96 cp 
Total compressibility « 132xl0*s/psi 
Wellbore radius = 03 ft 

Data before shutting in 
Producing time = 3096 hrs 
OU rate = 162 stb/day 

WELL TEST AND RATE-TIME PERFORMANCE ANALYSIS RESULTS 

Method/Technique h K skin Pi *-eff PI h 
md md psia ft stb/d/psi ft 

WeU test analysis 
Type curve 0.11 0.008 0 3127 1760 2.7 0.054 — 
Horner — 0.006 -0.6 3092 — — — — 

Rate-time analysis 0.11 0.01 0 3127 2000 3.4 0.04 90 
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ABSTRACT 

This paper presents the observed and predicted rxsrformance of 
horizontal wells in four fields: (1) heavy oil reservoir - to 
increase productivity and reduce gas coning, (2) thin oii column 
with gas cap and bottom water - to minimize gas and water 
coning, (3) waterflood in • tight oil sandstone reservoir - to 
increase injectivity/productivity, areal sweep efficiency, and 
improve pressure maintenance (4) gas reseivoir with bottom 
water - to increase productivity and minimize water coning. 

A special program, named "HVWELL", was used in these 
studies to predict horizontal and vertical well production 
performance. HVWELL requires minimal reservoir and fluid 
information to create a complete input dataset for running a 
finite difference simulator. It is equipped with a unique 
automatic grid set-up option to create correct grid geometry to 
model various horizontal well lengths and weii locations. The 
geometries relate to GOC/WOC, and hydraulic fractures 
perpendicular to thr horizontal wellbore. The options can 
greatly minimize the input errors and reduce grid requirements 
by simulating a symmetrical element instead of a full pattern. 
HVWELL not only calculates well productivities, but also 
predicts 3-D, 3-P coning behavior for either vertical or 
horizontal wells. Short summary and graphical outputs are 
automatically generated for each run. 

The horizontal welt design and production predictions using 
HVWELL will be discussed in detail, and compared to field 
data for each case. 

INTRODUCTION 

In the last few years, the number of horizontal wells drilled has 
substantially increased worldwide. Very encouraging ftcid 
results are revealed and published in many papers." The major 

advantages of using horizontal wells are increasing 
productivities, minimizing gas and water coning, extending areal 
sweep, and connecting vertical fractures. To drill a successful 
and economical horizontal well for a specific reservoir requires 
state-of-the-art drilling/completion techniques, a detailed 
geologic/reservoir description study, and an optimal well design. 
The horizontal well design involves many aspects such as well 
length, location relating to GOC/WOC , spacing, and 
performance prediction compared to a vertical well. 

In this paper, we exhibit the tool used within Texaco to design 
and evaluate horizontal wells. The applications for four field 
cases: (1) heavy oil, (2) severe gas and water coning reservoir, 
(3) oil reservoir with water injection, and (4) gas reservoir, are 
illustrated. 

HVWELL: A Tool For Horizontal WeU Evaluations 

The best tool to evaluate a vertical or horizontal well 
performance is a numerical simulator. Only the three-phase, 
three-dimensional, finite difference models can accurately model 
the sophisticated multiple-phase fluid flow around the wellbore. 
However, to setup a model for a reservoir simulation requires 
many input data including gas/oil and oil/water relative 
permeabilities, gas and oil PVT tables, grid dimensions for x, 
y, and z directions, well index, etc. The grid setup for a 
horizontal well is much more complicated than a vertical well. 
Using very fute grids to simulate horizontal well performance 
can be costly and time consuming, but using coarse grids may 
result in erroneous predictions. In addition, constantly changing 
the t*rid setup for various horizontal well lengths and vertical 
locations requires substantial manhours to optimize the 
horizontal well design. 

A special program was generated to solve the simulator input 
problems for single well (vertical or horizontal) performance 
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prediction*. Thii program, so-called "iiV WELL", contistsof 
three module*; * pre-proce**or (input panels), a single/dual 
poroiity model, and a post-processor. The pre-procetsor 
require* minimum recervoir and fluid mformetion to create a 
complete input dataaeC, with PVT and rock correlation*, for 
owning a (ingle porotity (or dual porosity) simulator. An 
aijtorflatic grid set-up option is also built into HVWELL to 
create correct grid geometry for modeling various vertical and 
horizontal well length and weU location relating to GOC/WOC, 
and hydraulic fracture* perpendicular to the horizontal wellbore. 
Well block productivity indiee* for both vertical and horizontal 
wells are automatically calculated using the method of 
Petcenun3. These features greatly save man-time and cpu-time 
for the data preparation in reservoir simulation. 

