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Summary

Using the concept of flow regimes and draw-
ing on analogies with vertical wells, this
paper reviews the pressure-transient be-
havior of horizontal wells, Practical guide-
lines are given for planning, executing, and
interpreting horizontal weil tests. The ap-
Plication of various interpretation techniques
is illustrated with field examples.

Introduction

For both vertical and horizontal wells,
pressure-transient testing is a powerful tool
for evaluating in-situ reservoir and wellbore
parameters that describe the production
characteristics of a well, Although many
operators use horizontal well technelogy,
many engineers consider Pressure-transient
testing of horizontal weils impractical and
too complex. Experience has shown, how-
ever, that with adequate test planning, based
on the concept of flow Tegimes and focused
on optimizing test conditions, horizontal
well testing can be as successful as vertical
well testing. The objective of this paper is
to provide the practicing engineer with
guidelines for planning and executing
horizontal well tests ang to illustrate in-
terpretation techniques with some field ex-
ampies.

Flow Regimes in Horizontal Wells

Theoretical solutions to the horizontal wejl
problem published in the literature 14 show
that transient pressure data from horizontal
wells may display dominant flow regimes,
such as radial or linear flow, that resembie
those observed in vertical wells, This is not
surprising because the physics of the early-
time flow behavior of a horizontal well is
stmilar to that of a vertical well between two
parallel boundaries. At later times, a verti-
cal well with a vertical fracture is a good
analogy. Theory also shows that these flow
regimes can be expected to develop within
specific time windows with dimensions
determined by the reservoir and fluid pa-
rameters.

Flow regimes can be identified with a di-
agnostic plot of the field data, where the ob-
served pressure change, 4p, and the
logarithmic derivative, p'=dp/d(n 1), are
plotted vs. the elapsed time, 7, on a com-
mon log-log coordinate grid.

Consider a large homogeneous reservoir
with permeabilities kg and ky, filled with
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a slightly compressible single-phase fluid.
Let the horizontal well be located within a
productive interval of net thickness, #,
bounded by upper and lower no-flow bound-
aries, where the wellbore and the bedding
planes are truly horizontal (Fig. 1). Assume
that the well is put on production at time 7==(
at a constant rate, g, and fluid entry occurs
uniformly over an effective wellbore length,
L,,, where L,»h Furthermore, assume
that the pressure drop in the wellbore is
negligible. Fig. 2 shows the sequence of
flow regimes that may be observed during
the early phases of production. Familiarity
with these flow regimes is the foundation of
test planning and interpretation.

Wellbore Storage. If we ignore influx near
the ends of the wellbore, fluid withdrawal
will injtially produce radial flow for ky=
ky (or elliptical flow for kp#ky) in the
reservoir. Because the wellbore is not shut
m at the sandface, the initial pressure
response may be distorted or dominated by
wellbore storage effects and therefore may
not show the early-time radial flow charac.
teristics discussed below.

For 2 constant wellbore storage coeffi-
cient, C, wellbore-storage-dominated flow
is identified on the diagnostic plot by a col-
linear graph of Ap and P’ with unit slope.
During this period, conventional interpre-
tation methods will yield no information
about the reservoir or completion parame-
ters. The end of the unit slope and the start
of interpretable data, rz, ., can be estimated
from Eq. 1 in Table 1 (see Table 1 for all
equations), which is derived from Aparwal
et al.’s% correlation and the traditiona]
“rule of 50.7"*

The wellbore storage coefficient, C, for
a wellbore filled with a single-phase fluid
is calculated from Eg. 2. Eq. 3 is for a liquid
with a free gas/liquid interface in a wellbore

*Lecture notes, Raj Raghavan, U, of Tuisa, Tulsa, OK {Dac.
1882).

of volume per unit length, V,, making an
angle, with the vertical, §.

