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OVERVIEW

During the 1980’s, there were several major advances in the science of well test interpretation.
These have been associated with: (i) the use of pressure derivative plots, (ii) the common availability of
computer software for rapid graphical presentation, (iii) the use of non-linear regression (automated type
curve matching), (iv) the availability of higher precision, high frequency data, both for pressure and flow
rate, and (v) the development of new interpretation models, such as for multiphase flow and for multilay-
ered reservoirs. This book emphasizes well test interpretation in this new computerized environment.
During the book, emphasis is on problem solving, using computerized tools.
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1. WELL TEST OBJECTIVES

1.1 Introduction

During a well test, the response of a reservoir to changing production (or injection) conditions is
monitored. Since the response is, to a greater or lesser degree, characteristic of the properties of the
reservoir, it is possible in many cases to infer reservoir properties from the response. Well test interpreta-
tion is therefore an inverse problem in that model parameters are inferred by analyzing model response to
a given input. ) ‘ :

In most cases of well testing, the reservoir response that is measured is the pressure response.
Hence in many cases well test analysis is synonymous with pressure transient analysis, The pressure tran-
sient is due to changes in production or injection of fluids, hence we treat the flow rate transient as input
and the pressure transient as output.

input Teservoir output
perturbation ”| mechanism response
model mathematical model
input model output
Figure 1.1

In well test interpretation, we use a mathematical model to relate pressure response (output) to flow
rate history (input). By specifying that the flow rate history input in the model be the same as that in the
field, we can infer that the model parameters and the reservoir parameters are the same if the model pres-

“sure output is the same as the measured reservoir pressure output, Clearly, there can be major difficulties
involved in this process, since the model may act like the actual reservoir even though the physical
assumptions are entirely invalid. This ambiguity is inherent in all inverse problems, including many oth-
ers used in reservoir engineering (e.g., history matching in simulation, decline curve analysis, material
balance). However, the dangers can be minimized by careful specification of the well test in such a way
that the response is most characteristic of the reservoir parameters under investigation. Thus in most
cases, the design and the interpretation of a well test is dependent on its objectives.

The objectives of a well test usually fall into three major categories: (i) reservoir evaluation, (ii)
reservoir management, and (iii) reservoir description.

1.2 Reservoir Evaluation

To reach a decision as to how best to produce a given reservoir (or even whether it is worthwhile to
spend the money to produce it at all) we need to know its deliverability, properties, and size. Thus we
will attempt to determine the reservoir conductivity (k#, or permeability-thickness product), initial
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reservoir pressure, and the reservoir limits (or boundaries). At the same time, we will sample the fluids so
that their physical properties can be measured in the laboratory. Also, we will examine the near wellbore
condition in order to evaluate whether the well productivity is governed by wellbore effects (such as skin
and storage) or by the reservoir at large.

The conductivity (k#) governs how fast fluids can flow to the well. Hence it is a parameter that we
need to know to design well spacing and number of wells. If conductivity is low, we may need to evalu-
ate the cost-effectiveness of stimulation.

Reservoir pressure tells us how much potential energy the reservoir contains (or has left) and
enables us to forecast how long the reservoir production can be sustained. Pressures in the vicinity of the
wellbore are affected by drilling and production processes, and may be quite different from the pressure
and the reservoir at large. Well test interpretation allows us to infer those distant pressures from the local
pressures that can actually be measured.

Analysis of reservoir limits enables us to determine how much reservoir fluid is present (be it oil,
gas, water, steam or any other) and to estimate whether the reservoir boundaries are closed or open (with
aquifer support, or a free surface).

1.3 Reservoir Management

During the life of a reservoir, we wish to monitor performance and well condition. It is useful to
monitor changes in average reservoir pressure so that we can refine our forecasts of future reservoir per-
formance. By monitoring the condition of the wells, it is possible to identify candidates for workover or
stimulation. In special circumstances, it may also be possible to track the movement of fluid fronts
within the reservoir, such as may be seen in water flooding or in-situ combustion. Knowledge of the front
location can allow us to evaluate the effectiveness of the displacement process and to forecast its subse-
quent performance.

