Chapter 8

Drillstem Testing

8.1 Introduction

A drillstem test (DST) is normally run in a zone of
undetermined potential in a well being drilled, although
DST’s are sometimes run in known productive zones in
development wells. A DST provides a temporary comple-
tion of the test interval; the drillstring serves as the flow-
string. A good DST yields a sample of the type of reservoir
fluid present, an indication of flow rates, a measurement of
static and flowing bottom-hole pressure, and a short-term
pressure transient test. The DST helps determine the possi-
bility of commercial production by virtue of the types of
fluids recovered and the flow rates observed, Analysis of the
DST transient pressure data can provide an estimate of
formation properties and wellbore damage. Those data may
be used to estimate the well’s flow potential with a regular
completion that uses stimulation technigues to remove dam-
age and increase effective wellbore size.

To run a drillstem test, a special DST tool is attached to
the drillstring and lowered to the zone to be tested.™® The
tool isolates the formation from the mud column in the
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Fig. 8.1 Schematic of a DST chart: (1) going into hole; (2) initial
flow period; (3) initial shut-in period: (4) final flow period: (5) final
shut-in period; and (6) coming out of hole. py,, = initial hydro-
static mud pressure: py, = initial flowing pressure in first flow
period: py;, = final flowing pressure in first flow period: p;, =
initial shut-in pressure; pyw = initial flowing pressure in second
flow periad: 7, = final flowing pressure in second flow period; g
= final shut-in pressurc; und py,, = final hydrostatic mud pressure.

annulus, allows formation fluid to flow into the drillpipe,
and continuously records the pressure during the test. Most
DST'’s include a short production period (the initial flow
period), a short shut-in period (the initial buildup), a longer
flow period (the second flow period), and a longer shut-in
period (the final buildup)."* Fig. 8.1 is a schematic DST
pressure chart for a two-cycle test (note that pressure in-
creases downward in most DST charts shown in this chap-
ter). The first cycle in Fig. 8.1 includes the initial flow and
buildup periods, while the second cycle includes the second
flow and final buildup periods. Early drillstem testing tech-
niques used only one cycle with a longer flow duration. Fig.
8.2 shows tests with more than two cycles are possible.'?
(Note that pressure increases upward in that figure.)
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Fig. 8.2 Example of a three-cycle drillstem test. After McAlister.
Nutter, and Lebourg,”



DRILLSTEM TESTING

This chapter discusses the DST testing technique and
presents methods for analyzing pressure data from both the
flow and shut-in portions of a DST. A series of example
DST pressure charts illustrates various DST operational
conditions and test malfunctions. A short section on the
wireline formation tester is also included.

8.2 Drillstem Testing Tools and Technique

Most drillstem testing tools include two or more clock-
driven, Bourdon-tube recording pressure gauges, one or two
packers, and a set of flow valves. The tool is attached to the
drillstem and is lowered to the test interval where the packer
is set, then the valves in the tool are opened and closed by
manipulation of the drillpipe. The DST is run while the flow
valves are being manipulated.

Fig. 8.3 shows typical drillstem testing tools used by the
Halliburton Co. for the three basic types of tests: the single-
packer test, the straddle-packer test, and the hook-wall
packer test. Fig. 8.4 shows the operating states of a Hallibur-
ton DST tool during a test. Johnston Schlumberger, Lynes,
Inc., Arrow Testers, and others also offer DST service and
tools.

As shown in Fig. 8.3, the upper section of the DST tool is
the same for all three test types. The uppermost part of the
tool is an impact-reversing sub that allows produced fluids to
be reverse-circulated out of the drillpipe (Fig. 8.4e). The
closed-in pressure (CIP) valve is the main flow-control
valve in the DST tool string. In conjunction with the hydro-
spring tester valve, it allows the two flow periods, the two
closed-in periods, and reverse circulation.

As shown in Fig. 8.4a, the CIP valve is open and the
hydrospring tester valve is closed as the DST tool is run into
the hole. The bypass ports arc open while the tool is being
run into and out of the hole to allow fluid to flow through the
tool to help minimize pressure surges caused by running the
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relatively large-diameter packer.

The hydrospring tester valve is a hydraulic time-delay
master valve thatopens slowly and closes quickly. When the
packer is set, weight is applied to cock the hydrospring and
activate the hydraulic time delay. A few minutes later, the
hydraulic time delay closes the bypass ports and then opens
the hydrospring tester valve o start the DST. During the
test, the CIP valve is closed and opened to cause the shut-in
and flow periods (Figs. 8.4b and 8.4c). The hydrospring
tester valve closes immediately when the weight of the pipe
is picked up. Then the bypass ports open. With both the
hydrospring tester and CIP valves closed, a fluid sample is
isolated between those valves when the tool is removed from
the hole (Fig. 8.4f).

The optional handling sub and choke assembly aids in
making up the tool and also provides a receptacle for a
down-hole choke, if such a device is desired. The DST tool
contains two Bourdon-tube pressure recording elements.
The upper element. in the flowstring, senses the pressure as
fluid flows into the drillstring during the test. The lower
pressure recorder, near the bottom of the tool (Figs. 8.3a
through 8.3d), is *‘blanked off"’ from the flow portion of the
system. It records the annulus pressure below the packer
rather than the pressure of the fluid inside the drillstem. In a
2ood test, the pressures from the two recorders will differ
only by the hydrostatic head between them. In poor tests, it
is often possible to determine the kind of malfunction by
comparing the two pressure charts.

Many DST tools include hydraulic jars and safety joints to
aid in removing a stuck tool. If the tool cannot be unstuck by
jarring, the drillstring may be backed off at a safety joint,
allowing recovery of the pipe and a portion of the tool.

Single-packer tests use either a nonrotating, expanding
packer with a tail pipe extending to the bottom of the hole or
a hook-wall packer. Both assemblies include a perforated
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anchor pipe and a blanked-off pressure recorder. During the
test, fluid flows from the formation through the perforated
anchor pipe and into the drillstring, A temperature recorder
may or may not be included in the tool string.

The straddle-packer test uses two packers, a perforated
anchor pipe, and a blanked-off pressure recorder between
the packers. An equalizing tube connects the annulus above
the top packer to the hole below the bottom packer. The
equalizing tube aids in bypassing wellbore fluid around the
packers while running in and out of the hole and balances the
load created on the drillstring by the annulus hydrostatic
pressure during the test. A third pressure recorder may be
included below the bottom packer to indicate whether that
packer remains sealed throughout the test.

As indicated in Fig. 8.4a, the CIP valve is open and the
hydrospring tester valve is closed while the tool is run into
the hole. The bypass ports are open, so mud may flow both
around the outside of the tool and through the packer while
the tool is in motion. Both pressure recorders are in com-
munication with the mud column and should record hydro-
static pressure as they are lowered into the hole (Fig. 8.1).
When the packer is set, the bypass ports close and the
hydrospring tester valve opens, resulting in the configura-
tion shown in Fig. 8.4b. Both pressure recorders should
show the same pressure response. To shut in the tool for a
buildup, the CIP valve is closed (Fig. 8.4c). The CIP valve
is opened for the second flow and closed for the second
buildup. After the final buildup, the CIP valve remains
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closed and the hydrospring tester valve is closed, trapping a
fluid sample under pressure. Then the bypass ports are
opened, and pressure is equalized across the packer (Fig.
8.4d). The packer is unseated, the reverse circulating valve
is opened, and mud is pumped down the annulus to displace
the produced fluids up the drillstring for measurement at the
surface (Fig. 8.4e). As the pipe and tool are removed from
the hole (Fig. 8.4f), the mud in the drillstring is allowed to
bleed into the annulus through the open reverse-circulating
valve.

Hole condition may dictate the total time that the tool can
remain in the hole, since a primary consideration is complete
removal of the tools at the end of the test. Thus, conditions
existing in the well may dictate relatively short testing times.
Experience in the area is the best way o determine total
allowable testing time. When allowed testing time is short,
the division of the test between the various test periods is
important. Pages 22 through 24 of Ref. 5 provide guidelines
for choosing the length of the flow and shut-in periods ina
DST — whether total test time is limited or not. Table 8.1
summarizes that material.

In a standard DST, the initial flow period is usually short,
S to 10 minutes; the idea is simply to release the high
hydrostatic mud pressure. The initial shut-in period should
be sufficiently long to allow the measured pressure (o ap-
proach srabilized formation pressure. Experience indicates
that 1 hour is usually required for the initial shut-in period.>7
The second flow period should be long enough to allow flow
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stabilization; Table 8.1 provides guidelines. The length of
the final shut-in period depends on test behavior during the
final flow period. Recommendations are given in Table 8.1.
The multifow evaluator, a tool that allows unlimited
sequences of production and shut-in, has been available for
drillstem testing since 1965.% The tool includes a fluid
chamber to recover an uncontaminated formation-fluid
sample under pressure at the end of the flow period.

8.3 Analyzing Drillstem-Test Pressure Data
Normal Drillstem-Test Pressure Buildup Analysis

Drillstem-test pressure buildup data are analyzed much
like any other pressure buildup data; the techniques of Sec-
tion 5.2 apply. In a DST, the flow period is about the same
duration as the shut-in period, so pressure buildup data must
be analyzed with the Horner plot, p,. vs Iog[[r,, -+ Ar]!’m].
The value used for 7, is usually the length of the preceding
flow period. However, if the initial flow period is very long,
itis more accurate to use the sum of the flow-period lengths®
for 1, for the final buildup,

In liquid-producing wells. the flow rate during a drillstem
test decreases with time since the backpressure exerted on
the formation face increases as the produced fluid moves up
the drillstring. Flow rate may stabilize if formation fluids
flow to the surface. The increasing flowing pressure is
evidentin Figs. 8.1 and 8.2. Normally, the decreasing flow
rate over the flow period is neglected in analyzing DST
pressure buildup data and the average flow rate over the flow
period is used, Neglecting the flow-rate decrease is reasona-

TABLE 8.1 _RECOMMENDED FLOW AND SHUT-IN TIMES FOR
DRILLSTEM TESTING WHEN EXPERIENCE IN THE AREA IS NOT
AVAILABLE.

(Information from Pages 22-24 of Ref. 5.)

Minimum
Test Situation During Time
Period Test Recommended Time (minutes)
Initial All Short — release 3t05
flow hydrostatic mud
pressure
Initial All 60 minutes unless 30
shut-in total test time
is too short —
45 minutes then
Final Strong, continuing 60 minutes 60
flow blow
Blow dies Shut in when blow
dies
Reservoir fluid 60 minutes — 60
produced at longer to gauge
surface flow rates if
time is available
Final Strongcontinuous  Shut-in time equal 45
shut-in blow during to flow time
flow period
Blow dies during Minimum shut-in Two times
flow period time of twice flow time
flow time*
Reservair fluid Shut-in time equal 30
produced at to one-half
surface during flow time
flow period

“In this case there will be no buildup, so o buildu
analyzed by the type-curve

thod described foll

E

p analysis, Flow-period data may be
e 81
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ble for a moderate bottom-hole pressure increase compared
with total pressure drawdown, but it can lead to significant
errors in the buildup analysis for high-productivity wells
unless the well flows at the surface for a substantial portion
of the flow period.*

If the pressure in the flowstring recorder increases linearly
with time, liquid flow rate into the drillstring is constant (for
a constant-inner-diameter drillstring) until liquid reaches the
surface. Such a constant flow rate implies that flow rate is
independent of drawdown, since bottom-hole flowing pres-
sure is increasing. Eq. 2.2 indicates that flow rate from a
porous medium to a wellbore must decrease with decreasing
drawdown (increasing flowing bottom-hole pressure), so
something other than the formation must be controlling the
flow rate under such circumstances. The controlling factor is
critical flow? (flow rate independent of pressure drop, see
Section 13.6) through the perforations in the anchor pipe. In
such an instance, the flowing pressure data from the flow-
string recorder are uscless, although shut-in data are analyz-
able. Fortunately. all data from the blanked-off recorder can
be analyzed in the normal fashion.

Wellbore storage is not often significant in the buildup
portion of a DST since the well is closed in near the forma-
tion face. However, if analysis results appear suspicious, the
log-log data plot (Section 5.2) should be made to determine
what part of the data should be analyzed. If thick sections are
being tested in low-permeability or gas reservoirs, wellbore
storage can be significant in a DST. Although production
during the DST flow period appears to be wellbore-storage
dominated until flow starts at the surface, the flow rate may
be estimated, so normal analysis methods should apply if the
varying rate is considered or if the rate variation is less than §
to 10 percent.

If the shut-in period is long enough, and if wellbore
storage is not dominant, a Horner plot of the buildup data
should have a straight line section with slope —m, as indi-
cated in Section 5.2. The value of m may be used to estimate
permeability from Eq. 5.6;

¢ = 162.6 ¢Bu ‘
mh

If w and h are not known, kh/p may be estimated by re-
arranging Eq. 8.1. The flow rate normally used is the aver-
age over t,. The skin factor is estimated from Eq. 5.8:

+ log (ﬁ)

2

s=1.1513 [.p_lhr — Pur(At :_0}

k
—log(—2 | +3.2275|.
b (@mmpz) ]

m

The term log[(r, + 1)fr,] is included since it may be
important in drillstem testing. The term is normally ne-
glected when r,, >> | or when the skin factor is high.

DST analyses commonly report damage ratio:

Jew P =Pe (8.3)
Ja::tual .E — Pur — ﬁPs

where the pressure drop across the skin is computed from

Eq.2.9:
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Initial, or average, reservoir pressure is estimated by
extrapolating the Horner straight line to infinite shut-in time,
(1, + An)/Ar = 1. Since a DST is a short-duration test, there
is generally no need to correct the extrapolated pressure for
drainage shape as done in Chapter 6. The extrapolated p;
should be about the same for both the initial and final shut-in
periods. If it is significantly different, a very small reservoir
or a bad test is indicated. The definition of a significant
difference depends on the reliability of the data and the
buildup extrapolation, but a typical value might be § per-
cent. When such a difference occurs, the test should be
repeated with a longer final flow period, if possible.

If rate varies significantly during the flow period, then the
multiple-rate analysis techniques in Chapter 4 should be
used. Odeh and Selig'® propose a simplified analysis tech-
nique that is useful for large rate variations when 7, is less
than shut-in time. They suggest modifying 7, as given by
Eq. 5.29;

LE=1 14 f_T .......... (8.5)
2 E QJ(f_J - I)
=1
Similarly, ¢ is modified as indicated by Eq. 5.30:
| N
q* = = E qJ'(f_,' —c f_,_]) R T BT S T TR {86)
-'u =1

The modified values, 7,* and ¢*, are used in the Horner plot
and normal analysis given by Egs. 8.1 through 8.4.

For all practical purposes, the radius of investigation
during a DST is cquivalent to the radius of drainage given in

Eq.2.41:

If a barrier to flow exists within the radius of investigation
it might affect the semilog plot. In that case, the distance to
the barrier may be estimated from material in Chapter 10 or
Ref. 11, Generally, DST's are much too short to see the
influence of a boundary. If changes in the slope of the
semilog plot of DST data are interpreted as reservoir discon-
tinuities, the results should be viewed with a great deal of
skepticism.

Drillstem-Test Buildup Analysis With Limited Data

The analysis procedure explained previously cannot be
used if the pressure data available are incomplete. That is
usually the case immediately after the DST is completed,
since the full pressure record is read in the service company
offices, not at the wellsite. However, a few key data points
are read at the wellsite and given to the engineer just after the
test. These include the initial hydrostatic mud pressure.
Pinn; the initial shut-in pressure, pyy; the pressure at the end
of each flow period, py, and pg; the final shut-in pressure,

ADVANCES IN WELL TEST ANALYSIS

Prei; and the final hydrostatic mud pressure, pp,,. The flow
and shut-in period durations are usually also reported. Such
limited data may be used to estimate reservoir properties.
The initial reservoir pressure is taken as

PP hns LR SRR WA B (8.8)

The value of m for the semilog straight line is approximated
by

" = Pisi — Prsi i ¢ (89)
log[(t, + An/Ar]

where At is the total final shut-in time (time when pg; was
read), Permeability may be estimated from Eq. 8.1. (If the
initial and final shut-in pressures are the same, m estimated
from Eq. 8.9 will be zero and the approximate method will
not be usable.) The damage ratio is estimated from?*

Jigear .. 0183 (P — Py L (8.10)
J' actual m

or.from?
et . PP (8.11)

JJII’IU&] - m(443 + log fp) ’

where 1, is in hours. Egs. 8.9 through 8.11 should be used
only when more complete data are not available since they
can be significantly in error.

Type-curve matching may be used to analyze pressure
buildup data from drillstem tests. When wellbore storage is
significant, the type curves in Appendix C, Figs. C.8 (Ref.
12) or C.9 (Ref. 13), may be useful. Type-curve methods
are more useful for analyzing flow-period data, as discussed
following Example 8. 1.

Example 8.1 Drillstem Test Analysis by the
Horner Method

Figs. 8.5 and 8.6 show DST data given by Ammann’ for
an open-hole test in the Arbuckle formation.

We first check the recorded hydrostatic mud pressure
against the value calculated from gauge depth and mud
density. From Fig. 8.6, the depth to the gauge is 4,174 ftand
mud density is 10.1 Iby/gal. Therefore, the hydrostatic mud
pressure is

Pam = (49!?4 1) (]ﬂ'] ﬁ_) (74805

Ib,,/cu ft
gal

Iby/gal

(_“_0.433 10 p_s_if ft )
62.3664 Ih/cu ft

~ (4,174 f1)(0.5247 psig/ft)
~ 2,190 psig.

From Fig. 8.6,

Dinm = 2,314 psig, so the deviation is 5.66 percent, and
P = 2,290 psig, so the deviation is 4.57 percent.

These deviations are primarily a result of errors and varia-
tion in the mud density. The difference of 1.04 percent
between P and pmm may be a result of mud loss. Such
differences in the range of 0.5 to | percent are indicative of
the accuracy of p; estimated from a DST.
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Fig. 8.5 Pressure vs time measurements for a DST from the Arbuckle formation: Example 8.1, After Ammann.”

Following an initial flow period of 5 minutes, the shut-in
period is 60 minutes (Fig. 8.5). Thus, we make a Horner plot
of the final flow-period data with t, = 2 hours, the length of
the second flow period. Times in minutes are obtained by
using the time-recording interval shown below each set of
readings in Fig. 8.5. Fig. 8.7 is the Horner plot for data from
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Fig. 8.6 Drillstem-test data sheet for a DST from the Arbuckle
formation; Example 8.1. After Ammann.?

both shut-in periods. Each shut-in has a straight line that
extrapolates to p; = 1,722 psig. Although not shown, the
log-log data plot indicates no significant wellbore storage
effects during the buildup periods.

To analyze the pressure buildup data we must first esti-
mate the average flow rate during each flow period. The
drillpipe was initially empty for this test, so the pressure
existing before opening the tool for the first flow was atmo-
spheric. At the end of the first flow period, the pressure was
35 psi(Fig. 8.5). Assuming that all fluid flowing during that
time was drilling mud, we may estimate the height of the
mud column. From the calculation of hydrostatic mud pres-
sure, the mud exerts a pressure of 0.5247 psi/ft of column
height, so 35 psi is equivalent to 35/0.5247 = 67 ft of mud.
Fig. 8.6 reports that 75 ft of oil- and gas-cut mud were
recovered. This agrees well enough with the estimated 67-ft
value to use that value for production during the first flow
period. Fig. 8.6 reports that 240 ft of 2.5-in.-ID drill collar
were used in the tool string. The capacity of the drill collar is
0.00607 bbl/ft, so 67 ft is equivalent to (67)(0.00607) =

0.407 bbl. Assuming that 0.407 bbl of fluid was produced
s 1740 D= o em e T T
a
= o INITIAL p;=1722,
5 5 FInAL
1720~ Plwr=I7I3
W
x
b
& 1700} o
g‘; SLOPE = -m=-2/ PSI/CYCLE
o
r4 &
) 90 SLOPE =-m=-/3/ PSI/CYCLE al
3 a
T
“  g80 | IR I T L (o]
987 6 5 4 3 ]
10 ]
(tp+at) /At

Fig. 8.7 Homer plot for data of Example 8.1. After Ammann.?
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from the formation in the first 5-minute flow period, we
estimate an initial rate of

¢ = (0.407 bbl/5 min)(1,440 min/D) = 117 STB/D.

Eq. 8.1 now can be used to estimate kh/p. Assuming B =

1.0 RB/STB and using m = 131 psi/cycle from Fig. 8.7,
kh _ (162.6)(117)(1)
T i1 [

If we take h = 16 ft, the tested interval,

i ~ 145/16 =~ 9.1 md/cp.

= 145 md ft/cp.

The pressure increases from 35 psi (at the end of the first
flow period) to 145 psi at the end of the second flow period.
Measured oil gravity was 44 “API7 so oil specific gravity is
0.806, corresponding to a gradient of about 0.349 psi/ft.
Assuming that all the fluid produced was oil, the pressure
increase of 145 — 35 = 110 psi corresponds to 315 ft of oil.
Note there are only 240 ft of drill collar (Fig. 8.6); above that
there is drillpipe with a capacity of 0.01422 bbl/ft.” Assum-
ing that the oil flows through the dense mud, we can estimate
the volume of oil in the pipe:

V, = (240 ft drill collar — 67 ft mud)(0.00607 bbl/ft)
+ [315 f ol — (240 — 67) ft oil in drill collar]
X (0.01422 bbl/ft)
~1.05 + 2.02
= 3.07 bbl oil recovered.

Thus,
. 3.07bbl X 1,440 min/D  _ 36 8 STB/D.
A 120 min B
Using Eq. 8.1 and m = 21 psi/cycle from Fig. 8.7, and
assuming B = 1.0 RB/STB,
kh _ (162.6)36.8)(1) _ 5g

[T 21
or

k
* = 17.8 md/ep.
. p

5 md ft/cp,

This is almost twice the value estimated from the first shut-in
period — not unusual in drillstem-test analysis. Part of the
discrepancy may be a result of an error in measurement of a
flow-period length or in reported pipe sizes. In working this
example, Ammann” states that there was no drill collar
while his data indicate that there was. Most likely, this is
where most of the discrepancy arises. Errors are also un-
doubtedly introduced by the assumption of the type of fluid
entering the drillstring (all mud in the first flow period, all
oil in'the second flow period). Another possible source of
some of the discrepancy may be that part of the production
during the first flow period is a result of decompression of
the wellbore fluid from hydrostatic mud pressure, about
2,300 psig, to the formation pressure of about 1,700 psig.
The over-pressure in and near the wellbore can affect both
the flow rate and the pressure during the first flow period.
Generally, the results from the second flow period and
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associated buildup are more reliable. In any case, the mate-
rial above illustrates the approach. Ammann? gives a more
complete analysis,

To estimate skin factor we assume ¢ = 0.15and ¢, = 25
X 1078, and use Eq. 8.2 for the second flow period:

- 1‘.513{ 1,713 - 145 log[2_+_l}
21 1

~log| — 17.8 +3.2275
(0.15)(25 x 10-5)(8.75/24)?

=81.5

The well is severely damaged. We estimate pressure drop
across the skin from Eq. 8.4:

(141.2)(36.8)(1)

Ap, = 0t ;

Ps= 385 (81.5)
= |,486 psig.

From Eq. 8.3, the damage ratio is
1722 - 1485 _ 73,

1,722 — 145 — 1,486

This indicates the well is producing at only about 6 percent
of its ideal capacity. Stimulation would be required for a
successful completion.

Although we have sufficient data for a Horner-type
analysis, we may apply Egs. 8.10 and 8.11 to compare
methods for estimating the damage ratio. From Eq. 8.10, the
damage ratio is

0.183 (1,718 — 145) _ 434
2] -
and from Eq. 8.11, itis

_1718-145 _ 58
21(4.43 + log 2)

These values agree reasonably well with the result estimated
from the skin factor.

Example 8.1 illustrates some of the problems that can
occur in DST pressure analysis. The problem of estimating
flow rate is a real one, and must be dealt with by using
pressures, densities, volumes of the various fluids pro-
duced, and pipe capacities — if flow does not occur at the
surface. Inconsistent or inaccurate fluid-volume and pipe-
size data, as occur in Example 8.1, make analysis difficult
and should be avoided if possible. Normally, one does not
analyze pressure data from the first flow and shut-in periods.
Results from analyzing those data tend to be less accurate
than results from analyzing the second flow and shut-in
periods because of longer flow duration and likely absence
of mud production during the second flow period.

Analyzing Flow-Period Data

If rate variation can be estimated during the flow period, it
is possible to analyze pressure data from the flow period
with methods given in Section 4.2. Such multiple-rate
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analyses can be particularly useful for wells with substantial
flowing bottom-hole pressure increase that either do not
flow to the surface or have insufficient surface flow time at a
stable rate to provide reliable analysis results from the shut-
in pressure data.

Occasionally, the pressure exerted by the produced fluid
column can reach the reservoir pressure, causing production
to stop during the flow period — the well kills itself. In such
cases, data from the shut-in period cannot be analyzed.
However, flow-period data can be analyzed by multiple-rate
techniques (Section 4.2) or by type-curve matching tech-
niques presented in Refs. 9 and 14 through 17. The type
curves in Refs. 14 through 16 do not consider §kin factor, so
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they are not recommended. Ramey, Agarwal, and Martin®
provide type curves that include skin effect that may be used
to analyze DST flow-period data as long as flow does not
reach the surface and there is no significant change in the
wellbore storage coefficient (pipe inner diamater). Figs.
8.8A through 8.8C* are the Ramey-Agarwal-Martin type
curves, In those figures, the dimensionless pressure ratio is
defined as

= Po__ Pi~ Pufdl)
Pue Pi— Po

where p, is the pressure existing in the drillstring im-

Por

*See footnote on Page 24,

I

i ke i) '{
2

b
|

il
(il

10-t I

to/Co

Fig. 8.8A Semilog type curve for DST fow-period data. Best form for early- and late

3

b
7 RTH Y Y
5

L 6

! i -time data. Does not apply to tests that flow at the
surface. After Ramey. Agarwal. and Martin." Courtesy CIM,
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mediately before the flow period begins. For the initial flow
period, p, would be atmospheric pressure or the pressure
exerted by any fluid cushion in the drillstring: for the final
flow period, p, would be the pressure at the end of the first
flow period. In Fig. 8.8, the dimensionless time is defined

by Eq. 2.3a:
= 0.0002637 k!
¢“(‘Frri'2

and the dimensionless wellbore-storage coefficient is de-
fined by Eq. 2.18:

5.6146C
2rdehr,t

For a DST flow period, the wellbore storage coefficient
usually results from a rising liquid level in the drillpipe.
Thus, Eq. 2.16 applies:

it
144 g.

where ¥, is the volume per unit length of the drillpipe in
barrels per foot. Note that this monograph uses different
units for C than do Ramey, Agarwal, and Martin.”

The type-curve matching technique is similar to the
method described in Section 3.3, with one important sim-
plification: the pressure ratio in Fig. 8.8 always goes from
zero to one and is independent of flow rate and formation
properties. Thus, when plotting data on the tracing paper
laid over the grid of Fig. 8.8A, 8.8B, or 8.8C, the pressure
scale is fixed. When the tracing-paper data plot is slid to
match one of the type curves, only horizontal motion is
used. That simplifies the matching technique. Once the
experimental data have been matched to one of the type
curves, data from both the overlay and the underlying type
curve are read at a convenient match point. Three data items
are required: the parameter on the curve matched, (Cpe® )y
the time-scale match point, 1y, from the data plot; and the
corresponding point from the type curve, (1p/Cp)y. Perme-
ability may be estimated from the time-scale match point by
using

k=3,389 k& C ()
h Ty Cn M

[t is not necessary to know the flow rate to estimate permea-
bility by this method. It is necessary to estimate the wellbore
storage coefficient from Eq. 8,15, so the fluid density must
be known. Skin factor is estimated from the parameter on the
curve matched:

_,.Illn[_f@f-';@"’i?y_ez_*)y_] e (8IT)

2 0.89359C

As usual, it is necessary to have values for porosity, total
system compressibility, formation thickness, and wellbore
radius to estimate the skin factor. Damage ratio then may be
estimated from Eq. 8.3.

Ramey, Agarwal, and Martin? suggest that all three type
curves be used to analyze DST flow-period data. That re-
quires plotting the data three times and making three curve
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matches. Egs. 8.16 and 8.17 apply to all three curve
matches. The semilog type curve, Fig. 8. 8A, usually should
be best when both early and relatively late-time data are
available. Fig. 8.8B provides poor resolution of early-time
data, while Fig. 8.8C is useful for early-time data.

Type curves in Figs. 8.8A through 8.8C can be used to
conveniently estimate permeability and skin factor from
DST flow-period data. However, they are not applicable
when fluid influx to the drillstem is at essentially constant
rate; that is. when flow occurs at the surface. They are also
not applicable when the wellbore storage coefficient
changes (because of pipe size or compressibility changes).
Such changes are illustrated by Figs. 8.20 and 8.21.

Example 8.2 Analysis of Drillstem-Test Flow Data by
Type-Curve Matching
Ramey, Agarwal, and Martin® give the pressure data in
Table 8.2 for the second flow period of a DST. Other data
are

p; = 3.475 psig (initial ¢=0.16

shut-in pressure) ¢, =8.0 x 1078 psi™!
p, = 643 psig w=1.0cp
r,.=3.94 in, h=17 ft

v, =0.0197 bbl/ft p=152.78 Ib,/cu ft.

TABLE 8.2 DST DATA FOR FLOW-PERIOD ANALYSIS
OF EXAMPLE 8.2.
(From Ramey, Agarwal, and Miller.®)

Time fn 7] P __pu.r (U
{(minutes) (psig) P — Pa
0 643 1.0000
3 665 0.9922
6 672 0.9898
9 692 0.9827
12 737 0.9668
15 786 0.9495
18 832 0.9333
21 874 0.9184
24 919 0.9025
27 962 0.8874
30 1,005 0.8722
33 1,046 0.8577
36 1,085 0.8439
39 1,128 0.8287
42 1,170 0.8139
45 1,208 0.8005
48 1,248 0.7864
51 1,289 0.7719
54 1,318 0.7617
57 1,361 0.7465
60 1,395 0.7345
63 1,430 0.7221
66 1,467 0.7090
69 1,499 0.6977
72 1,536 0.6847
75 1,570 0.6727
78 1,602 0.6614
81 1,628 0.6522
84 1,655 0.6427
87 1,683 0.6328
90 1,713 0.6222
93 1,737 0.6137
96 1,767 0.6031
99 1,794 0.5936
102 1,819 0.5847
105 1,845 0.5756
108 1,869 0.5671
111 1,894 0.5583
114 1,917 0.5501
117 1,948 0.5392
120 1,969 0.5318
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Fig. 8.9 shows the data of Table 8.2 matched to Fig.
8.8A. The matchpoint data are
(Cpe* )y = 1017,
(tp/Cp)y = 0.65,
and
fy = 10 minutes = 0,1667 hour,

We estimate permeability from Eq. 8. 16, but to do this the
wellbore storage coefficient must first be estimated from
Eq. 8.15:

c=__09197 _ _ 00537 6bipsi.
(52.}'8) (32_.[?_)
144 / \32.17
Then, using Eq. 8.16,
¢ = (3.389)(1.0)(0.0537)(0.65)
(17)(0.1667)
=41.7 md.
Using the parameter on the matched curve and Eq. 8.17,

gl [r_ulw;e X 10-9)(17)(3.94/12)%(10%)
2 (0.89359)(0.0537)

6.5.

Il

Ramey, Agarwal, and Martin® indicate that the flow rate
was constant owing to critical flow at early flow time. This
curve-matching technique does not apply under constant-
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Fig. 8.9 Type-curve match for DST flow data of Example 8.2; type
curve of Fig. 8 8A, After Ramey, Agarwal and Martin,*
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rate conditions, so the early data should not be considered in
the curve match. Clearly, they do not match the entire Cpe®
= 10" curve of Fig. 8.8A, as shown in Fig. 8.9. In fact, they
do not completely match other curves in Fig. 8.8A. Unfor-
tunately, several curves can be matched with the late-time
data. The match shown in Fig. 8.9 is the lowest value of
Cpe* for which the most points matched the curve. At lower
Cpe* values fewer points match; at higher values no more
points match,

Ramey, Agarwal, and Martin® report that (1) core
analysis showed an average permeability of 35.4 md for the
zone tested; and (2) a Horner-type analysis of the second
shut-in period (with average flow rate) indicated k = 22.2
md, and a damage ratio of 1. 16,

Example 8.2 illustrates the mechanics of using Figs. 8.8A
through 8.8C for analysis of DST flow-period data. It also
illustrates that the technique should be used with caution.
Periods of constant rate flow during a DST (manifested by a
linear p vs ¢ trace on the DST chart) are not unusual. When
they occur, they can rule out analysis by curve matching
with Figs. 8.8A through 8.8C — or at best make the results
have doubtful validity.