The most reliable value for C s Obtained
from data points on the unit slope of the di-
agnostic plot (see Eq. 4). Although € can
be much larger for horizontal welis than for
vertical wells in the same formation, 1.,
for horizontal weljs is usually not much larg-
er because the higher value of C in Eq. 1
is offset by L,

Early-Time Radial Flow. On the diagmostic
plot, the signature of fully developed radjal
(or elliptical) flow is a constant derivative,
p’. Aplotof p vs. log(s) will be a Straight
line with slope m, which yields &gk from
Eq. 5

The mechanical skin factor, s,,,, which is
a measure of the completion quality, 7 can
be calculated from Eq. 6.

Note that &y is a mMacroscopic average
over the depth of investigation in the vertical
direction. In the presence of thin shale lay-
€rs, kp may be considerably less than
values reported by core analysis. As for ver-

- tical wells, the transition period between

wellbore storage and fully developed radial
flow can be analyzed with conventional
type-curve matching techniques. Early-time
radial flow will end either when the radins
of investigation reaches the nearest bound-
ary, as given by Eq. 7, or when Pproduction
from near the ends of the wellbore becomes
important, as calculated from Eq. 8.4

Horizontal wells can also display hemji-
radial and pseudoradial fiow periods where
P'is constant, With the possibility that wefl-
bore storage may mask early-time flow sjg-
natures, the appropriate time-window
equations or simulation should be useq to
verify the flow period assignments. In 3
nonisotropic reservoir, at least one Subse-
quent flow regime must be observed to
resolve kg and k.

Hemiradial Flow. When the wellbore pres-
‘sure is affected by only one no-flow bound-

157



1
]
'
]
1

N

TOP OF NET

Convergence Skin Region

FBg. 1—Horizontal well model.

ary, hemiradial (or hemi-elliptical) flow may
develop.$ This produces slope doubling on
the semilog plot, and p* will platean at twice
the radial flow value. The kyky product is
evaluvated from Eq. 9 using the slope, m’,
from the semilog plot; the skin factor is cal-
calated from Eq. 10.

Hemiradial flow will end when the radius
of investigation reaches the second horizon-
tal boundary, given by Eq. 11. It cannot de-
velop if the wellbore is nearly midway
between the two boundaries.

Linear Flow. As drawdown continues, the
next flow regime encountered is linear flow.
The physical description for linear flow is
that the reservoir fluid streamlines become
parallel to the no-flow boundaries and nor-
mal to the wellbore direction at some dis-
tance from the wellbore (Fig. 1). On the
diagnostic plot, linear flow is recognized by
a slope of 0.5 for both Ap and p’, with
p' falling below Ap. A piot of Ap vs. A
will be linear with slope m”. Eq. 12 can be
used to evaluate ky, k, or L,, if the other
WO parameters are known, while the linear
flow skin factor is obtained from Eq. 13.7

The convergence skin, s, is always posi-
tive and is independent of the completion
quality. Linear flow will end when produc-
tion from regions near the wellbore ends be-
comes significant at a time given by Eq.

. 14.4 It cannot develop if one of the bound-

aries exhibits constant-pressure-type be-
havior, like a large gas cap.

Pseudoradial Flow. As the dimensions of
the drainage area in the horizontal plane be-
come much larger than L, the well enters
a period of psendoradial flow.4 At large
distances from the well, the streamlines will
be horizontal and directed toward the well-
bore. This situation is similar to the late-time
behavior of a vertical well with a vertical
fracture. p’ becomes constant again and the
siope, m’"’, of a semilog plot will yield ky
from Eq. 15, while Eq. 16 gives s,

Because of uncertainties in some of the
parameters in Eq. 16, the pseudoradial flow
period is not well suited to evaluate s,,.
Pseudoradial flow starts about an order of
magnitude after the end of linear flow (see
Eqg. 7).

It ends when lateral reservoir boundaries
affect the pressure history. We choose the
smaller value for tg,,, as calculated from
Eq. 18 or 19.