1.4 Reservoir Description

Geological formations hosting oil, gas, water and geothermal reservoirs are complex, and may con-
tain different rock types, stratigraphic interfaces, faults, barriers and fluid fronts. Some of these features
may influence the pressure transient behavior to a measurable extent, and most will affect the reservoir
performance. To the extent that it is possible, the use of well test analysis for the purpose of reservoir
description will be an aid to the forecasting of reservoir performance. In addition, characterization of the
reservoir can be useful in developing the production plan.

Examples of the use of well test analysis for reservoir description can be found in Britt et al. (1989),
Myers et al. (1980), Lee (1982), Currier (1988) and Roest et al. (1986). However, it is important to ack-
nowledge that there is a limit to the level of detail that can be achieved in a reservoir description. This is
because pressure transmission is an inherently diffusive process, and hence is governed largely by aver-
age conditions rather than by local heterogeneities. For example, Grader and Horne (1988) showed that
it is possible to have a "hole" in the reservoir that is as large as half the distance between a production
well and an observation weli, without that "hole” making any discernable difference in an interference
test. This observation appears discouraging at first, however it underlines the overall usefulness of well
test analysis -- well tests can be interpreted to estimate bulk reservoir properties because they are insensi-
tive to most local scale heterogeneities.
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1.5 Decline Curve Analysis

The discussions above have referred to pressure transient analysis, in which the pressure transient is
considered to be the response of a system to a specific flow rate history. It should be clear however that it
is equally valid to consider a flow rate response to a specific pressure history. This case, in which well
flowing pressure is usually treated as constant and production rate declines, is commonly known as
decline curve analysis. Fundamentally, there is no difference between pressure transient analysis and
decline curve analysis, however, there are practical considerations that usually separate the two applica-
tions. Since flow rate is the easier of the two functions to control in a short term test, pressure transient
tests (such as drawdown, buildup and interference tests) are usually conducted over only a few hours or
days. Hence pressure transient tests are usually used to diagnose near wellbore conditions, such as kh,
storage and skin. During long term production, pressure is often controlled by production equipment
" requirements, and production rates are monitored in the long term {over months and years) for decline
curve analysis. Hence decline curve analysis is more diagnostic of long term effects, such as reservoir
volume.

In general terms, both flow rate and pressure are interdependent, and both are governed by reservoir
characteristics. Thus pressure transient analysis and decline curve analysis are specific examples of the
same process, although traditionally each has been developed somewhat differently. In this book, the dis-
tinction between them will be removed. Any time that flow rate and pressure both are measured it is pos-
sible to specify one and match the other. Because of the diffusive nature of pressure transmission men-
tioned earlier, it is often easier to match pressures than it is to match flow rates.

1.6 Types of Tests

In some cases, the type of test performed is governed by the test objectives. In other cases the
choice is governed by practical limitations or expediencies. For the purpose of later discussion, the vari-
ous types of test will be defined in this section.

1.6.1 Drawdown Test

In a drawdown test, a well that is static, stable and shut-in is opened to flow. For the purposes of
traditional analysis, the flow rate is supposed to be constant (Figure 1.2).

Figure 1.2
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Many of the traditional analysis techniques are derived using the drawdown test as a basis (includ-
ing many of the derivations in Section 2). However, in practice, a drawdown test may be rather difficult
to achieve under the intended conditions. In particular: (a) it is difficult to make the well flow at constant
rate, even after it has (more-or-less) stabilized, and (b} the well condition may not initially be either static
or stable, especially if it was recently drilled or had been flowed previously.

On the other hand, drawdown testing is a good method of reservoir limit testing, since the time
required to observe a boundary response is long, and operating fluctuations in flow rate become less
significant over such long times.

1.6.2 Buildup Test

In a buildup test, a well which is already flowing (ideally at constant rate) is shut in, and the
downhole pressure measured as the pressure builds up (Fig. 1.3). Analysis of a buildup test often requires
only slight modification of the techniques used to interpret constant rate drawdown test. The practical
advantage of a buildup test is that the constant flow rate condition is more easily achieved (since the flow
rate is zero).