The simulator used in HVWELL is the VIP-ENCORE simulator 
developed by Western Atlas international. VIP-ENCORE is a 
three-phase, three-dimensional, single/dual porosity, fully-
implicit (or EM PES) simulator. Results reported in this work 
were calculated using the fully implicit reservoir and wellbore 
pressure option*. The pressure drop in the wellbore wa* 
assumed to be negligible in this study. The post-processor 
generate* short summary and graphical outputs for each run. 

HVWELL not oniy calculate* well productivities in tingle or 
dual porotity reservoirs, but also predicts coning behavior for 
either vertical or horizontal well*. This program has been uted 
within Texaco for horizontal well design and production 
forecast. 

Figure 1 illustrates the 3-D cartesian grid* generated by 
HVWELL for a 2.000 ft horizontal well in a 4,000 ft X 4,000 
ft pattern. The 50-ft oii colun. l is underlain by a 300 ft bottom 
water and overlain by a 50-ft gas cap. Due to the symmetry of 
the flow pattern, only one quarter (2,000 ft X 2,000 ft) of the 
drainage volume and one naif of the horizontal well (1,000 ft) 
were simulated and rhown ir. the figure. A total of 11 
logarithmically spaced grid blocks are used in the x-direction, 
and 21 grid blocks are used in the z- direction. Constant Az of 
5 and 10 ft are assigned to the oil column and the gas cap, and 
Az gradually increases in the aquifer region. The horizontal well 
is pls-xd in parallel to the y axis, 35 ft below the original GOC. 
A total of 15 grid block* are used in the y direction. The fine 
grid blocks used around the tip of the horizontal well are 
necessary to better define the gas/water cones and to monitor the 
fast pressure drop in the region. The well is located at 1 = 1, 
J-l-8. K= !3. A total of 3,150 grid block* was used for this 
example. 

In some reservoir*, the horizontal well penetrates the whole y-
direction (horizontal well length would be equal to 4,000 ft in 
Figure I), The ideal symmetrical shape of the cresting along 
the y axis simplifies the 3-D model to a 2-D xz model, which 
greatly reduces the computer time. In addition, HVWELL also 
generates cylindrical (r-z) grid* for vertical well prediction! if 
needed. 

FIELD CASE STUDIES 

Ctsel: FIVSTTOil Reservoir 

The reservoir is tn unconsolidated sandstone fault block in 
offshore shallow (200 ft) water. Average reservoir properties 
are shown in Table I, and the structure map of the reservoir 
fault block it shown in Figure 2. Note that the reservoir is very 
shallow (700 ft subsea) and the tout drainage area is about 30 
acre*. Vertical wells had been drilled in this fault block with 
commingled production from other zones. By the time the 
horizontal 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 a horizontal well was 
suggested to increase productivity. 

HVWELL was used in this case for the purpose of (1) to 
compare the differences between a vertical well and a horizontal 
well, and (2) to conduct a history match with available 
horizontal well data and provide a production forecast. 

Figure 3 illustrates a comparison of two horizontal well lengths 
(1270-ft and 635-ft) as well a* a vertical well projection. The 
initial total (oil and gas) production rate of 1,200 RB/D and the 
bottomhole pressure limit of 50 psia were assumed 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 verticil weii. Tne vertical well projection rate 
was estimated by means of calculating the productivity 
improvement ratio.* In this case, the horizontal well (1270-ft) 
was expected to increase productivity by a factor of 4.52 (a 
conservative factor of 4 was used in this study). The 
productivity improvement theory is discussed >n Appendix. 

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

A 1270-ft horizontal weil wss drilled and the production history 
was available. A production history match was made using 
HVWELL. After ihe model wss set up, the oil production rates 
were used a* input, and the gas-oil ratio and the calculated 
bottomhole flowing pressure* were plotted against the observed 
data. Since water cut was less than one percent, the water 
production history match v/as neglected. 

At the time the history match was made, only 300 days of 
production data was available. Figure 4 shows the oil history 
match. Excellent bottomhole flowing pressure history match 
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can «lso be observed in Figure 5, Note that high bottomhole 
llowing pressures were calculated as were observed. This 
indicated that very small pressure drawdown required in the 
beginning of the horizontal well operation. The bottomhole 
flowing pressure waa gradually reduced as can be sees in 
Figure 5. The gas-oil ratio history match is shown in Figure 
6. Although the history match is not exact, it is believed that 
the model describes the production trend of this reservoir. 

A production forecast was run using the last bottomhole flowing 
pressure of 50 psig after 300 days. Result 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 closHy. With this close history 
match and prediction, production j itential of the fault block can 
be confidently established. 