Computer Matching Drillstem-Test Data

It does appear feasible to use all the data obtained during a
DST for test analysis.'® Such analysis requires a numerical
reservoir simulator and uses a history-matching approach to
vary formation properties until the DST pressure and rate
behavior are matched by the simulator. Since the technique
uses all the data, it should be particularly useful when
conventional interpretation techniques cannot be applied
with confidence.

8.4 Trouble Shooting Drillstem-Test Pressure Charts

Because of the complexity of the DST tool operation,
there are many opportunities for test failure. Therefore, it is
important to carefully examine the DST charts and decide if
the test was mechanically and operationally successful. That
should be done at the wellsite so that the option of rerunning
the test may be exercised if necessary.

To recognize a poor DST, one must be familiar with DST
chart characteristics. Murphy'® and Timmerman and van
Poollen®® provide such information. A good DST chart has
the following characteristics.

1. The pressure base line is straight and clear.

2. Recorded initial and final hydrostatic mud pressures
are the same and are consistent with depth and mud weight.

3. Flow and buildup pressures are recorded as smooth
curves,

Frequently, bad hole conditions, tool malfunctions, and
other difficulties can be identified from the DST charts.
Figs. 8.10 through 8.23 illustrate many situations. The
captions explain the characteristic indicated by each figure.
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<+—— PRESSURE

Fig. 8.10 Tight hole condition, This may cause pressure surging or

<+— PRESSURE

Fig. 8.11 Leaking drillpipe or mud loss to some formation. or both,
are indicated by the hydrostatic mud-pressure decrease shown
here. A leaking drillpipe may be confirmed if an abnormally large
amount of mud is recovered with the produced fluids. In this case

<+— PRESSURE

Fig, 8.12 Dclay while going into the hole without mud loss.,

<+— PRESSURE

Fig. 8.13 The stair-stepping pattern in the buildup curves indicates
a malfunctioning pressure gauge or recorder. Such test data cannol

<«— PRESSURE

TIME ——»

tool sticking.

TIME —»

test data must be disregarded.

TIME —»

TIME —»

be analyzed

B

| )

N
TIME —»

Fig. 8.14 Clock stopped.
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<+— PRESSURE

TIME —»
Fig. 8.15 Clock ran away.

<+— PRESSURE

TIME —»

Fig. 8.16 The S shape of the latter part of the flow curve and the
carly part of the buildup curve indicates fluid communication
around the packer, This may be caused by a fracture or a poorly
scated packer.

%j _\\ \ )
a ( | ( ]
/
& ~ v\
‘I
TIME —»

Fig. 8.17 An S shape occurring only in the buildup portion of the

curve indicates gas is going into solution in the wellbore. This

mechanism is characterized by asharp transition between the flow
and buildup curves.

+—PRESSURE

TIME —»

Fig. 8.18 An S-shuped curve occurs only in the first flow period
when the volume below the closed-in pressure valve is large
compured with the volume of the fluid flowed during the flow
period. A wellbore storage effect caused by the relatively large
volume hetween the hydrospring tester and CIP valves,
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<+— PRESSURE

TIME —»
Fig. 8.19 This behavior indicates a plugged bottom-hole choke or
perforated anchor. The up-und-down nature of the pressure curve is
caused by momentary breakthrough and release of the pressure.

£

<+— PRESSURE
-

TIME —»
Fig. 8.20 The flat portion in the second flow period indicates the
well is flowing at the surfuce,

Lt /-—_‘"\

5 f \

@ [ |

W \

T \._..-4/
TIME —»

Fig. 8.21 A decrease in slope ineither [Tow period indicates fillup
of the drill collar and transition 1o a drillpipe of a larger internal
diamerer,

<+— PRESSURE

TIME —»

Fig. 8.22 This behavior typically occurs in gas reservoirs when
flow oceurs at the surface. The pressure decrease at Point G is
caused by the water cushion flowing at the surface. which
decreases average density of the flowing column.

“+— PRESSURE

TIME —»
Fig. 8.23 The rippled appearance in the flow curve indicates that
gas has broken through the liquid in the drillstring and the well is
flowing by heads.
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8.5 Wireline Formation Tests

A quick and inexpensive alternative to a drillstem test
may be a test run with a wireline formation tester.?!** That
tool, run on a wireline from a logging truck, includes a pad
on an expanding mechanisny that presses against the forma-
tion face., a means for establishing fluid communication
between the formation and the tool, a sample chamber, and a
pressure transducer with surface recorder.

The tester is lowered into the well on a logging cable
while the mechanism is collapsed. The tool is located oppo-
site the formation to be tested, the mechanism is expanded,
and fluid communication is established. Formation fluid
flows into the chamber and the pressure response is re-
corded. A new version of the tool may be set and used at
several locations during a single run.*

Interpretation of wireline-formation-tester pressure data
is semiqualitative, so the information obtained is inferior to
that of a normal DST. More recent tools with larger fluid
chambers (~12 gal vs 2.75 to 5 gal) tend to give rea-
sonable fluid-recovery and p; results. Although permea-
bility may be estimated from the wireline formation tester,
the degree of uncertainty is high. The skin factor cannot be
estimated. A general rule for interpretation based on experi-
ence in Canada and in the Rocky Mountain region is pre-
sented in Refs, 22 and 23.
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Chapter 9

Multiple-Well Testing

9.1 Introduction

A multiple-well transient test, including both interference
(Section 9.2) and pulse (Section 9.3) tests, directly involves
more than one well. In an interference test, a long-duration
rate modification in one well creates a pressure interference
in an observation well that can be analyzed for reservoir
properties. A pulse test provides equivalent data by using
shorter-rate pulses (with smaller observed pressure
changes), but the analysis technique is more complicated.
While numerous variations are possible, this chapter pre-
sents only basic techniques for analyzing simple interference
and pulse tests. For more complex tests, material in Chapter
2 may be used to devise an appropriate analysis technigue.
Computer assistance may be helpful in analyzing multiple-
well tests, but usable answers can be easily computed in
many cases using techniques presented in this chapter.

The multiple-well test requires at least one active (produc-
ing or injecting) well and at least one pressure-observation
well. Fig. 9.1 schematically illustrates two wells being used
in an interference or pulse test in a large reservoir. The
observation well is shut in for pressure measurement.
(Theory does not preclude an active observation well, but
practical considerations rule that out.) In multiple-well test-
ing, the flow rate at the active well is varied while bottom-
hole pressure response is measured at the observation wells.

r/’;;.s:':va TION

WELL

V
ACTIVE

WELL
RATE = ¢

Fig. 9.1 Active and observation wells in an interference or
pulse test,

Fig. 9.2 is a schematic illustration of rate history at the active
well and pressure response at both the active and observation
wells.

Multiple-well testing has the advantage of generally in-
vestigating more reservoir than a single-well test.’! Al-
though it is a common belief that interference testing pro-
vides information about only the region between the wells,
test results are actually influenced by a much larger region.
Velaand McKinley” show that the influence region for pulse
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Fig. 9.2 Schematic illustration of rate history and pressure
response for an interference test.
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testing is approximately as indicated in Fig. 9.3. The radius
of influence is given by

rin,=0.029‘/ ke
b,

We can expect a similar influence region in normal interfer-
ence testing. The major difference is that the testing time, 1,
is much larger in interference testing than in pulse testing.
Thus, 7, and the total influence region are substantially
larger in interference testing than in pulse testing. In gen-
eral, we cannot estimate quantitative areal variations in
permeability and porosity-compressibility product without
using some type of reservoir simulator.® That is partially
because of inhomogeneities and anisotropy and partly be-
cause of the nonuniqueness of analysis techniques.%* If the
reservoir can be assumed to be homogeneous, then it may be
possible to estimate anisotropic reservoir properties™!! by
using multiple observation wells.

The skin effect does not influence a multiple-well test
since the skin affects only the active well — as long as the
skin is concentrated directly around the well. However, a
large negative skin or a fracture can affect observation-well
response.'? Wellbore storage effects are minimized by inter-
ference and pulse testing, but are not completely eliminated.
More research is required to understand the effect of well-
bore storage on multiple-well testing.

Usually, both the mobility-thickness product, kh/p, and
the porosity-compressibility-thickness product, ¢ch, may
be estimated from a multiple-well test. In some cases, reser-
voir extent (Section 9.2) or anisotropic permeability values
and orientation (Section 9.4) may be estimated. In reservoirs
with fluid-fluid contacts (gas cap-oil zone, for example) in
the influence region, interference and pulse tests may yield
unreliable or meaningless results because of the different
properties in the different fluid regions.

9.2 Interference-Test Analysis
Type-Curve Matching
Type-curve matching is applied to interference-test anal-
ysis in basically the same manner as it is applied to draw-
down testing (Section 3.3). Fortunately, type-curve match-
ing is simpler for interference testing than for single-well

2fint

[ 2rpg + 7

Fig. 9.3 Approximate influence region in interference and pulse
testing. After Vela and McKinley

ADVANCES IN WELL TEST ANALYSIS

testing because there is usually only one type curve (Fig.
C.2) to consider for infinite-acting systems.

To analyze an interference test by type-curve matching,
one plots the observation-well pressure data as Ap vs r on
tracing paper laid over Fig. C.2, using the technique de-
scribed in Section 3.3 and Fig. 3.5. The major grid lines are
traced and the grid of Fig. C.2 is used to locate the data
points, without regard for the curve on Fig. C.2. Then the
tracing paper is slid horizontally and vertically until the data
points match the exponential-integral curve on Fig. C.2, as
illustrated in Fig. 9.4. When the data are matched to the
curve, a convenient match point such as that shown in Fig.
9.4 is chosen, and match-point values from the tracing paper
and the underlying type-curve grid are read. Permeability is
estimated from

_ 141.2¢9Bp (polu
k= E2e s, M 5 SRR K HEVE 8 S 9.2
h Apy )

and the porosity-compressibility product is estimated from

T L T S (9.3)

7 K @f ?'t)a_lu ‘

The type-curve analysis method is simple, fast, and accurate
when the exponential integral pj, applies; that is, whenry =
rir,. > 20 and ty/r,* > 0.5.

If the active well is shut in after time r,, the resulting
change in pressure at the observation well may be further
analyzed, thus improving the accuracy of the analysis. (Here
we assume that the active well is producing or injecting
during the interference test. Of course, it could have been
shut in to create the interference test. In that case, the
analogy to shutting in a producing or injecting well is re-
sumption of production or injection after the shut-in period.)
Fig. 9.5 schematically illustrates how the data are used when
the rate condition preceding the test is resumed. The data
during the first portion of the test are matched to the type
curve of Fig. C.2, as indicated by the data points that fall on
the solid line in Fig. 9.5. After the change in rate, the
difference between the extrapolated, matched type curve
and the actual data points, Apy, , is determined from the data
plot; At is the time from the change in rate at the active well
to the time the data are taken. It can be shown by superposi-
tion that

Apar = APuesi — APugy woveeviiiiiiins (9.42)
_ _141}(2_;& kB sy s (9.4b)

where py, is simply the exponential integral (Fig. C.2). Thus,
when Apy, is plotted vs Af on the same data plot, the points
should fall on the curve matched by the original data. If they
do not, then either (1) the original data were not matched
correctly and the match should be repeated until the two
portions of the data fall on the same curve; or (2) something
else is influencing the response at the interference well that
precludes correct type-curve matching. The following ex-
ample illustrates interference-test analysis by type-curve
matching for a 48-hour injection period followed by a long
talloff.
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DATA PLOTTED ON SAME
SCALE AS FIG. ¢c.2
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Fig. 9.4 [llustration of type-curve matching for an interference test using the type curve of Fig. C.2.
Example 9.1 Interference-Test Analysis by Type-Curve logarithms of negative numbers. We could remember that
4

Matching

During an interference test, water was injected into Well
A for 48 hours. The pressure response in Well B, 119 ft
away, was observed for 148 hours. Known reservoir proper-
ties are

depth = 2,000 ft B,.=1.0RB/STB
g =—170B/D M = 1.0cp
h =45 f r=119ft
pi =0 psig ¢ =9.0x 10" %psi .
t, =48 hours

Observed pressure data are given in Table 9.1.

The open circles in Fig. 9.6 show the data match to the
type curve of Fig. C.2. We have plotted Ap as positive, even
though it is actually negative, since it is not possible to take

TABLE 9.1—INTERFERENCE DATA FOR EXAMPLES 9.1 AND 9.3,
INJECTION FOR 48 HOURS.

t pl\‘r AP :pl__pnr
(hours) (psig) {psi)
0.0 0 =
4.3 22 ~22
21.6 82 -82
28.2 95 -85
45,0 119 -119
48,0 —---oe- Injection Ends-------ccmmmmmrmrsoemnaes
51.0 109 -109
69.0 55 ~55
73.0 47 —-47
93.0 32 =32
142.0 16 =16
148.0 156 =15

Ap is negative to prevent confusion in signs in the analysis;
however, that is not a major problem because we know that
both k and d¢, must be positive. The line in Fig. 9.6 was
traced from the type curve of Fig. C.2, using the overlay
technique for data points before 48 hours. Although we
would prefer to have more than four data points, the match is
acceptable, At the match point marked,

4 1 T 1 L LR r T LE E 7T T 300

I o 0B8SeRVED 0ATA, dp,, ]
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Fig. 9.5 Schematic observation-well pressure response for an
interfercrce test with the active well shut in after 240 hours.
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Apy = —100 psig at (pp)y = 0.96,
and
ty = 10 hours at (1,/rp®)y = 0.94.
Using Eq. 9.2,
1= 141.2(=170)(1.0)(1.0) (0.96)

(45 (—100)
=5.1 md.
From Eq. 9.3,
s (0.0002637)(5.1) 10
(119)%(1.0) 0.94
= 1,01 X 10~% psi~!,
and

= 101X 10%% _q 4y,
9.0 x 10-5

We can estimate the accuracy of the above analysis by
using the data from the declining-pressure part of the test
(1 > 48 hours). We extrapolate the solid line in Fig. 9.6
by tracing the curve from Fig. C.2, and estimate the differ-
ence between Ap, and the observed Ap, Apy,. Table 9.2
shows the computations.

The plus symbols in Fig. 9.6 arc a plotof Apy, vs At. The
points fall on just about the same line as the circles, so we
can be confident of the analysis results.

Example 12.1 treats the same interference-test dala using
computer analysis techniques.

Earlougher and Ramey'? provide dimensionless pressure
data that are useful for interference-test analysis in bounded
systems, They give pp at several observation-well locations
for a variety of closed rectangular systems with one active
well. Fig. 9.7 shows pj, values for a variety of observation-
well positions in a 2:1 rectangle. Fig. 9.8 shows the location
of the active well in Fig. 9.7 and defines the dimensionless
distance coordinates. Note that the dimensionless pressure
response at each observation well deviates upward from the
exponential-integral solution, as we would expect in a

4 e s b o  CRONE i M S | =
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Fig. 9.6 Type-curve match of interference data for Example 9.1,
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TABLE 9.2—CALCULATION OF Apy; FOR SHUT-IN PERIOD DATA
OF EXAMPLE 9.1.

At = Ap = -';pu'p;nu Apar
t t-48 Pi—Dus Fig. 9.6 Eq.9.4
(hours) (hours) (psi) (psi) (psi)
51 3 -109 -124 -15
69 21 -85 -140 -85
13 25 —-47 - 142 95
93 45 -32 -155 -123
142 94 -16 -177 —-161
148 100 -15 -179 —164

closed system. The parameters on the curves in Fig. 9.7 are
the dimensionless locations of the observation wells and the
system area divided by the square of the distance between
the active and observation wells. A/r®.

If the system shape and approximate active-well location
can be estimated, figures such as Fig. 9.7 may be used for
type-curve matching interference data in bounded systems.
Such matching may require much patience, since data for
more than 150 type curves are given in Ref. 13.

The reciprocity principle™' can be helpful for inter-
ference-test analysis in bounded systems when using type

EXPONENTIAL INTEGRAL A

SOLUTION .
1072 L A | 1 [ | 1 R T |
10°! 1 L] 102
1'|)4"r0z

Fig. 9.7 Type-curve plot of py, vs 1,/r* for various
observation-well locations ina closed 2: 1 rectangle with the active
well atxp,,. =0.5, v, =0.75. After Earlougher and Ramey.""
Courtesy CIM.

® ACTIVE WELL l

o OBSERVATION WELL
o]

o 1.0
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Fig. 9.8 Explanation of dimensions used in Figs. 9.7 and 9.9. Wwell
locations for data match of Example 9.2,
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curves such as those in Fig. 9.7. Stated simply, the reci-
procity principle says that the pressure response at Obser-
vation Well A caused by production at rate ¢ from Well B
is equal to the pressure response that would be caused at
Observation Well B by production at rate g from Well A.
The principle is valid if pressure behavior in the system
satisfies the normal diffusivity equation (Eq. 2.1) and if
compressibility, permeability, viscosity, and porosity are
not pressure-sensitive. The reciprocity principle tells us that
it makes no difference which well is the active well and
which well is the observation well: the same reservoir prop-
erties should be determined for testing either way. McKin-
ley, Vela, and Carlton™ have demonstrated that principle in
the field for pulse testing.

If interference data are matched to a type curve such as
one of those in Fig. 9.7, it may be possible to estimate
reservoir area from the A/r* parameter for the matched
curve, as illustrated in the following example.

Example 9.2 Interference-Test Analysis in a
Bounded System

Simulated pressure data for an interference test in a closed
reservoir'® are given in Table 9.3. One well produces at 427
STB/D while the second well, 340 t distant, remains shut in
as an observation well. The wells lie in a structure such that a
good approximation is a 2:1 closed rectangle with the pro-
ducing well located atx;, = 0.5, ¥, = 0.75. The size of the
reservoir is not known. Other data are

h =123 ft re =0.27 ft

o= 0.8 cp $=0.12
B,=1.12RB/STB ¢, =83 X 107 psi!
g, =427 STB/D r = 340 ft.
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Fig. 9.9 Type-curve match for interference analysis of Example
9.2 After Earlougher and Ramey.'* Courtesy CIM.

109

Fig. 9.9 shows the pressure differences of Table 9.3
matched with one of the type curves of Fig. 9.7. The data
match the curve forx, = 0.5, v, = 0.5 reasonably well. At
the pressure match point indicated in Fig. 9.9,

Apy = 10 psiat (pp)y = 0.23,
and
ty = 10 hours at (rp/rp*)y = 1.6.
The permeability is estimated from Eq. 9.2:
g = (141.2)427)( .12)(0.8)(0.23)

(23)(10)
= 54.0 md.
Using Eq. 9.3,
_ (0.0002637)(54.0) 10

b= TGa0r0.8) 16
=9.62 X 107 psi~?,
and
¢ =0.116,

From the matched curve, A/r? = 32. Thus, we can esti-
mate the reservoir size:

A =32(340)* = 3.70 x 108 sq ft

= 84.9 acres.

The exponential-integral type curve may not apply for
interference-test analysis in some situations, Fig. 9.10
schematically illustrates how the dimensionless pressure
deviates from the exponential-integral solution when the
active well has a vertical fracture or has a high wellbore
storage coefficient. The severity of the fracturing effect'?
depends on both the length of the fracture and the distance
between the active well and the observation well. Similar
deviations from the exponential-integral solution may be
caused by wells with a large negative skin effect (s << 0)
distributed some distance into the formation. Wellbore stor-
age effects cause the pressure response at the observation
well to fall below the exponential-integral solutions at early
times because the change in the sand-face rate is less than the
change in the surface rate. The degree of deviation from the
exponential-integral solution depends on both the wellbore
storage coefficient and the distance between the wells. Un-

TABLE 9.3—PRESSURE INTERFERENCE DATA AT OBSERVATION
WELL OF EXAMPLE 9.2.
Data of Earlougher and Ramey.**

t Pi — prr'.‘
(hours} {psi)
0 0
1 2
1.5 5
2 74
3 12
5 21
10 33
24 62
48 100
96 170
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fortunately, very litle information is currently available
about these phenomena. *

Semilog Analysis Methods

If the two wells in an interference test are much closer
together than the distance to the nearest boundary or to
another active well (by a factor of about 10) in the system,
the pressure response at the observation well eventually will
be described by the logarithmic approximation to the expo-
nential integral (Eq. 2.5b). Then the observation-well pres-
sure would be approximated by

Puwslll) =Ping FMIOEL . vvvvvssinn wms ca (9.5)
Eq. 9.5 is strictly valid for t,,/r,? > 100, where

p__ 0.0002637 kt
!‘;;2 (bﬂcrrg

The restriction may be reduced to 1,/r,* > 10 with only
I-percent deviation. If r,,/r;,® exceeds 2 or 3, Eq. 9.5 is often
adequate for data analysis. When Eq. 9.5 can be used for
interference-test analysis, observed pressures are plotted as
Pws vs log r during the initial phase of an interference test.
Such a plot should have a semilog straight-line portion with
slopem given by

~162.6 gBu.

= R A 9.7
m o (9.7)
and intercept p,y,. given by
Pime=p; +m []ng ( k ﬁ) = 32275 . s (9.8)
bucr?

The skin factor does not appear in Eq. 9.8 since fluid is
flowing only at the active well and not into or out of the
observation well. The semilog straight-line slope may be
used to estimate the system permeability,

p— —162.64Bu

N 9.9
i (9.9)
and the reservoir porosity-compressibility product,
e, = K antilog (P' ~Pine _ 3.2275). .. (9.10)
reu m

Itis usually necessary to extrapolate the pressure response to
estimate p,y,, (which must be on the semilog straight line),
since it usually takes many hours to reach a semilog
straight-line response at an observation well.

If the observation well is shut in after time t,, then normal
superposition may be used for analysis of observed pres-
sures. After along shut-in time, the pressure behavior at the
observation well will be given by

* A paper that treats this subject in more detail appeared just before publica-
tion of this monograph — Jargon, J. R.; **Effect of Wellbore Storage and
Wellbore Damage at the Active Well on Interference Test Analysis,"”
J. Pet. Tech. (Aug. 1976) 851-858, Jargon presents several type curves
that show the influence of storage and damage at the active well on obser-
vation-well response. He indicates that active-well wellbore storage and
wellbore damage effects are not important at the observation well when

Lo~ (230 + 155) (QL) om

o m=

Belore that time , kh/p estimated from the exponential-integral type curve is
low and ¢k estimated is high.

ADVANCES IN WELL TEST ANALYSIS
Pus (t; + AtLr)=p; + m log (L:; Af-) (911
!

Eq. 9.11 indicates that a plot of observed pressure after the
active well is shut in vs log[(t, + An)/At] should have a
semilog straight-line portion with slope = m. Permeability
is estimated from Eq. 9.9 and the porosity-compressibility
product is estimated from

é(-!: Tk anlil[)g[ p1hr—_pit_s(A—f= 0)
F= m

I

—log (M 1) - 3.2275]. ........... (9.12)

As before, the semilog straight line must be extrapolated to
Pine- The term log [ (7, + 1)/r,] is normally small and often
can be neglected.

As with single-well testing, the signs of Ap and the rate
must be considered when analyzing interference tests, since
tests are commonly run with either production or injection
al the active well. Egs. 9.10 and 9.12 will give incorrect
results if the signs are not treated properly. No simple rule of
thumb can always be applied to prevent errors, but we can
state that (1) k mustalways be positive, so the sign of m must
be opposite the sign of ¢; and (2) except when r is small or k
is very large, the (p; — pn)/m term in Eq. 9.10 (or its
equivalentin Eq. 9.12) will be positive. Normally, ¢c, is of
the order of 10°7 for liquid-filled systems; it may exceed
10~ for systems with free-gas saturation.

Example 9.3 Interference-Test Analysis Using
Long-Time Equations

The interference test of Example 9.1 is analyzed using
Eqs. 9.5 through 9.12. The observed pressure data are given
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Fig. 9.10 Schematic illustration of the effect of vertical fractures
and wellbore storage on observation-well response during an
interference test.
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in Table 9.1; other data are given in Example 9.1.

Fig. 9.11 is a semilog plot of the observation-well pres-
sure data. The last three points in the injection part of the test
appear to form a straight line, so we attempt analysis. Since
there are only three data points on the straight line, and since
ty/rp? (calculated from resulis below) is only about 5, the
analysis is tentative. Type-curve matching is preferred in
such a situation. From Fig. 9.11,

m = 120 psig/cycle,
and
Pus(t = 10 hours) = 41 psig,
so extrapolating one cycle,
Pine=41 — 120 = —79 psig.

Using Eq. 9.9,
k:_(—162‘6){470)(1.0)(1.0)
(120)(45)
=35.1 md.

We estimate ¢¢, from Eq. 9.10:

sl . [0-(=79)
y = ___ant o N SO SO P 08
¢ = qiovao llog[ 120 E ]
=971 X 1077 psi™',
and
¢d=0.11.

We can also analyze the decreasing-pressure portion of
the test. Fig. 9.12 is a plot of the type suggested by Eq. 9. 11.
The slope taken from the last four points, 111 psi/cycle, may
be used in Eq. 9.9 to estimate

~162.6)(—170)(1.0)(1.0) _ 5 5 14
(111)(45) o
We estimate pp,, by extrapolating the line in Fig. 9.12. At
1 hour, (¢, + Ar)/At = 49. We read p = 72 psig from Fig.
9.12 at (r, + Ar)/Ar = 4.9. Then, extrapolating one cycle,

Pue=72 + 111 = 183 psi.

-

111

Fig. 9.11 indicates that p,(Ar = 0) = 123 psi. Then, from
Eq.9.12,

35
(119)2(1.0)

~ log (43 + ') - 3.2275]
48

=7.82 % 1077 psi~.

! =

il [183171123

Both k and éc¢, are close to the values computed from the
increasing-pressure portion of the analysis. The injection-
period semilog analysis agrees well with the type-curve
analysis in spite of the fact that (Eq. 9.6)

tp _—  (0.0002637)(5.1)(48)
T (971 X 107 7)(1.0)(119)?

for the injection period.

=4.7,

When there is significant rate variation at the active well
during an interference test, analysis becomes much more
difficult. In this case, complete superposition must be used;
but because the logarithmic approximation to the
exponential-integral solution generally will not apply,
analysis techniques are not so simple. Under these circum-
stances, results generally must be analyzed by using com-
puter methods such as those discussed by Jahns® and Ear-
lougher and Kersch.'®

9.3 Pulse Testing

Pulse testing is a special form of multiple-well testing first
described by Johnson, Greenkorn, and Woods.'*'8 The
technique uses a series of short-rate pulses at the active well.
Pulses generally are alternating periods of production (or

TIME AFTER SHUT IN, Ot, HR

% 150 —r—1 T T L
a Vd
;’ ! SLOPE =m = 120 ps:/cm.sc}/ B
- Vd
w // o
100 |- -
3 .
o o
,/
w
v o
3 5o ’ ° -
* S/ p(t=10)= 41 PSI
: L / ° ]
(o] © Vi
E /a———— |NJECTING ——4-— SHUT-IN —2
o A N | 1 1 i
0 5 ¢ 2 X N 2 )
10 0%

TIME, t, HR

Fig. 9.11 Semilog plot of interference data for Example 9.3:
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injection) and shut-in, with the same rate during each pro-
duction (injection) period. The pressure response to the
pulses is measured at the observation well. Because the
pulses are of short duration, the pressure responses are
small, sometimes less than 0.01 psi, Therefore, special
pressure-measuring equipment is usually required. 17-18

The main advantages of pulse testing result from the short
pulse length. Infinite-system equations (Eq. 2.5) usually
apply at such short times, regardless of the system size. A
pulse test may last from a few hours to a few days, so it
should disrupt normal operations only slightly compared
with interference testing. Reservoir pressure trends and
noise are automatically removed by the analysis technique
given in this section,

Fig. 9.13 schematically illustrates pulse testing for a
two-well system. The figure is for a producing well that is
pulsed by shutting in, continuing production, shutting in,
continuing production, ete. The upper portion of the figure
shows the constant production rate before the test and the
rate pulses. The lower portion of the figure illustrates the
pressure behavior at the observation well and correlates the
pressure pulses with the rate pulses. Although the flow time
and shut-in time are equal in Fig. 9.13, pulse testing can be
done with unequal flow and shut-in times. However, all
flow times must be the same and all shut-in times must be the
same.

Two characteristics of the pressure response at the obser-
vation well are used for pulse-test analysis. One is the time
lag, the time between the end of a pulse and the pressure
peak caused by the pulse (Fig. 9.14). A time lag is as-

RATE AT
PULSING WELL, q

o

PULSE
RESPONSES

-
ESTABLISHED™ ~ |
TREND

PRESSURE AT
RESPONDING WELL, Pw

L

TIME

Fig. 9.13 Schematic illustration of rate ( pulse) history and pressure
response for a pulse test.
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soclated with each pulse. (The pulse responses shown in
Fig. 9.14 are not necessarily representative of an actual
pulse-test response; the relationship of the pulses has been
drawn to simplify defining the terms used in pulse-test
analysis.) Time lags for the first and fourth pulses are shown
in Fig. 9.14; similar definitions apply for the second, third,
fifth, sixth, seventh, and eighth pulses in that figure.

The second variable used in pulse-test analysis is the
amplitude of the pressure response, Ap,, Ap,. etc., shown
in Fig. 9.14. We determine pulse-response amplitude by
first constructing the tangent between the two peaks (or
valleys) on either side of the pulse (o be measured. Then we
draw a line parallel to that tangent at the peak of the subject
response. The pressure amplitude is the vertical distance
between the two lines. The same approach applies to both
peaks and valleys. Strictly speaking, the Ap value for the
first peak in Fig. 9.14 is negative, as it is for all other odd
peaks: Ap is positive for even responses. In the analysis
methods presented in this section, the sign convention is
eliminared, since it tends to be confusing. Rather, we desig-
nate that the sign of Ap is the same as the sign of the rate in
the flowing part of the test, so Aplg > 0.

Pulsc-test analysis techniques have been outlined by
Johnson, Greenkorn, and Woods,'* Culham,'® Startz-
man,** and Brigham and Kamal.?'* The Kamal-Brigham
technique* has the advantage of being flexible and con-
venient to use for hand analysis, so it is presented here.
Many analysis techniques require use of a digital computer,

The Kamal-Brigham analysis method uses several defini-
tions. The ratio of pulse length to the total cycle length is
defined as

where Atp and As,- are indicated in Fig. 9.14. (This nomen-
clature deviates from that used by Johnson, Greenkorn, and
Woods.'1) The dimensionless time lag is defined analo-
gously to any dimensionless time,

(f;_ ]n = Uq{)ozﬁ—szfL ................... {9. 14)
dpcr,
th
W
x
=1
)]
0
PULSE NUMBER = | 2 B 4 L] -] 7 8
L
E q9>0 q>0 q>0 q=>0 q>0
14
START OF T
PULSE TEST tp— F‘ TIME —»
[ Ot

Fig. 9.14 Schematic pulse-test rate and pressure history showing
definition of time lag (1, ) and pulse-response amplitude (Ap),
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using the wellbore radius of the active well. The dimension-
less distance between the active and observation wells is

where r is indicated in Fig. 9.1. The dimensionless-pressure
response amplitude is

N —— (9.16)
141.2¢Bu
where ¢ is the rate at the active well while it is active. We use
the sign convention that Ap/g is always positive.
The time lag and pressure response amplitude from one or
more pulse responses are used to estimate reservoir proper-
ties from a pulse test. The permeability is estimated from

o 140 2g8u {App[u/bic P e (9.17)
hAp[1/Ai-]?

In Eg. 9.17, Ap and ¢, are from the observation-well re-
sponse for the pulse being analyzed; Az is the cycle length
at the pulsing well; and {z}p,, [r,_f’A:;-j”}F,g_ is from Fig.
9.15,9.16,9.17, 0r9.18 for the appropriate values of 1, /Ate
and F'. It is necessary to use the figure specifically applying
to the pulse being analyzed. Fig. 9.15 is for analysis of the
first odd pulse (first pulse); Fig. 9.16 is for the first even
pulse (second pulse); Fig. 9.17 is for all odd pulses afier the
first(3.5.7,...); and Fig. 9.18 is for all even pulses after the
first (4.6,8....).