Subsequent flow regimes caused by lateral
reservoir boundaries are identical to those
observed for vertical wells and are not dis-
cussed here.

Note that the time window equations are
approximate and some variations can be
found in the literature.

‘““For both vertical and
horizontal wellis,
pressure-transient
testing is a powerful
tool for evaluating
in-situ reservoir

and wellbore
parameters. ...”

Pressure-Builldup Theory

As with vertical wells, the apalysis of
pressure-buildup tests for horizontal wells
is based on the principle of superposition.
A rate change for a well is modeled by su-
perimposing fictitions producers or injectors
at a well location and adding the pressure
change contributions from all wells. These
fictitious wells will step through exactly the
samme flow-regime sequence as the original

"producer, delayed in time, with pressure

magnitude and sign determined by the flow
rate.

The shat-in of a well producing at a rate
¢ is simulated by superimposing an injector
with rate —q at the producer location at the
time of shut-in, z,. Adding the two pressure
contributions for wells in an infinite-acting
reservoir leads to the concept of the Horner
plot for radial flow or to the tandem-root plot
to interpret buildup tests for linear flow. For
these methods to be mathematically cor-
rect, both the producer and the fictitious
injector must be in the same flow regime.
With the parade of flow regimes to be ex-
pected from a horizontal well, this criterion
is very restrictive. Fortunately, this flow-
regime condition can be relaxed if #p is
much larger than the maximum buildup
time.” The pressure change contributions
from the producer can then be neglected and
buildup data can be analyzed like a draw-
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Fig. 2—Drawdown diagnostic plot for a horizontal well midway
between an upper and a lower no-flow boundary.

158

10
t (hrs)

Fig. 3—Well A: buildup type-curve match.

February 1994 « JPT



L]

- TABLE 1—FLOW REGIME EQUATIONS TABLE 2—FIELD EXAMPLE DATA
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down. Therefore, a long drawdown will
greatly facilitate buildup-test flow-regime
identification and analysis.

Reservoir Pressure. To ensure retrieval,
wireline-deployed gauges are usually set in
the tubing at a depth near the kickoff point,
which may be several hundred feet above
the formation. Formation pressures must
then be estimated from the gauge readings
and an extrapolation of the pressure gradient
measured above the gauge location. This is
greatly facilitated if the tubing is filled with
a single-phase fluid to a depth several
hundred feet above the gauge location.
The average reservoir pressure, , derived
from pressure-buildup tests, is considered
to be an important parameter for PI and
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material-balance calculations. For new
wells, it is recommended to measure the in-
itial reservoir pressure directly at the end
of a long shut-in following a short cleanup
flow. Before significant depletion of a reser-
voir, p can also be obtained for radial flow
by extrapolating the Horner line to infinite
time; for the linear flow, the tandem root
graph is extrapolated to zero time.

As the reservoir is depleted, however,
these extrapolation methods become increas-
ingly inaccurate and various corrections
based on shape factors have been proposed
for vertical welis.® Although these methods
can be modified for horizontal wells, reser-
voir heterogeneities usually make it difficult
to assess the appropriate shape factors. The
problem is perhaps best approached through

Well

A B c
Lg ft 2,470 2,000 1,400
Ly, ft — — 484
o, ft 025 0.30 041
P, % 5 17 17
h, ft 150 75 54
q, STBD i04 200 2,760
B,, RB/STB 140 160 1.10
&, Cp 045 1.80 4.88
t,, hours 238 1,320 36

-numerical simulation and matching of the

pressure-rate history for the wells under con-
sideration.

Reservoir Heterogeneitles

Pressure-transient analysis results are the pa~
rameters for a homogeneous reservoir and
uniform completion model that give the best
fit to data from a heterogeneous world. If
openhole logs show significant variations in
the reservoir properiies along the wellbore,
with an appropriate completion, testing by
intervals or production logging can kelp
identify heterogeneities along the wellbore.
As discussed by Kuchuk,9 horizontal welt
tests from layered reservoirs may be difficult
to interpret.