We may summarize the observation.', below: 

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

b) The low pressure drawdown between a horizontal weil and 
unconsolidated formations mwimizea sand production 
problems. 

Can 2? Thin oj{ Column wati QK Qn And ftvftom w*tn 
This reservoir is located offshore in approximately 280 ft of 
water. The field is mature and has been on production since 
1974. By the time the horizontal well was drilled, the reservoir 
preuure had been depleted from 2418 psia to 1800 psia. The 
reservoir properties are shown in Table 1. A limited surface 
map, denoting the area of evaluation and relative position of the 
gas cap and the horizontal well, is shown in Figure 7. 

The horizontal well technology was suggested as a means to 
improve oil recovery by increasing productivity and minimizing 
Che severe gas and water coning in this area. Three concerns 
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, anrt (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 waa limited, a half of the pattern 
(instead of a quarter of the pattern used in the other cases) wu 
simulated. The gas cap is 60 ft thick and 1960 ft in length. 
The oil column is 100 ft gtost and 35 ft net with varying 
sand/shale layers. The water column is 600 ft thick and 
provides the aquifer support which is evident from the field 
history. 

A histoiy match was done based on the performance of nearby 
wells (VI and V2 Li Figure 7) in order to verify the reservoir 
parameters to be used in the horizontal well projection cases. 
An 18 year history match was established which noted 
increasing gas-oil ratios and water cuts with time. 

Various horizontal weii lengths and vertical positions were 
evaluated to teat the gas and water coning sensitivity. Well 
lengths of 500,1400, and 2000 ft were positioned at the center 
of the oil column and 20 ft above/below the center for 
production comparisons. Additionally, the lateral posilic A of the 
horizontal well with respect to the gas cap was reviewed. 

'Figure 9 shows a comparison case of various horizontal well 
lengths aa well as a vertical well projection. These cases are for 
the horizontal well positioned at the center of the oil column. 
The maximum total (gas, oil and water) production rate of the 
horizontal wells was assumed to be 1,638 RB/D, which is three 
times that of the vertical well (Joihi's* productivity ratio is 
2.87). The results clearly show that all of the horizontal wells 
have higher, but faster declining oil rates compared to the 
vertical well. The longer the well, the longer the high oil 
production rate can be maintained. The oil rate of a 500-ft 
horizontal 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 thr, center of the oil 
column in order to maximize the oil rate and recovery. The 
model indicated that gas coning tendencies were more prevalent 
tl;*n water coning. The lateral position of the well did not, 
however, greatly affect the productivity. Figures 10-12 show 
a comparison cue of a 1400-ft 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 stî  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 arc the greatly 
improved oil rates of the horizontal well cases over that of the 
vertical well as shown in Figure 10 The vertical and horizontal 
welt performance data has been superimposed on the plot to 
access the accuracy of the model. Production rales arc 3 limca 
that of the vertical wells. 

Ihe gas coning problems realized in the vertical wells can be 
seen in Figure 11 which shows the gas-oil ratio versus 'ime. 
The projected GOR's of the vertical wells continue to increase 
with time and range from 5 to 7 times that of the horizontal weil 
cases. The reduced pressure drop in the horizontal well in 
addition to the optimum placement helps to stabilize the gas 
cone and minimize gas production. At shown in Figure 11, the 
horizontal well placed 20 ft below the center of the oil column 
has a lower GOR than the one placed at the center. 
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The water coning problem realized in the vertical welta can be 
teen in Figure 12 which thowt the water cut versus time. 
Water cut plots show an improvement in water production for 
horizontal wells. Ai can be seen in Figure 12, horizontal welts 
at the tower vertical position have a higher water cut than the 
case at the center of the oil column. Actual water production 
has been dropping even though one of the sand members 
penetrated was wet. 

Several observations can be summarized below: 

a) Horizontal wells greatly reduce the gas and water coning 
problemi seen in vertical wells. 

b) Horizontal wells outproduce conventional wells by a factor 
of 3 in this reservoir. 

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

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

Case 3; TWht Oil Rfstrvolr Wkh Wtfr lnl^ion 

The reservoir is a relatively tight (2 md) sandstone reserve > 
undergoing a waterflood expansion. It has a 45-year production 
history and is located at a depth of about 4000 ft. Average 
reservoir properties are shown in Table 1 and the structure map 
is «T>':";-: in Figure 13. The production mechanism is natural 
w•. • •. • . However, water also has been injected into the 
rc. < < . u» maintain the reservoir above its bubble point 
pressure. After 45 yean 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 active vertical 
water injectors and six vertical oil producers which produced 
approximately 250 BOPD. The proposed horizontal wells are 
shown in the middle (producer) and the west side of the 
reservoir (injector). The objective of the horizontal oil producer 
was to accelerate oil production and lo reduce tbe number of 
wells drilled. The objective of the horizontal water injector was 
to effectively maintain the reservoir pressure near 2000 psig. 