P
t
p
q buildu
perio
¢
Figure 1.3

Buildup tests also have disadvantages:

(a) It may be difficult to achieve the constant rate production prior to the shut in. In particular, it may
be necessary to close the well briefly to run the pressure tool into the hole.

(b)  Production is lost while the well is shut in.

1.6.3 Injection Test

An injection test is conceptually identical to a drawdown test, except that flow is into the well
rather than out of it (Fig. [.4).

Injection rates can often be controlled more easily than production rates, however analysis of the
test results can be complicated by multiphase effects unless the injected fluid is the same as the original
reservoir fluid,
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Pi

Figure 1.4
1.6.4 Falloff Test

A falloff test measures the pressure decline subsequent to the closure of an injection (Fig. 1.5). Itis
conceptually identical to a buildup test.

Pi

Figure 1.5

As with injection tests, falloff test, interpretation is more difficult if the injected fluid is different
from the original reservoir fluid.

1.6.5 Interference Test

In an interference test, one well is produced and pressure is observed in a different well (or wells).
An interference test monitors pressure changes out in the reservoir, at a distance from the original pro-
ducing well. Thus an interference test may be useful to characterize reservoir properties over a greater
length scale than single-well tests. Pressure changes at a distance from the producer are very much
smaller than in the producing well itself, so interference tests require sensitive pressure recorders and
may take a long time to carry out. Interference tests can be used regardless of the type of pressure
change induced at the active welt {drawdown, buildup, injection or falioff). '
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1.6.6 Drill Stem Test (DST)

A drill stem test is a test which uses a special tool mounted on the end of the drill string. It is a test
commonly used to test a newly drilled well, since it can only be carried out while a rig is over the hole.
In a DST, the well is opened to flow by a valve at the base of the test tool, and reservoir fluid flows up the
drill string (which is usually empty to start with). A common test sequence is to produce, shut in, pro-
duce again and shut in again. Drill stem tests can be quite short, since the positive closure of the
downhole valve avoids wellbore storage effects (described later). Analysis of the DST requires special
techniques, since the flow rate is not constant as the fluid level rises in the drill string. Complications
may also arise due to momentum and friction effects, and the fact that the well condition is affected by
recent drilling and completion operations may influence the results.
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2. WELL TEST CONCEPTS

2.1 Basics of Reservoir Models

In the process of testing a well, we provide an input impulse (usually a change in flow rate) and we
measure the response (usually a change in pressure). The reservoir response is governed by parameters
such as permeability, skin effect, storage coefficient, distance to boundaries, fracture properties, double
porosity coefficients, etc. Based on an understanding of the reservoir physics, we develop a mathematical
model of the dependence of the response on these reservoir parameters. Then by matching the model
response to the measured reservoir response we infer that the model parameters take the same values of
the reservoir parameters. This process is illustrated in Fig. 2.1.

p
input reservoir TEServoit response
ks, C
q t
match
f p
input model model response
ks, C
t
Figure 2.1

The mathematical model can be either analytical or numerical (i.e., a reservoir simulator), but is
usually analytical. The remainder of this section will discuss the basis of these analytical reservoir
models.

The mathematical equation governing pressure transmission in a porous medium filled by slightly
compressible fluid is given by (in cylindrical coordinates):

2 fue g
Pp Lap ke 1 Pp K Pp Waop -
o2 Tk etk 9zt ko 2.1

Assumptions inherent in this equation are:
(a) Darcy’s Law applies,
(b) Porosity, permeabilities, viscosity and compressibility are constant,
(c)  Fluid compressibility is small (this equation is not usually valid for gases),
{d) Pressure gradients in the reservoir are small (this may not be true in high rate wells or for gases),
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{e) Flow is single phase,
(f)  Gravity and thermal effects are negligible.

If permeability is isotropic, and only radial and vertical flow are considered, then this equation
reduces Lo

2
op 1
ar?

dp  p _ Bue dp
ar+

2
32 ="r o (2.2)

r
This equation is recognizable as the diffusion equation, which appears in many fields of science and

engineering. This underlines the importance of the diffusion process in well test interpretation, and
emphasizes the underlying significance of the hydraulic diffusivity parameter k/¢uc;.