Test Objectives

A pressure-transient test plan must specify
what reservoir and completion parameters
are to be determined. In light of available
geologic, drilling, and logging data, and
with the preceding equations, the well-test
engineer must determine which flow re-
gimes can and must be traversed to allow
evaluation of unknown parameters. This will
guide the timing of well tests in the life of
a well, production schedules before and dur-
ing the test, and selection of downbole, well-
head, and production processing hardware.
There must be consensus by all parties con-
cerned (geologists, management, and drill-
ing, completion, production, and reservoir
engineers) regarding these objectives and
planned procedures, preferably before the
well is spudded but at least several weeks
before a test so that flow conditions can be
optimized.

Gauges

Interpretation of horizontal well tests relies
heavily on trends observed in p’, Derivative
graphs amplify both signal and noise in the
data, and every effort must be made 1o op-
timize data quality. Only high-quality elec-
tronic gauges have the reliability and long
running time required. Their high accuracies
and data densities yield derivative curves
with minimum scatter.

Downhole Shut-In

The purpose of dowrnhole shut-in is to
reduce wellbore storage so that the early-
time reservoir signatures can be identified
and analyzed. The need must be determined
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Figs. 4—Well A: Horner plot.

froam the time-window equations as they ap-
ply toaparticular test. The greatest benefits
are derived when there is gas and liquid flow
in the tubing because downhole shut-in will
minimize wellbore storage and phase redis-
tribution effects. In a high-permeability res-
ervoir with single-phase production, well-
bore storage is minimal with surface shut-in.
Dowmhole shut-in could even be detrimen-
tal to the interpretation because estimates of
the distance to boundaries with type-curve
matching become more inaccurate in the ab-
sence of wellbore storage effects.

Drawdown and Bulidup

New wells should be tested shortly after
completion. As in drilistem testing, the first
step should be determining the reservoir
pressure. With bottomhole ganges deployed,
the well is produced for a short time to clean
up the welibore. The well is then shut in for
at least five times longer than the production
period. Surface readout gauges are useful
to determine when pressure stabilization
occurs. With the well still shut in, a gradient
run must be made if pressure extrapolation
to the depth of the lateral is desired.
The best pressure-transient data are ob-
tained from a buildup test following a well-
managed drawdown. Thus, every buildup
test should be preceded by a carefully mon-

Fig. 5—Waell B: buildup type-curve match.

itored drawdown, which would serve as a
conditioning period for older wells. As
aoted, this period should be longer than the
subsequent buildup to facilitate buildup anal-
ysis. Production should be conservative to
minimize the formation of a second phase
in the reservoir or in the lateral section.
Flow rates should be maintained constant
and monitored frequently. A gradual decline
in rate is better than choke adjustments with
excessive over- or undershoot. For gas
wells, rates must be adequate to prevent
downhole liquid accumulation. For oil
wells, the rate should be high enough to
minimize slugging and erratic production.
On new wells, flow potential tests should
be deferred until after the buildup. Although
wellbore dynamics can make drawdown data
noisy, bottomhole gauges should be
deployed during this conditioning period to
allow comparison of the drawdown and
buildup responses and to provide a record
of the well pressure before the buildup.

For an adequate drawdown, the buildup
time required to achjeve the test objectives
can be estimated from time window equa-
tions in Table 1. Because there are usually
more unknowns to be determined from
horizontal well tests, several flow regimes
must be traversed and longer buildup times
are required than for a vertical well in the
same formation.

interpretation.