Once the permeability is estimated from Eq. 9.17, we
estimate the porosity-compressibility product from

~ . 0.0002637 Kk 1,
o= — ~
w2 { (1)olry? s,

310.‘.: =

SRR B S (9.18)

0.0035 ————
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In Eq. 9.18 the value of {(1,)p/rp?} i, is from Fig. 9.19,
9.20, 9.21, or 9.22. As before, the figure used depends on
whether the first odd or even pulse or one of the remaining
odd or even pulses is being analyzed.

Once pulse-test data are available and plotted and time
lags and pressure responses are measured, pulse-test
analysis by the Kamal-Brigham technique is rapid. It is good
practice to analyze several pulses to get an idea of the
reliability of the results.,

Prats and Scott?® have presented preliminary data show-
ing the effect of wellbore storage at the observation well on
pulse-test response. Wellbore storage effects at the observa-
tion well increase the time lag (1) and reduce the response
amplitude (A p) of the first pulse. Data are not presented for
later pulses, but they can be expected to be affected. also.
Using the Prats and Scott®® data, we can approximate that
the effect of wellbore storage at the responding well will
result in less than a 5-percent increase in time lag and a
virtually unaffected response amplitude when the distance
between pulsed and responding wells satisfies

rn >34 Cnﬂ,ﬁ-i_ ........................ [9. 1921)

Eq. 9.15 gives ry, using r,. of the observation well and Cp is
from Eq. 2.18. In terms of physical quantities, Eq. 9.19a
becomes

re 3, (___qb < 2)”"“ o (9.19b)
Cnr .
or approximately,
r>32 (d,E; )"""“. .................. (9.19¢)
ch
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Fig. 9.15 Pulsc testing: relation between time lag and response
ampliwde for first odd pulse. After Kamal and Brigham.**
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Fig. 9.16 Pulse testing: relation between time lag and response
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Fig. 9.18 Pulse testing: relation between time lag and response
amplitude for all even pulses after the first. After Kamal
and Brigham **
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Fig. 9.20 Pulse testing: relation between time lag and cyele length
for first even pulse. After Kamal and Brigham **
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Fig. 9.21 Pulse testing: relation between time lag and cycle length
for all odd pulses after the first. After Kamal and Brighum 2
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Fig. 9.22 Pulse testing: relation between time lag and cycle length
for all even pulses after the first. After Kamal and Brigham.**

Wellbore storage at the active well also can be expected to
influence pulse-test response; details are not currently
available.®

Example 9.4 Pulse-Test Analysis

Fig. 9.23 shows pulse-test data from McKinley, Vela,
and Carlton.” Producing Wells A8 and A9 were tested by
pulsing Well A8 (A, = 1 hour, ¢ = 550 STB/D) and
observing the response at Well A9 (plus symbols in Fig.
9.23). At some other time, Well A9 was pulsed (Arp =
1 hour, g = 450 STB/D), and the response at Well A8 was
observed (open circles in Fig. 9.23). Reservoir data include
B = 1.0RB/STB and r = 1,320 ft (40-acre spacing).

We analyze the second peak (third pulse response)
of Fig. 9.23 for illustration. From each set of data on the
figure,

AP _ 7.6 x 10~ psi/(STB/D),
q
and
1, = 0.15 hours,
For these tests, At = 2 hours and Azp = 1 hour. Thus,

t./ALe = %‘(1}05* =0.075,

and
F'=1.02.0=0.5.

There is not enough information to estimate permeability
from Eq. 9.17, but the equation can be rearranged to com-

+A paper that briefly discusses this subject appeared just before publication
of the monograph — Jargon J. R.: "'Effect of Wellbore Storage and
Wellbore Damage at the Active Well on Interference Test Analysis,”" J.
Pet. Tech. (Aug. 1976) 851-858, That paper states that wellbore storage at
the pulsing well reduces pulse amplitude and increases the time lag.

pute kh/p. Use Fig. 9.17 for all odd pulses after the first with

F' = 0.5and 1,/At. = 0.075 and read { Apy [1./A0 |2} i =
0.00128. Then,

kh _ (141.2)(1.0){0.00128}

Fe S 1 =42,300 md ft/cp.
pwo (7.6 x 1079[0.075]*
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r e Y A Y A T A Y - 3 ]
160
[ + 4849 (550 8PD) [ ¥
[ 0 49—+48 (450 BPD) £
40 I
7 +
"h_ # +
120 E;T ]
Q ra
o Q 2 an 4
o C g 9
N 100 + v T
iy e - 3
3 | il
0" 80 ]
0 FL Lo
3
- FABNYP 4
o o o0,
A i o
o
3 il il
40—
- - u
[ 1§ 2 + B
20+¥ A + } §
u 1 H H 3
H L 1 w
0+ 1 1 ] 1 o
0 I 2 3 4 ‘s

TIME SINCE START OF TEST, HR

Fig. 9.23 Pulse-test data for a well pair tested in both directions.
Example 9.4. After McKinley. Vela, and Carlton.’
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To estimate ¢c,h we use a rearranged form of Eq. 9.18
and {(r,),,fruz}wg_ = 0.0876 from Fig. 9.21 for all later odd
pulses.

ey = (0:0002637)(42,300)(0. 15)

(1.320)%(0.0876)
= 11.0 x 1075 ft/psi.

Using their analysis technique, McKinley, Vela, and
Carlton? estimated kh/u = 40,000 = 2,000 and dbc,h = 11.0
X 107% = 1.1 x 107% for Well A8 pulsing and Well A9
responding. For Well A9 pulsing and Well A8 responding,
they estimated kh/p = 46,000 = 7.000 and doh =127 X
10~%% 1.3 % 16-5,

For best results, pulse tests should be run with a good
combination of pulse length, pulse amplitude, and pressure-
measuring equipment, To accomplish this, we recommend
designing pulse tests using estimated reservoir properties.
Test design utilizes Figs. 9.15 through 9.22, as illustrated in
the following example.

Example 9.5 Pulse-Test Design

We wish to design a pulse test for a reservoir with the
following approximate properties:

¢ =100 B/D r =660 ft

k=200 md ¢ =10 x 1079 psi !
w=3cp 6=0.18

h=25ft B =1.1 RB/STB.

The pulsing well is a producer, so to minimize shut-in
time we choose a short shut-in pulse, such as F' = (.3,
For initial des ign calculations, we choose the maximum
Apn[t,,f.-’.)t.«-]z points from Figs. 9.15 and 9.16 for the
first odd and even pulses. For the first even pulse and
F' =03, {Apy[t,/80: )}y, ~ 0.0042 ate/At, ~ 0.33
from Fig. 9.16. Using Fig. 9.20 for that value of /A,
{(t)nrs?} s, = 0.122. Rearranging Eq. 9.18,

ly= {(’L)”"rﬂg} Fie. " dpc,
) (0.0002637) k

__ 10.122}(660y2(0.18)(3)(10 x 10 8)
- (0.0002637)(200)
= 5.4 hours.

Cycle time is given by

Ate =1/[n/A1:] = 5.400.33 = 16.4 hours,
and the pulse length is

Atp =F'At; = 4.9 hours.

We estimate pressure response by rearranging Eq. 9.17:

A 141.2)4Bu{Ap, [:,,m;(ﬂ_r.._g__
kh[1/A: ]2
_ (141.2)(1.1)(3){0.0042}
T (200)25)[0.33]
=3.6 X 107%¢g psi.

ADVANCES IN WELL TEST ANALYSIS

Thus, Ap = 3.6 X 107%(100) = 0.36 psi is the expected
response amplitude for even-pulse analysis. We would shut
in the well for 5 hours, produce for 11 hours, and so forth.

If we wish to analyze the first odd-pulse response, we
design in a similar way:

{Apy[1/A1:]?} 41, = 0.0014
att /At = 0.27 from Fig. 9,15,
and
{(6)olrp?} e, = 0.074 from Fig. 9.19.

Estimating as above, ¢, = 3.3 hours, At ~ 12.2 hours, At
= 3.7 hours, and Ap = 0.12 psiata 100-B/D rate; we would
shut in for 4 hours, produce for 8 hours, etc. We would
require pressure-measuring instrumentation that will pro-
vide reliable pressure-change data when Ap ~ 0.1 psi. We
should analyze the even pulses, since they will show the
greatest pressure response.

Alternatively, we could have chosen a convenient pulse
length and calculated Ap/g. We could then use Aplg to
choose pulse height (¢) or the pressure-measuring instru-
ments. Of course, for many wells, we may not be able to
change the pulse magnitude (rate) significantly.

We could get a larger response amplitude with a longer
test. For example, if we choose {Ap,, [t,.j’Ar,-]z},--,,,‘ 916 =
0.00156at [1, /At | = 0.07, then {(7,)n/ry? }ris. 020 = 0.109
and we get 1, = 4.86 hours, At = 69.4 hours, and Ap =
2.96 % 10~%y. Thus, by increasing cycle (and test) time bya
factor of 4.23, we can increase the response amplitude by
over eight times. However, a main advantage of pulse test-
ing is the short test time. so it may be better to accept a
smaller pressure response to keep test time short.

9.4 Heterogeneous and Anisotropic Reservoirs

Most multiple-well testing techniques are based on the
assumptions that the reservoir system is isotropic and
homogeneous in the influence region. If those restrictions
are not satisfied, the analysis techniques presented in this
chapter generally provide results that are some type of an
average of the properties within the influence region (Fig.
9.3).% Vela and McKinley® propose a method for correcting
values of kh/p and ¢eih determined from a series of pulse
tests to reservoir average properties, This method should
also apply to normal interference testing when sufficient
data are available.

It enough observation wells are used, interference-test
data sometimes can be analyzed by computer methods to
give a description of the variation of reservoir properties
with location. Jahns® describes a technique that applies to
heterogeneous and anisotropic reservoirs. The technique
presented by Earlougher and Kersch'® applies to an isotropic
but otherwise homogeneous, infinite-acting reservoirs.
Other techniques also have been suggested.®?

Pierce, Vela, and Koonce?* describe a method for es-
timating the orientation and length of hydraulic fractures by
pulse testing. Although that method requires computer
simulation, it is potentially useful for estimating the exis-
tence and direction of permeability anisotropies. The
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method is qualitative unless the computer simulation is
used, so it is not discussed further here.

Based on work by Papadopulos,*® Ramey'' presents a
method for estimating anisotropic reservoir properties from
interference data. Although more complex than single-well
interference analyses, the method does not require computer
assistance. Fig. 9.24 defines the necessary nomenclature.
The major permeability axis, kmay, 15 rotated from the axis
used for measuring well coordinates by the angle . The
minor permeability axis, K min, is oriented at 90° to the major
permeability axis. The active well is located at the origin of
the coordinate system and the observation wells are each
located at coordinates indicated as (x,y). The anisotropic
analysis requires pressure data from at least three observa-

tion wells located on different rays extending from the active
well. Tt assumes that the active-well/observation-well sys--
tem is infinite-acting and homogeneous (with the exception
of having anisotropic permeability).

Ramey shows that the pressure at an observation well is

plt.x,y)=pi — MP;:([fnfffnz]=1ir) .. (9.20)

N klnaxk min h

Eq. 9.20 has the familiar form of Eq. 2.2, except that the
permeability has been replaced by Vkmaxkmin and the

definition
(1), =00 [ bt ],
o Jaie buc, (kzy? + kyx* — 2kay Xy)
................................ (9.21)

is used. In Eq. 9.21, k. ky, and k;, are components of the
symmetrical permeability tensor aligned with the coordinate
system.'! To estimate Kpax. Kmin» and 8, it is necessary to
first estimate k., k,, and k., as described below.
Type-curve matching is the first step of the analysis tech-
nique. Observed pressure data from at least three wells are
plotted and matched to the type curve of Fig. C.2, as de-
scribed in Section 9.2. Each of the three data sets must be

Yy OBSERVATION WELL
AT (x, y)
®

\ MAJOR
N PERMEABILITY
\ /’ AXIS

K.
min ; 9
ACTIVE WELL // A\ \

N
7 N\ MINOR
e N PERMEABILITY
N AXIS
N

®x

WELL PATTERN
COORDINATES

Fig. 9.24 Nomenclature for anisotropic permeability system.
After Ramey."'
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matched so the pressure match point {Apy,(pp)y] is the
same for all three observation-well responses. The time
match point [1y,(#/ry?)y ] will be different for each set of
observation-well data. By making the match this way, and
by obtaining the best match for all three data sets, the
directional permeability characteristics and ¢c, may be
estimated.

Once observed pressure responses are matched, average
system permeability is estimated from

= 141.2 gBp(po)

k= kmnkain = — _hMc{ApF:fpn)" »
where the pressure match points are the same for all pressure
observation responses. Each of the three time match points,
[r,u.(r,,fr,,‘)u], is used with a rearranged version of
Eq: 9.21:

vk + x%hy — 2xy key =
(0.0002637) kpaxkmin v

dpc, (tplrp® )
We write Eq. 9.23 three times, once for each observa-
tion-well match. That gives three equations in four un-
knowns, K, ky. Ky, and ¢uc,. They may be sol ved simul-
taneously to obtain k., k,, and k,,, each in terms of the
unknown ¢puc,. Then k,, k,, and k., (in terms of ¢puc,) are
substituted into

kpky — kzy* = kmaxKmin = k2,

Since the right side of Eq. 9.24 is known (from Eq. 9.22), it
can be solved to estimate ¢pec,. Then we estimate k., k,,, and
k., from their relationships to ¢uc,. To complete the
analysis and estimate the maximum and minimum direc-
tional permeabilities and the angle of orientation, we use

Kmax = 0.5{ (ks + k) + [(kz = k)? + a.,]"},

................................ (9.25)
Komin = 0.5{ (k +k,) — [(ke —ky)? + 4,&:”2]"&} .
................................. (9.26)
and
6 = arctan (k.m-?.! = k-.‘f.) R R (9.27)
sy
Example 9.6 Interference-Test Analysis in an

Anisotropic Reservoir

Ramey'! gives data for an interference test in a nine-spot
pattern at the end of a waterflood. Before testing, all wells
were shut in. The test was run by injecting at —115 STB/D
and observing the fluid levels in eight of the shut-in produc-
tion wells, both during injection and during the subsequent
falloff period. Ramey!' tabulates complete pressure data
during injection and falloff for all eight observation wells
and falloff data for the injection well. Only a portion of the
data is used here to illustrate the use of Eqs. 9.22 through
9.27.

Fig. 9.25 shows the well locations. Table 9.4 gives ob-
served pressure changes during the injection period. Other
data are
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TABLE9.4 —PRESSURE DATA FOR INTERFERENCE TESTOF
EXAMPLE 9.6,
After Ramey. !

Weil 1-D Well 5-E Well 1-E
t Ap t Ap t Ap
(hours) {psi) {thours) (psi) (hours) _psﬂ
23.5 -6.7 21 -4 275 -3
28.5 7.2 47 11 47 5
51 =15 72 -16.3 72 —11
77 -20 94 ~21.2 395 13
ob — 25 115 -22 115 —~16
122 25
g=—115STB/D B =1.0RB/STB
h=25f ¢ =0.20
w=1.0cp pi = 240 psi.

Fig. 9.26 shows the match of the data in Table 9.4 to the
type curve of Fig. C.2. The match was made so the pressure
match point [p_h,.{lf,:,j )_,,.J is the same for all three responses,
while the time match points vary.

Match-point data are py, = — 10 psiand (py)y = 0.26.

Well 1-D Well 5-E Well 1-E
ty, hours 72 92 150
(f};fﬂ"uz)ﬂ 1.0 1.0 1.0

Average permeability is estimated from Eq. 9.22;

= (141.2)(—115)(1)1) (0.26)

k= — ) $9.20)
25 (—10)

kmakain
= 16.89 md.
kmakam . “6-89)2 = 285.3.

We now write Eq. 9.23 for each time match point;
For Well 1-D,
(4750 ky + (0)? ky, — 2(0)(475) k.,
= (0‘000263?)(285.3)_ (72)
dpc, (1.0)

For Well 5-E,
(0 ke + (475)2 k,, — 2(475)(0) k.,
(_0.0{)02637)(285.3)_ (92)

Puc, (L.oy
b 4
(475, 5/4)
(O, 475) .I-E
1-D
N
4730
1{ l (475, 0)
*—
5-D 5-E

Fig. 9.25 Well locations for Example 9.6,
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For Well 1-E,
(514)% k, + (475)% k, — 2(475)(514) k,,,
_ (0.0002637)(285.3) (150

duc, (1.0)
Simplifying and normalizing, these equations become
bpee,
k, - 3.068x10° g
buc,
0.5411k, +0.4621 k, —ky, = 2311 X107
buc,
Combining Egs. A, B, and C gives
kei=(0,5411) 2401 x 107
b,
bpec, bpc
5 AOMIR MR it ons e (D)
bpc,
Using Egs. A, B, and D in Eq. 9.24 results in
(2.401 X 10-%)(3.068 x 10-%) _ (4‘059 X 10-6\2
(ppc)(duc,) duc, )
SIBOERL oesnamavents e RN NE AT (E)
S0
e, =
J (2.401 X 10-%)(3.068 X 10-%) —(4.059 X 10 9
- 2853
=1.589 x 10-% cp/psi.
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Fig. 9.26 Interference data of Example 9.6 matched to Fig. C.2:
Pressure match is the same forall curves.
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Thus,

_ 1.589 x 10-%
(0.20)(1)

Now, Egs. A, B, and D are solved using the computed ¢duc,:

=795 % 10-5psi'.

k,= 2401 X 10°% _ 15 41 g
1.589 X 10

k= 3:068 X 107% _ 19 37 g,
1.589 x 10~

kyy= 3059 X 1070 _ 5 55mg,
1.589 X 10°*

We use Eq. 9.25 to estimate the major permeability value,
kay =0.5 [(15.11 +19.31)

+V(15.11 — 19.31)% + 4(2.55)2]
=20.5md,

and Eq. 9.26 to estimate the minor permeability value,

kiin=0.5 [(15. 11+ 19.31)

—V(15.11 — 19.31)® + 4(2.55)®

=13.9md.

We know \/kmakam = 16.89 from Eg. 9.22, so we can
check the computations:

Vi maxk min = V(20.5)(13.9)

= 16.88.
Finally, we estimate the direction of Ky, from Eq. 9.27:
6 = arctan20:5 — 15.11
2.55

= 64.7° from the x axis.

Correcting for the orientation of the axes, the maximum
permeability direction is

#=064.7—47.3 = NIT.4°W.

Example 9.6 indicates that although estimating aniso-
tropic reservoir parameters may be a lengthy procedure, it is
not particularly difficult, and does not necessarily require a
computer. The most difficult part of the analysis is the
simultaneous solution of the equations indicated as Egs. A,
B. and C in Example 9.6. In that example, solution was
simple since two of the equations solved themselves. That is
often the case, if the coordinate system is chosen judi-
ciously. As indicated in the example, it is not necessarily
casiest to choose the coordinate system so it is aligned with
north and south.

Swift and Brown?*® propose a computationally different
approach to estimating directional properties that is still
based on the exponential integral. When applied in a manner
similar to that described above, it will give the same results
as Ramey’s'! technique, although solution of the simulta-
neous equations may be more difficult. Swift and Brown®
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suggest that, if enough data are available, a regression
approach could be used to estimate k., k. @and 6. They
also state that, if the reservoir is heterogencous. permeabil-
ity values estimated by conventional interference-test
analysis for homogeneous, anisotropic reservoirs (for exam-
ple, by Eq. 9.2) may imply directional properties directly
contrary to the true situation.
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Chapter 10

Effect of Reservoir Heterogeneities on Pressure Behavior

10.1 Introduction

Most material elsewhere in this monograph assumes
homogeneous and isotropic reservoirs. This chapter dis-
cusses the effects of some common reservoir heterogeneities
on pressure transient behavior. Heterogeneities — variations
in rock and fluid properties from one location to another —
may result from deposition, folding and faulting, post-
depositional changes in reservoir lithology, and changes in
fluid type or properties.! Heterogeneities may be small-
scale, as in carbonate reservoirs where the rock has two
constituents, matrix and fractures, vugs, or solution
cavities. They also may be large-scale, such as physical
barriers, faults, fluid-fluid contacts, thickness changes,
lithology changes, several layers with different properties in
each layer, etc.

A related characteristic is permeability anisotropy. An
anisotropic reservoir has permeability that varies with flow
direction. Anisotropy can be caused by sedimentary pro-
cesses (channel fill deposits, for example) or by tectonics
(parallel fracture orientations). Anisotropy can occur in both
homogeneous and heterogeneous reservoirs. As a result,
anisotropy does not necessarily imply heterogeneity in the
sense defined in the previous paragraph. Most reservoir
rocks have a lower vertical permeability than horizontal
permeability, and so are anisotropic in that regard.

All the above heterogeneities usually exist in the virgin
state. In addition, man may induce heterogeneities in the
reservoir, Man-made heterogeneities include changes near
the wellbore from mud invasion during drilling, hydraulic
fracturing, acidizing, or fluid injection. Chapter 11 treats
man-induced changes such as hydraulic fracturing.

Since heterogeneities exist in varying degrees in many
reservoirs, it is important to know how much of the in-
formation presented elsewhere in this monograph is us-
able in heterogeneous systems. Fortunately, many of the
single-well transient testing techniques for homogeneous
reservoirs may be applied to heterogeneous systems with
useful results. Heterogeneities affect multiple-well tests
more severely.

Jahns? and Vela and McKinley?® propose techniques for
estimating heterogeneous reservoir properties from a series
of interference and pulse tests. Such techniques generally

require a computer and some type of regression analysis.
Even when using the computer and regression techniques. it
is difficult (if not impossible) to delineate specific
heterogeneities from well tests. The difficulty occurs be-
cause many different conditions can cause the same or
similar well-test response. 1f we have an idea of the type of
heterogeneity, it may be possible to determine some of the
properties involved by pressure transient testing. However,
it is dangerous — and poor engineering practice — to infer
heterogeneous reservoir properties based solely on transient
testing. Geological, seismic, fluid flow, and performance
data should be considered before hypotheses are formed
about the type and location of heterogeneities. It may be
possible to design a specific transient test to investigate the
possibility of a particular type of heterogeneity. For in-
stance, if each layer in a layered reservoir is tested with a
straddle packer arrangement, permeability, skin factor, and
average pressure of that layer may be estimated from the test
data. However, if layers are not isolated in the wellbore
during such testing, meaningful individual-layer data cannot
be obtained with current technology.

Fig. 10.1 illustrates one of many difficulties that arise in
attempting to infer heterogeneities from transient data. The
reciprocity principle* (Section 9.2) indicates that both situa-
tions shown in Fig. 10.1 will have precisely the same inter-
ference response. Thus, interference testing the two wells
cannot indicate which of the two situations in Fig. 10.1
exists. The difficulty might be resolved by interference
testing with other wells or by using other data. The impor-
tance of Fig. 10.1, however, is the indication that even very
simple conditions cannot necessarily be resolved by tran-
sient testing.

In this chapter, we discuss permeability anisotropy, clas-
sify reservoir heterogeneities, and describe how these
heterogeneities affect transient testing. We show that sev-
eral types of heterogeneities can cause similar transient-test
pressure response. We provide some analysis techniques,
but again, we caution that results should be supported by
other data. The main goal here is to illustrate a variety of
situations — a comprehensive treatment would require a
monograph itself.
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10.2 Linear Discontinuities — Faults and Barriers

Lincar discontinuities, particularly single sealing faults,
have been a popular topic in the transient-testing
literature."** Fig. 10.2 shows a single well, Well A, near a
lincar sealing fault in an otherwise infinite-acting reservoir.
Homer® considers pressure buildup and Russell” discusses
two-rate flow testing in that system. Regardess of test type,
the linear flow barrier affects the test in about the same way.
To obtain the effect of the linear fault, we use the method of
images' (sce Appendix B) and add an image well, Well A',
as shown in Fig. 10.2. Then the pressure drop anywhere on
the left side of the fault is the sum of the pressure drops
caused by Wells A and A’. The following illustrates the
process for drawdown testing.

If Well A, near a linear fault, is put on production atz = 0,
the pressure change at the well is estimated by using the
superposition principle (Section 2.9) and the two wells
shown in Fig. 10.2. Thus, the pressure drop at Well A is the
Ap at Well A caused by production at Well A plus the Ap at
Well A caused by production at Well A"

'&p =Pi — Pur
= APA.A T Apsan
Using Eq. 2.2,

Ap= l—‘ll"z qBu A [poltprp = 1) +5] + pylty.2Lir,)},

since g is the same at both wells. For infinite-acting systems,
the dimensionless pressure is given by the exponential-
integral solution, Eq. 2.5a. Atrelatively short times, the log
approximation applies ar Well A and p;, is given by Eq. 2.5b.
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Fig. 10.1 Nonuniqueness because of reciprocity . Mirror-image
models give identical multiple-well test responses. After Jahns.?
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Furthermore, at short times #,/r;* for the image well is
small, so the dimensionless-pressure contribution from the
image well is essentially zero (see Fig. C.2). As aresult, al
short times the flowing bottom-hole pressure at Well A is
given by Eq. 3.5, the familiar drawdown relationship:!-?

Per=mlogt +py..

Eg. 10.2 indicates that a plot of short-time drawdown
bottom-hole pressure vs log 1 should have a straight-line
portion with slope m given by Eq. 3.6,

m= —162.6gBu )

kh
and intercept p,p,, given by Eq. 3.7, Thus, for a well near a
linear fault, drawdown (buildup, two-rate, etc.) testing can
be used to estimate reservoir permeability and skin factor in
the usual fashion, as long as wellbore storage effects do not
mask the initial straight-line section. If the well is very close
to the fault, the initial straight line may end so quickly that it
is masked by wellbore storage.

As the drawdown proceeds, the dimensionless-pressure
contribution from Image Well A’ becomes significant, and
the pressure at the producing well falls below the initial
semilog straight line. After a long-enough production time,
po for the image well is given by Eq. 2.5b, so®

Pur= 2(??‘1' l“gf it plhr)

+ {p,- +m [0.868595 + log f"L: )]} )

Iy

Eq. 10.4 indicates that the p,y vs log ¢ plot will have a second
straight-line portion with a slope double that of the initial
straight line. The double slope also occurs in two-rate test-
ing, pressure buildup testing, injectivity testing, and pres-
sure falloff testing.!5-7 Average drainage-region pressure is
estimated in the manner normally used for buildup testing
using the second straight line.

The simple occurrence of a doubling of slope in a transient
test does not guarantee the existence of a linear boundary

LINEAR
SEALING
FAULT
A A'
S| L—=0
WELL IMAGE

Fig. 10.2 Lincar sealing fault near a producing well,
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near the well. Pressure data taken during wellbore storage
domination can cause two apparent semilog straight lines
with a slope increase (for examples, see Figs. 5.2 and 7.4).
In such cases, the apparent semilog straight lines are caused
completely by wellbore effects and have nothing to do with
reservoir characteristics. Thus, it is important to construct
the log-log plot of transient test data to determine when
wellbore storage effects are no longer important. That is
particularly true when a slope increase is expected from a
transient test.

To estimate distance to a linear discontinuity, we use the
intersection time., r,., of the two straight-line segments of the
drawdown curve:*

- (10.5)
My
Eq. 10.5 applies for drawdown testing. Russell” gives an
equation for two-rate testing. For pressure buildup testing,
the intersection point of the two straight lines is related to the
dimensionless pressure at the intersection time by

po [ml@LIr )] = é fi (fp Lﬁ) ......... (10.6)

L=0.01217

Thus. to estimate the distance to a linear fault from a pres-
sure buildup test, we find [[r,, + m)m:] when the semilog
straight lines intersect and calculate py, from Eq. 10.6. Then
we enter Fig. C.2 with that value of p, and determine
[tp/2L1r)? ] i, .- Finally,

- \f_ 0.0002637 kt,,
dppc, [rb,-"(ZLfr,,.]z},-m c2

When 1, >> Ar, a useful estimate of L may be made from
a pressure buildup test by using Eq. 10.5 with A, in place
of .

Example 10.1 Distance to a Fault From a Pressure
Buildup Test

Pressure buildup data are shown in Figs. 10.3 and 10.4.
The log-log plot, Fig. 10.3, indicates that wellbore storage
effects are not important, so the increase in slope in Fig.
10.4 is probably caused by reservoir heterogeneity. The
ratio of the two slopes is 1.79. Since the absolute value of the
slopes is increasing with shut-in time, and since the slope
ratio is about 2, a linear fault is suspected. Seismic data have
verified the existence of a fault near this well.
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Fig. 10.3 Log-log data plot for Example 10.1.
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Test data are
¢=10,250STB/D B =1.55RB/STB
1, = 530 hours b =0.09
Pl A1 = 0) = 3,666 psig ¢ =22.6 %.10-° psi~?
h=3524ft re =0.354 ft.
©n=0720cp

Formation permeability is estimated from the first straight
line using Eq. 5.6. Recall that for a Horner plot the slope is
—m.,som = 24.3 psig/cycle.

¢ (162.6)(10,250)(1.55)(0.20)
(524)(24.3)

=40.6 md.

To estimate the distance to the fault, we determine [(1, +
At)/At], = 285 from Fig. 10.4. Then using Eq. 10.6,
polipl2LIRE] = (1/2) 1n(285) = 2.83. Referring to Fig.
C.2. we see that [1,/(2L/r,.)? | pis .o = 135 whenpp = 2.83.
Next, we use Eq. 10.7:
L= .| (0.0002637)(40.6)(530)
(4)(0.09)(0.20)(22.6 X 10 6)(135)

161 ft.
Since 1, >> Ar, we could use Eq. 10.5 with Ar, = 1.87
hours to estimate L = 166 ft — quite good agreement.

If we wish, we may use Eq. 5.7 and data from the first
straight line to estimate s = 4.4,

Ii

Multiple faults near a well may cause several different
transient-test characteristics. For example, two faults inter-
secting at a right angle near a well may cause the slope to
double, then redouble, or may simply cause a fourfold slope
increase, depending on well location. It is not safe, how-
ever, to assume that additional boundaries continue to dou-
ble transient-test response slopes. For example, a single well
producing from the center of a closed square has an increase

SHUT-IN TIME, At, HR
0.5 029 051 10 29 5 o 1T 34
] L | 1 1 1 i
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Fig. 10.4 Horner plot for pressure buildup data of Example 10.1.
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in slope as the system reaches pseudosteady state; but during
a pressure buildup test the slope decreases from the initial
semilog straight line as the pressure approaches average
reservoir pressure. Ramey and Earlougher' illustrate pres-
sure buildup curves for several closed reservoir situations.
Figs. 10.5 and 10.6 show such pressure buildup curves
for closed-square and rectangular systems. Some of those
buildup curves have characteristics commonly attributed to
various kinds of heterogeneities. For example, Curve 3 in
Fig. 10.5 has a peculiar bend that could be interpreted as
the result of natural fracturing, as studied by Warren and
Root'* (Section 10.6). The curve shapes in Fig. 10.6 all
show some upward bending that might be misinterpreted as
indications of faulting, stratification, or some other res-
ervoir heterogeneity. Yet, in all cases, the curve shapes are
caused only by the shape of the closed system. In particu-
lar, there is no definite indication of multiple boundaries
from any of the curves. Ramey and Earlougher'® and
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Fig. 10.5 Miller-Dyes-Hutchinson-type pressure buildup curves
for square shapes. After Ruamey and Earlougher,'?
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Fig. 10.6 Miller-Dyes-Hutchinson-type pressure buildup curves
for rectangular shapes. After Ramey and Earlougher. '
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Earlougher er al.'* show several other pressure buildup
curves with shapes that might be interpreted as reservoir
heterogeneities. Generally, reservoir simulation must be
used to estimate pressure transient response for complex,
multiple-fault situations,

Fig. 10.7 illustrates three possible physical models for
linear discontinuities in reservoirs. The upper case corre-
sponds to the linear sealing fault already described. The
lower two cases correspond to situations with a linear
change in reservoir or fluid properties, but with flow still
occurring. Bixel, Larkin, and van Poollen® discuss the third
situation in detail for drawdown and less thoroughly for
pressure buildup. They show that in both drawdown and
buildup, the semilog straight-line slope may either increase
ordecrease depending on the contrast in properties between
two reservoir regions. The slope ratio on the semilog plot
equals the k/u ratio only if ¢c, does not vary appreciably
across the discontinuity, and if the distance from the well to
the reservoir boundary is much greater than the distance
between the well and the discontinuity. (A similar situation
is discussed in Section 7.5.) Bixel, Larkin, and van Poollen®
suggesta curve-matching procedure to analyze for reservoir
properties on both sides of the discontinuity and to estimate
the distance to the discontinuity. Their procedure applies to
drawdown testing if sufficient long-time, constant-rate data
are available. Although the method could be applied to
pressure buildup testing, Ref. 8 does not give the necessary
curves.