In late 1990, a vertical producer, V-l was drilled. The 
production data on V-l was uted for a history match study lo 
properly tune the reservoir parameters. When the study was 
made in mid 1991, tlx months of the vertical well production 
data was available. A vertical well history match and prediction 
curve was established as shown in Figure 14. Subsequently, as 
more data became available, they were plotted on the same 
prediction curve. It can be teen that an excellent history match 
and production forecast for the vertical well was obtained. 

Based on Joshi'i productivity improvement equation, a 7.25-fold 
production rate increase should be observed in a 1500-ft 
horizontal well. Using a 6-fold maximum production rate 
limitation for a horizontal 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 data. Note that the actual 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 remedial actions were taken to restore water injection in 
this fast pressure decline reservoir. Figure 15 nhows 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 one-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 production rates of 450 
BOPD can be expected from the horizontal well. 

Several observations are summarized for this case: 

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

b) Pressure maintenance is very important to keep the high 
production rate for the horizontal well. 

Case 4: High Permeability Gas Reservoir With Bottom 
Water 

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

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

A number of deeper horizons have been produced to depiction 
in the area which set up the opportunity to develop the shallow 
gas zones. High angle wells were drilled and successfully 
completed in intermediate levels. Due to the nature of the 
objective sand being thin with a water column, horizontal wells 
were considered * viable option to efficiently and effectively 
produce the gas reserves. Water coning had been a problem in 
other horizons and presented an interesting drilling and 
completion challenge. 
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In order to determine the appropriate recommendation for 
developing the gat reaervea, several runt were made to 
investigate (1) horizontal well length effect on gat productivity, 
and (2} gat rate effect on water coning. 

Figure 17 it a projection of various horizontal well lengths 
compared lo that of a vertical well, all producing at a constant 
rate of 15 MMCF7D. The plot suggests that increasing 
horizontal well length improve* the production capability to 
maintain higher rate* for longer period*. Bated on Joshi'* 
equation, the productivity improvement ratio of the 300-ft 
horizontal well to the vertical well it 1.48, which is relatively 
lets than those of the three previous oil reservoirs. 

We must, however, look at wtter breakthrough time* (see Table 
2) and consider outflow performance in relation to tubular 
constrtlnU. The horizontal well will delay the water 
breakthrough time substantially even for s 300-ft horizontal 
well. 

Figure 18 expand* on tbe 300-ft horizontal case and varies rate 
projections for that length. The actual horizontal well drilled 
reached a horizontal length of 310 ft and iu production is also 
plotted on this figure. The well was brought on production 
slowly and gradually increased to a maximum rate of 18 
MMCF7D. tt is now being produced at a constant rate of 
approximately 14 MMCF/D. No water wu produced over the 
production period of 645 days. 

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

As mentioned earlier, there arc restriction* due to tubing size 
and capacity to lift Oie water to the surface. The water-gas 
ratios a* shown in Figure 19 are the mode! results and were not 
subjected to tubular constraints. 

We may summarize the predictions as follows: 

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

b) Horizontal well length hat an impact on rate and well 
performance. 

c) Horizontal wells delay water coning over that of vertical 
wells and often produce with lower water gas ratios. 

CONCLUSIONS 

This paper exhibits the early production data (1-2 years) of 
horizonUl well* in three oil and one gas reservoir. The 

advantages of using horizontal wells over vertical well* are 
shown, and the horizontal well design and production forecast 
are illustrated in each case. The main conclusion* are luted a* 
follows: 

1. Performance prediction of horizontal wells can be accurately 
accomplished using finite difference simulators. A single 
well program, named "HVWELL*, can automatically 
generate grid, rock and PVT data for simulators with 
minimal reservoir and fluid information. It was proven to be 
a robust toot for horizontal well design. 

2. Horizontal well* showed great productivity improvement 
over vertical well* in the three oil reservoir*. The 
improvement ratio* range from 3 to 6. However, the oil 
rate of horizontal well* generally decline* much faster man 
that of vertical wells. The decline rate depends on the 
degree of pressure support and the horizontal well length. 

3. Horizontal well* can effectively reduce git and water 
coning. Carefully petitioning horizontal wells between the 
GOC and WOC may maximize oil recovery by balancing gat 
and water coning. 