Interpretation methods for horizontal well
test data are similar to' those for vertical
wells. The first step is to examine the diag-
nostic plot for apparent flow regimes. The
construction of semilog and square-root-of-
time graphs for radial and linear flow peri-
ods, respectively, or type-curve matching,
may yield first-order estimates for the
unknown parameters. The next step is to
confirm the flow-regime assignment by use
of the evalvated reservoir parameters.
Manual or regression matches of the data
to the full-horizontal-wellbore solution with
specific inner and outer boundary conditions
should confirm or fine tune specialized plot
analysis results. Regression may be the only
tool in nonisotropic reservoirs or when ex-
pected flow regimes cannot be identified.
Some caution in the use of regression is in-
dicated because convergence to the correct
parameters is not guaranteed and the covar-
iance of variables may become significant
if flow regimes are poorly developed. For
example, regression cannot resolve kg and
ky if a test is terminated in early-time el-
liptical flow. The two permeabilities will be
resolved with increasing accuracy as the test
is extended into subsequent flow regimes.

Another complexity of horizontal well
testing is that more unknown variables must
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Fig, 6—Well B: Horner plot.
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Flg. 7—Well B: tandem-root plot.
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be evalnated. In addition to kg, ky, and Sp,
other parameters, such as the productive
wellbore length, L., the effective net thick-
ness, k, and the vertical location of the well-
borxe within the net, may be uvnkpown. A
competent analysis will require knowledge
of the geology, logging, and well survey
data.

Field Examples

Table 2 summarizes the reservoir and com-
pletion parameters for the field cases.

‘Well A. The target for this horizontal ex-
ploration well was vertical tectonic fracture
development in a low-permeability shale.
Fig. 3 shows a log-log plot of Apand p’ of
the data and the computer-geperated buildap
response. Wellbore storage is domant dur-
ing the early part of the test, followed by
a transition to radial flow. Because the per-
meability is probably the result of vertical
fracmring, the feservoir was assumed to be
isotropic in the vertical plane. On the Horner
plot (Fig. 4), the last few data points fall on
a straight line, which yields k=0.011 md
and 5,,=2.9. No boundary effects are evi-
dent on the Horper plot.

Initial simulation of the data with the
above parameters showed 2 poor match of
wellbore storage to radial flow transition
region. The match was improved consider-
ably by introducing a no-flow boundary
about 16 ft from the wellbore, k=0.027 md,
and s,=11.5. The remaining roismatch
during the transition could be the result of
phase redistribution effects in the wellbore.
The distance to the no-flow boundary com-
pares favorably with survey data, which io-
dicaledthatthewellwasdril]edaboutZO
£t below the upper limit of the productive
horizon.

We conclude that the early-time radial
flow was masked by wellbore storage and
the Horner straight line is the signature
hemiradial flow. From Egs. 9 and 10, the
true Hormer plot permeability would be
. 0.022 md and 5, =8, respectively. The test
was too short to detect the lower boundary,
to develop linear flow, or 10 reveal any
anisotropy.
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Fig. 9—Well C: Homer plot.

Well B. This well is in a west Texas car-
bonate, which is expected to have isotropic
permeability caused-by fracturing and dis-
solution. After wellbore storage, a short
period of radial flow was followed by the
onsetoflh:wﬂow,bewnsebothApand
p'appmachas}opeofO.S. As Fig. 5shows,
the data were matched successfully to build-
up type carves for a well midway between
two no-flow boundaries 72 ft apart, using
k=0.15 md and s,=—3.2. Where the
derivative was relatively constant, the Hom-
er plot (Fig. 6) yielded k=0.14 md, and a
tandem-root plot (Fig. 7) gave a net thick-
ness of 75 ft, with a distance to the nearest
boundary of 29 ft. Substituting these results
into Eq. 7 shows that the end of radial flow
is expected at 7g-r= 165 hours. This is in
good agreement with observations and veri-
fies the assumption of isotropic permea-
bility.