For the purposes of this book (and for the application of well test interpretation in general), it is not
necessary for us to understand the process of solution of the pressure transmission equation (Eq. 2.2).
Solutions to this equation have been developed for a wide variety of specific cases, covering many reser-
voir configurations. These specific reservoir solutions are the models that we will use to match reservoir
behavior, thereby inferring reservoir parameters that we do not know in advance.

2.2 Dimensionless Variables

Well test analysis often makes use of dimensionless variables. The importance of dimensionless
variables is that they simplify the reservoir models by embodying the reservoir parameters (such as k),
thereby reducing the total number of unknowns. They have the additional advantage of providing model
solutions that are independent of any particular unit system. It is an inherent assumption in the definition
that permeability, viscosity, compressibility, porosity, formation volume factor and thickness are ail con-
stant.

The dimensionless pressure pp is defined (in oilfield units) as

kh
Pp = T aepm i P 23)
where k. =  permeability (md)
h o= thickness (feet)
Pi = initial reservoir pressure (psi)
pwy =  well flowing pressure (psi)

g =  production rate (STB/d)

B = formation volume factor (res vol/std vol)

g = viscosity (cp)

In a consistent unit set, pp is defined as

_ 2mkh

i Pw 2-3)
un(P Puy) (2.3a

Pp
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The dimensionless time ¢, is defined (in oilfield units} as

- 0.000264kt (2.4)
D= .
duc,r. w2
where ¢ = tirne (hours)
¢ = porosity (pore volume/bulk volume)
il = total system compressibility (/psi)
ro = wellbore radius (ft)
In a consistent unit set, fp is defined as
kt
tp =" (2.4a)
T

This is only one form of the dimensionless time. Another definition in common usage is ¢p,, the
dimensionless time based upon reservoir area:

0.000264kt
tpy = oot @.5)
duc A
where A = reservoir area = 7>
r, = reservoir radius (ft)
Clearly there is a direct relationship between ¢p and #pa
2
A r,
th=ipa 5 =taT T (2.6)
rW Ir'W
We can also define a dimensionless radius, rp, as
rp=—" .7
rW

This definition is independent of any particular set of units.

2.3 Log-Log Type Curves

Having just defined dimensionless pressure and time, it is worthwhile to discuss log-log type curves
since this is one of the primary uses of dimensionless variables in well test interpretation. Since, by
definition, dimensionless pressure and time are lirear functions of actual pressure and time (recall Eqgs.
2.3 and 2.4), then the logarithm of actual pressure drop will differ from the logarithm of dimensionless
pressure drop by a constant amount.
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kh
log Ap =1 -log———— 2,
og ap = log pp — log 141.24B1 (2.8)
similarly
log At = log tp — logMZij 2.9)
@!icr?‘w

Hence a graph of log Ap versus log ¢ will have an identical shape 1o a graph of log pp versus log tD,
although the curve will be shifted by log kk/141.2¢Bu vertically (in pressure) and log 0.000264k/opc, 1,
horlzontally (in time). Matching the two curves will give us estlmdtes of kh from kh/(141.2¢gBL) (assum-
ing ¢, B and U are known) and ¢» (from 0. 000264 (kM) (OF e, 1,,*, assuming W, ¢, and r,? are known).
This process provides a useful method of estimating two very important reservoir parameters, the
transmissivity or ability to flow, and the storativity or quantity of fluid contained. Type curves can also
be used to estimate other parameters -- this will be illustrated in examples later on.

2.4 The Skin Effect

Pressure transmission does not take place uniformly throughout the reservoir, since it is affected by
local heterogeneities. For the most part, these do not affect the pressure change within the well, except
those reservoir heterogeneitics which are in the immediate vicinity of the wellbore.  In particular, there is
often a zone surrounding the well which is invaded by mud filtrate or cement during the drilling or com-
pletion of the well -- this zone may have a lower permeability than the reservoir at large, and thereby acts
as a "skin" around the wellbore, causing higher pressure drop. This is shown in Fig. 2.2.