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

5. ln order to accurately predict horizontal well performance, 
it i* important to verify reservoir parameters (such aa 
vertical/horizontal permeability ratio, relative permeabilities, 
et) by history matching the adjacent vertical well 
performance. 

6. Joihi's equation (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 horizonUl well, if the production 
rates of the adjacent well* are available. 

NOMENCLATURE 

h - net pay thickness, ft 
J t = productivity of a horizonUl well, STB/D/psi 
J, « productivity of a vertical well, STB/D/psi 
Kt = horizonUl permeability, md 
K, = vertical permeability, md 
L = horizonUl well length, ft 
r, - external drainage radius, ft 
r„ = external drainage radius for horizonUl well, ft 
r„ 3 external drainage radius for vertical well, ft 
r„ = wellbore radius, ft 
r— =* effect wellbore radius of a horizonUl well, ft 
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APPENDIX 

Productivity Improvement 

Jothi's equation' was used to account for the productivity and/or 
injectivity improvemenU over a vertical well. 

Joshi's equation defines the productivity improvement of a 
horizonUl well over a vertical well as: 

ln(^> 

(1) 

where J^J, is the productivity improvement ratio. r„ and t+ 
are the external drainage radii for vertical and horizonUl wells. 
We assume in this study that r„ = r u = r„ and 

rf*^DrainageArea<3i6Qlx (2) 

r„= effective wellbore radius, ft, of a vertical well, and r M is 
the effective wellbore radius of a horizonUl well which is shown 
as, 

r,(lV2) 

alHl-iVUtfmftrf*"-
(3) 

h is thickness of the formation in feet and L is the length of the 
horizonUl well, ft. 

a-(Lfi)lO.S-J0.25+(2rJL)*f <4> 

(S) 

where K, and K, are horizonUl and vertical permeabilities, 
respectively. 
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TABLE 1 

SIMULATION INP UT VALUES 

Reservoir Properties tod Description Case I Case 2 Case 3 Case 4 

Depth to Top of Formation, ft. tubsea 700 4540 7965 1650 

Initial Retervoir Pretture, ptia 369 2418 3560 760 

Connate Water Saturation, % 30 35 28 18 

Retervoir Temperature, ' F 88 133 216 91 

Formation Thickneit, ft - Gat, Oil, Water 0,65,0 60,100,600 0,30,0 40,0,110 

Porotity, % 30 30.3 12 33 

Peimeability (horizontal), md 1150 810 2 6000 

Permeability (vertical), md US 16.2 1 600 

Oil Oravky, "API 23.5 35 46.3 -

Oil VUcotky, cp 39.8 1.2 0.352 -

Gaa Oil Ratio, SCF/STB 46 452 422 • 

Bubble Point Pressure, psia 369 1975 1550 -

Formation Volume Factor, RB/STB !.03 1.23 1.36 -

Jothi't Productivity Improvement Ratio' 4.52 2.87 7.25 1.48 

Horizontal WeU Drainage Area, Acres 30.6 588 70.3 758 

Drainage Area Dimensions, X & Y, ft 1040,1280 3200,8000 1320,2320 6000,5500 

Horizontal Well Length 1270 1414 1500 310 

TABLE 2 

WATER BREAKTHROUGH TIME 

Rate (MMCF/D) VERTICAL WELL 
HORIZONTAL WELL 

Rate (MMCF/D) VERTICAL WELL 
300 FT 500 FT 1000 FT 

10 349 DAYS 1209 DAYS NONE NONE 

IS 29 DAYS 640 DAYS 724 DAYS 859 DAYS 

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 problem 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 multitude of techniques was also used to calculate 
wellbore hydraulics while a few participants selected 
to represent the wellbore by a constant-pressure line 
sink. 

All participants consistently 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 results, according to the 
methods used, could be < oserved. 

INTRODUCTION 

Recent interest in horizontal wells has been rapidly 
accelerating because of improved drilling technology, 
and the increased efficiency and economy 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 seventh in a series 
of comparative solution projects (CSP)1'6 dealing with 
different aspects of reservoir simulation. 

The objectives of this paper are: 

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. 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 economy 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 seventh in a series 
of comparative solution projects (CSP)1'6 dealing with 
different aspects of reservoir simulation. 
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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 CSP2 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 9x9x6 grid 
system. The gridblock 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 (1,5,1), 
1=6,7,8 

b) L=2100 ft: well completed in Gridblocks (1,5,1), 
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 10"3. 