10.3 Permeability Anisotropy

In some porous materials, permeability varies in different
flow directions. In such materials, the permeability may be
described mathematically by a symmetric tensor'® ! or by
maximum and minimum permeabilities oriented 90° apart,
and by a direction for the maximum permeability. Those
quantities are called the principal permeabilities and prin-

— e
ROCK TYPE 4 |

Fig. 10.7 Physical models for linear discontinuities, After Bixel.
Larkin, and van Poollen.®
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cipal direction. Refs. 13 and 14 give a complete treatment
of permeability anisotropy. This section briefly describes
fluid-flow equations for horizontal homogeneous aniso-
tropic systems and shows the similarity of the equations to
those for isotropic systems,

Consider a single well in an infinite, horizontal reservoir
containing single-phase fluid of constant and small com-
pressibility. The reservoir is homogeneous but anisotropic
with k ay and kg oriented in the x and y directions, respec-
tively. (Note that we choose the coordinates for the flow
equations to coincide with the principal permeability direc-
tion.) We transform the x-y coordinate system by changing
the scale along each axis:

x' =xV klkpay «
Y =YV Klmin o+ v e e (10.8b)

where
K ="VEimaxmin « e e (10.9)

The diffusivity equation, Eq. 2.1, rel_ains its normal form
when expressed inx'-y’ coordinates if k is used in place of £.
Fig. 10.8 illustrates the transformation of Eq. 10.8. In
particular, a circular region such as a wellbore is trans-
formed into an elliptical region. The choice of k (Eq. 10,9)
causes the area of the well to be the same in both the physi-
cal and transformed systems. The transformation allows
dimensionless-pressure solutions for isotropic systems to be
used for anisotropic systems, as long as the shape and well
location of the rransformed system matches that of the pp
chosen. For an infinite-acting anisotropic reservoir, the
flowing wellbore pressure is given by

Pur=pi +m [Ingr + log (37)

d’#cl’rurz

—3.2275 + 0.86859 (s — s"):| Y AT (10.10)

The similarity of Eq. 10.10 to Eq. 3.4 for pressure draw-
down in an isotropic system is important. In Eq. 10.10, m is
the slope of a p,.r vs log ¢ plot and is given by the anisotropic
equivalent of Eq. 3.6:

ACTUAL RESERVOIR

TRANSFORMED RESERVOIR

Fig. 10.8 Transformation of a homogeneous, anisotropic, infinite
reservoir with a circular well to an equivalent homogeneous,
isotropic reservolr,
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The effective permeability may be estimated in the usual
manner by solving Eq. 10.11 for k to obtain the analog of
Eq. 3.9. The analogy applies to pressure buildup, injectiv-
ity, and falloff testing as well as to drawdown testing. Tt also
carries over to multiple-rate testing, so all single-well testing
techniques described elsewhere in this monograph may be
used in anisotropic systems. The skin factor, estimated in
the usual way, will be (s — s") in Eq. 10.10, where'"

s"=2.303 mg(_\’ Kmax + Vhmin W‘m) o (10.12)
Wk

The analogy between anisotropic-system and isotropic-
system flow equations indicates the following for single-
well transient testing in anisotropic reservoirs: B

1. The permeability estimated by normal methods is k
defined by Eq. 10.9.

2. The skin factor estimated by normal methods iss — s".
Eq. 10.12 shows that s” > 0 always, so the estimated skin
factor from a transient test in an anisotropic system will be
somewhat low. Nonetheless, Eq. 10.12 does not provide a
way 1o estimate Kp.,/kyn because, in general, there is no
way to estimate s” in single-well transient testing.

3. It is impossible to recognize that the system is an-
isotropic from a single-well test because the appearance
of the pressure response curve is the same as for isotropic
reservoirs.

Anisotropic reservoirs can be recognized by geolog-
ical studies, oriented cores, reservoir performance (water-
flood behavior, for example), etc. Correctly conducted
multiple-well transient tests may be used to recognize and
quantify anisotropic reservoir properties.’!* Section 9.4
describes a method for estimating anisotropic reservoir
characteristics from interference testing. Refs. 2 and 16
describe other methods.

In most petroleum reservoirs, vertical permeability is
significantly less than horizontal permeability. Methods for
estimating vertical permeability are described in Section
10.8.

10.4 Composite Systems

In a composite system, fluid or rock properties vary in a
steplike fashion in the radial direction away from a well
(Fig. 10.9). (Transient pressure behavior of systems with
linear discontinuities is discussed in Section 10.2.) Radial
composite systems are generally man-induced. Examples
are formation damage or improvement near the wellbore; the
bubble formed when natural gas is injected into an aquifer,
the burned zone in an in-situ combustion project; the water
bank in a waterflood project (see Section 7.5); and the rubble
and fracture zones in a nuclear stimulation project.

Both k/u and ¢c, may vary from one annular zone to
another, as illustrated in Fig. 10.9. Analytical'®*® and
numerical?+28 solutions have both been used to study tran-
sient behavior in composite systems. Refs. 19 through 26
indicate that the k/u change in the radial direction is re-
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flected as a slope change on the semilog plot, as shown in
Fig. 7.14. The first straight line may be used to estimate k/p
for the inner region and the skin factor — if wellbore storage
cffects do not mask that straight line. Equations in Chapters
3 through 7 apply.

Because of the interplay between k/u and ¢, in the two
zones, the ratio of the late-time and early-time slopes,
mylm,, is not necessarily the same as the ratio of the
mobilities (k/u),/(k/p),. Odeh®3 indicates that the ratios are
the same for drawdown (and injection) only if ¢c, is constant
everywhere and if the outer radius or the outer reservoir
boundary is more than 10 times the radius of the boundary
between the two zones. Merrill, Kazemi, and Gogarty2®
provide similar results for falloff (or buildup). In some
cases,*® there may be no slope change at all.

The second straight-line portion of a falloff or buildup
semilog plot may be used to estimate k/u of the second zone,
as indicated in Section 7.5. An alternative approach for
pressure drawdown (injectivity) analysis is the curve-
matching procedure proposed by Bixel and van Poollen, 24

When there is an extreme variation in k/p from Zone 1 to
Zone 2, the pressure buildup (falloff) behavior may be
similar to that shown by Carter,2? Fig. 10.10. The figure is
for a bounded, two-zone reservoir with the properties given
in the caption. The semilog straight line for the first zone
ends after about 0.4 day; then the pressure levels off before
the slope increases toward that for the second zone. In the
case shown in Fig, 10.10, the second straight line never
completely develops before the pressure builds to average
reservoir pressure. It is significant that the buildup-curve
shape in Fig. 10.10 is commonly attributed to pressure
buildup behavior in noncommunicating, layered reservoirs
(see Section 10.5, Figs. 10.14 through 10.16). This illus-
trates the difficulty of analyzing transient pressure behay-
lor in heterogeneous systems; many situations can cause

WELLBORE

ZONE 1! @, p), Cppr Xy

ZONE 2: @5, M2, €y, ko

Fig. 10.9 Composite reservoir.
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pressure transient tests to have similar characteristics,
and the characteristics are not always the same for a par-
ticular heterogeneity.

The distance to the boundary between the inner and outer
zones, ry;, may be estimated from Eq. 2.41 for a drawdown
or injectivity test,

7y =0.029 ‘}Ef:; e (10.13)

where 1* is the time at the end of the first semilog straight
line. Eq. 10.13 provides an order-of-magnitude estimate
only. Section 7.5 gives a method for estimating r;, for
buildup and falloff. Eq. 7.16 or Eq. 7.17 and Fig. 7.15 are
used. Odeh*® proposes a trial-and-error method for esti-
mating ry, and (k/w),.

Bixel and van Poollen?* and Carter?? state that it may be
difficult, or impossible, to estimate average reservoir pres-
sure from pressure buildup (or falloff) tests in composite
systems unless very long shut-in times occur. Carter2? does
show that if a drawdown test is continued long enough, the
total reservoir volume communicating with the well may be
estimated using the analysis technigues of Section 3.5.

10.5 Layered Reservoir Systems

Layered reservoirs can be divided into two groups:
layered reservoirs with crossflow, in which layers are hy-
drodynamically communicating at the contact planes (Fig.
10.11), and layered reservoirs without crossflow, in which
layers communicate only through the wellbore (Fig. 10.12).
The latter type of system also has been called a *‘commin-
gled system™’,

Layered Reservoirs With Crossflow

Fig. 10.11 schematically shows a three-layer reservoir
with crossflow allowed between the layers. Many papers
discuss pressure transient testing in such reservoirs; Russell
and Prats®” summarize the practical aspects of those papers.
They conclude that pressure transient behavior of a layered
reservoir is the same as the behavior of the equivalent
homogeneous system. Thus, the layered system with
crossflow behaves like a homogeneous system with an
arithmetic total permeability-thickness product,
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Fig. 10.10 Pressure buildup for a composite gas reservoir withk, =
10md, k, =0.01md, ry, = 500 ft,r, = 1,000ft, ¢, = g, pt, = M,
and ¢;; = ¢;,. After Carter.2?



EFFECT OF RESERVOIR HETEROGENEITIES ON PRESSURE BEHAVIOR

n

(RBY = 3 MBS oo e vt mmmens it b (10.14)

j=1

substituted for kh and an arithmetric total porosity-
compressibility-thickness product,

(dbeh) = Z Welkls consassos onds il i (10.15)
f=1

substituted for ¢ch. The total number of layers is n.
As a result, the appropriate semilog plot for any pressure
transient test can be analyzed just like it can for homo-
geneous systems,

Kazemiand Seth®® show how a series of drillstem tests on
sequential intervals can be used to estimate the average
permeability of the tested intervals and, thus, provide a
gross picture of layering. A flow profile, such as a spinner
survey, may also indicate gross reservoir stratification. If
(kh), is known from a well test, individual layer per-
meabilities may be approximated from*®

ki = ()| kb)), j=1,2,...,n.

Layered Reservoirs Without Crossflow

Fig. 10.12 schematically illustrates a two-layer reservoir
with the layers separated by a flow barrier. Production is
commingled at the well so layers communicate only through

Fig, 10.11 Three-layer reservoir with crossflow.

Fig. 10.12 Two-layer reservoir without crossflow.
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the well. Early-time pressure drawdown in such a system
yields a straight line on the semilog plot,**33 as illustrated in
Fig, 10.13. Nothing distinguishes the drawdown curve from
that for a single-layer, homogeneous reservoir. The slope of
the semilog straight line may be used to estimate (kh), and
average skin factor with normal drawdown equations. The
drawdown curves shown in Fig. 10.13 are for a layered
system with no skin damage or with equal skin damage in
each layer. If the damage varies from layer to layer, the
behavior may differ from that shown. Unfortunately, there
is little information available about that situation.

The upward bending in Fig. 10.13 is caused by bound-
ary effects. After a long enough production time,
pseudosteady-state conditions prevail and the pressure be-
havior will be linear with time. Pseudosteady-state flow
generally begins much later in a commingled system than in
the equivalent single-layer system because of the complex
variation in flow contribution of each layer and the different
times required for boundary effects to be felt in each layer.
Cobb, Ramey, and Miller®® indicate that pseudosteady-state
flow begins at approximately

(tpa)nss =235 (kilks), ky>kae woninnnn (10.17)

for a single well in the center of a closed, circular, two-
layered reservoir with porosity, compressibility, viscosity,
and thickness equal in each layer. (Recall that (£54)pss = 0.1
for a single-layer, closed, circular system.) Earlougher,
Kersch, and Kunzman®® indicate that the time to the begin-
ning of pseudosteady state also depends on the relationship
between the porosity, thickness, and compressibility in the
various layers. We should also expect that time to depend on
reservoir shape, number of layers, and well location.

A Homer or Miller-Dyes-Hutchinson plot of pressure
buildup data for a single-well, closed, layered, no-crossflow
system has an initial straight-line section with slope propor-
tional to (kh),.1*-5 It has been stated that, after the initial
semilog straight line, the buildup curve flattens, then
steepens, and finally flattens toward static pressure, 1303 a5
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Fig, 10.13 Dimensionless drawdown behavior for a well in the
center of a closed, circular, commingled, layered reservoir. After
Cobb, Ramey, and Miller.**
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indicated schematically in Fig. 10.14. This is not always
correct. Several studies *>% show that the first flattening of
the buildup curve, F-G in Fig. 10. 14, can be insignificant for
some systems. That is particularly true for large contrasts in
thickness or porosity, for more than two layers, or for
nonsymmetrical systems. Figs. 10.15 and 10.16 illustrate
flattening and its absence. In Fig. 10.15, the flattening and
secondary pressure rise are definitely apparent for the two
lower curves. However, in the upper curve, where the kh
ratio is the result of a large thickness ratio rather than a high
permeability ratio, the buildup curve is indistinguishable
from that for a single-layer system. Fig. 10.16 shows that
the flattening does not occur for a 4: 1 rectangle. Rather, the
buildup curves take on a shape dominated by the drainage-
arca shape and the well location. Nevertheless, in all cases,
the initial semilog straight-line segment may be used to
estimate the total permeability-thickness product.?® The
second (steep) slope is not analyzable by known methods.
An additional danger lies in attributing the shape shown in
Fig. 10.14 o layered reservoirs. Fig. 10.10, fora composite
reservoir system, has the shape shown in Fig. 10.14. (There
is no wellbore storage effect in Figs. 10.10, 10.15, and
10.16.) Changing wellbore storage can also cause the early
part of a pressure buildup curve to be similar to the curve
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‘ Fig. 10.14 Hypothetical pressure buildup curve for an ideal
single-well, multiple-layer, bounded reservoir. After Earlougher,
Kersch, and Kunzman.?*
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shown in Fig. 10.14; for examples, see Fig. 2.12 or Fig.
11.2, and Ref. 36.

Almost all the published material about layered systems is
for a single well in the center of a symmetrical bounded
system. If there are other wells in the reservoir, and if they
continue producing while one well is shut in for a buildup
test, none of the pressure response characteristics described
in Refs. 30 through 35 and illustrated in Figs. 10.14 through
10.16 necessarily occur, Fig. 10.17 shows pressure be-
havior when a single well in a developed, two-layer, com-
mingled reservoir is shut in for pressure buildup testing. The
initial semilog straight line is observed and may be used
to estimate (kh),. However, neither the flattening nor the
secondary pressure rise and eventual leveling to average
reservoir pressure occur. Rather, the influence of adjacent
producing wells causes the pressure to decline at the
shut-in well, completely obscuring evidence of possible
layered behavior,

Raghavan er al.** propose a technique for estimating the
kh ratio between layers for a single well in the center of a
circular, two-layer, commingled system. The method re-
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Fig. 10.16 Pressure buildup behavior as a function of permeability
ratio for two different well locations in a two-layer, 4:1,
rectangular reservoir; é,/d, = |, h,/h, =1. After Earlougher,
Kersch, and Kunzman .3
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quires a relatively long production time and requires that
buildup data be taken rhrough the final pressure rise.

Refs. 33 through 35 may be used to estimate average
reservoir pressure from buildup tests in commingled sys-
tems. The techniques do require some knowledge of the
layer properties and utilize correlations for specific systems.

Woods®? has studied pulse-test behavior in a two-layer
reservoir system. His studies include the commingled case,
the full-communication case, and intermediate situations.
He shows how a combination of single-well tests, pulse
tests, and flowmeter surveys may be used to estimate
individual-zone properties for two-layer reservoirs with
communication only at the wellbores. He points out that the
wellbores must be undamaged or uniformly damaged. He
extensively studied pulse-rest behavior in such reservoirs,
with the following conclusions:

1. Apparent kh/u is always equal to or greater than the
actual total kh/p for the reservoir.

2. Apparent ¢eh is always equal to or less than total ¢eih
for the reservoir.

3. The deviation of apparent values from actual total
values depends on the pulse duration (see Section 9.3).

4. When wells are undamaged or have uniform damage,
the ratio of flow rates into the zones is a good estimator of
kh/ . of the zones for noncommunicating systems. The esti-
mate is usually valid within + 15 percent when the zones are
partially communicating.

10.6 Naturally Fractured Reservoirs

Naturally fractured reservoirs are among the commonly
encountered heterogeneous systems. Two basic behaviors
may occur in such reservoirs. If the existing fractures dom-
inantly trend in a single direction, the reservoir may ap-
pear to have anisotropic permeability and methods of Sec-
tions 9.4 and 10.3 apply. Earlougher and Kersch'® show
interference data from such a reservoir. The second class of
naturally fractured reservoirs exhibits two distinct porosity
types as shown on the left side of Fig. 10.18. The matrix
region contains fine pores and often has low permeability.
The remaining region — a set of interconnecting fractures,
fissures, and vugs — has a significant porosity and a high
permeability compared with the matrix. Ideally, we would
like to be able to estimate the permeability and porosity
of each region from transient-test data. Much theoretical
information is available!'3"% about transient testing in
fractured reservoirs. Unfortunately, published field data
are scarce.

Pollard®” and Pirson and Pirson®® suggest analysis tech-
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Fig. 10.18 Schematic illustration of a naturally fractured reservoir
and its idealization. After Warren and Root.™?
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niques for estimating average pressure, wellbore damage,
fracture volume, and matrix volume. Warren and Root'!
and Kazemi** show that the Pollard-Pirson-Pirson method
may be considerably in error for both infinite-acting and
finite fractured reservoirs. In addition, unfractured reser-
voirs may be analyzed by this method and may be reported to
be fractured. Thus, we recommend that the Pollard-Pirson-
Pirson method not be used.

Warren and Root'! assume that a fractured reservoir can
be represented by the system shown on the right side of Fig.
10.18. The blocks represent the matrix; the space between
blocks represents fractures. Warren and Root assume that
formation fluid flows from the blocks into the fractures
under pseudosteady-state conditions. The fractures carry all
fluid to the wellbore. Kazemi** uses a similar model but
does not require pseudosteady-state flow from the matrix to
the fractures. His results verify those presented by Warren
and Root.

Warren and Root define two characteristics of the
fractured system, the ratio of the porosity-compressibility
product of the fractures to the total system porosity-
compressibility product,

= (e L. (10.18)
(¢K?»_F(¢rdmﬁ
and the interporosity flow parameter,
e O | o s e (10.19)

In Egs. 10.18 and 10.19 the subscript f indicates a fracture
property , while ma indicates a matrix property. In Eq. 10. 19
« is a matrix-to-fracture geometric factor with dimension of
length—2. Warren and Root'! and Kazemi** indicate how this
factor may be estimated. The effective fracture permeability
is E;; Warren and Root consider fractures with different
permeabilities in the principal directions.

Fig. 10.19 shows computed drawdown behavior for the
Kazemi and Warren and Root analytical models; note the
two parallel semilog straight-line portions. The slope of
either straight line indicates the total system permeability-
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thickness product. The first semilog straight line may be
obscured by wellbore storage effects, since it occurs at very
short shut-in times. Thus, to successfully see both semilog
straight lines, it may be necessary to minimize wellbore
storage by assuring that the wellbore is full of liquid or by
using a bottom-hole shut-in device.

Results from the two models in Fig. 10.19 differ because
of the assumptions made in the models. The difference in
location between the semilog straight lines results because
Warren and Root assume pseudosteady-state flow from the
matrix to the fracture, while Kazemi allows transient flow.
The late-time deviation is caused by the boundary in the
Kazemi model. Kazemi shows that the pseudosteady-state
behavior for a naturally fractured system begins at a dimen-
sionless time given by

_ _0.0002637 (kh), s

“.-hm'_
" ] ((fx‘r)f + (DCma ]hl'-"A

2003, (10.20)

Eq. 10.20 applies for a single well in the center of a closed.
circular drainage region. It also can be expected to apply to
square and triangular regions. It is interesting that the time to
beginning of pseudosteady state is about the same as for a
homogeneous reservoir — when total-system properties are
used in computing fp,, .

Fig. 10.20 shows actual pressure buildup data for a
naturally fractured reservoir.*® Theory!™# predicts such a
pressure-buildup curve shape. As for drawdown, wellbore
storage effects may obscure the initial semilog straight line.
If both semilog straight lines develop, as in the test in Fig.
10.20, analysis for total permeability-thickness product is
by normal methods. Skin factor is estimated using normal
equations, taking p,y,, from the second straight line. Average
TeServoir pressure is estimated by extrapolating the second
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straight line to infinite shut-in time to obtain p* and then
using the methods of Chapter 6. The vertical distance be-
tween the two semilog straight lines, identified as 8p in Figs.
10.19 and 10.20, may be used to estimate the ratio of the
porosity-compressibility product in the fracture to that for
the total system for isotropic or anisotropic systems:!!:44

Fg=antilog(=8plm). .............. (10.21)

The pressure buildup curve shown in Fig. 10.20 has a
semilog straight line, then flattens and then steepens again.
That is precisely the characteristic in Fig. 10. 14 that is often
attributed to reservoirs with noncommunicating layers.
Thus, we again see that several types of heterogeneous
systems may have transient response curves with similar
shapes. Note also that Curve 3 in Fig. 10.5 has the same
general shape as the curves in Figs. 10,19 and 10.20.

Example 10.2  Estimating the Ratio of Fracture
to Total ¢,

Fig. 10.20 is an example pressure buildup test presented
by Warren and Root.*® From that figure, m = 213 psig/
cycle, and 6p = 200 psig. From Eq. 10.21,

Fyu = antilog(—200/213)
=0.12.

This may be interpreted that the fracture pore volume is 12
percent of the total pore volume, provided (¢,)mq = (¢, )y

Odeh.®® Warren and Root,* and Kazemi® show that
when € (Eq. 10.19) is relatively large (approaching 1), the
Warren-Root model degenerates to the normal model for a
homogeneous reservoir. For practical purposes, this may
happen when the block dimensions are small, on the order of
3 ft, and the matrix permeability exceeds 0.01 md. In sup-
port of the Warren-Root model, fractured reservoirs in
southwestern Iran have matrix permeabilities in the range of
0.00005 to 0.5 md, and have huge fracture blocks. ¢

Kazemi. Seth, and Thomas®% show that observation-
well behavior in interference testing in naturally fractured
reservoirs can be substantially different from that of homo-
geneous reservoirs. Fig. 10.21 is a comparison of cal-
culated interference pressures using a fracture model and a
homogeneous model with equivalent permeability-
thickness and porosity-compressibility characteristics. At
short times, the pressures are significantly different in the
two systems. However, at longer times, say for tp/r,? > 5
(tp > 1.6 X 107 in Fig. 10.21), based on the Kazemi-
Seth-Thomas*® data, normal analysis techniques should
apply. Thus, it should be possible to analyze interference
tests in naturally fractured reservoirs by the semilog meth-
ods of Section 9.2. Type-curve methods and pulse resting
may not provide correct results. Kazemi** suggests a tech-
nique for using both pressure drawdown (or buildup) data
and interference data to estimate properties of both fracture
and matrix.
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10.7 Effect of Pressure-Dependent Rock Properties

In some reservoirs, particularly low-permeability, deep
gas reservoirs. rock properties can change significantly as
reservoir fluid pressure declines. Although both permeabil-
ity and porosity tend to decline with declining reservoir
pressure, the permeability change is most frequently
studied. "% Vairogs ef al.*” and Thomas and Ward*® studied
the effect of declining permeability on gas production.
Raghavan, Scorer, and Miller*®® provide some information
on flow of liquids when permeability and porosity are pres-
sure dependent.

Vairogs and Rhoades' studied pressure drawdown and
buildup in low-permeability gas reservoirs with pressure-
dependent permeability. Fig. 10.22 shows simulated draw-
down curves for such a situation. The upper three curves are
for real gas at different production rates; the lower curve is
for an ideal gas at a relatively high production rate. If
drawdown data for such a system could be analyzed using
techniques like those given in Chapter 3, all four curves in
Fig. 10.22 would be identical. Not only do the curves differ,
but they have different slopes. The slopes taken at 1, =
1,000 for the upper three curves decrease as the rate de-
creases, but are greater than the theoretically expected
value, 1.15, that is observed for the ideal-gas, constant-
permeability case. Based on analysis of such data, Vairogs
and Rhoades conclude that neither permeability nor skin
factor should be estimated from drawdown tests in forma-
tions with pressure-dependent permeability. Wattenbarger
and Ramey™'* reach a similar conclusion for testing gas
wells with damage and wellbore storage in constant-
permeability formations,

Fig. 10.23 shows simulated pressure buildup curves taken
trom Ref. 49. Table 10.1 shows the results of analyzing 12
such pressure buildup curves for pressure-dependent per-
meability. In all cases. the permeability at initial pressure
was 0.061 md. For correct analysis by methods of Chapter
S, we would expect all curves in Fig. 10.23 to have m =
1.15. That is the case for the short production period, butm
exceeds 1.15 for longer production periods. Vairogs and
Rhoades conclude that the permeability value estimated
from a buildup test in such a reservoir is a good estimate of
the permeability of that reservoir. For short production
times., the initial permeability is calculated. For longer pro-
duction times, the reservoir pressure has decreased and the
actual reservoir permeability decreases as a result. Thus, the
increase in slope with increasing production time shown in
Fig. 10.23 indicates that the buildup-test analysis could give
useful estimates of average reservoir permeability ar the
time of the buildup test.

The calculated skin factors for the first six cases in Table
10.1 are not a result of physical damage, but are caused by
low permeability around the wellbore owing to pressure
drawdown. Thus, a positive skin factor is estimated from
buildup tests in formations with pressure-dependent per-
meability when no actual wellbore damage is present. The
same is true if turbulence exists.?* Vairogs and Rhoades
point out that it may be impossible to determine whether an
excessive pressure drop (positive skin factor) is a result of
pressure-dependent permeability, skin damage. or turbulent
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fTow at the wellbore. They also point out that when the well
is mechanically damaged, the skin factor estimated from
buildup-test analysis will be large for short production times
and will decrease for significantly longer production times.
A stimulated well will show a negative skin factor of about
the right magnitude for all production times (Table 10. 1).

10.8 Well Tests for Vertical Permeability

The vertical permeability in a formation is normally dif-
ferent from horizontal permeability, even when the system
is otherwise homogeneous. Such vertical anisotropic effects
are generally a result of depositional environment and post-
depositional compaction history. In addition to microscopic
characteristics that may cause the vertical permeability to
be lower on a pore-to-pore basis, macroscopic features
such as shale-sand interbedding can also create that effect.
All transient testing and analysis methods described else-
where in this monograph provide information about only
the horizontal (radial or x and y direction) permeability.
This section discusses techniques for estimating vertical
permeability, k..

The transient tests proposed for estimating vertical per-
meability generally may be classified as vertical interference
testing®% or vertical pulse testing. 57 In such tests the well
must be completed so that part may be used for production
or injection (that is, be active) and part may be used for
pressure observation (Fig. 10.24). Although Fig. 10.24
shows injection in the upper perforations and observation in
the lower perforations, the opposite situation is equally
acceptable theoretically. Operational considerations gener-
ally favor the situation illustrated in Fig. 10.24. A single-
interval test for estimating vertical permeability also has
been proposed.®®

Vertical inferference testing is similar to normal inter-
ference testing. Of course, equipment and operational re-
quirements are more demanding, since only one well is
used. Burns® gives a good discussion of test design, well
selection, and test operation. Vertical interference tests use

m=[/5
2| tp = 2 pars =

m = {70
tp * 6000 DAYS

[

n
T
L

3

1 L 1
0% 10* 10® 10% 10 |
(tp + A1) /At

Fig. 10.23 Dimensionless pressure-buildup curves for a gas well in
asand with pressure-dependent permeability. Well in the center of
a closed circular system. After Vairogs and Rhoades. 1*
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@

ADVANCES IN WELL TEST ANALYSIS

TABLE 10.1—SUMMARY OF SIMULATED BUILDUP TEST
ANALYSES FOR RESERVOIRS WITH PRESSURE-DEPENDENT
PERMEABILITY,

After Vairogs and Rhoades.**

Buildup-Curve

Test Parameters __ Analysis Results B

2 k
{Msgﬂm (days) s {md) Skin Factor
500 2 0 0.0el .19
1,000 2 0 0.055 2.22
1,250 2 0 0.053 4.86
500 3,000 0 0.054 2.15
500 6,000 0 0.050 2.98
500 9,000 0 0.050 513
1,000 2 -3 0.061 -2.60
1,000 2 1 0.061 472
500 3,000 -3 0.047 -2.82
500 3,000 1 0.047 1.98
500 6,000 -3 0.041 -2.91
500 6,000 1 0.041 1.85

relatively short-time pressure response data, so wellbore
storage may have a significant effect on the observed pres-
sure response. Unfortunately, that problem has not been
studied to date, so no quantitative information can be pro-
vided here. Based on the behavior of other kinds of well
tests, it is recommended that all possible efforts be made to
minimize the effects of wellbore storage. If possible, testing
in wells with a changing fluid level should be avoided. If that
is not possible, consideration should be given to down-hole
shut-in devices or to loading the wellbore with a low-density
liquid to minimize the wellbore storage coefficient. We
also recommend using a tubing packer (see Fig. 10.25)
to minimize any fluid entry or exit from the observation
perforations,

It should be clear that fluid communication through the
wellbore behind the pipe or through vertical fractures in the
formation cannot be tolerated. If such conditions are ex-
pected, an alternate well should be chosen for the test. Such
conditions will cause a rapid pressure response at the obser-
vation perforations and will preclude analysis for vertical
permeability. The test interval should not contain fluid-fluid
contacts, since they will affect pressure response in a cur-
rently unknown way. It is recommended that both the active
and test perforations be over a short interval. Because of that
requirement and the requirement for a relatively long unper-
forated interval in the center of the well, it is expected that

. 77 A
Fig. 10.24 Vertical interference or pulse test. After Burns.?
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most existing wells would not be suitable for the testing
described in this section. The possibility of using long pack-
ers or a straddle packer setup exists, but normally a special
completion of a new well is necessary for vertical permeabil-
ity testing.

As in any transient well test, good data collection is
important. Rate control is essential for all the analysis tech-
niques described in this section. If the rate varies signifi-
antly, computer analysis beyond the scope of this mono-
graph is required.®*

Vertical Pulse Testing

Hirasaki®® proposes using vertical pulse testing to esti-
mate k,. He describes a testing and analysis technique based
on arrival time of the first pressure peak. He considers the
situation with perforations at the upper and lower réservoir
boundaries. Because of that and because the very short pulse
periods used can be expected to be influenced significantly
by wellbore storage, we prefer the vertical pulse-testing
technique described by Falade and Brigham %57

Fig. 10.25 shows the well configuration and the nomen-
clature used for vertical pulse testing and for vertical inter-
ference testing. Although flow perforations are shown at the
top and observation perforations are shown at the bottom of
the well, the arrangement may be reversed without affecting
the analysis techniques presented here.

The techniques of this section apply only for wells far
from a boundary that limits the reservoir laterally, such as a
pinchout. Fortunately, vertical well tests are of short dura-
tion, so boundaries should not have much effect unless they
are closer than given by Eq. 2.41 for the longest test time.

Fig. 10.26 is a schematic representation of rate history
and pressure response for a vertical pulse test. The method
presented here requires equal pulse times. Cycle time (At¢),
pulse time (Atp), time lag (1), and pressure response ampli-
tude (Ap) are identified. The pressure response amplitude
for vertical pulse testing is determined just as it is for normal
pulse testing. A tangent is drawn between the two peaks (or
valleys) of the pressure response and a line parallel to that is

YA AL LS LA L e
b
4zp

\— FLOW PERFORATIONS
— TUBING PACKER

[
4 4zZp % | CASING PACKER
AZwr

— PRESSURE GAUGE
1 |— OBSERVATION
PERFORATIONS

L \
TT7 /7777777777 777787 PPl LSl PP IS

LZws

Fig. 10.25 Vertical interference and pulse test nomenclature.
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drawn tangent to the valley (or peak) being analyzed. Pres-
sure response amplitude is the vertical distance between
those two lines.