Undamaged well pressure

Damaged well pressure

Figure 2.2
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The pressure drop across the skin Ap, is the difference between the actual pressure in the well when
it is flowing, and the pressure that would have been seen if the well were undamaged. The skin factor is a
dimensionless variable used to quantify the magnitude of the skin effect. The skin factor is defined (in
oilfield units) as:

kh
= A .
57 1a12¢Bp P 2.10)
In consistent units, the skin effect would be defined
21tkh
= A .
5 Bl s 2.1

If we imagine that the skin effect is due to a damaged zone of radius r; and reduced permeability &,
then the skin effect can be calculated from

5= [f- - 1] In—% @.12)

We can also describe the skin effect in terms of an effective wellbore radius. This is the smaller
radius that the well appears to have due to the reduction in flow caused by the skin effect. This effective
radius is given by

Tweff = Fw € (2.13)
cL
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It can be seen from Eq. 2.12 that if the skin zone permeability £, is higher than that of the reservoir
(as can happen due to acidization or stimulation), then the skin effect can be negative. In the case of
negative skin, the effective wellbore radius, given by Eq. 2,13, will be greater than the actual radius, The
pressure distribution in this case would appear as in Fig, 2.3.

Clearly there is a limit as to how negative a negative skin effect can be, and in practice skin factors
less than -5 are rarely seen. This is not the case for positive skin effects, which can have any magnitude
(although they are rarely greater than 20).

Example 2.1
A 12 inch diameter hole has a damaged region 48 inches deep. The permeability in this region is
one tenth that of the undamaged region. The skin effect can be estimated as follows
r, = 0.5 feet
ry = r,+4 =4.5 feet

from Eq. 2.12

.
0.5

s rw

k Ty [
= —“1ln—==l10-1
$ {k ln
s =19.78

If, on the other hand, the 48 inch deep zone were stimulated instead of damaged, and the permeabil-
ity enhancement was a factor of 10, then the skin factor would be

43
5= [0.1—1] In"

s =—1.98
From these two numerical examples, it can be seen that the numerical values of positive and nega-

tive skins are quite different. A tenfold decrease in permeability gives rise to a positive skin factor of
about 20, whereas a tenfold increase in permeability produces a negative skin factor of only -2.

It is interesting also to look at the effective wellbore radii for the two cases just described. For the
positive skin factor of 19.78, the effective wellbore radius will be

from Eq. 2.13
Tweg = 0.5 e 1978

Fweg = 1.28x107° feet

From this we can see that a skin of 19.78 is very large indeed! For the negative skin factor of -1.98,
the effective wellbore radius will be

rweﬁ =05¢ 1.98
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Fyegr = 3.02feet

2.4.1 Flow Efficiency

A term sometimes used to describe the wellbore damage is flow efficiency, the ratio of the theoreti-
cal pressure drop if no skin had been present to the actual pressure drop measured during the test. The
flow efficiency parameter can be used to calculate the flow rate that could be achieved if the wellbore
damage were removed (by stimulation) since it is also the ratio of the ideal (zero skin) flow rate to the
actual flow rate.

A ; .
FE = 2 (zero skin) - q {actual) (2 14)
Ap {actual) q (zero skin)

In practice, flow efficiency is time dependent, not because the well damage is changing, but simply
due to its mathematical definition. Thus it is not as definitive as parameter as skin factor, which is a con-
stant for all time,

2.5 Wellbore Storage

We have understood that, in most cases, well test analysis is the interpretation of the pressure
response of the reservoir to a given change in the rate (from zero to a constant value for a drawdown test,
or from a constant value to zero for a buildup test). However, for many well tests, the only means of con-
trolling the flow rate is at the wellhead valve or flow line. Hence although the well may produce at con-
stant rate at the wellhead, the flow transient within the wellbore itself may mean that the flow rate from
the reservoir into the wellbore (the "sand face” flow rate, ) may not be constant at all. This effect is due
to wellbore storage.