A constant pressure line source is used to simulate 
the bottom water drive. The line source is completed 
in Gridblocks (1,5,6), I=l,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 rates are considered: 3000 

STB/day, 6000 STB/day and 9000 STB/day. The 
following eight cases are considered: 

Case la: 

L=900ft 
Liquid rate = 3000 STB/day 
Simulation time = 1500 days 
Reporting interval = 100 days 

Case lb: 

Same as in Case la but with L=2100 ft 

Case 2a: 

L=900ft 
Liquid rate = 6000 STB/day 
Simulation time = 1500 days 
Reporting interval = 100 days 

Case 2b: 

Same as in Case 2a but with L=2100 ft 

Case 3a: 

L=900ft 
Liquid rate = 9000 STB/day 
Simulation time = 1500 days 
Reporting 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 = 9000 STB/day 
Minimum bottom hole pressure of 

producer = 1500 psia 
Water injection rate into the lower horizontal 

well = 6000 STB/day 
Well index I w e for injector in each 

gridblock = 2.16 x IO5 md.ft 
Simulation time = 1500 days 
Reporting interval =100 days 

Case 4b: 

Same as in Case 4a but with L = 2100 ft 
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Cases 4a and 4b differ from the previous cases 
(Case la, lb, 2a, 2b, 3a, and 3b) in the specification of 
reservoir permeabilities (Table I) 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 to 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 simulators 
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 participants were condensed when required, 
with retention of the essential features. 

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

Sigma-Core, the 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 results 
(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 formula14 

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

Cases la, 2a and 3a: 

1=6,8 I w e = 6.52 x 104 md-ft 
1=7 i = 5.90 x 104 md.ft 

Cases lb, 2band 3b: 

1=2,8 I w e = 6.63 x IQ4 md.ft 
1=3,7 i w e = 5.94 x 104 md.ft 
1=44,6 I w e = 5.90 x 104 md.ft 

The values for Cases 4a and 4b are ten times the values 
of Cases la and lb 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 reservoir 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 patterns and 
the transition from one pattern to the other. It was 
assumed that rates were constant between two adjacent 
centers of perforated gridblocks. 

Chevron Oil Field Research Company 

A fully implicit black-oil simulator with Cartesian 
local grid refinement capability8 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 correlation9. 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 0 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 
(oil+water) and gas are: 

used for liquid 

PI-** lO- 5v t jHj +6.235. lO^pjvJj 

Here k and k t t are analogous to gas and liquid relative 
permeability functions, and v and V t l 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 bbl/day, and 
assuming distributed flow, a least squares fit gives: 

krg(Sg) = Sf<« 

k^s^sp748 

For the 900-ft well, each gridblock in (6-8, 5,1) is 
locally refined to 3x7x5 with Ax = 3 x 100 ft, 
Ay = 17 ft, 8 ft, 4 ft, 2 ft, 4 ft, 8 ft, 17 ft, Az = 5 ft, 4 ft, 
2 ft, 4 ft, 5 ft. For the 2100-ft well, each gridblock in 
(2-7, 5, I) is locally refined to 1 x 7 x 5 with Ay and 
Az given as above; Gridblock (8, 5, 1) was locally 
refined to3x7x5asinthe 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 options10. For this study, the hybrid grid 
refinement̂  and wellbore frictional pressure and slip 
options1 , 1 1 , ! 2 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 v kj , 
perpendicular to the well axis and user input number of 
subdivisions per gridblock. If k t = Ir̂  then a circular 
grid is created. If kj * 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 implicitly with the multiphase flow correlation 
coupled in an explicit fashion11,12. This also provides 
an accurate means to model mixing within the 
wellbore and hence well backflow and crossflow 
through the wellbore. 

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 radial, depending 
on permeabilities) gridblock locations12 and using 
curvilinear transmissibilities. 

For the cases in this comparative solution project 
each Cartesian grid where the wellbore is located was 
divided into three in the elliptical direction and four in 
the hyperbolic direction. Dukler's correlation17 for 
multiphase flow in pipes was used in the present study. 

ECL Petroleum Technologies (ECL) 

Eclipse 100 is a fully-implicit, 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 

198 



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 

Apf - 2 « f • (L/D) • p «v 2 

where f is the Fanning friction factor which, for 
turbulent flow in rough pipes, is calculated from 
Haaland's formula13. For multiphase flow, a 
homogeneous model is 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 perpendicularly through 
the centre of rectangular gridblocks14. 

In Cases 4a and 4b the grid was not refined. In 
Cases I 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 layers with Az = 8 ft, 4 ft, 8 ft 
y-direction: 3 rows with Ay = 24 ft, 12 ft, 24 ft 
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 = 300 ft and 150 ft; 
Ay = 12 ft; Az = 4 ft. 