Falade and Brigham®®%" base dimensionless pulse time on
the vertical permeability, k., and the vertical distance be-
tween the flow and observation perforations, AZg:

Atyyy = 0-0002637k; Aty
lﬁ)#Cg&Z}]z

Since this dimensionless time differs significantly from di-
mensionless times used elsewhere in this monograph, we
have used subscript V' to identify it as applying to vertical
testing. Falade and Brigham®®%" also define a dimensionless
pulse response amplitude:

i kr A_ZR ﬁp .
141.2¢Bp

The vertical dimensionless pressure is based on the horizon-
tal permeability, k,, and the distance between the two sets of
perforations, AZg. Again, because of the difference from
the dimensionless pressures used elsewhere in this mono-
graph, subscript V is added.

Once the test well is chosen, it is important to design the
pulse length and magnitude to be compatible with formation
characteristics and the pressure instrument resolution. The
pulse duration must be long enough so the pressure instru-
ment detects the pulses, but short enough so the pulses are
easily identified. Analysis techniques are simpler for short
pulses because the upper and lower boundary effects are less
important for short pulses. Fig. 10.27 is a design curve for
vertical pulse testing. The middle of the operational range,
near the maximum of the upper curve in Fig. 10.27, should
be chosen. That corresponds to a dimensionless pulse length
of about 0.05 and a value of (Appy),, [(f;,)m!'ﬁfpf =0.0175.
Although those precise values need not be used, the values
chosen should be close to those. Once the values of the
parameters in Fig. 10.27 have been chosen, the pulse length
is designed using a rearranged form of Eq. 10.22:

............. (10.22)

Appy=Sr 28R 2E e (10.23)

— dpeAZg® (Atppy)pig, 1027 24
Atp 0.0002637 k. e bR L

w
& I
2
w0
w0
[n
14
o
PULSE NUMBER = | 2 3 4 s L
in
g q*0 q<0| g0 | q<0| q=0 | @<0 | q=0
@
- A tp - Ot
Atp—m

Fig. 10.26 Vertical pulse-testing rate and pressure history and
nomenclature. Analysis procedure requires equal pulse lengths.




136

The expected response amplitude is estimated from a form
of Eq. 10.23:

Ap = 1412481 {(8por). [(0). /At boig 100

krAZp [(1)/ A1 | p1g. 1020
............................ (10.25)
and the expected time lag is estimated from
= [(r,. )xh.'sr,o] Pla. EBE & 55 v e e e e (10.26)

The expected response amplitude may be used to choose the
combination of rate and pressure instrument for good
resolution.

Example 10.3 Vertical Pulse Testing: Test Design

Falade and Brigham®? give the following estimated
parameters for a formation to be vertically pulse tested:

k.=~ 1.0md ¢, =1.0x 107% psi—!
k, =20.0md AZy=50ft

¢ =0.20 B =1.0RB/STB.
#=2.0cp

We wish to design a pulse test. From Fig. 10.27 we choose
(Alppy)rig. 10.27 = 0.05,
{Qpp).[(0). 1800 Yeig. 1020 = 0.0175,
and
[(t1). /A ] i, 10.20 = 0.37.
We estimate pulse length from Eq. 10.24:

Aty = (0:20)2.0)(1.0 X 10-%)(50)%0.05)
(0.0002637)(1.0)

=~ 1.9 hours.

The time lag is estimated from Eq. 10.26:
I, =(0.37)(1.9) ~ 0.7 hour.
Finally, we estimate the response amplitude from Eq. 10.25:

2 — 2
> = i
0175 L]

; SEia,
a b, W
- -] H o
E 10 i <t 1 1o-2 e
S : b S N . &

~ ) i <
5 S : =
w os : iy _
%) 51.—- e e \ 8 ;j
2 4 4—.\ e =
%’ 3 "\ 3 —-3
w
2 N §
S . z 2
o =2
2
]
=
e o | o-3

10+ E: 5 L 5 67 8¢S I i
INFINITE SYSTEM TIME LAG (t o
PULSE LENGTH " Tatp

Fig. 10.27 Vertical pulse testing: design curve. After Falade and
Brigham.®7
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Ap~ (141.2)(1.0)(2.0)(0.0175) g
- (20.0)(50)(0.37)
~0.0134 ¢ psi.

Thus, for an injection (or production) rate of 500 STB/D we
would expect a pressure change of about

Ap =(0.0134)(500) = 6.7 psi.
The pressure gauge should be chosen appropriately.

Vertical pulse-test data analysis is more complex than
horizontal test analysis. That is because of the influence of
the upper and lower formation boundaries on the test. For
thick formations or short pulses, the system is infinite-acting
and the upper and lower boundaries do not influence the
observed pressures. For longer pulses, thinner formations,
or when the perforations tested are close to one of the
boundaries, either one or both of the boundaries influence
the test response. In the latter cases, an iterative analysis
procedure is required.

Regardless of the analysis procedure used (infinite-
acting, single boundary, or double boundary), the first step
in vertical pulse-test analysis is to calculate the geometric
fraction (factor) needed for the correlation curves. The
primal geometric factor is

AZ
Gp= e B TR ST Ak Sl e e e 10.27a
p AZ, ( )
and the reciprocal geometric factor is
Gi=-B —Gp=1. eoviririiniiiins (10.27b
R= 4 z, P )

By a clever application of the reciprocity principle, Falade
and Brigham®® show that all pulse-test responses can be
correlated with only the two geometric factors. Once the two
factors are calculated, if G, > Gp, the two values are
interchanged. Thus, the analysis techniques in this section
and in Ref. 57 require that G, < Gg. The values of Gp and
Gg determine the type of analysis used.

Infinite-Acting System Analysis
(Gp>2,Gy>2)

When Gy and Gy, are each greater than 2, the system is
infinite-acting and analysis is noniterative. The measured
ratio of time lag to pulse length, (1,),/At,, is used with Fig.
10.28 to determine the dimensionless pulse length, Afppy.
Fig. 10.28 has curves for the first and second pulses. All
later pulses fall between the curves shown. The vertical
permeability is estimated from

ko= __BCAZg?

0.0002637 At
To estimate horizontal permeability, the dimensionless
pulse time from Fig. 10.28 is used with Fig. 10.29 to obtain
a dimensionless pulse response amplitude for the infinite
system, (A ppy)... Horizontal permeability is estimated from

k.= li——t&;f Af) [(ﬁva)m]m‘ 10209 < vcvvins (10.29)

(Afepy)rig. 10,28 <+ n o (10.28)




EFFECT OF RESERVOIR HETEROGENEITIES ON PRESSURE BEHAVIOR 137

-4

EE
Il
QU

DIMENSIONLESS PULSE LENGTH, Otppy

il
9

1072

101

(t)e /Otp
Fig. 10.28 Vertical pulse testing: infinite-acting system relation between dimensionless pulse length and time lag.
After Falade and Brigham *7

/ 1 B s o m  r
2 EESESEESE=cSEEiESRERSR
o 5 5 o o o 2 i L e
: Err e
3 e b e . 5
w == FIRST PULSE EEEEE =EEs
3 =S EEEE SRS aEET T | SECOND PULSE
— THIRD PULSE 2 == S ESpEeE=mea— A3
a = = = P FOURTH PULSE = - =
W e == = =5
f
g3
S =
5' SSEESSEEE
= i e i
o |0‘= e
= Ha==
B
4 8= =
© b= - -
i = =
=
2
I = = =
g --i.L .I:___‘: = o R R .;.: vl oy s i D = = ot e s i S e S .
M == = - = = e o e s e e P P e B = =
o 0.025 0080 0075 0.100 0128

DIMENSIONLESS PULSE LENGTH, Otppy

Fig. 10.29 Vertical pulse testing: infinite-acting system relationship between pulse length and response amplitude,
After Falade and Brigham.??




138

where Ap is the observed pulse response amplitude. No
iteration is required.

Example 10.4 Vertical Pulse Testing in an
Infinite-Acting System

Falade and Brigham®” provide the following data for the
first pulse of a vertical pulse test:

¢=0.20 Atp = 1.9 hours
m=20cp t;, = 0.837 hour
c,=1.0x 1073 psi* Ap=—1.0psi

AZ,=50ft B =1.0RB/STB.
q¢=—100B/D

(Note that Aplq is always positive.) We wish to estimate the
horizontal and vertical permeabilities.

We assume that the system is infinite-acting (Examples
10.5 and 10.6 show the analysis when one and two bound-
aries influence the test) and use Fig. 10.28. Because the
system is infinite-acting, we take

(1), =1, = 0.837 hour,

S0
{f{_)r.‘{Afp —_ 0.837;"] .9 - 044! A
From the first-pulse curve of Fig. 10.28, (Afppy)six. 1028 =

0.0425, and from Fig. 10.29, [(Appi).. ] ris. 10.20 = 0.037.
We estimate the vertical permeability from Eq. 10,28,

k. — (0.20)(2.0)(1.0 X 10-%)(50)2(0.0425)
: (0.0002637)(1.9)

=0.85 md,
and the horizontal permeability from Eq. 10.29,

ADVANCES IN WELL TEST ANALYSIS

k. = (141.2)(—100)(1.0)(2.0)(0.037)
r (50)(—1.0)

= 20.9 md.

Analysis When One Boundary Affects Pulse Response
(Gp<2,Gr>2)

IfGp < 2 and G > 2 (recall that we require that G, < Gy
— if not, the values are interchanged), then one of the two
horizontal boundaries is affecting the pulse-test response
and an iterative analysis is required. Fig. 10.30, Fig. 10.31,
or Fig. 10.32 is entered with Gp (after it has been inter-
changed with Gy, if necessary) and (Atppy)gig. 10.05- From
the figure for the pulse being analyzed, [rLK(:,_}m]m is
obtained. Since Afppy is a parameter in Figs. 10.30 through
10.32, a cross-plot (Fig. 10.33) for the appropriate geomet-
ric factor is usually helpful. Once [r,-‘f(t;,}w] Fig, I8 estimated
from Fig. 10.30, Fig. 10.31, or Fig. 10.32, we calculate

[00)0/ALp ey = - WfBLe) (10.30)
[f.r.f((f.f,)m]a-'m.
The new value of (1, )./Atp is used in Fig. 10.28 to esti-
mate a new value of (Afppy)pg, 10.05- IT that value does not
agree with the previous value, Fig. 10.30, Fig. 10.31, or
Fig. 10.32 is used again and Eq. 10.30 is applied again.
This process continues until two successive values of
(Atppy)rig, 10.24 are the same. Then the vertical permeability
is estimated from Eq. 10.28 using the final (Afppy)rig. 10.28
value.
Horizontal permeability is estimated from
= 141.2gBp [ Appy A T s
ky AZ; Ap [{Apm-') w]ﬂg. [(Apmlx]nu. 10.29 »
............................... (10.31)
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Fig. 10.33 Cross-plot of data in Figs. 10.30 and 10.34 for
Examples 10,5 and 10,6,

where Fig. 10.34, Fig. 10.35, Fig. 10.36, or Fig. 10.37 is
used to estimate [APJ'JVKAP!JI')-;] Fig. [{Apprloc Fig. 10.29 18
estimated from Fig. 10.29 using the final (Atppy)ei. 10,08
value. No iteration is required to estimate the horizontal
permeability once (Atppy)vig. 10.2¢ 18 estimated by the itera-
tive technique described above. A cross-plot of material
from Fig. 10.34, Fig. 10.35, Fig. 10.36, or Fig. 10.37 is
usually helpful in this analysis (see Fig. 10.33).
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Example 10.5 Vertical Pulse Testing in a System With
One Nearby Boundary

We continue with the example of Falade and Brigham®”
using the data of Example 10.4 plus AZ, = 12.5 ft and
h =250 ft.

We use Eq. 10.27 to calculate the geometric factors

GP = _..]_2_-§_ = 0.25,

50
and
Gr (50 0.25 )

We must use the smallest of G, and Gy as Gp, in this case
0.25. Since G = 3.75 > 2, we analyze for a system with a
single influencing boundary. The analysis starts as if the
system were infinite-acting, so it is like that in Example
10.4. For the first iteration, (1,),./Atp = 0.837/1.9 = 0.44]
and

(Atppy)rig. 10,28 = 0.0425.

Fig. 10.30 provides the first-iteration estimate of 0l
since Atpyp 1S a parameter in that figure, we use the cross-
plotshown in Fig. 10.33 to determine [1,/(1;) ] psg. = 1.102
forGp = 0.25, Using Eq. 10.30,

_ (0.837/1.9) _
[(8)e/A1p] s Sk = 0.400.

Using Fig. 10.28 again,
(Ame-‘)st. 10.28 = 0-0465.

This completes the first step. Since the new value of
(Atopy)rig, 10,26 does not agree with the previous value, we
must iterate. All iterations are summarized in Table 10.2.
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Fig. 10.37 Vertical pulse testing: correlation curves for the fourth-pulse response amplitude. After Falade und Brigham. 37

The final result is
(Btppy)pig. 10.28 = 0.0468,
and
[60/(11) ) e, = 1.110.
The vertical permeability is estimated using Eq. 10.28:

k, = (0.20)(2.0)(1.0 X 10-5)(50)(0.0468)
(0.0002637)(1.9)

=0.93 md.

To estimate k, we use Figs. 10.29 and 10.34 for the first
pulse to determine

[(APDV)w] Mg, 10.29 = 00430,

Appy ] =1.02.
[(Apm)x Fig.

Then, from Eq. 10.31,

k, = (141.2)(=100)(1.0)(2.0)[ 1.02][0.0430]
(50)(—1.0)

and

=24.8 md.

TABLE 10.2—ITERATIVE CALCULATION FOR VERTICAL PULSE
TEST ANALYSIS IN A SYSTEM INFLUENCED BY ONE HORIZONTAL
BOUNDARY; EXAMPLE 10.5.

After Falade and Brigham.*

Iteration -
Parameter 1 - 3 _ Use
Atppy 0.0425 0.0465 0.0468 Fig. 10.28
t i), 1.102 1.110 1.110 Fig. 10.30
(t) /AL 0.400 0.397 0.397 Eq. 10.30
(Atppy)new 0.0465 0.0468 0.0468 Fig. 10.28

Analysis When Both Boundaries Affect Pulse Response
(Gp<2,Gp<2)

When Gp and Gy, are each less than 2, both the upper and
lower formation boundaries affect pulse-test response and
an iterative analysis is required. We start by estimating
Atppy from Fig. 10.28, then use Fig. 10.30, Fig. 10.31, or
Fig. 10.32 1o estimate values of 1, /( #; )... for both G and G.
Next, a corrected value of 1, /(1,)..is estimated from

[e5e]e L., s
(1) = Jein. (1) wdrig.cp L (1) o Flg.. Gy

............................... (10.32)

Eq. 10.30 is used to estimate a new value of (t;)../Atp. That
[(fL)fofp]new is used with Fig. 10.28 to estimate the next
value of Arpyy. If that value does not agree with the previous
value, the computation is repeated until two successive
values of Atppy are the same. Finally, Eq. 10.28 is used to
estimate k,.

To estimate horizontal permeability, Fig. 10.34, Fig.
10.35, Fig. 10.36, or Fig. 10.37 is used for both G and Gp.
Then we apply

[_ép.!’)’_] = [—LA v ]
(Appy) =] pig, (Appy) =] rig..cp

X [_ﬁP_fuz_] . (10.33)
(Appy) = Fig.. Gy

Finally, the horizontal permeability is estimated from Eq.
10.31 without iteration.
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Example 10.6 Vertical Pulse Testing in a System With
Two Nearby Boundaries

The Falade-Brigham®” example can be carried one step
further by assuming that the test geometric configuration is
AZp = 12.5 ftand A = 80 ft. Other data are the same.

From Eq. 10.27,

= 128 =
Gp 56 0.25,
and

=80 _ —1 5
Gp <0 0.25—-1=0.35.

Since Gp < G we need not exchange the values. Both
values are less than 2, so a finite-system analysis is required.
As in Example 10.5, we start by using an infinite-acting
system analysis, then iterating. To start the first iteration we
enter Fig. 10.28 with (1,)./Atp = 0.837/1.9 = 0.441 to get
(Atppy)eig. 10.28 = 0.0425.
From Fig. 10.33, the cross-plot of data in Fig. 10.30, we get
the two required values of {ru’{f,,}m} for the first pulse:
[ /()] pig..cp = 025 = 1.102,
and

[ftf‘r(fL)x] Fig. Gy = 0.35 — 1.051.
Applying Eq. 10.32,
[12/(11) ) pie. = (1.102)(1.051) = 1.158.
Then, Eq. 10.30 is used to get

[(1)/ At ] new = @‘%3”7?)%1—91

=(.3804.
Using Fig. 10.28 again,
[Afww] Fig. 10.28 = 0.0488.
The first iteration is complete. Since the new {A!ppu}pm‘ 10,28
does not agree with the initial value, we must continue.

All iterations are summarized in Table 10.3. The final itera-
tion gives

[A‘P!W]m, 1028 = 0.0492,

TABLE 10.3—ITERATIVE CALCULATION FOR VERTICAL PULSE
TEST ANALYSIS IN A SYSTEM INFLUENCED BY TWO HORIZONTAL
BOUNDARIES; EXAMPLE 10.6.

After Falade and Brigham.®’

Iteration
Parameter 1 2 3 Use

Atppy 0.0425 0.0488 0.0492 Fig. 10.28

). 1.102 1,113 1.114 Fig. 10.30;
Gp=0.25

). 1.051 1.063 1,063 Fig. 10.30;
Gg=0.35

t. /(1) 1.158 1.183 1.184 Eg. 10.32

(t.)./Atp 0.3804 0.3724 0.3721 Eq. 10.30

(Afepy ) new 0.0488 0.0492 0.0492 Fig. 10.28

TABLE 10.4—COMPARISON OF RESULTS FOR THREE VERTICAL
PULSE TEST ANALYSIS METHODS.

Analysis Method ke k
Infinite-acting 0.85 20.9
One boundary 0.93 24.8
Two boundaries 0.98 26.3
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and
[1./(1) ) 1. = 1.184.
We estimate vertical permeability from Eq. 10.28:
k. = (0.20)2.0)(1.0 X 10-5)(50)(0.0492)

(0.0002637)(1.9)
=0.98 md.

To estimate k, we use Figs. 10.29 and 10.33 (the cross-plot
of Fig. 10.34) for both geometric factors:

[(apuv) x] Fie. 10.20 = 0.0470,
[Apovl(Apov)e)ris. 6, = 0.2 = 1.030,
[‘API)PI'I(APDV) n:] Fig., Gp = 0,35 = 0.961.

From Eq. 10.33,
[ﬁpm—f(ﬁp;,,,-),] pig. = (1 .030)(0.961)
=0.990
Thenk, is fromEq. 10.31:

k. = (141.2)(—100)(1.0)(2.0)(0.990)(0.0470)
' (50)(—1)

=26.3 md.

Table 10.4 compares the results from Examples 10.4
through 10.6. For the situations used in those examples, the
estimated vertical permeability changes by about 13 per-
cent, while the horizontal permeability changes by about 21
percent. Thus, for the conditions used in the examples, the
results do not vary as widely as might have been anticipated.
Nevertheless, we recommend using the full iterative
analysis if it is indicated by the values of Gp and Gy

Vertical Interference Testing

Burns®® proposes a method for vertical interference test-
ing that has considerable utility. Unfortunately, it requires
the use of a computer for test analysis. Although Burns’
technique can be used with type-curve matching, a computer
program is still required to generate the type curves. Thus,
the Burns approach is not discussed further here. Prats®*
suggests a vertical interference testing method that does not
require computer solutions. He shows that if observed pres-
SUre, Pus. i plotted vs the logarithm of time from the
beginning of injection or production, a straight line should
result with slope m and intercept atr = 1 hour of pinr. The
horizontal permeability is estimated from the slope using

k= —162.64Bp

..................... 10.34
Sk ( )

The vertical permeability is estimated from the slope and
intercept using

~ _dpch®  n (mr;&_
k= 50002637 "B\ m

_ G* +hl|AZyy — AZy,s ) o (10.35)

T 2.3025
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G* in Eq. 10.35 is a geometric factor (fraction) provided by
Prats and shown in Fig. 10.38. The vertical distances used in
Eq. 10.35 and Fig. 10.38 are defined in Fig. 10.25. As in all
transient test analysis, p ;. must be taken from the semilog
straight line, which is extrapolated if necessary,

Example 10.7  Vertical Interference Test Analysis

Prats®* presents example data from a vertical interference
test. Fig. 10.39 is the plot of observed pressure vs log of
injection time. Other data are

h =350 ft p=1.0cp
AZ, =451t ¢ =2.0% 1073 psi!
AZ.,=10M é=0.10

g = —50 STB/D pi=3.015 psi.

B =1.0RB/STB

From Fig. 10.39, m = 22.5 psi/cycle and p,y, = 3,022 psi.
Eq. 10.34 is used to estimate horizontal permeability:

k. = (—162.6)(—50)(1.0)(1.0)
¥ (22.5)(50)

=7.2md;

To estimate the vertical permeability, we use Eq. 10.35 and
Fig. 10.38. We enter that figure with

AZ,.[h=45/50 = 0.9
and
AZ,,/h=10/50= 0.2
o read G* = 0.76. Then, from Eq. 10.33,
k. = (0.10)(1.0)(2.0 % 10-5)(50)2

0.0002637
idoe(3:022 — 3,015 _ 0.76 + 50/|45 — 10|
antilog —— — —— L
22.5 2.3025
=43 md.

GEOMETRICAL FUNCTION, G*
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Fig. 10.38 Geometric factor for vertical interference testing.
After Prats, ™

ADVANCES IN WELL TEST ANALYSIS

The Prats analysis technique requires the well to be
thoroughly stabilized before testing. The initial pressure in
the region of the well at the time of the test is p;. Although
Prats does not show it, if the observation pressure at the well
is changing according to a trend, that trend may be extrapo-
lated for the test duration, and the pressure difference be-
tween the trend and observed pressures can be used in the
plot of pressure vs log of time and in the analysis. (That
approach is analogous to that given in Section 3.4.) The
Prats testing and analysis technique is limited to perforated
intervals that are short compared with the distance between
the flow and observation perforations.

Because of the repetitive nature of pulse testing, we
recommend that vertical pulse testing be used in preference
to vertical interference testing. An added advantage of pulse
testing is the larger range of allowed perforation locations
with respect to the formation boundaries than for the inter-
ference method proposed by Prats, **

Single-Interval Testing

Raghavan and Clark®* propose a method for estimating
vertical permeability when only a single set of perforations
is used. They use a spherical flow equation, so the perfo-
rated interval must be small compared with the formation
thickness and it should be near the center of the formation
interval. The analysis requires that a very restrictive portion
of the data response be analyzed. It appears that wellbore
storage could mask the data portion being analyzed and,
thus, could render the technique ineffective. For this reason,
we prefer interference or pulse testing techniques. How-
ever, the technique can be applied for many drillstem tests
where only a small interval is tested and wellbore storage
is suppressed.

10.9 Summary

The surface has just been scratched in the study of the
cffects of reservoir heterogeneities on well testing and well
test analysis. As indicated in this chapter, many different
physical situations can cause similar well-test pressure re-
sponses. Thus, it can be dangerous to infer a particular
reservoir condition or heterogeneity from a single well-test
response. Generally, much additional data from other types
of tests, geology, cores, logs, etc., are required to verify the
existence of reservoir heterogeneities. The nonexpert should

4
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~ 3050 f— —
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_O.E - ‘-g"q -1
-
§8 -"p’: <] p
& a E$—5—— 5, p = 3022 PS/ =
4
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Fig. 10.39 Pressure response for vertical interference test with
injection; Example 10.7. After Prats.3*
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be reluctant to make positive interpretations in heterogene-
ous systems. Perhaps the best thing to do is recognize that a
test is unusual because of some peculiarity either in the test
or in the reservoir and then call on the services of an expert.
In many cases, it will not be possible to determine what the
actual situation is to any degree of certainty. Often, even
sophisticated computer analyses of single- or multiple-well
test results cannot provide a definitive indication of the
actual situation,

Vertical well testing is one area that is well enough
developed for general application — when the test is per-
formed with sufficient care. The analysis methods presented
apply to specific restricted testing conditions but are suffi-
cient for estimating vertical and horizontal permeabilities if
other nceded reservoir data can be estimated from other
sources. Many other methods for vertical well testing are
also available and should provide adequate results.
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Chapter 11

Effect of Wellbore Conditions on Pressure Behavior

11.1 Introduction

Chapter 2 introduced the concepts of wellbore storage
(Section 2.6) and partial well completions (Section 2.5) and
indicated how those phenomena affect transient test be-
havior. This chapter further discusses the effects of more
complex wellbore storage conditions and partial comple-
tions, as well as the effects of hydraulic fracturing and
slanted holes on transient pressure behavior. Such features
usually must be considered when analyzing well test data —
if they are not, incorrect formation permeabilities and skin
factors may be estimated. Therefore, it is important to rec-
ognize test data that are influenced by special wellbore
conditions.

11.2 Changing Wellbore Storage

Wellbore storage'* influences pressure transient data as
discussed in Section 2.6. The wellbore storage coetficient is
defined as the change in total volume of wellbore fluids per
unit change in bottom-hole pressure,

_ AV
C=_ § AR N L R G R R (11.1
Ap )

where

C = wellbore storage constant (coefficient, factor),
bbl/psi
AV = change in volume of fluid in the wellbore at
wellbore conditions, bbl
Ap = change in bottom-hole pressure, psi.

Sometimes AV is defined to include the volume of fractures
as well as of the wellbore.

When the relationship between AV and Ap does not
change during a well test, the wellbore storage coefficient is
constant and usually may be estimated from the well com-
pletion. Then,

L T (11.2)
( P&
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for a changing liquid level and
GV, i ioe s o e e i s (11.3)

for a completely liquid- or gas-filled wellbore. The dimen-

sionless wellbore storage coefficient is
C,= 2.6146C

2w,
For a constant wellbore storage coefficient, we may esti-
mate the time when wellbore storage stops influencing a
transient well test. That time corresponds to the beginning of
the semilog straight line on the normal semilog transient data
plot (see Chapters 3 through 5 and Chapter 7). As indicated
in Section 2.6, wellbore storage effects are essentially neg-
ligible for drawdown and injection when*

(O 3.8y ainiaa Al e S e o (11.5a)

RS A I O e (11.4)

or

/=~ (200,000 + 12,0005) C_

. 11.5b
(khi ) (1159

For pressure buildup and falloff tests, the corresponding
times are®

ID>50CQQO'I48, ....................... (llAﬁa)
or

¢ 170,000 C et

.................. (11.6b)
(khip)

The wellbore storage coefficient often is not constant
throughout a well test.®7 Abrupt changes in the wellbore
storage coefficient are easy to visualize and occur relatively
frequently. Fig. 11.1 depicts a wellbore condition that can
cause an increasing wellbore storage coefficient. When an
injection well with a positive wellhead pressure is shut in for
a falloff test, the wellhead pressure remains high im-
mediately after shut-in. However, a few minutes (or hours)
later, the bottom-hole pressure falls below the pressure
required to maintain the liquid column to the surface and the
liquid level begins to fall (the well “‘goes on vacuum’’).
When that happens, the wellbore storage coefficient in-
creases from one for a compressible system (Eq. 11.3) to
one for a falling liquid-level system (Eq. 11.2); the change
can be by a factor of 100 or more. Fig. 11.2 shows both
log-log and semilog falloff curves for such a step increase in
wellbore storage coefficient; the light curves are for constant
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wellbore storage coefficients, and the heavy curves show
what happens when the wellbore storage coefficient in-
creases at shut-in time Ar,. The log-log data plot initially
shows a unit-slope straight-line pressure response: then the
response flattens and finally steepens as the pressure ap-
proaches the response for the larger wellbore storage coeffi-
cient. The semilog data plot shows a flattening period, a
steepening, and a final flattening. The correct semilog
straight line is reached at Ar,. The abrupt change in slope of
the data plot (flattening period) normally corresponds to the
wellhead pressure reaching atmospheric (going on vacuum),
Fig. 11.3 shows data from a falloff test with increasing
wellbore storage.” Example 11.1 discusses that test in more
detail. If there is a pressurized gas cushion in the well, the
wellbore storage coefficient still decreases, but not as
abruptly as illustrated in Fig. 11.2. The flattening occurs,
but it is muted considerably. That is actually the case for
the test shown in Fig. 11.3.

For the wellbore storage coefficient to increase, the liquid
level must begin to fall during (rather than at the start
of) the well test. A common situation for that occurrence is a
pressure falloff test in an injection well. However, similar
behavior may occur during drawdown testing of pumping
wells. The fluid level starts falling when pumping reduces
bottom-hole pressure below that required to maintain a fluid
column to the surface or to a packer, thus giving a larger
storage coefficient,

It is important to recognize that the shape of the falloff
curve shown in Figs. 11.2 and 11.3 is quite similar to the
falloff-curve shape that might be expected from a layered
reservoir without communication between the layers. Com-
paring Figs. 11.2 and 11.3 with Fig. 10.14 shows that many
physical situations can result in a single characteristic well-
test-curve shape.

Decreasing wellbore storage can occur during buildup
testing in a production well or during injectivity testing. Fig.

INJECTION WELL

JUST AFTER MUCH
SHUT = IN LATER
p>0 p<0

Fig. 11.1 Increasing wellbore storage — shut-in injection well
going on vacuum,

ADVANCES IN WELL TEST ANALYSIS

I1.4 illustrates a typical production-well completion that
can cause a decreasing wellbore storage coefficient. While
the well is pumping, the liquid level stands below the
packer. The liquid level is low just after shut-in, but rises as
pressure increases. Gas in the wellbore is either compressed
or redissolved. When the liquid level reaches the packer
(there may be a small gas cushion), the wellbore storage
coefficient drops from the relatively large value for a rising
liquid level with annular volume between the casing and
tubing to the relatively small value for a compression-
controlled situation. (Normally, in this situation, the tubing
is held full of liquid by the standing valve in the pump and
that volume does not play a part in test response.) If there is
gas above the liquid, its compressibility must be considered
when estimating the wellbore storage coefficient. In that
case, it is generally best to use Eq, 11.1 and a careful
analysis of the situation; Exampfc [1.1 illustrates such a
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Fig. 11.2 Log-log and semilog theoretical falloff curves for a step
increase in wellbore storage coefficient. After Earlougher, Kersch.
and Ramey.”
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Fig. 11.3 Pressure falloff testin a water injection well in the Illinois
basin: increasing wellbore storage. After Earlougher, Kersch,
and Ramey.”
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computation. Wellbore storage also may decrease during an
injectivity test. To visualize that case, reverse the sequence
shown in Fig. 11.1 and picture injection into a well with a
liquid level standing below the surface. As the bottom-hole
pressure increases, the liquid level rises until it reaches the
surface. The result is a compression-controlled wellbore
storage coefficient.

Fig. 11.5 shows theoretical data plots for decreasing
wellbore storage.” In the log-log plot, the data initially fall
on the line for the higher wellbore storage coefficient, When
the coefficient decreases at time f,, the pressure increases
rapidly until it reaches the line for the lower wellbore storage
coefficient. The semilog plot also shows a rapid increase in
slope. Data reach the correct semilog straight line at £,. Fig.
I 1.6 shows actual data for an injectivity test with a decreas-
ing wellbore storage coefficient.” Note that the test data start
with a relatively low slope that rapidly increases and finally
flattens to the semilog straight line indicated.

When the wellbore storage coefficient changes during a
transient well test, the second storage coefficient determines
when the correct semilog straight line will begin. Thus, for
the case in Fig. 11.2, wellbore storage coefficient €, would
be used in Eq. 11.5 or Eq. 11.6 to estimate the starting time
for the semilog straight line. For the situation in Fig. 11.5,
wellbore storage coefficientC, would be used. An exception
would be certain cases of increasing wellbore storage coeffi-
cient where the increase in wellbore storage did not occur
until a test time exceeding the *“*die-out’’ time (Eq. 11.5 or
Eq. 11.6) based on the smaller initial storage coefficient. In
any event, afterflow should be negligible at the die-out time
based on the larger final wellbore storage coefficient.