Wellbore storage effect can be caused in several ways, but there are two common means. One is
storage by fluid expansion, the other is storage by changing liquid level.

Consider the case of a drawdown test. When the well is first open to flow, the pressure in the
wellbore drops. This drop causes an expansion of the wellbore fluid, and thus the first production is not
fluid from the reservoir but is fluid that had been stored in the wellbore volume. As the fluid expands, the
wellbore is progressively emptied, until the wellbore system can give up no more fluid, and it is the
wellbore itself which provides most of the flow during this period. This is wellbore storage due to fluid
expansion. :

The second common kind of wellbore storage is due to a changing liquid level. This is easily
envisaged in the case of a completion consisting of a tubing string without a packer, as in Fig. 2.4.
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Figure 2.4

When the well is open to flow during a drawdown test, the reduction in pressure causes the liquid
level in the annulus to fall. The liquid extracted from the annulus joins that from the reservoir and makes
up a proportion of the total flow from the well. The falling liquid level is generally able to supply much
more fluid than is possible simply from expansion of the fluid alone, thus wellbore storage effects are usu-
ally much more prominent in this type of completion.

The wellbore storage coefficient, C, is a parameter used to quantify the effect. C is the volume of
fluid that the wellbore itself will produce due to a unit drop in pressure:

=— 2.15
c Ap (2.15)

where V is the volume produced, and Ap is the pressure drop. C has units STB/psi (or sometimes
MCF/psi in the case of gas wells). It is also common to use a dimensionless wellbore storage coefficient,
Cp, defined as

3615C

= (2.16)
2rde, hr,,?

D
where C is in STB/psi.

Assuming the fluid is of constant density, conservation of mass requires that the total flow rate g be
equal to the flow of fiuid from the reservoir {g,) added to that which flows from the well itself (g,,):

qg=qgs+ gy 2.17)
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Thus the fraction of the total flow that originates from the reservoir is given by:

Flow rate STB/d

Presgure psi

Miller-Dyes-Hutchinson plot
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The overall effect of wellbore storage can be seen in Fig. 2.5. At early time the ratio g,/q is close to
zero, as all the fluid produced at the wellhead originates in the wellbore. As this goes on, the wellbore
storage is depleted, and eventually the reservoir produces all the fluid (as gu/g tends to one). The
corresponding pressure transients due to the wellbore storage effects are seen in Fig, 2.6. It is important
to recognize that, as a consequence of the wellbore storage effect, the early transient response during a
well test is not characteristic of the reservoir, only of the wellbore. This means that a well test must be
long enough that the wellbore storage effect is over and fluid is flowing into the wellbore from the reser-
voir. As we will see later, we can also overcome the problem of wellbore storage by specifically measur-
ing the sandface flow rate g,y down hole.

The value of the wellbore storage coefficient can be estimated based upon the configuration of the
completion. For a fluid expansion storage coefficient,

C=c,V, (2.19)

where V,, is the volume of the wellbore, and c¢,, is the compressibility of the fluid in the wellbore. In prin-
ciple, the wellbore compressibility includes the volume changes in the tubing and casing, however, these
are usually small. Nonetheless, the compressibility is different from ¢, the total reservoir compressibility,
since ¢, includes the rock compressibility and will be under different pressure, temperature and saturation
conditions than the wellbore.

For a falling liquid level storage coefficient

1444,
C= 5 Jt/psi. (2.20)

where A, is the cross-sectional area of the wellbore in the region where the liquid level is falling
(in ft*) and p is the density of the fluid (in Ibm/ft*).

Example 2.2

A 1000 ft deep pumping well has a 2 inch tubing inside a 7-5/8 inch casing. Without a packer, the
liquid level will be pumped down over the annular space. This space has a cross sectional area of

7 (7.675* =22 1
4 144
A, = 11812 fi?

A, =

If the oil in the well has a density of 58 Ibm/ft>, then the storage coefficient will be (using Eq.
2.20):

_ 144x1.1812
B 58

C = 0522 STB/psi.

C =293 f13/psi.