The well index calculated for each of these blocks 
was 9.75 x 104 and 4,88 x 104 md.ft. For Cases 4a and 
4b where no grid refinement was used, the well indices 
were 5.194 x 10s 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 
modules 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 pic, 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 incorporates IMPES and 
fully implicit solution techniques15. 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
ditioning. Well block productivity indices are calcu
lated using the method of Peaceman14, 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 Brown16. 

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 Multi
purpose Reservoir Simulation System SURE. SURE is 
a general non-isothermal compositional model which 
is formulated for any number of phases and compo
nents while the input data and results remain in 
well-known black-oil format. The available simulation 
models, from black oii to 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 system 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. The latter one was 
used for this test. 

The calculation of pressure drops in horizontal 
well sections within SURE is based on the Dukler's 
correlation17 and is done explicitly. This is because it 
meets both our requirements by being sufficiently 
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 which 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 patterns 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 productivity indices are calculated from 
Peaceman's method54. This gives a value of 5.l9xl04 

md.ft for Cases 1, 2 and 3 and 5.I9X105 md.ft for 
Case 4. 

Integrated Technologies (INTECH) 

The simulator used is the VIP-ENCORE simulator 
developed originally by the firm J.S. Nolen and 
Associates (now part of INTECH). VIP-ENCORE is 
the "black-oil" 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 obtained from a 
multiphase, horizontal flow calculation18. 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 pressure drop is very small - maxi
mum 0.5 pstflOO 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=i) are divided into three columns 
and three rows respectively with Ay = 29.17 ft, 1.66 ft, 
29.17 ft and Az = 9.17 ft, 1.66 ft, 9.17 f t 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 steadv-state flowing pressure of the well 
(after Peaceman .) All other guidelines (rates, 
pressures, wellbore lengths) 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 and 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 to use the transmissibilities 
determined from a finer grid (9x17x12) system. The 
transmissibility of each wellbore block face of the 
9x11x8 grid system was taken as the transmissibility 
computed at the face between two 1.66 ft blocks in 
both ihe y- and z-direction of the 9x17x12 grid system. 
Use of these adjusted transmissibilities produced 
wellbore pressures very close to the method of Babu 
and Odeh20. 

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. 

200 
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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 
unknown, 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 correlation9 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 element 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 lsst 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 Peaceman14 for nonsquare gridblocks with 
anisotropic permeabilities. The calculated values are 
5.194xl04 md.ft for Cases 1, 2 and 3, and 5.194x10s 

md.ft for Case 4. 

Marathon Oil Company 

Marathon's simulator is fully implicit, three-
dimensional and three-phase21. 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 correlation23. The oil, gas and 
water PVT data were input into an auxiliary program 

to calculate tables of pressure drop as a 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.e. 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 al2 4. 
From the rigorous formulation in Reference 24, a 
wellbore connection factor for each node was deter
mined to be 5.19xl04 md.ft for Cases 1, 2 and 3, and 
5.19xl05 md.ft for Case 4. 

Phillip's Petroleum Company 

Phillip's simulator is a general 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 undcrsaturated 
cells. Results reported in this work were calculated 
using the fully implicit reservoir and wellbore pressure 
options. Productivity indices into each horizontal 
wellbore gridblock are calculated by Peaceman's 
method14. 

The equivalent gridblock radius proposed by Babu 
et al 2 4 was compared to Peaceman's expression with 
good agreement 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 5.194xl04 md.ft for Cases la through 3b, and a 
productivity index of 5.194x10s 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 

OM 
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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 mobilities 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 
method14,26 modified to allow for a horizontal well by 
interchanging the x- and z-axes. Using the formula for 
interior wells14, the productivity indices are 5.19xl04 

md.ft for Cases 1,2 and 3, and 5.19x10s md.ft for Case 
4. Using the formula for edge wells26, the respective 
productivity indices are 2.106xl04 md.ft and 
2.106x10s md.ft. 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 well14 and 
transposing the x and z dependence in the formulas. 
The value of the productivity indices were 5.194xl04 

md.ft for Cases 1, 2 and 3 and 5.194x10s md.ft for 
Case 4. 

The pressure drops within the wellbore are divided 
into a gravity and a viscous term. The gravity term 
uses either a no-slip assumption for the average 
density of a table 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 correlation17 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 decomposition 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 phase differential 
equation reported by Babu et al and numerical 
solution of the finite difference equations for single 
phase flow. In these calculations only the producer 
was considered. The resulting productivity indices are 
5.08xl04 md.ft for Cases 1,2 and 3 and 5.08x10s md.ft 
for Case 4. 