Changing wellbore storage is usually easy to detect in a
transient well test — if the engineer is cognizant of its

PUMPING WELL WITH PACKER

JUST AFTER MUCH
SHUT=IN LATER

2T T

Fig. 11.4 Decreasing wellbore storage — fluid level in shut-in
pumping well reaches packer. V. = total annular volume below
the packer.
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characteristics. Since storage usually changes at a bottom-
hole pressure corresponding to the hydrostatic pressure of
the fluid column in the well, verification is straightforward.
In some cases, it is easier to recognize changing wellbore
storage effects on the semilog plot than on the log-log plot.
although both are recommended for diagnostic purposes.
Ref. 7 illustrates when it may be difficult to recognize
changing wellbore storage from the log-log plot.
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Fig. 11.5 Theoretical log-log and semilog plots for an injectivity
test with a step decrease in wellbore storage. After Earlougher,
Kersch, and Ramey.’
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Fig. 11.6 Injectivity test for the well of Fig. 11.3; decreasing
wellbore storage. After Earlougher, Kersch, and Ramey.”
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Example 11.1 Effect of Changing Wellbore Storage on
Falloff and Injectivity Tests

Earlougher, Kersch, and Ramey” present the falloff and
injectivity test data shown in Figs. 11.3and 11.6. Fig. 11.7
is the log-log data plot for the two tests. Known data are

¢ = —100 STB/D

B, =1.0RB/STB

M = 1.0cp
h=16ft
¢ =0.22
¢ =T % 1078 psi~!
re =0.29 ft

depth = 994 ft, and

2-in. EUE tubing with packer set at 979 ft. Also,
Pur(Ar = 0) =837 psi

and
Py (At = 0) =457 psi

for the falloff, and

Pt = 0) = 194 psi
and

Pt = 0) = 0 psi

for the injectivity test.

The falloff data in Figs. 11.3 and 11.7 have the charac-
teristic shape of an increasing wellbore storage coefficient.
The increase starts at about 0.3 hour. That is not when the
wellhead pressure reaches atmospheric, as we would expect
if the wellbore were full of water at the start of the test. The
data show that the difference between surface and bottom-
hole pressure is only 837 — 457 = 380 psi. Using 0.433
psi/ft as the static gradient for water, 380 psi corresponds to
878 ft of water column. Thus, there must have been about
994 — 878 = 116 ft of gas above the water column, assum-
ing no significant static pressure gradient in the gas.

Assuming that the gas column does exist and that it is 116
ftlong, the wellbore storage coefficient at the start of the test
can be estimated by applying Eq. 11.1. We assume AV =

103 T :
CORRECT STRAIGHT LINE sz
ON SEM/LOG GRAPH

COMPRESSIVE
STORAGE HANGING LIOUID LEVEL
STORAGE

& FALLOFF, Ap=p - par (At=0)
O INJECTIVITY, Bp = p g~ pyg (At =0}
le) 1 |
o2 107! I 10
TESTING TIME, HR

PRESSURE CHANGE, Ap, PSI
o
n

Fig. 11.7 Log-log plot of falloff and mjectivity data of Figs. 11.3
and 11.6, Example 11.1. After Earlougher, Kersch, and Ramey.”
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0.1bbland estimate the resulting Ap. For 2-in. tubing, V,, ~
0.004 bbl/ft, so 0.1 bbl corresponds to 25 ft of fluid-level
change. Applying the static water gradient, and assuming
the perfect gas law may be used for the gas column,

Ap = 25(0.433) + 457 (I16[—1—62'5- - %%)
=136 psi.
Then,
C=0.1/136 = 7.35 X 10~* bbl/psi.

In a similar manner we find that C = 2.3 x 102 bbl/psi
when the liquid level has fallen 100 ft, indicating a continual
increase in C. The maximum value of C must occur when
wellhead pressure reaches atmospheric; then Eq. 11.2 ap-
plies and

—3 __U'(I_}_4_ ——
(62.4/144)(32.17/32.17)

=9.23 x 109 bbUpsi.

max

Since the beginning of the semilog straight line is deter-
mined by the final wellbore storage coefficient, Eq. 11.6b
can be used with assumed values of kh/u = 155 md ft/cp and
5 = 0.9 to estimate

1> (170,000)(9.23 X 10-3) e 14x0.9
i 155

> 11.5 hours.

Only the last four data points in Fig. 11.3 occur after 11.5
hours, and they are not adequate for analysis. Thus, we must
conclude that we cannot analyze this increasing-wellbore-
storage falloff test,

During the injectivity test the wellbore storage coefficient
decreases, as indicated by Figs. 11.6 and 11.7. The correct
semilog straight line, withm = 105 psi/cycle and p,,,, = 760
psi, is shown in Fig. 11.6. Using Eq. 7.4,

k= (= 162.6)(—100)(1.0(1.0) _ g7 .

(105)(16)
and
khip = (9.7)(16)/(1.0) = 155 md ft/cp.
FromEq. 7.5,

=1.1513) 760 — 194
’ { 105

— log|- . I— +3.2275
(0.22)(1)(7 X 10-%)(0.29)?

=0.9.
From the unit-slope straight line in Fig. 11.7 for the
injectivity test, Ap = 41.5 psiat At = 0.1 hour. Then. from

Eq. 2.20,

¢ = 100O.1) _ 0100 bbl/psi.
(24)(41.5)
€, at the beginning of both the falloff and the injectivity
tests can be estimated from the wellbore storage coefficients
at the beginning of the tests and Eq. 11.4. For the falloff test,
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C,Df: — (5<6!46)(?‘35 x 10_‘) ~ 320‘

27(0.22)(7 x 107%)(16)(0.29)*
and for the injectivity test,
- (5.6146)(0.0100) =4.310.

P TIm(0.22)(7 X 10-9(16)(0.29)F
The py, vs 1, curves for those two values of Cp, and fors =
1 have been matched to the observed data in Fig. 11.7. The

curves verify the changing wellbore storage condition.

If a well test encounters a changing wellbore storage
condition, it may be possible to analyze test data by being
careful , or it may be necessary to devise a test that minimizes
or eliminates the wellbore storage change, Frequently, tests
with increasing wellbore storage are not interpretable. That
is because of the unlikely appearance of the correct semilog
straight line during the compressive wellbore storage period
and the long duration of the falling-liquid-level wellbore
storage period. The second factor often results in an inade-
quate semilog straight-line definition because of insufficient
shut-in time or boundary or interference effects, In fortunate
circumstances, the compressive storage may last long
enough for the semilog straight line to develop and the test
may be analyzed using data before the liquid level starts to
fall, Tests with a decreasing storage coefficient (injectivity
or buildup) have more potential for analysis than tests with
increasing wellbore storage (falloff or drawdown). Figs.
11.2 and 11.5 indicate that the semilog straight line is
reached sooner when the wellbore storage decreases than
when it increases. In some instances, it may be worthwhile
{0 use a two-rate test (Section 4.3), or some other multiple-
rate test (Chapter 4), to attempt preventing a changing stor-
age situation.

11.3 Artificially Fractured Wells

Since the beginning of intentional hydraulic fracturing of
wells,® thousands of production and injection wells have
been fractured hydraulically. Hydraulic fracturing has a
definite effect on pressure transient response, so we should
be aware of that effect when analyzing well test data. Al-
though both horizontal and vertical fractures may be induced
by the hydraulic fracturing process, it is believed that essen-
tially all induced fractures at depths greater than 3,000 ft are
vertical.® Thus, most studies of pressure transient behavior
in fractured wells have been devoted to vertically fractured
wells,*'5 while horizontally fractured wells have been
studied less thoroughly.'®'%!® Gringarten, Ramey, and
Raghavan'® discuss several techniques for analyzing tran-
sient test data for fractured wells.

Vertically Fractured Wells

Both infinite and closed systems containing a vertically
fractured well have been studied thoroughly. Additional
information is still needed about vertically fractured wells in
drainage areas with constant-pressure boundaries. Such in-
formation would be more applicable to wells in waterfloods
after fillup and in strong water-drive reservoirs. Also, more
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data are needed for geometries other than currently dis-
cussed in the literature.

Fig. 11.8 defines nomenclature for a closed-square sys-
tem with a vertically fractured well at its center. The half-
fracture length, x,, and the half-length of the side of the
square, x,, are commonly used to characterize the system. In
all systems discussed in this chapter, we assume that the
fracture fully penetrates the vertical extent of the formation
and is the same length on both sides of the well; in closed
systems the fracture is parallel to a boundary. Only one
fracture is considered.

Figs. C.3, C.4, C.17, C.18, and C.19 show dimension-
less pressure data for vertically fractured, infinite, and
closed systems. The difference between an infinite-
conductivity and a uniform-flux fracture is explained in
Section C.2. Except for highly propped and conductive
fractures, it is thought that the uniform-flux fracture better
represents reality than the infinite-conductivity fracture..

In either infinite systems or in closed systems with rela-
tively short vertical fractures (x./x; > 1.5), the early-time
flow behavior is linear* from the formation into the fracture.
(If the wellbore storage coefficient is large, the linear flow
portion may be obscured.) Eq. C.8 gives the dimensionless
pressure as a function of dimensionless time for the linear
flow period. By using Egs. 2.2 and C.8, the pressure at the
well during the linear flow period may be written as'?

Pus = Di +mw\/r_. ..................... (11.7)

Eq. 11.7, which applies for drawdown or injection, indi-
cates that a plot of bottom-hole pressure vs the square root of
time should have an early-time straight-line portion with
intercept p;. The slope is

I L ‘( B (11.8)
h kepcoxd
The slope of the V7 plot may be used to estimate
e = (1‘5-064'?3 S (11.9)
myysh be

*But a recent paper indicates that systems with finite conduc-
tivity vertical fractures may not exhibit linear flow behavior. See
Cinco, Heber, Samaniego-V., F., and Dominguez-A., N.: “Tran-
sient Pressure Behavior for a Well With a inite—Conductivi]tE;‘y
Vertical Fracture,” paper SPE 6014 presented at the SPE-
AIME 51st Annual FaH echniecal Conference and Exhibition, New
Orleans, Oet. 3-6, 1976,

\NQ FLOW BOUNDARY

]

X —

Fig. 11.8 Vertically fractured system.
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For values of x,/x, > 1, the linear flow period ends at about
ey = 0.016 for an infinite-conductivity vertical fracture
and at 1,7 =~ 0.16 for a uniform-flux vertical fracture.

After the initial linear flow period, there is a transition to
an infinite-acting, pseudoradial flow period in which the
normal semilog analysis (Chapters 3 through 7) applies. The
pseudoradial period begins at f,; ~ 3 for the infinite-
conductivity case and at 1, ~ 2 for the uniform-flux case.
Egs. C.7 and C.10 give the dimensionless pressure for that
flow period, providing boundary effects are not encoun-
tered. In a closed system, the infinite-acting, pseudoradial
behavior only develops completely if x./x, > 5. When
pseudoradial flow occurs, permeability may be estimated
from the semilog straight-line slope with the familiar
equation

k= *=162.6¢Bp (11.10)
mh

where the appropriate sign is chosen depending on the test
type, as indicated in Chapters 3 through 7 and Appendix E.
Wattenbarger and Ramey'? have observed that there is an
approximate relationship between the pressure change at the
end of the linear flow period, Ap,;, and at the beginning of
the semilog straight line, Apy,;. Since the linear flow period
i1s a straight line on a p vs V1 plot (or a line of one-half slope
on alog Ap vs log At plot), it is generally not too difficult to
estimate Ap,;, the pressure change at the end of the linear
flow period. If the semilog straight line develops, it is also
possible to estimate A p,,, the pressure change at the begin-
ning of the semilog straight line. If the relationship
&p,,s;.?'2&p,.,, ......................... {l][]}

Is not satisfied, it is likely that either an incorrect linear flow
period or an incorrect radial flow period has been chosen.
Fig. 11.9 shows dimensionless pressure for an infinite-
acting, vertically fractured system during both linear and

t Dxf
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Fig. 11.9 Linear and radial flow periods for a fractured weli. After
Wattenbarger and Ramey;*? data of Russell and Truitt.?
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radial flow periods. Note that the data curve on the V7 scale
appears to be straight at times after the end of the linear flow
period. Both Fig. 11.9 and experience indicate it is not
difficult to find an apparent \/r_straighi line in the transition
period from linear to radial flow. The slope of that apparent
straight line is not related to formation permeability and
fracture length, as indicated by Eq. 11.9. Fig. 11.9 illus-
trates the importance of making the check indicated by
Eq. 11.11.

Pressure buildup (falloff) testing in vertically fractured
wells is similar to that in unfractured wells. However, when
performing the superposition to get the effect of the shut-in
period (Section 5.2), it must be understood that the linear
flow period does not last long. Thus, if the flow period is
long enough to deviate from linear flow, Eq. C.8 (or Eq.
11.7), which indicates pressure is a function of V1, cannot
be used in the flow portion of the superposition. Instead, Eq.
C.7 or Eq. C.10, which are longer-time solutions for the

6.2
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Fig. 11.10 Horner graph for a vertically fractured well in the center

of a closed-square reservoir, t,,,, =1.0. After Russell and Truitt,"
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Fig. 11.11 Horner graph for a vertically fractured well in the center
of a closed-square reservoir, x,/x, = 10. After Raghavan, Cady,
and Ramey. !
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pseudoradial flow period (that still assume no boundary
effects) may have to be substituted. Care is required in
devising an analysis technique under such circumstances.

Pressure data from the pseudoradial flow portion of a
buildup (falloff) test is analyzed using the normal Horner
plot, pys Vs Eog[{:,, + Ar);’m]‘ Figs. 11.10and 11.11 show
theoretical Homer plots for pressure buildup in vertically
fractured systems. The two figures indicate the effect of
fracture length and producing time on the Horner-plot slope.
The maximum Homer-plot slope depends on fracture length
(Fig. 11.10), but is independent of producing time for a
fixed fracture length (Fig. 11.11) providing the buildup or
falloff test is of sufficient duration to show the maximum
slope. This indicates that permeabilities estimated from the
measured Homer-plot slope must be modified as indicated
below,

To correct permeability estimated from a Horner or
Miller-Dyes-Hutchinson (MDH) plot, we use (when shut-in
lasts long enough to observe the maximum slope)

{kh)a Fig. 11.12

BTl o e e bR S E R (11.12)

where k.. is the k value calculated with Eq. 11.10; the ratio of
true to apparent kh, F ., is taken from Fig. 11,12.* In Fig,
11.12 the upper solid line applies to the Horner data plot for
any producing time. If the MDH data plot is used, the
correction factor is a function of production time up 10 f,p,
= (.12. Because of its independence of 7, and its lower
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Fig, 11.12 Correction factor for kh estimated from pressure
buildup tests in vertically fractured wells, assuming sufficient
shut-in time to reach maximum slope. After Raghavan, Cady, and
Ramey.'!
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sensitivity (correction factor nearer 1.0), the Horner graph is
recommended for analyzing data from vertically fractured
wells. Touse Eq. 11.12, it is necessary to know x,/x, (note in
Fig. 11.12 F,, is plotted vs x4x, rather than x,/x; used in
most figures in this monograph). If both the linear (V1) and
radial (log 1) flow periods develop, it is possible to estimate
kx/* from Eq. 11.9 and & from Eq. 11.12 using a reasonable
value of x/x, in Fig. 11.12. Then the estimated k may be
used with results from Eq. 11.9 to estimate x;. Thatx, is used
to compute a new xgx, to be used in Fig. 11.12 and to
improve the estimation of k. This process continues until
two successive values are the same. If both flow periods do
not develop, it is necessary to make an independent estimate
of fracture length (from fracture-job parameters) or of per-
meability (from an unfractured nearby well). (Fig. 9.10 and
Ref. 20 indicate that interference testing in a system with a
vertically fractured well may provide incorrect results. A
more sophisticated analysis is required in that instance.)

Egs. 11.9, 11.10, and 11.12 also may be combined to
give another useful form for estimating fracture length simi-
lar to that proposed by Clark:'?

x, = 03187 ‘(_@_@; e (11.13)
mVI ‘f’CthFc'or

where m is the apparent semilog straight-line slope and Fiii
is the factor that corrects m to the true semilog slope, as in
Eq. 11.12. Fey, given in Fig. 11.12, has a minimum value
of about 0.32 for a Horner plot and 0.23 for an MDH plot for
a closed-square drainage area when production time is suffi-
cient to reach pseudosteady state (f,p4 > 0.12). When flow
times are less than required to reach pseudosteady state,
much lower values of F,, (larger corrections) can be appli-
cable. The proper F., can be estimated by an iterative
technique similar to the one described above.

An alternate approach to analyzing fractured-well tran-
sient test data is type-curve matching. Gringarten, Ramey,
and Raghavan'® provide a good illustration. Curve matching
normally would be performed with Fig. C.3, Fig. C.18, or
Fig. C.19 using the technique described in Section 3.3 and
illustrated in Fig. 3.5. Once a match point is chosen, the
dimensionless parameters on the axis of the type curve are
used to estimate formation permeability and fracture length.
For Figs. C.3, C.18, and C.19, permeability would be
estimated from the pressure match using'®

k= 141.2¢Bu (Pou |
h (Ap)u
where the data-plot match point, (Ap)y, falls on top of the
type-curve match point, (pp)y. The fracture length is esti-
mated from the time-axis match point:'?

e (11.14)

X, = 0.0002637k (A ... .. (11.15)
ducs (Ipapu
*Fig, 11.12 applies for a vertical fracture in a closed-square region. A

recent paper (Raghavan, R.: *'Analysis of Pressure Data for Fractured
Wells: The Constant-Pressure Outer Boundary,”" paper SPE 6015 pre-
sented at the SPE-AIME 51st Annual Fall Technical Conference and
Exhibition, New Orleans, Oct. 3-6, 1976) gives similar information for a
vertically fractured well in a constant-pressure-boundary squarc. In that
case, the Horner graph for pressure buildup analysis is also best, but the
correction factors also depend on production time, 1.
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If all test data fall on the half-slope line on the log Ap vs
log At plot (the straight line in the \/7 plot), then permeabil-
ity cannot be estimated by either type-curve matching or
semilog plotting. This situation often occurs in tight gas
wells, where the linear flow period may last for several
hundred hours. However, the last data point on the half-
slope line (on the V7 straight line) may be used to estimate
an upper limit of the permeability:*?

k< _(QZ_I-‘);;I_;'-ZAG_B}L_ o (11.16)
P

where Ap is the observed pressure change at the last point on
the half-slope (V/7) straight line. That permeability and the

corresponding time value for the last point on the V7

straight line, 1, may be used to estimate a minimum fracture
length;!'®

X = ‘!_90003637_!9_, ........ s (11.17)
(0.016) dpuc,

Eqs. 11.16 and 11.17 apply only for x./x; >> [ and for
infinite-conductivity fractures. If the fracture is expected to
be more like a uniform-flux fracture, 0.215 in Eq. 11.16
becomes 0.76 and 0.016 in Eq. 11.17 becomes 0. 16.

Often in type-curve matching applications, it is also possi-
ble to estimate reservoir size. In Figs. C.18 and C.19 the
dimensionless pressure deviates upward from the infinite-
system solution as boundary effects become important,
When observed data fall on one of the upward-deviating
curves, the x./x; parameter on that curve may be used to
estimate x, and, thus, drainage area, assuming that the
square system shape applies (if it does not, it is unlikely that
a good match will be obtained!?). If the last data point is still
on the infinite-acting solution curve, then a limiting estimate
can be made concerning the drainage volume. In that case
one observes the x./x; parameter for the last upward-
deviating curve that the matched data pass and uses that as an
indication of the smallest drainage volume for the system.

As additional type curves become available for other
fractured systems, capabilities for analyzing fractured-well
transient pressure data by curve-matching techniques should
expand significantly.

Pierce, Vela, and Koonce!s propose a method for using
pulse testing to estimate the orientation and length of a
vertical fracture. Their method requires computer analysis
of test data; however, a qualitative idea of fracture orienta-
tion may be obtained from pulse testing without computer
assistance. See Ref. 15 for details.

Russell and Truitt show that the vertical-fracture half-
length can be related to an apparent wellbore radius for a
single vertical fracture in a closed square by

Twa=048xp, ... .. (11.18a)
when x./x, > 2,

By using the skin factor equation and Egs. C.7 and C. 10,
it is possible to write similar expressions for infinite-acting
systems. For a uniform-flux fracture,

Fawa = 03X oo (11.18b)

and for an infinite-conductivity fracture,
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P oo B = ven wn san sosaspimes Wi (11.18¢)

Egs. 11.18a through 11.18¢ provide only a rough estimate,
but may be helpful in estimating fracture length when only
an apparent wellbore radius can be estimated from the skin
factor using Eq. 2.11. That approach is not recommended.

Square, vertically fractured systems approach pseudo-
steady state after long enough production time® (z,,, >
0.12). Then, the dimensionless pressure is

po =2y, + |n("e_) +1 1n(£ﬁ3), s (11:18)

Xy 2 C,
where the shape factor, C,, is given in Table C.1. Note the
similarity of Eq. 11.19 to the pseudosteady-state equation
for an unfractured well, Eq. 2.23. Russell and Truitt® show
that reservoir-limit testing techniques (Section 3.5) apply to
vertically fractured wells,

Example 11.2  Buildup Test Analysis for a Vertically
Fractured Well

Gringarten, Ramey, and Raghavan'? provide the pressure
buildup data in Table 11.1. Other pertinent data are

Mo =0.23 cp B,=1.76 RB/STB
$=0.30 depth = 9,500 ft.

¢ =30 X 10-% psi~?

The usual log-log plot (not shown) has no unit slope, but
has a slope of % from 5 to 75 minutes. Thus, we suspect a
fractured well. For a formation at a depth of 9,500 ft, the
fracture should be vertical .8

Fig. 11.13 is a plot of Ap vs V7, as suggested by Eq.
11.7. The graph has a straight line with my,, = 97.3 psi hr*%
uptoatleastAp = 160 psi. Eq. 11.9 can be used to estimate

feds [~4.064{2,750)_(1_.'_?§_ A 023
¢ (97.3)(230) (0.30)(30 x 10-%)

= 19,700 md sq ft.

According to Eq. 11.11, Ap at the beginning of the
semilog straight line should be at least 2 x 160 = 320 psi.
Since the test ended before that Ap, the semilog plot will not

TABLE 11.1—PRESSURE BUILDUP DATA FROM A WELL WITH A
VERTICAL FRACTURE, EXAMPLE 11.2.
After Gringarten, Ramey, and Raghavan.**

At {min) Pus = PurlAt = 0) (psi)

0 0

5 31
10 43
15 54
20 66
25 66
30 72
35 78
40 83
45 89
50 100
55 100
60 100
75 114
120 136
150 159
240 181
285 206
480 218
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be helpful. Thus, we must use type-curve matching for
further analysis of the test. (This is not meant to imply that
type-curve matching would not be useful if we could use the
semilog plot; it could be useful, particularly to give limits on
x./x;.) Fig. 11.14 shows the data of Table 11.1 matched to
Fig. C.19. Note that the data do not show any effects of a
boundary. The match-point data are
(Ap)y = 100 psi at (pp)y = 0.77,
and

(Af)y = 100 minutes at (1) = 0.36.

Using Eq. 11.14,
k= (141.2)(2,750)(1.76)(0.23)(0.77)

(230)(100)
=5.26 md.
From Eq. 11.15,
A (0.0002637)(5.26)(100/60)
(0.30)(0.23)(30 x 107%)(0.36)

= 55.7 ft.

These results can be compared with the result of using Fig.
11.13 and Eq. 11.9. The value

kx? = (5.26)(55.7)% = 16,300 md sq ft,

compares with 19,700 md sq ft computed from Eq. 11.9 —
about a 17-percent difference. If k is assumed to be correct,
then

56(..!; < 6l ft;
or if x; is assumed to be correct,
5.3<k<6.3md.

The discrepancy provides an estimate of the accuracy of the
type-curve matching method. When the well is retested, it
would be advisable to get a longer buildup period in an
attempt to define the semilog straight line.

Note from Fig. 11.14 that observed pressure data are still
on the infinite-acting curve — at least to x../x; = 2. Thus, we

can say that x,/x, must be greater than 2 for the tested well.
Using the value x; = 55.7 ft, we estimate that x, > 111 ft.
Thus, we expect the drainage area for the test well to be
larger than a 222-ft square, with an equivalent area of 1.13
acres. As we see, this test did not investigate a very large
amount of reservoir.

Horizontal Fractures

Dimensionless pressure data for a single horizontal frac-
ture located at the center of the productive interval in an
infinite-acting system are given in Fig. C.5. No allowance
for wellbore or fracture storage is included in that figure. At
very short production times, the log-log plot of p vs 1p may
have a unit slope resulting from storage effects within the
fracture. '8 In most cases wellbore storage would obscure
such fracture storage.

Fig. 11.15 also shows pp, vs 1, for a horizontally fractured
well.’® When plotted as shown in Fig. 11.15 (as contrasted
to the log-log plot of pp/hy shown in Fig. C.5), the pressure-
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time curve has a peculiar S shape when h; > 3 that distin-
guishes it from the behavior of a vertically fractured well.
The log-log plot (Fig. C.5) has an S shape'®*® for hp < 1.
Thus, for low and high hy, values, it may be possible to dis-
tinguish between vertical and horizontal fractures based on
pressure behavior. However, the semilog curves of Fig.
11.15 for the larger h;, values have a shape typical of pres-
sure data from wells with significant wellbore storage ef-
fects (compare Fig. 11.15 with Figs. 5.2 and 7.6).

At short flow times, there is a period of linear vertical
flow from the formation to the horizontal fracture. During
those times, dimensionless pressure is given by!®

Pp = 2hy J—ﬁ’—’f
T

where hy, is given by Eq. C.12 and tp,,, is givenby Eq. C.11.
The py in Eq. 11.20 may be used in Eq. 2.2 to obtain an
expression for the flowing bottom-hole pressure during
drawdown or injection — during the linear flow period;

Y N e B S (11.20)

Pur=pi Mg N i (11.21)

Eq. 11.21 indicates that a plot of flowing bottom-hole pres-
sure vs V1 should have an early-time straight-line portion
with intercept p; and slope

_ —2.587@ [
Myr= _ = A s 11.22)
v r k. ey :

Note in Eq. 11.22 that the slope is controlled by the forma-
tion vertical permeability and the fracture radius.

Gringarten, Ramey, and Raghavan'®" show that the
long-time pressure behavior for an infinite-acting, horizon-
tally fractured well is the same as that for an unfractured well
with an additional (negative) skin effect; that is, there is a
pseudoradial flow period. Thus, if the fracture is not too
long for the test duration, drawdown or injectivity test
analysis by normal semilog methods can be used to estimate
k., the radial direction permeability. Fig. C.5 can be used
for curve matching for shorter tests. To date, there are no
thorough studies of pressure buildup (falloff) behavior in
horizontally fractured wells, so there are no published data
for slope or k, corrections similar to those in Fig. 11.12 for
vertically fractured wells. Thus, we would preferably esti-
mate k. from a drawdown or injectivity test. When we
estimate it from a buildup test, we can only assume that the
long-time semilog slope gives a reasonable estimate of the
true radial permeability when boundary and interference
effects are not important.

Type-curve matching with Fig. C.5 may be used to esti-
mate k,/rs*. By using k,/r/® from type-curve matching and &,
estimated from the semilog straight line (Eq. 11.10), it is
possible to estimate r;. That r, may be used in a rearranged
form of Eq. 11,22 to estimate k,. Thus, it may be possible to
estimate k., &, andr, froma single-well test for a well with a
horizontal fracture, Of course, the fracture must be at the
center of the formation to use Fig. C.5 and Eq. 11.22; the
system must be infinite-acting; and the pseudoradial flow
period must be fully developed. In addition, wellbore stor-
age effects must not mask the initial V7 straight line. It
should also be remembered that no data are presented for
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correcting pressure buildup (falloff) analyses in a horizon-
tally fractured well, so the accuracy of k. may be in doubt.
Eq. 11.20 may be used with superposition to devise a tech-
nique for pressure buildup plotting for the linear flow
period. Normally, that would be done by having a long
production period before the shut-in and using a long-term
equation for that period such as one based on ap, given by'?

=1 (m oy + 1.80907 + ﬁgi) ..... (11.23)

where 1,/ is given by Eq. C.11. Then the linear-flow portion
of the shut-in period would be represented by Eq. 11.20. If
Eq. 11.20 is used for the drawdown period as well as the
shut-in period, the linear flow period must last throughour
the drawdown portion of the test or the derived equation will
be incorrect, as will be the subsequent analysis.

Gringarten, Ramey, and Raghavan'® also indicate how
type-curve matching may be used to estimate &, k;, and ry
for a horizontally fractured well. In that situation pressure
drawdown or injection data would be matched to the type
curve of Fig. C.5. Sufficient data must be available so one of
the hy, curves is clearly matched. The pressure match is
used to estimate

Vikorp= 141.2gBu (pplhply (11.24)
(Ap)y
The time-scale match is used to compute
ke = _dpe(p)y (11.25)

ré 0.0002637 (1),

Then the value computed in Eq. 11.25 is used with the
matched Ay, curve to estimate vertical permeability:

k=K [ BV . (11.26)
ir_fx (}ly)u

The three results from Egs. 11.24 through 11.26 are then
used simultaneously to obtain k, and r,. Gringarten, Ramey,
and Raghavan'® show an example calculation using the
procedure.

11.4 Partial Penetration and Partial Completion

Most material presented in this monograph assumes that a
single, vertical well completely penetrates a horizontal for-
mation. When a well penetrates (or is completed in) only a
portion of the formation, normal transient analysis may still
be used to estimate formation kh/w and p, but the skin factor
estimated with the normal equations will reflect the partial
well completion. Fig. 11.16, based on information pre-
sented by Kazemi and Seth,?' indicates that the pressure
transient behavior of a partially completed well may show
two semilog straight-line portions. The first straight line
represents ki/p of the perforated interval, while the second
represents kh/p of the full formation interval. The initial
straight line may not appear because of wellbore storage or
other effects; but under ideal conditions, it does exist. Even
when it does occur, we do not recommend trying to estimate
the total pay thickness based on the interval open in the well
and the two values of kh/u from a semilog plot unless
extraordinary steps have been taken to suppress wellbore
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storage.?? Straight lines often seem to appear in data that is
dominated completely by wellbore storage effects. As stated
elsewhere, the log Ap-log Ar data plot will often clearly
identify wellbore-storage-dominated data. Culham?®® shows
that the transition between the two semilog straight lines is
often characteristic of spherical flow. As such, those data
may provide an estimate of k.

The apparent skin factor estimated from normal
transient-test analysis methods for a well with restricted
flow entry or for a well that is not vertical in the formation
iSE-Ii

5 SR R By T o & % wmmmsnemmiy » (11.27)

where s, is the true skin factor caused by damage to the
completed portion of the well; s, is the pseudoskin factor
resulting from restricted flow entry; and s, is a pseudoskin
factor resulting from a slanted well. Brons and Marting®®
presented pseudoskin factors resulting from partial penetra-
tion — wells not drilled completely through the section (Fig.
2.7). Odeh?* gives information for estimating the pseudo-
skin factor for wells that are either partially penetrating or
are only partially completed (entire productive interval not
perforated). His method may be used to estimate the pscudo-
skin factor for a large variety of completion conditions.

Jones and Watts2® propose an equation for estimating the
actual skin factor resulting from a combination of a partial
completion and a change in permeability in an annular zone
around the well over the perforated interval, such as might
result from a sand consolidation treatment. The skin so
estimated is caused only by the effect of the short damaged
interval. The pseudoskin resulting from the partial comple-
tion must be added to it. The skin factor resulting from the
permeability change near the wellbore is

sp=-1_[1-02 (5_1)] k — ks ) In(fs).
Azp ﬁzp ks I
..................... (11.28)

The equation applies when the perforated interval, AZp, is
much smaller than the formation thickness, A, but that is not

EARLY TIME kh/u
REPRESENTS OPEN INTERVAL

LATE TIME kb /s
REPRESENTS
EXTRA PRESSURE FULL INTERVAL
DROP (APPARENT SKIN)
DUE TO RESTRICTED

FLOW ENTRY

BOTTOM-HOLE PRESSURE
/

o9

LOG (FLOW TIME)

Fig. 11,16 Schematic drawdown behavior fora well with restricted
flow entry.
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thought to be a serious restriction.*¥

Fig. 11.17 schematically shows a well penetrating a for-
mation at an angle « from the line perpendicular to the
formation top and bottom, Cinco, Miller, and Ramey?*’
show that the pseudoskin factor resulting from a slanted,
completely perforated well can be approximated by

Sewp = — (Ct/41)2:% — (a/56)1565 | __h _) '
i Gt ( ) o8 ( 100 ry:

.................... (11.29)

when 0° < a = 75°, hir, > 40, and 1,> 100. Fig. 11.18
shows the pseudoskin factor for a slanted well. The effect of
the slanted well is to provide more wellbore area and, thus, a
negative pseudoskin factor.