If the same well were filled with a gas (of compressibility 2x10™* psi.™"), then instead of the falling
liquid level effect we would see a fluid expansion storage effect of:
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using Eq. 2.19

C =2x107%v,,
where the wellbore volume is:
V=m0

1000

So, € =2x10"*n(. 6252) =0.254 ft’/psi.

C =0.045 STB/psi.

Notice that even though the gas is much more compressible, the falling hqu1d level storage
coefficient is very much larger than the fluid expansion storage coefficient.

Wellbore storage is a major nuisance to well test interpretation, since it disguises the reservoir
response untif late in the test. One way to overcome this problem is to measure the flow rates downhole
instead of at the surface. Such flow rate measurements have become more common during the 1980’s,
but are still by no means standard. Measuring flow rates adds to the cost of the test, and is difficult in
multiphase, inclined and pumping wells. Reservoir engineers still need to be prepared to analyze well
test results in the presence of wellbore storage.

From material balance, the pressure in the wellbore is directly proportional to time during the
wellbore storage dominated period of the test

Ip
Pp="" (2.21)

On a log-log plot of pressure drop versus time, this gives a characteristic straight line of unit slope
(Fig. 2.7).
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The straight line response continues up to a time given approximately by

tp = Cp (0.041 +0.02 5) (2.22)

provided that the skin factor s is positive. However, the storage effect is not over at this time, as there is a
period (roughly one and a half log cycles long) during which the response undergoes a transition between
wellbore response and reservoir response. Thus the reservoir response does not begin until a time

tp = Cp (60 + 3.5 5) (2.23)

During the design of a test, care should be taken to ensure that the test is at least this long (and usu-
ally very much longer, even if nonlinear regression techniques are to be used for the interpretation).

Example 2.3

The pumping well in Example 2.2 produces from a reservoir with the following properties:

Permeability £ =20 md
Thickness h =5 feet

Porosity ¢ =20%
Compressibility ¢, = 5x107® /psi
Wellbore radius r,, = 0.32 feet
Viscosity L=2 cp

We can estimate that the time required for wellbore storage effects (and transition) to disappear as
follows:
(from Example 2.2)
C =293 fipsi.
(from Eq. 2.16)

2.93
Cp = -6 2
2m(0.2)(5x1078)(5)(0.32)
Cp = 9.24x10°

If skin factor s is zero, then the time when the wellbore storage influenced response ends is
tp = 9.24x10° (60 + 0) = 5.544x10’

In real terms, using Eq. 2.5:
opc,r,”
t=—""———"—ip
0.000264 k
_(0.2)(2)(5x107°,0.32)*
- 0.000264 (20)
t =21504 hrs

¢ 5.544x 107
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This is clearly an impossibly long time, and we could not even consider attempting to test this well
without a downhole flow rate measurement. If the skin effect is as large as 10, this time would be about
50% larger (from Egq. 2.23).

Based on this example, it can be seen that the time affected by wellbore storage is independent of
porosity, wellbore radius and system compressibility. In fact Egs. 2.23,2.16 and 2.5 can be combined to
give the storage-influenced time as

_ 3385 C (60 + 3.59)
kh/

(2.24)

From this we can see that wells with greater deliverability (related to kh/u) are less strongly
influenced by wellbore storage effects. It is also important to note that the storage effect is independent of
the flow rate ¢.

2.6 Infinite Acting Radial Flow

Once the wellbore storage effects are over, the wellbore pressure transient reflects the pressure
transmission out in the reservoir. As time proceeds, the response is characteristic of conditions further
and further away from the wellbore. At very late time, the pressure response is affected by the influence
of reservoir boundaries, but prior to those late times the pressure response does not "see" the reservoir
boundaries, and the reservoir acts as if it were infinite in extent. This intermediate time response,
between the early wellbore-dominated response and the late time boundary-dominated response, is
known as the infinite acting period. Although modern well test interpretation identifies several different
types of flow during the infinite acting period, one of the most common and casily identified is radial
flow. Infinite acting radial flow has been the basis of very many well test interpretation techniques, and it
is worthwhile to discuss it in some detail.