Calculations were made with maximum timestep 
size of 100 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 procedure14. 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.l9xl04 md.ft for Cases 1, 2 and 3 and 5.19x10s 

md.ft for Case 4, 

For the stated well parameters, 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. Wc, 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 approach14, Babu et al's 
approach20,24 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 Cartesian gridblock 
sizes for the whole row and column of gridblocks 
containing the wellbore. In CHEVRON, CMG and 
INTECH's approach, the inflow into the well is 
calculated from a direct discretization of the flow 
equations, whereas ECL used Peaceman's formula14. 

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 

Cases 1,2 and 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 predicted 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 to participants to use the normalized Stone 2 
relative-permeability model27. However, some 
participants had already completed part of the runs 
with the Stone 1 three-phase relative-permeability 
model28. 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 corresponds 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 to 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. Gas 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 
around 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, JNOC 
and Shell) predicted a pressure drop between 27.6psia 
and 32.9 psia whereas ERC predicted a value of 42.5 
psia. For the 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 free gas in the wellbore. 

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

Observations 

Although the modelling methods '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 methods 
used could be observed. Other factors such as trunca
tion errors, convergence criteria,timesteps 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 study12 shows that 
runs with and without wellbore hydraulics may give 
similar cumulative productions for the cases con
sidered; however, the inclusion of wellbore hydraulics 
in the calculations yields a substantially different 
drainage pattern 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 consistently 
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 
recently29'33. 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 
f friction factor 
I w e well index 
k^ relative permeability for Phase j 
L wellbore length 
p pressure 
Sj saturation of Phase j 
v velocity 
v s j superficial velocity of Phase j 
Apf frictional pressure drop 
Ax grid spacing in x direction 
Ay grid spacing in y direction 
Az grid spacing in z direction 
jij viscosity of Phase j 
Pj density of Phase j 

Subscripts 

1 liquid 
g gas 
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APPENDIX 

Participants in the Seventh SPE Comparative 
Solution Project 

ARTEP 
Institut Francois du Petrole 
B.P.311 
92506 Rueil Malmaison Cedex 
France 
Contact: Patrick Lemonnier 
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Chevron Oil Field Research Company Phillip's Petroleum Company 
1300 Beach Boulevard 141 Geoscience Building 
P.O. Box 446 f Bartlesville, Oklahoma 74004 
La Habra, California. 90633-0446 U.S.A. 
U S.A. Contact: Burt Todd 
Contact: MX. Wasserman 

Reservoir Simulation Research Corporation 
Computer Modelling Group 2525 East 21st Street, Suite 205 
3512-33 Street N.W. Tulsa, Oklahoma 74114-1747 
Calgary, Alberta T2L 2A6 U.S.A. 
Canada Contact: Hemanth Kumar 
Contact: Long Nghiem 

Shell Development Company 
ECL Petroleum Technologies Bellaire Research Center 
Highlands Farm, Greys Road 3737 Bellaire Boulevard 
Henley-on-Thames, Oxon RG9 4PS P.O. Box 481 
United Kingdom Houston, Texas 77001 
Contact: Jon Holmes U.S.A. 

Contact: Stephen H. Leventhal 
Robertson ERC Limited 
45 West Street Stanford University 
Marlow, Bucks SL72LS Department of Petroleum Engineering 
United Kingdom Mitchell Building 360 
Contact: M.J. Allmen Stanford, California 94305-2220 

U.S.A. 
HOT Engineering Contact: Khalid Aziz 
Roseggerstrasse 15 
A-8700 Leoben TDC Reservoir Engineering Services 
Austria 555 S. Camino del Rio, Suite A3 
Contact: LudwigEms Durango, California 81301 

U.S.A. 
Integrated Technologies Contact: Michael R. Todd 
10205 Westheimer 
Houston, Texas 77042 
U.S.A. 
Contact: A.C. Cames, Jr. 

Japan National Oil Corporation 
Technology Research Center 
1-2-2 Hamada, Chiba City 
Chiba260 
Japan 
Contact: TakaoNanba 

Marathon Oil Company 
P.O. Box 269 
Littleton, Colorado 80160-0269 
U.S.A. 
Contact: James R. Gilman , 
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SPE 2122 I 

Table 8 Cumulative O i l Production i n MSTB at 1500 Days 

l a lb 2a 2b 3a 3b 

735.6 936.7 967.0 1206.2 1092.0 1306.8 

Table 9 Bottom Hole Pressure i n psia at 1500 Days 

l a l b 2a 2b 3a 3b 

3444.88 3564.58 3202.85 3457.23 2952.26 3347.14 

Table 10 Total Pressure Drop i n Wellbore i n psia at 1500 Days 

la lb 2a 2b 3a 3b 

0.33 1.05 1.13 3.49 2.25 7.30 