Skin factors estimated from transient testing include all
features that affect the efficiency of fluid flow into the
wellbore. The material presented in this section may be
useful for cither predicting the pressure rate behavior of a
well, or for attempting to estimate the skin actually caused
by damage. Clearly, a large skin factor resulting from a sand
consolidation treatment or from partial completion probably
cannot be reduced significantly by most stimulation treat-
ments. Thus, it is important that the analyst recognize such
situations.

WELL

>

Fig. 11.17 Definition of terms for slanted wells.
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Chapter 12

Application of Computers to Well Testing

12.1 Introduction

Most material in this monograph deals with analysis tech-
niques that do not require the aid of a computer. We have
avoided the necessity of using the computer by considering
simple transient testing procedures and using simplified
dimensionless pressures for analysis. Most transient well
tests we have considered use no more than two flow rates
plus, perhaps, a shut-in period. All the test analysis tech-
niques have been based on some simple form of a combina-
tion of Eqs. 2.30 and 2.3 1:

ap= 14128 5~ <~ [(gB: - guicsBiy)
h Z z i~ qi-1Pi
i o=l

{po([t = ti-1]o o) +s}] et (12.1)

where the j sum is taken over all wells and r, refers to the
distance between the point of interest and the active well. In
most cases we have assumed infinite-acting behavior and
have used a logarithmic approximation to the exponential-
integral dimensionless pressure expression, Eq. 2.5b.
Sometimes testing situations use so many wells and rate
changes that Eq. 12.1 is difficult to use by hand, even
though hand calculations are possible with any form of that
equation. Earlougher ef al.! provide a means for simplying
calculations in bounded systems; but even that technique is
burdensome if the system is complex. The approach pre-
sented by Jargon and van Poollen® is feasible for hand
calculations — for a single well with multiple rate changes.
Regardless of the number of wells or rate changes involved,
it is almost essential to use a digital computer when a system
is so complex that tabulated dimensionless pressures do not
exist. Examples of such systems are fractured reservoirs;**
stratified reservoirs;® reservoirs with various kinds of
discontinuities; 12 reservoirs containing non-Newtonian
fluids:!® and reservoirs with peculiar conditions around the
wellbore. ' In such cases, a computer and some sort of
mathematical model of the reservoir are required just to
simulate* the behavior of the system. Analyzing transient
tests in such complex systems generally also requires com-

*As used in this monocFraph, a reservoir simulator is a computer
program that solves fluid-flow equations to compute (simulate) res-
ervoir behavior.

puter assistance. % Sometimes simulations lead to empiri-
cal hand-analysis techniques; for examples, see Sections
7.5,9.3,10.8,and 11.3.

A major advantage of using the computer is that we
are able to study systems for which dimensionless pressure
data are not available. A second advantage is that com-
puter simulation and analysis is fast and computationally
error-free. That, unfortunately, does not guarantee correct
results, since the mathematical model or the computer pro-
gram may not be conceptually error-free or since the data
may be incorrect or supplied to the program incorrectly. The
major disadvantages in applying the computer to transient
testing are that both a computer and a computer program
must be available. Surmounting the first problem does not
necessarily overcome the second. The engineer may have to
write a new program, modify an existing one, or find some-
one to do that for him. Thus, using computers in well testing
can create a major time bottleneck if the required computer
programs are not readily available. Fortunately, most large
oil companies and many consulting organizations have
both computers and libraries of programs that the engineer
can use.

This chapter briefly discusses computer-aided transient
test analysis, computer-aided transient test design, and res-
ervoir simulation. The material is limited to results without
detailed descriptions of the calculation procedures used,
since the intent is to demonstrate possibilities rather than
provide computational methods. The cited references give
computational details.

12.2 Computer-Aided Well Test Analysis

When using the computer for analyzing transient tests, it
is important to remember that it is just a tool. The computer
does not perform the analysis, even though it may print
answers. The engineer is responsible for the analysis — he
must ascertain that the data were correctly supplied and that
the computed results are consistent with the physical situa-
tion. If the results are unreasonable, the engineer must
determine the problems and decide how to correct them,
whether that involves rerunning the test, reanalyzing the
data, or rewriting the computer program.
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In the simplest type of computer-aided transient test
analysis, the computer does the bulk of the time-consuming
computations, but the engineer makes all the decisions re-
lated to test analysis. For example, suppose we wish to
analyze data from a multiple-rate transient test using the
technique of Section 4.2. We might use a computer program
to do the computationally tedious superposition calcula-
tion. Then we could plot the pressure data vs the time-
superposition function, draw the appropriate straight line,
and estimate formation characteristics. Jargon and van
Poollen? describe a technique of that nature. Such a general
approach may be applied to almost any testing situation.

A more sophisticated approach to computer-aided test
analysis has the computer both calculate and make decisions
regarding the analysis. In the automated-analysis approach,
the computer prints the answer and gives some indication of
how reliable the results are. The engineer must then evaluate
the results and accept or reject them.

Any computer program that automatically analyzes tran-
sient test data consists of two basic parts: (1) a part to
compute pressure behavior for a given set of reservoir prop-
erties (for example, superposition in time and space using an
appropriate py), and (2) a part that Judges how well the
computed behavior matches observed behavior and then
changes the reservoir parameters used in Part 1 until the
match of computed and observed data is acce ptable.

The first part of the process may be accomplished using
techniques of Chapter 2, some variation of those techniques,
or a reservoir simulator.'®1924 Ty accomplish the second
part of the process, the program may use a regression
analysis technique™-2 or some other technique to minimize
the error.*# The following examples indicate the kinds of
results that can be obtained from computer-aided transient
test analysis.

Example 12.1 Interference Test Analysis by Computer

Methods

Examples 9.1 and 9.3 present interference test data and
show two analysis techniques. Example 9.1 analysis results
are

k=5.1md
and
de,=1.01 X 10 psi .

O OBSERVED DATA

PRESSURE CHANGE,
Ap, PSI
-]
o

20 — COMPUTER CALCULATED LINE b

0 Liaal 11 AR R D) O WO 15 1 | 1

‘!. 'IO 2 3 4 5 &8 I[o' 260
TIME, t, HR

Fig. 12.1 Example 12.1, trial-and-error computer analysis of the
interference test of Example 9. 1.
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We also have analyzed the data by three different
computer-aided techniques. The first method. a trial-and-
error approach, compares observed pressure response with
pressure calculated by a computer program that uses Eg.
12.1 with given reservoir parameters. After several com-
puter runs (sometimes the technique requires 12 to 15 trials),
the match shown in Fig. 12.1 was obtained. The parameters
used to calculate the line in that figure are

k=6.0md
and
b, =0.8 X 107 psi~1.

The second computer-analysis method uses the regression
technique described by Earlougher and Kersch.?? Fig. 12.2
is a plot of the match obtained by that method. In that case,
the computed results are

k=57md
and
be, =099 x 105 psi .

A third computer-analysis technique, similar to that de-
scribed by Coats, Dempsey, and Henderson.2? was also
used. Although not shown here, it gave essentially the same
results as the regression technique.

All these analysis techniques give essentially the same
results. If we had to choose one set of results, it would
probably be best to use 5.7 md and 0.99 x 10 % psi~'. We do
this because the regression technique provides less chance
for an error in subjective judgment during analysis than do
the other techniques. This example is a simple one that is
analyzed by hand with relative ease. Many transient tests do
not provide an option; they can be analyzed within reason-
able time only by using computer methods.

Example 12.2  Interference Test Analysis —
Heterogeneous Reservoir Case

Jahns'? describes an interference test in a five-spot pattern
with the center well being produced for several hours while
the pressure decline in the four surrounding wells was ob-

lzo L] LI LI L Li Ll 1

O OBSERVED DATA
= REGRESSION LINE

PRESSURE CHANGE, Ap, PSI

o] i 1 i 1 1 1 1
o 20 40 80 a0 100 120 140 180
TIME, t, HR '

Fig. 12.2 Example 12,1, regression-type computer analysis of the
interference test of Example 9, 1.
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TABLE 12.1—EXAMPLE 12.3: COMPUTER ANALYSIS RESULTS FOR INTERFERENCE TEST
OF EXAMPLE 9.6.

Analysis Method and Kmax
Data Used (md)
Type-Curve Matching
Three wells, injection only 20.5
R_ggressmn
Three wells, injection only 17.6
Three wells, injection and falloff 17.2
Seven wells,* injection and falloff 15.8
Eight wells, injection and falloff 14,5
Ot data trom well with poorest mateh in eight-well analysis.

served. Using a grid-type mathematical simulator and a
regression-type analysis technique, Jahns analyzed the data
for pattern properties. Fig. 12.3 shows how he segmented
the reservoir for analysis of test data. He estimated kh and
e in each block from the pressure data at the four observa-
tion wells. Jahns gives considerable information about this
test, including plots of observed and calculated response
data at cach observation well. Fig. 12.4 shows results at
Observation Well 2. The computed response matches the
observed response closely.

Example 12.3 Interference Test Analysis —
Anisotropic Reservoir Case

In Example 9.6 we analyzed injection-period pressure
response data from three observation wells in an anisotropic
reservoir. Ramey®® gives both injection and shut-in period
data for ecight observation wells for that test. We have
applied the regression analysis described by Earlougher and
Kersch®® to those data in several ways. Table 12.1 sum-
marizes the results. Fig. 12.5 shows the range of data-match
results for the analysis corresponding to the next-to-last line
in Table 12.1. Clearly, the results depend on the amount of
data used, and may be changed by excluding portions of the

BLOCK 7 BLOCK &

BLOCK 2

BLOCK 4 BLOCK |

4 1
° -]

§ erooucTion weLL
© OBSERVATION WELLS

BLOCK B BLOCK 35

Fig. 12.3 Example 12.2, eight-region model used for a
computer-aided analysis of an interference test in a heterogeneous
reservoir. After Jahns.'¥

Kmin
(md)

e e
O
ot Lol

Analysis Results

Standard

k fl he, Deviation
(md)  (degrees) (psih  (psi)
16.9 64.7 1.59 % 10:® —
14.6 60.3 ligl » 10+ [
14.8 59.3 1.61 x 10-¢ 1.86
12.6 3.7 1.67 % 10-% 2.07
12.7 63.6 1.60x 10°® 2.69

available data. If a different reservoir model had been cho-
sen (such as one composed of many heterogeneous blocks,
each with its own properties, as illustrated in Example
12.2), the estimated reservoir propertics might have been
quite different.

As seen from Table 12.1, the degree of anisotropy in this
example 1§ small (kya/kmin < 2). Thus, it is possible that
reservoir properties estimated from some other type of res-
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Fig. 12.4 Example 12.2, results of a computer-aided analysis of
an interference test in a heterogeneous reservoir. Results for Well 2
of Fig. 12.3. After Jahns.'®
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Fig. 12.5 Regression-analysis data fit for seven-well
interference-test data analysis of Example 12.3 and Table 12.1.
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ervoir model also might be applicable. Nevertheless, there
are situations where other data available to the engineer
would strongly suggest that extreme anisotropy must exist
owing to natural fracturing, depositional trends, etc. Thus, it
is important that data other than that of the test be considered
during test analysis. In fact, for the data of this example, the
sandstone is a channel deposit and directional permeability
can be expected as a result of the depositional environment.

Example 12.4 Computer Analysis of Falloff Data With
Significant Wellbore Storage

Earlougher and Kersch?®® present an analysis of the falloff
test shown in Fig. 12.6. The S shape of the falloff curve is
indicative of wellbore storage. The log-log data plot in Fig.
12.7 verifies that wellbore storage is dominant for about
5 hours,

The final straight-line part of the data in Fig. 12.6 can be
analyzed using the techniques in Section 7.3 to obtain

k=12.7md
and
s=T.
Earlougher and Kersch used completion data to estimate
an afterflow schedule, When they included that schedule in

the automated regression-type analysis, the solid curve in
Fig. 12.6 resulted. The best match occurred when

k=13.7md
and

s=17.

The data were also analyzed using the regression pro-
gram, but assuming no wellbore storage. The best-match
calculated response for that case is the dashed curve in Fig.
12.6. Clearly, it is not a good representation of observed
data. Actually, the analysis shown by the dashed curve was

0 OBSERVED DATA

-

REGRESSION LINE
NEGLECTING WELL-
BORE STORAGE

REGRESSION LINE
INCLUDING WELL-
BORE STORAGE

PRESSURE DRAWDOWN, Apys, PSI
3
o]
1

300
N
N
N
qool_1 i L T | i | O o VO |
[ 2 4 & 8 2 4 6 8
0.06 (0~ 1 o 20
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Fig. 12.6 Example 12.4, computer-aided falloff test analysis
when test shows significant wellbore storage. After
Earlougher and Kersch.2?
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the first one made. In that case, engineering judgment indi-
cated the analysis should be repeated using more realistic
conditions. Since the data (especially the log-log data plot)
indicated significant wellbore storage, wellbore storage was
included in the next analysis, resulting in the solid line in
Fig. 12.6.

12,3 Computer-Aided Test Design

Chapter 13 provides guidelines for designing transient
well tests. One approach includes computing the expected
pressure response for the well test. By making such a com-
putation, one can evaluate the consequences of wellbore
storage, the type of pressure-measuring equipment neces-
sary, the magnitude of flow rate required, the required test
time, or any combination of those factors. If the reservoir
system or the flow history is complex, such calculations tend
to be time-consuming or must be based on over-idealized,
simplified models. Thus, it is sensible to use the computer
for test design, both to save labor and to extend the scope of
situations the engineer can handle. Such design calculations
estimate the expected pressure responses based on assumed
reservoir properties, or estimate a range of responses based
on a range of possible reservoir properties. Such computa-
tions can help insure that one gathers adequate test data.

12.4 Reservoir Simulation

As indicated in Section 12.2, one of the basic chores of
any computer program for analyzing transient tests is cal-
culating pressure response caused by a specific flow-rate
history. Such computations are referred to by the general
term ‘‘reservoir simulation.”’ All dimensionless pressure
functions in Appendix C, when coupled with the superposi-
tion techniques of Section 2.9, result in simple reservoir
simulators. However, such simple simulators do not apply
to many complex situations. For example, we might be
interested in extremely heterogeneous systems, layered sys-
tems, systems with two or three phases flowing, systems
with fluid-fluid contacts, systems with water or gas coning,
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Fig. 12.7 Log-log data plot for falloff test of Example 12.4. After
Earlougher and Kersch.?"
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or systems with significant gravity drainage. During the past
several years, many papers appearing in the petroleum liter-
ature have discussed various kinds of reservoir simulators.*%
Three of the classic references are Aronofsky and Jenkins,*?
Bruce, Peaceman, Rachford, and Rice,*® and West, Garvin,
and Sheldon.*® Many of the facets of reservoir simulation
were summarized by van Poollen, Bixel , and Jargon®™*2ina
series of articles.

Most reservoir simulators are not written for direct appli-
cation to well testing; rather, they sacrifice description of
near-wellbore effects so they can predict over-all reservoir
behavior using an economical amount of computer time.
Reservoir simulation is used mainly for reservoir analysis —
not well analysis — in the petroleum industry. However,
special reservoir simulators are being used more frequently
for well-testing applications; such simulators commonly
include radial flow geometry and wellbore storage effects as
well as other special effects.*** The inherent flexibility of
the well simulators enables the engineer to tackle difficult,
real situations without either a high degree of mathematical
skill or programming expertise. It is this flexibility that
makes reservoir simulators and computer methods valuable
tools in well testing.
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Chapter 13

Test Design and Instrumentation

13.1 Introduction

Each transient-test analysis technique described in this
monograph requires specific test data. Complete and ade-
quate data are essential for satisfactory transient-test results.
Thus, an important part of preparation for a transient well
test is deciding which data are needed and how they will be
obtained. This chapter discusses the design of transient
tests, from the choice of test type to determining data re-
quired, and describes characteristics of suitable equipment.

The first step in designing a transient test is to choose the
appropriate test for the existing situation: buildup, draw-
down, multiple rate, interference, etc. When we desire
specific information about a reservoir (for example, an indi-
cation of a mobility change or a boundary), test design is
critical since many things can mask the response we seek , or
can cause a response that is misleading because it merely
resembles the behavior expected. (Sections 7.5, 10.1
through 10.7, and 11.2 through 11.4 illustrate a variety of
situations that have similar test responses.) Once the test is
chosen, the test duration and expected pressure response
should be estimated so appropriate pressure-measuring
equipment may be used. We also must decide what other
data are required, determine how those data will be ob-
tained, and consider how the testing plan will fit into the
work schedules of the individuals who will perform the test.
Occasionally, this part of test design indicates that a differ-
ent kind of test than originally chosen should be used. If that
happens, the entire design process is repeated.

Test design should minimize problems such as those
caused by excessive wellbore storage, unintentional varia-
tion in rates, rate changes in nearby wells, etc. This chapter
presents a broad approach to test design, emphasizing gen-
eral design concepts rather than details. The design material
in this chapter is limited to conventional transient testing.
Pulse test design is discussed in Sections 9.3 and 10.8.

A discussion of pressure- and rate-measuring instruments
indicates the kinds of instruments available, and what fac-
tors should be considered in instrument choice. We make no
attempt to consider all available instruments nor to evaluate
the relative merits of the instruments considered.

13.2 Choice of Test Type
When deciding what kind of transient well test to use, the

foremost considerations are the type and status of the well:
injection or production, active or shut-in. We may choose a
single-well or a multiple-well test, depending on what we
wish to leam about the reservoir.

When planning a production-well transient test, the en-
gineer can choose between drawdown, buildup, and
multiple-rate testing. He also must determine how he will
make pressure measurements in artificially lifted wells. It is
particularly difficult to measure down-hole pressure in rod-
pumped wells unless the well is equipped with a permanent
bottom-hole pressure gauge. Although it is possible to run
some pressure gauges in the tubing-casing annulus, that can
be risky and, generally, is not recommended. Pulling the
pump and then running the pressure gauge seldom solves the
problem; when the pump is pulled, the fluid in the tubing is
dumped in the hole, creating an injection transient. It is
possible to pull the pump, run the gauge in tubing below the
pump, rerun the pump, continue production for several
days, and then test. That approach requires a gauge with a
long time span; it also involves considerable expense for the
necessary well-service work. One common way to obtain
pressure buildup data in a rod-pumped well completed with-
out a packer is to measure the fluid level in the tubing-casing
annulus with an acoustic sounder. Pressure measurement in
flowing wells, in gas-lift wells, and in some wells with
hydraulic or submersible electric pumps is not so difficult.
But even in those situations, mechanical problems such as
gas-lift valves that open suddenly during pressure-buildup
surveys must be considered and avoided in test design.

The composition and rate of the fluid produced is impor-
tant, since multiple-phase effects may be significant. The
system may have to be treated as an oil well or as a gas well,
depending on the gas-liquid ratio. As indicated in Section
2.6, phase segregation in the tubing string may create
anomalies that make analysis difficult or impossible. Such
anomalies should be anticipated and avoided, if possible.

Test duration may be a problem in producing wells; gen-
erally, one does not like to shut in a producing well fora long
time since delayed production can be a major cost in a test.
Deferred income often may be reduced by using a two-rate
test.

The choice of test type is less complicated for injection
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wells than for production wells — because the difficulties
associated with artificial 1ift are not present. Normally, an
injectivity test or falloff test will provide usable results. The
pressure falloffis preferred, since it is easier to perform than
an injectivity test and since minor rate variations have less
influence on falloff-test response. It is good practice to run
an injectivity test after the falloff test, since the cost is low
and additional information may be obtained. Injection wells
that take fluid on vacuum are difficult to test because of high
wellbore storage coefficients associated with the free liquid
level in the injection string. Usually, it is advisable to test
such wells by increasing the injection rate enough to obtain
wellhead pressure and then performing either an injectivity
test at high rate or a two-rate injection test with positive
wellhead pressure maintained during both rates, Changing
wellbore storage (Section 11.2) tends to be more of a prob-
lem in injection wells than in production wells.

Ideally, pressures should be recorded continuously during
a transient test. Best results are obtained when the bottom-
hole pressure is measured, although surface pressure often
can be converted to bottom-hole values if adequate informa-
tion is available about the wellbore system. If possible, one
should avoid changing pressure gauges during the test be-
cause of offsets that usually occur when a gauge is changed
— even when the same gauge is removed and rerun with a
new chart. Remember, we are often concerned with rela-
tively subtle pressure trends in transient pressure analyses. Tt
is often possible to avoid changing charts in a gauge and still
get good short-time and long-time data by running two
gauges in tandem with different-speed clocks.

It is wsually beneficial to record bottom-hole, tubing-
head, and casing-head pressures during a well test. That
combination of data can provide information about wellbore
effects — such as fluid redistribution, wellbore storage, and
leaking packers or tubing — and may allow analysis of a test
that could not be analyzed adequately based on bottom-hole
pressure data alone. Such surface pressure data may be
valuable in verifying correct operation of the down-hole
pressure gauge.

Some well tests may require bottom-hole shut-in; some
may even require extra packers or drillstem test equipment.
Such requirements must be considered in the test design so
that all important data arc obtained.

13.3 Design Calculations

There are three general approaches to designing a tran-
sient well test:

|. Estimate the complete expected pressure response
using assumed formation properties.

2. Estimate key factors in test response, such as the end
of wellbore storage effects, the end of the semilog straight
line, the semilog straight-line slope, and the general mag-
nitude of the pressure response.

3. Justrun the test without design calculations.

Option 3 is generally a poor one except in wells or res-
ervoirs that have been tested frequently enough so their
behavior is well known. Estimating the entire pressure
response for a test can be a time-consuming task and
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may require computer assistance. (In complex situations,
the subsequent analysis also may require the use of a compu-
ter.) Nevertheless, in some cases that is the only reliable way
to design a test. To estimate pressure response for relatively
simple systems, we use superposition and Eq. 2.2:

Pur=pPi — 141.2 %& [pg(f”. P < ) +S].

For complex systems, or to reduce the labor required for test
design, we normally use a computer to estimate expected
pressure response. Once the pressure response has been
estimated, the data may be analyzed by normal methods to
determine potential analysis problems. Example 13.2 illus-
trates that approach.

In most transient well tests, we need not know the com-
plete pressure response for design purposes. It is normally
sufficient to estimate the beginning time of the correct
semilog straight line by using Eq. 2.21,

> (200,000 + 2,0005)C = (13.2a)
(khiw)
for pressure drawdown or injectivity, or Eq. 2.22,
Ar>170,000C ™M L, (13.2b)

(kh/w)

for falloff or buildup. The wellbore storage coefficient, C, is
estimated from completion details using the techniques of
Section 2.6. Formation kh/p and skin factor must be as-
sumed to use Eq. 13.2. If s <0, we recommend usings = 0
in Egs. 13.2a and 13.2b to get conservative results.

The next step is to estimate the end time of the semilog
straight line. For drawdown and injectivity tests, we esti-
mate the time when the system no longer acts infinite by
using Eq. 2.8:

t—~ ¢ pA(an )Pig_r_ y
0.0002637 k

tp4 at the end of the infinite-acting period is taken from the
““Use Infinite System Solution With Less Than 1% Error for
tpa < ' column of Table C. 1. The end of the semilog straight
line for buildup and falloff tests may be estimated from

Eq. 5.16:

Ar= _ PBGA Ay
0.0002637 k (- 1oAden

(Atpy)eq is from Fig. 5.6 or Fig. 5.7.

Finally, the slope of the semilog straight line is estimated
from

m= *'_61%12&, ...................... (13.4)

where the sign used depends on the test type. It may be
necessary to consider the general pressure-level decline in
developed reservoirs when computing m. See Sections 3.4,
4.5, and 5.3 to determine how that would be done.

Once the slope is estimated, the pressure change expected
between two times on the semilog straight line, ¢, and t,, can
be estimated from

Ap=m el wmtn inn vt bvamerss & (13.5)

................... (13.3a)

............. (13.3b)
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Again, the sign chosen depends on test type. The pressure
instrument chosen must be sensitive enough to detect the
expected pressure change during the test period. The normal
skin equation for the test used may be used to estimate pp,
(after assuming an s value and a value for bottom-hole
pressure at the start of the test); thus, we may estimate the
pressure at any time on the semilog straight line by appro-
priate application of Eq. 13.5. The range of the pressure
instrument used must be chosen so that the pressure can be
measurcd with acceptable accuracy but without exceeding
the instrument upper pressure limit.

Test design also may be important in reservoir limit test-
ing — if it is possible to estimate reservoir parameters well
enough to make the design calculations. When that can be
done, the time to the start of the straight line on a plot of
pressure vs time (arithmetic or linear coordinates) is esti-
mated from
Clpa s v vommmnn s ww s (13.6)

Tpgs =

fA
0.0002637 k

where (1,4 ), 1s taken from the **Exact forr,, > column of
Table C.1. By using Eq. 13.6, even when estimates of
reservoir parameters are incorrect by a factorof 2to 3, it is
possible to get a reasonable idea of the time to the beginning
of analyzable data for a reservoir limit test. In many cases,
that time may be impractically long, indicating the inadvisa-
bility of attempting to run the test. The slope of the straight-
line portion of the Cartesian pressure-time plot is estimated
from Eq. 3.33:

_0.23395¢4B
dehA

m* =

The slope estimate may be used to indicate the sensitivity
required of the pressure gauge and to get an idea of how long
the test need be run after the straight-line portion starts.
Pressure levels generally will be below the initial pressure,
so it usually suffices to choose a gauge with a maximum
range equivalent to initial reservoir pressure. If there has
been a substantial pressure decline, then a lower-range
gauge would be sufficient; but reservoir limit testing is not
necessarily applicable to wells that have experienced much
pressure decline, unless they have been shut in long enough
to stabilize at average reservoir pressure.

When designing an interference test, it is best to estimate
the pressure response at the observation well as a function of
time. That may be done by using Eq. 13.1 with p, taken
from Fig. C.2 (Eq. 2.5a) or Fig. C.12. Such design is
particularly important because observation-well response
may be small and may occur only after a long time. For a
reservoir with several noncommunicating layers, the most
rapid response generally will be associated with the most
permeable layer. This time of response can be much shorter
than the time corresponding to the average permeability. In
such cases, we recommend that interference-test design and
analysis be backed up with a reservoir simulator, since little
has been published about pressure behavior away from the
active well in such layered systems.

Pulse-test design is discussed in Sections 9.3 and 10.8,
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Example 13.1  Pressure-Buildup Test Design

We wish to run a pressure buildup test in a well in an
undersaturated reservoir developed on 40-acre spacing. The
field 1s suspected to be operating at pseudosteady-state con-
ditions; that suspicion is confirmed later in the example. The
well is currently producing 132 BOPD and 23 BWPD at a
bottom-hole pressure of about 2,450 psi. Known data from
production operations, laboratory tests, and log analyses are

g,= 132 BOPD
q.= 23 BWPD
o =2.30cp

e = 0.940 cp

¢, =146 X 107Cpsi!
€= 3.20 x 1078 psi~!
¢;=23.40 % 106 psi™ "’
B,=1.21 RB/STB
B, = 1.00RB/STB
A = 40 acres = 1,742,400 sq ft

h=63ft
¢ = 16.3 percent
r,=0.26ft
depth = 3,600 ft

tubing = 2% in. OD
V. = 0,00387 bbl/ft.

Estimated data are

Pur= 2,450 psi
k=135md
s=2.

Based on observed flow rates, known fluid properties,
and relative permeability data, we estimate

S, =029
5,=0.71
ko = 0.02
knp=0.2.

Thus, composite properties may be estimated. Using Eq.
2.38,

¢ =(0.71)(14.6 x 10-%)
+(0.29)(3.20 X 107%) + 3.40 x 10°®
=147 X 106 psj !

for the reservoir,
To estimate ¢, for the wellbore, we weight the compres-
sibilities by the relative volume of wellbore fluids,

B, = (132)(1.21) + (23)(1.00)

=182.7,
50
Crep = Cp qﬂB” + Cy qu L
4B, q.B,
_ (14.6 x 10-%)(132)(1.21) + (3.2 X 10-)(23)(1.00)
182.7
=13.2 X 10~% psi~!

for the wellbore.
We also must estimate total mobility of the fluids flowing
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in the formation using Eq. 2.37:

k\ — (g.z +0.02)
w/, 23 0.94
=0.11k.

The semilog straight line will be bounded on the low-time
end by wellbore storage effects and on the upper end as
indicated by Eq. 13.3b. To estimate the start of the semilog
straight line, we determine the wellbore storage coefficient
for the liquid-filled wellbore. We use the compressibility
estimated above for the wellbore and the total mobility based
on an estimated permeability of 135 md. Then we use Eq.
13.2b for pressure buildup with an estimated s = 2.0. First
we compute the wellbore storage coefficient from Eq. 2.17:

C = (0.00387)(3,600)(13.2 x 10°%)
=1.84 x 10~* bbl/psi.

Then we apply Eg. 13.2b:

Az~ (170,000)(1.84 X 10-4) g1
(0.11)(135)(63)

> 0.044 hour = 2.6 minutes.
This indicates that wellbore storage should not be a problem,
We may now check the assertion that the well was produc-

ing at pseudosteady state. For a square system with a well in
the center, (fpy )y = 0.1. Using Eq. 2.24,

— (0.163)(14.7 x 10 %)(1,742,400)(0.1)
(0.0002637)(0.11)(135)

= 107 hours

~4.5 days.

Ipss

Since the well has been operating for many weeks, it can be
treated like it is operating at pseudosteady state.

To estimate the end of the semilog straight line, we use
Eq. 13.3b and the appropriate figure from Chapter 5. Since
the reservoir is producing at pseudosteady state, we assume
that the pattern is a closed square with the well in the center.
We use £,p4 = 0.1 (see Sections 5.2, 6.3, and Table C.1)
and Curve | of Figs. 5.6 and 5.7. From Fig. 5.6 (Aty, )est =
0.013 for a Horner plot, and from Fig. 5.7 (Afpy)es =~
0.0038 for a Miller-Dyes-Hutchinson plot. Then, applying
Eq. 13.3b,

Ap= (0.163)(14.7 x 10-5)(1,742,400) (Atpa)est
(0.0002637)(0.11)(135)
= 1070 (Atp)es-

The semilog straight line should end at about
Ar=(1,070)(0.013) = 14 hours
for the Homer plot. and
Ar=(1,070)(0.0038) = 4.1 hours
for the Miller-Dyes-Hutchinson graph. These times are
probably conservative since the other wells will not be shut
in, and thus, the shut-in well will not really be at the center of
a closed 40-acre square. Nevertheless, the Horner plot

should have a longer semilog straight line.
We estimate the slope of the semilog straight line from
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Eq. 13.4:
= (162.6)[(132)(1.21) + (23)(1.00)]
(0.11)(135)(63)
=31.8 psi/cycle.

The relatively small m value indicates a slowly increasing
pressure so we need a sensitive pressure gauge. We might
consider stabilizing the well at a higher production rate
before the buildup test to create a larger pressure response.

We may estimate the pressure level expected during the
buildup test, A simple way to do that is to solve the skin-
factor equation, Eq. 5.7, for p,,.. We may then use p,y,
and m to estimate the pressure at later times. Rearranging
Eq.5.7,

Pine = Pus (A1 = 0) +m []()g( k )
pe®

—3.2275 + 0.86859 .\:|
=2.450

+31.8 |log ©.1DA35)
(0.163)(14.7 x 107%)(0.26)*

—~ 3. 2208 0.86859.\]
=2,600 + 27.65.

Then the pressure at any time on the semilog straight line can
be estimated using Eq. 13.5:

p(AN =2.,600 + 27.65 + 31.8 log Ar.

If we expects = 2 and a 24-hour test, p =~ 2,700 psi. The
pressure gauge we choose probably should be in the
3,300-psi range and still be capable of detecting a 30-psi
change over a period of several hours.

The average pressure to be expected likewise can be
estimated by the Dietz method, using C, = 30.88 for the
square drainage area. The time when the semilog straight
line should reach p is given by Eq. 6.7a:

(Ary, = (0-163)(14.7 X 10-)(1,742,400)
" (0.0002637)(0.11)(135)(30.88)

= 34.5 hours.

Using the equation above.
p =2,600 + 27.6(2) + 31.8 log(34.5)
~ 2,704 psi.

Since the reservoir pressure is declining, we may have to
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Fig. 13.1 Calculated injectivity pressure response for
Example 13.2
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consider that decline in the analysis, as indicated in Section
5.3. Nevertheless, the information estimated in this example
indicates correct times; the pressure changes are in addition
to the established trend at the well before testing. It would be
worthwhile to try to measure that trend before doing the test,
s0 it could be included in the analysis if necessary.