‘Well C. This buildup test is from a horizon-
tal well in a high-permeability sandstone
where a 54-ft oil column overlies an exten-
sive aquifer estimated to be about 180 &
thick. The diagnostic plot (Fig. 8) shows es-
sentially no wellbore storage and a constant
derivative, indicating radial, hemiradial, or
elliptical flow at early times. The rapid
decline of the derivative near the end of the
test is caused by the aquifer underiying the
oil column. Using the full-horizontal-
wellbore solution with one no-flow and one
constant-pressure  boundary, regression
yielded ky=313 md, kpy=7.5 md, 5=
—1.5, and L, =356 &, with the no-flow
boundary 11 ft above the wellbore. Eq. 7
yields fg,s= 1.5 hours, as indicated by the
diagnostic plot. For a wellbore volume of
130 bbl and a fiuid compressibility pear
3.5%10-% psi-!, Bq. 1 gives 1, = 0.0005
hours. With the gauge sampling rate set at
0.017 hous, the wellbore-storage unit slope
could not be detected. The Horner plot in
Fig. 9 has good lincarity and gives
(kgky)0= =53 md, which is close to the
regression match value of 48 md. The large
permeability anisotropy, however, makes
the Horner analysis inadequate.

Conclusions

1. As predicted by theory, horizontal well
buildup tests can show dominant radial and
linear flow periods with characteristic sig-
namares on the diagnostic log-log plot of Ap
and p’ vs. &

2 Data from these flow periods can be
analyzed with semilog of square-root-of-
time graphs to yield some, but not neces-
sarily all, of the reservoir and completion

parameters. )

3. Several flow regimes must be traversed
to allow evaluation of ail horizontal well
flow parameters. Adequate drawdown and
puildup times are critical for a successful
test.

4. Test data should be evaluated with
regression analysis to an appropriate flow
model to check the specialized plot results
and to’ evaluate remaining unknown pa-
rameters.

Nomenclature
B = FVF
Chp = compressibility of fluid in
wellbore, Lt2/m, psi~!
¢, = system comprBSSibili'ty,
Li2/m, psi—!
C = wellbore storage coefficient,
L42/m, bbl/psi
, = distance to mearest horizontal

poundary, L, ft
D,,DJ, = lateral reservoir dimensions,
L, ft
D, = distance to farthest horizontal
boundary, L, ft

h = formation net thickness, L, &t
k = (kgky)®3, L2, md
ky; = horizontal ility, L2, md
ky = vertical permeability, L2, md
L, = drilled length, L, ft
L,, = productive wellbore jength, L,
ft

m = slope of semilog plot for

early-time radial flow,
m/142, psiflog cycle

m' = slope of semilog plot for
hemiradial flow, m/LiZ,
psiflog cycle

m'" = slope of square-root-of-time
plot, m/Lt572, psiibr
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m'" = slope of semilog plot for
psendoradial flow, m/Lt2,

psiflog cycle

P = average reservoir pressure,
m/Lt2, psia

P' = logarithmic derivative,
dpAd (In 1)

P = extrapolated pressure on
semilog line at r=1 hour,
m/Li2, psi

Ap = pressure change since start of
test, m/L42, psi
APin = PP=1 ur for drawdown;
P1 e~ Pr=p for buildup,
/L2, psi
g = flow rate, L3/t, B/D
r, = wellbore radius, L, ft
§. = convergence skin
5, = mechanical skin factor
(completion quality)
t = drawdown or buildup time, t,
hours

tgy = end of linear flow, t, hours

1epry = end of pseudoradial flow, t,
hours

Igs = end of radial flow, t, hours
tg,. = end of wellbore unit slope, t,
hours
= constant-rate production
period, t, hours
tgy = stait of linear flow, t, hours
tspr = start of psendoradial flow, t,
hours
¥V, = welibore volume per unit
length, L3, bbl
Vs = total wellbore volume, L3, bbl

Ip

162

8 = angle, degrees

p = fluid viscosity, m/Lt, cp

p = gravitational force on liquid,
m/L2t2, Ibf/fi3

¢ = porosity, fraction

Subscript

o = oil
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