The pressure decline before shut-in may be estimated
trom Eq. 13.7:

m¥= dp

dr
_ (0.23395)[(132)(1.21) + (23)(1.0)]

(0.163)(14.7 X 10-%)(63)(1,742.400)

—0.16 psi/hr.

Example 13.2 Injection-Well Test Design

An injection-well transient testing program was proposed
for several input wells in a waterflooded reservoir before
starting fluid injection for a tertiary recovery project. The
reservoir was liquid-filled with water flowing at residual oil
saturation. Reservoir pressure was low with the static liquid
level standing about 600 ft below the surface. Because of the
importance of the tests, and since changing wellbore storage
could be expected as a result of the low liquid level, we
decided to compute the expected pressure response by using
a reservoir simulator.

We supplied estimated reservoir propertics and computed
the injectivity-test response shown in Fig. 13.1. As ex-
pected, the liquid level rose in the well during injection until
itreached the surface about 5.9 hours after starting injection.
The rapid increase in pressure in Fig. 3.1 is a result of the
wellbore storage coefficient decreasing abruptly from a
value corresponding to a rising liquid level to one for com-
pression only. Note the similarity of the response in Fig.
13.1 to Figs. 11.5 and 11.6. We analyzed the apparent
semilog straight line starting at about 10 hours to estimate a
permeability about 15 percent lower than the input value and
a skin factor that is low by 1.1. The discrepancy is due to
chposing a semilog straight line with 100 steep a slope —
apparently a result of the rapid wellbore storage decrease.
The fact that the analysis of simulated data does not return
the values supplied to the simulator indicates that the as-
sumptions used in the analysis technique are not completely
correct (assuming the simulator is working correctly). This
says that if we wish to analyze data by standard techniques,
we should seek a type of test for which conditions more
closely approach the ideality of the analysis equations. Al-
ternatively, we could use a more sophisticated analysis,
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Fig. 13.2 Calculated falloff pressure response for Example 13.2.
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perhaps one based on a reservoir simulator. Practically
speaking, that is not often required.

Fig. 13.2 shows a simulated pressure falloff test follow-
ing 48 hours of injection. The well goes on vacuum about 40
seconds after shut-in, so wellbore storage increases from
compression to falling liquid level. To analyze data from a
24-hour falloff, it would be necessary to draw the straight
line through the last five data points shown — a risky
approach at best. We conclude the falloff test is essentially
worthless. Although a computer program similar to the one
used to generate the data could be used with regression
analysis to analyze such falloff data, such an approach is not
often practical. Even when that is done, the margin for error
is significant because the analyst must make some assump-
tions about the wellbore storage characteristics (constant,
step increase, gradual increase because of a gas cushion in
the well, etc.). Thus. we prefer to find a type of test that is
relatively insensitive to wellbore storage effects.

We also simulated a two-rate injection test, with the
injection rate increasing by 73 percent after 48 hours. The
second rate continues for 24 hours. Since the wellbore
storage was from liquid compression only (wellhead pres-
sure is positive), wellbore storage had little effect on the
pressure response to the rate increase. Fig. 13.3 shows the
data plotted as suggested by Eq. 4.6, The straight line can be
analyzed to give k within 3 percent of the input value and a
skin factor within 0.2 of the input value,

As aresult of the design work shown in Figs. 13.1 through
13.3, the wells were tested with a two-rate injection fol-
lowed by a falloff. The injection-pressure data were
analyzed successfully; standard analysis was not possible
for the falloff data; no attempt was made to use computer
analysis.

13.4 Test Data and Operation Requirements

An important part of test planning and execution is com-
plete data acquisition and safe and correct test operation.
The important parts of test operation include good and
complete rate stabilization (or rate control during tests re-
quiring the well to be active), placement of the pressure
insttument before the test begins, and careful documentation
of what happens during the test, both at the test well and at
nearby operating wells.
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Fig. 13.3 Calculated two-rate test pressure behavior for
Example 13.2.



170

The following general data check list is an aid to complete
data acquisition. Depending on the testing situation and the
information desired, it may require modification. When
testing in wells or reservoirs that have been thoroughly
tested before. much of the data may not be necessary based
on past experience.

1. Well-Completion Data

Pipe in the Hole and Packers — Size and location of
casing and tubing, location of any packers, and an indication
of what pipe strings they separate should be recorded. A
sketch of the well completion should accompany test data.
Such information is important for running the gauge and
determining the effects of wellbore storage. It also should
assure that the gauge can be run to the depth where pressure
is to be measured.

Type of Completion in the Producing Interval — Data
should include information about whether the well is open
hole, cased, perforated, uses a liner or a gravel pack, type of
completion fluid, etc. If there is a dual completion, give
details. Data should include location and number of perfora-
tions and indication of partial penetration, if applicable.

Stimulation — Has the well been stimulated by shooting,
acidizing, fracturing, etc?

2. Pattern Data

Well Pattern — Data should include pattern size and
shape, and information about location of other wells. Usu-
ally a map suffices.

Rate Information at Other Wells — When testing de-
veloped patterns, it may be important to know how the rates
behave at other wells before and during the test. We must
know of any major rate changes during the test since these
may influence the test response considerably.

3. Rate Data

Stabilized Rate Before Testing — It is best to have spot
checks on the rate for several days before testing so any
problems can be isolated. Severe fluctuations may dictate
postponing the test or changing the analysis technique. It is
especially important to know when an active well might
have been shut in before testing, if only for a few minutes.

Detailed Test-Rate Data — For producing, injecting,
multiple-rate, and multiple-well tests, it is advantageous to
have a detailed description of the rate behavior during test-
ing. Ideally, one should use a recording flowmeter; if that is
not possible, rate checks should be made frequently.

Fluid Type — It is important to know rates and properties
of all fluids flowing at the well. It is advantageous to know
the composite density and compressibility of the fluids for
wellbore storage considerations and for correcting pressure
measurements to some other datum. A separate pressure
survey consisting of short stops at several depths in the
wellbore will provide information relative to the density and
distribution of fluids in the well,

4. Pressure Data

Bottom-Hole Measurements — Continuously recorded
bottom-hole measurements are usually essential to good
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well test analysis. However, care in obtaining pressure data
and additional data is also important, as stated below.

Trends Before Testing — We should know the pressure
trend before testing since it may affect the analysis tech-
nique. Generally, such information is not important in un-
developed reservoirs or in fluid- injection projects with injec-
tion and production approximately balanced.

Short-Time Data — It is advisable to take pressure data at
short intervals while wellbore storage is important. That
allows isolation of the storage-affected part of the response
data and aids in correct analysis. Design calculations give
some indication of how rapidly such data are required. In the
absence of other information, we recommend taking data as
frequently as every 15 seconds for the first few minutes of
the test. Data should be taken at least every 15 minutes until
wellbore storage effects have essentially ended.

Pressure Just Before Testing — Record the pressure ob-
served just before the test is started. Skin-factor calculations
and log-log plots depend on this information.

Wellhead Pressures — In wells that have not been tested
before and whose characteristic response is not well known,
it is good practice to periodically record surface tubing and
casing pressures. Such data are usually recorded manually at
intervals of 1 to 4 hours from pressure gauges on the well-
head. It is sometimes particularly useful to have such data at
short test times, so that unusual wellbore effects may be
more thoroughly understood. Usually by comparing surface
pressures with bottom-hole pressures, it is possible to esti-
mate how much fluid is accumulating in or leaving the
wellbore.

5. OtherData

Surface Piping — A diagram of wellhead and surface
piping should accompany test data. That information often
helps explain anomalous test behavior.

Chronology — A complete list of how things happen
during the test is frequently the only key to unraveling
unusual test response. Thus, the engineer should keep a log
of times at which various events occur.

13.5 Pressure-Measurement Instruments

Accurate pressure data are an essential part of transient
well testing. For best results, pressure should be measured
near the sand-face. If that is impossible, useful data usually
may be obtained by correcting wellhead-pressure or fluid-
level measurements to bottom-hole conditions.!

Three basic types of bottom-hole pressure gauges are
available:* self-contained wireline gauges; permanently in-
stalled surface-recording gauges; and retrievable surface-
recording gauges.

Self-Contained Wireline Gauges

The self-contained wireline gauge, the gauge most often
used in the petroleum industry, is lowered into a well on a
solid wire (slick-line). The gauge has three essential compo-
nents: (1) a pressure-sensing device, usually a Bourdon
tube; (2) a pressure-time recorder; and (3) a clock. The clock
is designed to run for a specific length of time; if data are
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desired after that time, the gauge must be retrieved from the
well, prepared for another period of recording, and rerun
into the well.

Section | of Table 13.1 summarizes characteristics of
several self-contained wireline gauges. The table also pre-
sents data for surface-recording gauges. Information in
Table 13.1 is meant to be illustrative, not all-encompassing.
Data shown are included because they are readily available
and because the gauges are generally well known. Other
gauges are available; we do not intend to imply that they are
less useful than those in Table 13.1.

The Amerada RPG-3 is probably the most commonly
used self-contained wireline gauge. It is typical of many
such gauges. Fig. 13.4 schematically shows the important
parts of the Amerada RPG-3 gauge. The clock, at the top of
the instrument, is connected to a recording section that
houses a metal chart covered with a black coating. The clock
moves the chart vertically down across a stylus as time
passes. The stylus is connected to a shaft that is twisted as
the Bourdon tube coils and uncoils in response to pressure
changes. Thus, pressure is recorded as a function of time by
the stylus, which scratches a very fine line on the black
coating of the metal chart. When the chart is removed from
the instrumentand is laid flat, the time scale is 5 in. long (for
the RPG-3) and the pressure scale is 2 in. long. Because the
size of the recording surface is fixed, most gauge manufac-
turers offer pressure-sensing elements (Bourdon tubes) in a
variety of ranges; the lowest may be 0 to 500 or 1,000 psi;
the highest ranges are 0 to the value given in Table 13.1.
Similarly, a series of clocks is available,

In the Amerada RPG-3 gauge shown in Fig. 13.4, the
pressure element is a helically wound Bourdon tube. The
tube is anchored at the bottom and is free to rotate at the top.
Fluid enters the lower end of the gauge and transmits pres-
sure to the Bourdon tube, causing the tube to uncoil and
rotate at the free end. The Bourdon tube is filled with oil by
the manufacturer. The oil in the tube is generally protected
from the fluid in the well by a bellows or filter arrangement.

Most self-contained gauges have provisions for recording
bottom-hole temperature with a maximum recording ther-
mometer, as indicated in Fig. 13.4. Temperature measure-
ment is important, since the gauge calibration is somewhat
temperature-dependent. Most gauges are temperature-
compensated to about 175 to 200 °F; they must be specially
calibrated at higher temperatures.

Self-contained (Amerada-type) gauges have a stated ac-
curacy (ability to correctly indicate the pressure) of about
+0.25 percent of full scale. A 2,000-psi gauge with accu-
racy of +0.25 percent can be considered to be correct within
=5 psi when properly calibrated and when operated at
temperatures within the calibration range. The sensitivity of
Bourdon-tube gauges to detect small pressure changes is
much greater than the absolute accuracy of the gauge. For
most gauges, the sensitivity is in the range of £0.05 percent
of the full-scale reading, or 1 psi for a 2,000-psi pressure
element.

Fig. 13.5 shows the Leutert Precision Subsurface Pres-
sure Recorder, which has a stated accuracy of +0.025
percentof full scale and a precision of +0.005 percent of full
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TABLE 13.1—DOWN-HOLE PRESSURE GAUGES."
Section 1: Self-Contained Wireline Gauges

) o Maximum Maximum Approximate

Maximum Sensitivity, ~ Accuracy, Approximate Service Type Time Chart Size,
Pressure’ Percentof  Percentof 0D Length? Temperature® Pressure Down Hole® pxt
B Gauge (psi)  Full Scale  Full Scale (in.) (in.) °F) Element*  (hours) (in.)
Amerada RPG-3 25,000 0.05 0.2 1.25 27 650 B 360 2x5
Amerada RPG-4 25,000 0.056 0.2 1 76 650 B 144 1.8x5
Amerada RPG-5 20,000 0.05 0.25 1.5 20 450 B 120 Z2x5
Kuster KPG 25,000 0.05 0.2 1.25 66 700 B 360 2x5
Kuster K-2 20,000 0.05 0.25 1 41 500 B 120 2x3
Kuster K-3 20,000 0.042 0.25 1.25 43 500 B 120 24x 4

Kuster K-4 12,000 0.067 0.25 0.75 42 450 B 72 1.5% 26

Leutert Precision
Subsurface Pressure

Recorder 6,400 0.005 0.025 125 139 300 P 360 9.8x 3.1
Leutert Precision
Subsurface Pressure
Recorder 10,000 0.005 0.025 1.42 139 300 P 360 98x31
Sperry-Sun Precision
Subsurface Gauge 16,000 0.005 0.05 1.5 108 300 B 6728 23x7.1
Section 2. Permanently Installed, Surface-Recording Gauges
Maximum
Maximum Sensitivity,  Accuracy, Approximate Service Type
Pressure!  Percent of Percent of oD Length? Temperature®  Pressure Type Type
(auge (psi) Full Scale Full Scale (in.) (in.) (°F) Element' Signal’ Conductor®
Amerada EPG-512* 10,000 0.002 0.02 1.25 13 300 D F S
Amerada SPG-3 25,000 0.04 0.2 1.26 49 350 B R S
Flopetrol 10,000 0.001 0.06 1.42 29 257 S F S
Lynes Pressure Sentry
MK-9PES 10,000 0.2 0.2 1.5 33 300 B B S
Maihak SG-2 5,700 0.1 1.0 3.54 11.54 176 D F %
Maihak SG-5 5,700 0.1 1.0 1.65 8.43 176 D F S
Sperry-Sun Permagauge 10,000 0.005 0.05 1.66 120 0r 240 no max. G G T
BJ Centrilift-PHD
System*® 3,500 n N/AL2 N/A B c P
Section 3. Retrievable Surface-Recording Gauges
Maximum
Maximum Sensitivity,  Accuracy, Approximate Service Type
Pressure'  Percent of Percent of oD Length? Temperature®  Pressure Type Type
Gauge (psi) Full Scale Full Scale (in.) (in.) R Element*  Signal’ Conductor®
Amerada EPG-512* 10,000 0.002 0.02 1.25 13 300 D F S
Amerada SPG-3 25,000 0.04 0.2 125 49 350 B R S
Flopetrol*? 10,000 0.001 0.06 1.42 29 257 S F S
Hewlett Packard
HP-28118 12,000 0.00009*+ 0.025" 1.44 39 302 a F S
Kuster PSR 5,000 0.04 0.02 1.38 36 212 Q F S
Lynes Sentry MK-9PES 10,000 0.2 0.2 1:5 33 300 B B S
Maihak SG-3 5700 0.1 1.0 176 D F 8
Sperry-Sun Surface
Recording 15,000 0.006 0.05 1.5 72 300 B D S

*Other gauges are available — no endorsement s implied by inclusion in this table. Data are from information supplied by the manufacturer and other sources believed to be refiable. Although we
have been careful in assembling this table, neither the author nor SPE-AIME can guarantee accuracy of the data supplied, The reader should contact the manufacturer for specifics, Blank values
could not be sbtained by the authar

- Normally, elemments are available in several ranges, with the lowest being about 0 to 500 or 0 to 1,000 psi,
. Length may vary depending on tool configuration; value is approximate normal length without weight sectians,
. Normally, termperature above which gauge cannol be used, nat maximurn temperature for normal calibration.
. B— Bourdon tube.
0 — Diaphragm.
G Gas chamber with transducer at surface,

P L0 RO o=

P — Ratating pistan

Q — Oscillating quartz crystal.

S — Strain gauge.
- Time depends on clock chosen, Clocks normally come in several ranges, starting as low as about 3 hours,
. Clock is electronic without mechanical linkage to recorder
. B— Binary signal

C —Current.

D — Digital.

F — Frequency.

~ g en

G— Gas column to surface.
R — Resistance
B P— Normal power cable for pump, no special conductor.
S — Single-conductor armored cabile, ground return.
T — ¥ag-ini-0D steel tubing,
9. Also measures temperature fo an accuracy of 0.1 'F and a sensitivity of 0.01 °F
10. Fart ol the B Centnlift submersible pump. Gauge s an inlegral part of the motor assembly
11, Approximately 3 percent of reading
12, Imbedded in pump motor assembly, ;
13 Flopetrol has under development a stick-line retrievable surface-recording gauge. The gauge is set ina side pocket mandrel; a conductor cable goes from the mandrel to the surface on the outside
of the tubing.
14, Sensitivity is constant across the entire pressure range: 0.01 psi with neminal 1-second count time, 0.001 psi with nominal 10-second count time.
15, Accuracy, if temperature is known within 1 C: £0.5 psi to 2,000 psl, + 0.025 percent of reading above 2,000 psi.
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scale. Wellbore pressure causes a piston to operate against
the tension of a helical spring. Piston extension, recorded on
a metal chart by a stylus, is converted to pressure with
calibration tables. The high accuracy of this gauge is ob-
tained by rotating the measuring piston continuously to
minimize frictional resistance in the instrument. Piston rota-
tion is provided by a specially designed clock that simul-
tancously provides time displacement of the stylus on the
chart.

The Sperry-Sun Well Survey Co. manufactures a high-
precision wireline pressure gauge that is especially useful
for long-time transient tests. Stated accuracy is +0.05 per-
cent of full scale and precision is £0.005 percent of full
scale. The gauge uses a Bourdon tube, but there is no
physical connection between the Bourdon tube and the re-
cording section, which is controlled by a battery-powered
electronic programmer. Pressure recordings are made on a
programmed time schedule rather than continuously. The
programmer minimum is one recording every 135 seconds
(giving a chant life of 5 hours) and the maximum is a
recording every 32 minutes (for a chart life of 28 days).

Since pressure and time data are recorded as a finely
scribed line on a metal chart in self-contained wireline
gauges, a precision chart reader is needed to read the gauge
charts. Chart readers should be capable of measurements at
least five times as accurate as the accuracy of the pressure
element. In most cases, that requires a reading accuracy of at

-
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Fig. 13.5 Leutert Precision Subsurface Pressure Recorder.
Courtesy Freidrich Leutert.
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least 0.001 in. in the pressure direction; slightly less accu-
racy is usually acceptable in the time direction. Although
most manufacturers provide time scales for use with their
chart scanners, our experience indicates that it is usually best
to use two or more pressure events that occur at known times
to determine a linear scale for the particular clock used.

The factors influencing the accuracy of wireline gauges
can be divided into two categories:*7

1. Inherent errors owing to reproducibility of the gauge
and 1o changes in the gauge characteristics with use.

2. Avoidable errors such as use of poor charts and stylus
points, failure to reach thermal or mechanical equilibrium,
neglect of temperature effects on the gauge, hysteresis ef-
fects, pressure shock during calibration, change in zero-
pressure base line with temperature, etc. Ref. 3 lists several
procedures that should help eliminate avoidable errors. Tt is
important to check the calibration of the gauge frequently to
verify that the calibration being used is still acceptably
accurate. Generally. calibration checks should be made
using a dead-weight tester. Most manufacturers will make
calibration checks for a reasonable charge; all will recali-
brate gauges when necessary. Nevertheless, the engineer
should be aware of what constitutes good calibration. Ref. 3
presents a good explanation.

Permanently Installed Surface-Recording Gauges

Permanently installed surface-recording gauges are gen-
erally attached to the tubing string. Fig. 13.6 illustrates a
common installation. These gauges arc especially useful for
performing transient tests on pumping wells. The instrument
includes a means for measuring bottom-hole pressure and a
way to transmit the measurements to the surface for record-
ing as a function of time. Permanently installed surface-
recording gauges may be used to provide continuous pres-
sure data or occasional pressure data. Section 2 of Table
13.1 provides information about several permanently in-
stalled surface-recording gauges.

Mostsuch gauges use a single-conductor armored cable to
transmit the signal from the sensor to the recorder at the
surface. Normally, the cable is strapped to the outside of the
production tubing. Care must be exercised to prevent dam-
age to the cable and the cable-to-instrument splice when the
tubing is run. Formed steel protectors are normally used to
protect the wire as it passes over tubing collars. To prevent
damage to the cable resulting from tubing movement, a
tubing anchor should be used for installations in rod-pumped
wells. Hydraulic tubing anchors that can be set without
turning the tubing are preferred.

One well known permanently installed surface-recording
gauge is the Lynes Pressure Sentry® shown in Fig. 13.7.
(This instrument is also available as a retrievable gauge.)
The pressure element is a helically wound Bourdon tube
similar in operation to that in an Amerada-type gauge. A
code wheel attached to the shaft of the Bourdon tube rotates
as pressure increases; the degree of rotation is an indication
of the pressure applied. An electronic gating mechanism
scans the code wheel and records either a 0 (the white
portions of the code wheel in Fig. 13.7) or a | (the black
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portions). The resulting surface readout is a series of 1's and
0’s inscribed on a chart paper as illustrated in Fig. 13.8.
Tables provided with the instrument are used to convert the
binary output into a deflection number, which is then con-
verted to pressure.*

The Maihak gauge listed in Table 13.1 uses a pressure
sensor based on the displacement of a diaphragm. A fre-
quency signal is measured by a tuned circuit in the receiver.
The receiver frequency reading is converted to pressure

*Some newer models indicare pressure directly,
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Fig. 13.6 Typical permanently installed surface-recording gauge
installation. Courtesy Lynes, Inc.
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using calibration tables. Kolb? reports that the Maihak
gauge exhibits both temperature and elastic effects from 85
to 205 °F. He found that it is possible to obtain an accuracy
of about 0.25 percent by calibrating the gauge under elastic
equilibrium at operating temperatures. However, Kolb
found that if this is not done errors of as much as 4 percent of
tull scale could be incurred.

Sperry-Sun offers a permanently installed surface-
recording pressure instrument they call the Permagauge.
Fig. 13.9 shows one possible installation of that gauge.

HEADER

HEADER HOLDER

CODE WMHEEL HOUSING

SENSOR BOARD

GATING WINDOW

CODE WHEEL SHAFT

CODE WHEEL

EMITTER BOARD

ALIGNMENT KEY

BOURDON TUBE HOUSING

BOUROON TUBE

Fig. 13.7 Lynes Electronic Sentry System MK-9PES. Courtesy
Lynes, Inc.



TEST DESIGN AND INSTRUMENTATION

Concentric (with tubing) and suspension (like a sonde) ex-
pansion chambers are also available. The down-hole in-
strument is just an expansion chamber (pipe) connected to
the surface by 3/32-in.-diameter stainless steel tubing. The
expansion chamber and tube are charged with an inert gas
and the pressure is measured at the surface by an accurate
pressure transducer. Occasionally, it is necessary to purge
the system with additional gas, but otherwise it requires no
close supervision. The surface recorder provides pressure as
a function of time. Sperry-Sun provides down-hole expan-
sion chambers in 10- and 20-ft lengths; they come in
saddle-mount installations as shown in Fig. 13.9 or concen-
tric installations that completely surround the tubing. The
surface pressure detection and recording equipment need be
connected to the well only when pressure data are desired.
The Sperry-Sun Permagauge system requires no down-
hole power and has no apparent temperature, pressure, or
life limitations. The 3/32-in.-OD stainless steel tubing is
strapped (o the exterior of the tubing just as is the single-
conductor cable used for most permanently installed
surface-recording gauges.

Permanently installed down-hole pressure gauges are
especially valuable for observation wells in enhanced recov-
ery tests. In the course of normal operation, many useful
transient pressure effects are generated and can be routinely
and inexpensively measured by such installations.

Retrievable Surface-Recording Gauges

Section 3 of Table 13.1 presents data on several re-
trievable surface-recording gauges. Many are similar in
operation to the permanently installed surface-recording
gauges, except that they are run on a single-conductor
armored wireline. Most use Bourdon tubes for pressure
measurement.

The Hewlett-Packard Corp. manufactures a gauge that
uses a quartz crystal'® as a pressure-sensing device, The
quartz crystal changes vibrational frequency as the imposed
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Fig. 13.8 Example of recording trace for Lynes Electronic Sentry
MK-9PES. Courtesy Lynes. Inc.
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pressure changes. That vibrational frequency is compared
with the frequency of a reference crystal and then a fre-
quency signal is transmitted to surface-monitoring equip-
ment. Frequency output is converted to pressure at the
appropriate temperature by use of calibration equations sup-
plicd by the manufacturer. The accuracy of the Hewlett-
Packard gauge is stated to be +0.5 psi or +0.025 percent of
the reading obtained, whichever is greater (for example,
+().75 psi at 3,000 psi). The sensitivity is stated to be better
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Fig. 13.9 Sperry-Sun Permagauge in saddle-mount configuration.
Courtesy Sperry-Sun.
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than =0.01 psi at any pressure. Only one pressure range is
offered. Although the gauge is temperature-compensated, it
does have a definite response to temperature changes and
cannot be used in changing temperature environments.
About 30 minutes are required for temperature equalization
of the Hewlett-Packard instrument.

Choice of Instrument

Gauge choice and operation must be considered during
transient test design. We could devote dozens of pages to
practical considerations. Instead, we point out only a few
important items, leaving the practical aspects to be gained
by experience. Many gauge manufacturers provide short
instructive sessions in gauge maintenance and trouble-
shooting for their customers.

It is advisable to choose the gauge pressure range so that
the maximum observed pressure falls between 60 and 80
percent of the upper limit of the gauge. (However, Flopetrol
and Hewlett-Packard state there is no need to limit the
maximum pressure to the 80-percent value for their gauges,)
If a gauge with too high a pressure range is chosen, the
accuracy and sensitivity obtained may not be adequate.

All pressure gauges require periodic calibration checks
and recalibration. When pressure is to be measured in high-
temperature environments, it is usually necessary to spe-
cially calibrate the gauge at the temperature of interest.
Bourdon-tube gauges demonstrate a hysteresis effect, so
calibration must be done with a specific sequence of flexing
and relaxing the Bourdon tube. The manufacturers’ instruc-
tions should be followed.

When running a self-contained gauge, it is important to
choose the clock so that most of the length of the chart is
used during the test. It is also advisable to choose the clock
so that the gauge need be run only once during the test, if that
is possible. The times that the gauge is run into and out of the
hole provide definite events on the pressure chart. It is
recommended that those times be used to calibrate the time
scale (by calculating hours per inch based on the distance
between the events and the known elapsed time) to verify
that the clock is running at a constant known rate and that it
did not stop during the test. If there is doubt that a clock is
running throughout a test, small pressure events may be put
on the chart at known times simply by raising the gauge
several feet and then lowering it back to its original position.
The hours per inch calculated between each event should be
the same.

During a test, a clock may stop for several reasons. It may
be defective or damaged and not capable of running for its
full term; or it may not have been wound completely. A tight
recorder can stop an otherwise sound clock. Therefore, it is
recommended that the recorder section of the gauge be
checked before running the gauge to make sure that the
stylus moves freely when the recorder is not connected to the
clock or to the pressure element,

If the chart obtained from a gauge shows a stair-stepping
pattern, a recorder malfunction is indicated. That pattern
indicates that the pressure must change by a certain amount
before the stylus moves. This difficulty must be corrected
for good pressure results by freeing the recorder so it does

ADVANCES IN WELL TEST ANALYSIS

not stick. Most manufacturers offer routine maintenance
service for their gauges. In addition, many provide hints
in the instruction manuals for detecting and correcting
problems.

Operational problems with permanently installed gauges
generally arc not great. As mentioned previously, it is im-
portant to protect the cable so it is not damaged when the
tubing is run in. That is usually adequately done by strapping
the cable to the tubing, using protectors across the collars,
and running the tubing without rotation. Readout method for
permanent gauges varies depending on the application. In
most situations, a portable readout device is adequate since
only occasional pressures are required. However, if con-
tinuous pressure monitoring is desired, it may be necessary
to provide readout devices at each wellhead, or to manifold
the cables or tubing to a central location where one or more
readout devices can be programmed to scan a series of wells
and record the results. Most surface-recording pressure in-
struments require an electrical power supply (although some
are battery powered). When a power supply is required, it
should be determined that the voltage and frequency avail-
able fall within the range specified by the instrument man-
ufacturer, Frequently, surface electronics are intolerant of
extreme environments and must be kept in closed, heated
(and possibly cooled) buildings. Such requirements should
be investigated before acquiring instrumentation.

Retrievable surface-recording gauges generally are used
for short-term applications. Therefore, readout is normally
on a continuous basis while the gauge is in the hole. The
comments above about power supply and environment ap-
ply. Normally, these gauges are used with a single-conduc-
tor armored cable.

13.6 Flow-Rate Measurement

Accurate production (or injection) rate measurement is as
important as accurate pressure measurement for successful
transient test analysis, since the flow rate is an integral part
of all analysis equations.

Liquid flow rate is measured either by determining the
time required to fill a calibrated container or by some type of
flowmeter. Any suitable container can be used. For a low-
rate well producing liquid with little or no gas, a rate mea-
surement can be made by diverting the well stream into a
barrel and measuring the time required to collect a given
quantity of liquid. The water and oil rates are then deter-
mined from the amount of those two liquids collected during
the test. The same kind of measurement can be made with a
calibrated test tank.,

Flowmeters are either direct or inferential. Direct flow-
meters measure the total volume of fluid passing the meter.
The stream is normally divided into segments of known
volume and the volume segments are totaled and recorded
on the meter dial. To measure flow rate with this type of
meter, the time required for a given volume of fluid to pass
through the meter is measured.

Inferential flowmeters measure instantaneous flow rate.
Such instruments determine flow rate by measuring a related
variable such as differential pressure, induced voltage, ete.
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One example is a turbine flowmeter in which a precision
turbine is rotated by liquid movement through the body of
the meter. Rotational speed is proportional to the flow rate.
As the turbine blade spins it creates measurable electrical
impulses that can be converted to flow rate. Fig. 13.10
shows a turbine meter manufactured by the Halliburton Co.

All flowmeters require frequent calibration. Before using
any meter on a transient test, it should be calibrated using a
fluid similar to that to be measured during the test.

Gas flow-rate measurements are usually made with an
orifice meter or a critical flow prover. (Orifice meters also
may be used for high-rate liquid measurements.'’) The
orifice meter allows rate computation from the pressure drop
occurring across an orifice placed concentrically in the flow-
line. Pressure taps on each side of the orifice plate allow the
pressure difference across the orifice to be measured. Then,
flow rate is estimated from

G=D02CL N R P o+ s s (13.8)
where

q = flow rate, Mcf/D
C, = orifice flow constant = rate of flow in cu ft/hr at
base conditions when Vh,p = |
h,. = pressure differential, inches of water
p = static pressure upstream from the orifice, psia.

The orifice constant depends on orifice size, pressure tap
location, gas gravity, and temperature. It is commonly ex-
pressed as*®
Co = (Fo)(Fuu)Fa)(F)F)(Fpe)(Fr) o ooennns (13.9)
where
F,, = basic orifice flowmeter factor, cu ft/hr
F,, = pressure base factor = 14.6955/p,,
F,, = temperature base factor = 7,,/520
F, = specific gravity factor = V' l/y
F,; = flowing temperature factor = V/520/T

*The nomenclature is taken from Ref. 11.

METER OUTPUT PICKUP

Fig. 13.10 Halliburton turbine flowmeter. Courtesy
Halliburton Co.
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F,, = supercompressibility factor = Vil
F, = Reynolds number factor
T = temperature, °R.

Tables of orifice factors'''* are available for use in calculat-
ing C from Eq. 13.9. Precautions that should be observed in
orifice-meter installation are summarized in Refs. 11 and 12.

Gas flow-rate measurement with a critical flow prover
depends on gas flow through an orifice under critical
conditions.'> When gas is in critical flow, the velocity
remains constant at a maximum value (sonic velocity) and
the delivery rate depends only on gas density. Therefore, the
flow rate is proportional to the pressure upstream of the
orifice and does not change with variations in downstream
pressure. A gas is normally in critical flow as long as the
upstream pressure is about twice the downstream pressure.

Gas flow rate through an orifice under critical flow condi-
tions is estimated from

g=0024Cp (13.10)
V oy T
where

q = flow rate, Mcf/D
C, = orifice coefficient, cu ft/hr
p = upstream pressure, psia
T = upstream temperature, “R
v, = specific gravity of the gas.

Rawlins and Schellhardt'® give C, values for orifices in
2- and 4-in. pipe. They neglect deviations from the ideal
gas law.
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