In the absence of wellbore storage and skin effects, the pressure transient due to infinite acting
radial flow into a line source wellbore producing at constant flow rate is given by

2
|- 2] (2.25)

Here Ei represents the exponential integral function. This solution is valid throughout the reservoir
(rp>1), including at the wellbore (rp=1). Thus it can be used for interference tests as well as drawdown
and buildup tests. Fig. 2.8 shows the exponential integral solution plotted in semilog coordinates.

From this graphical presentation, it can be seen that the infinite acting radial flow response is
directly proportional to the logarithm of time for all but carly times. Examination of the solution numeri-
cally confirms this to be true. For 1, > 10, the exponential integral solution at rp=1 can be well approxi-
mated by

Pwp =Y [Intp + 0.80907] + s (2.26)
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Writing this in dimensional variables;
Puf=Di— 162.6 481 [logt + log—k— + 0.8686s — 3.2274] (2.27)
kh ¢HCr?‘w2

where the natural logarithm (In) has been replaced by a logarithm to base 10 (log). From this equation it
is seen that a plot of pressure drop against the logarithm of time should contain a straight line with slope

aBp
= 162.6 2.28
m n (2.28)

Hence the recognition of this slope makes it possible to estimate the permeability (k) or the
permeability-thickness product (k#). Many traditional well test interpretation techniques are based on this
"semilog approach” and the recognition of the "correct semilog straight line” is a crucial aspect of this
type of analysis. We shall examine this further in Section 3.

2.7 Reservoir Boundary Response

Obviously, reservoirs are not really infinite in extent, thus the infinite acting radial flow pertod can-
not last indefinitely. Eventually the effects of the reservoir boundaries will be felt at the well being tested.
The time at which the boundary effect is noticed is dependent on several factors, including the distance to
the boundary and the properties of the permeable formation and the fluid that fills it. The two types of
reservoir boundary that are most commonly considered are (a) impermeable and (b) constant pressure.
An impermeable boundary (also known as a closed boundary) occurs where the reservoir is sealed and no
flow occurs. No flow boundaries can also arise due to the interference between wells. A constant
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pressure boundary rarely occurs exactly in practice, however, in many cases aquifer support, a balanced
injection pattern or the presence of a large gas cap can cause an effect that closely approximates a con-
stant pressure boundary.

2.7.1 Closed Boundaries

When a reservoir (or a well’s own "drainage region”) is closed on all sides, the pressure transient
will be transmitted outwards until it reaches all sides, after which the reservoir depletion will enter a state
known as pscudosteady state. In this state, the pressure in the reservoir will decline at the same rate
everywhere in the reservoir (or drainage region). Thus a pseudosteady state is not at all steady, and
corresponds to the kind of pressure response that would be seen in a closed tank from which fluid was
slowly being removed. This is illustrated in Fig. 2.9.

p
pwfl T
Pwr2 37t infinite acting
r
p
Pwit
Pur2 HF pseudosteady state
P

Figure 2.9

The condition of the reservoir during pseudosteady state is that pressure drop (everywhere) is due
to the decompression of the reservoir fluid as fluid is produced from the well. This "volumetric" pressure
loss is given simply from the definition of compressibility

1 AV
Y= 2.29
¢ V Ap ( )

a4t (2.30)

or, Ap =“{1/- p
f

where V is the total reservoir fluid volume, and the cumulative production AV is replaced by gAt,

From Eq. 2.30 we can see that, during pseudosteady state, the pressure drop is:
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(a)  directly Proportional to time --hence is identifiable a5 4 straight line or a Ap vs. tor log(Ap) vs, |
(An),

(b)  dependent on reservoir volume -- hence is extremely useful as 3 means of estimating reservoir siz

In terms of the dimensioniesg variables defined earlier, and incorporating the effects of skin a
reservoir shape, the pressure drop can be written:

l 2.24584
Pp =2mp, + "2—ln [‘E:T] +s (2.3

where A is the area of the reservoir (or drainage region, and ¢ 4 15 a shape factor that depends on th
shape of the region and the position of the well. C, has been determined for a variety of drainage shape:
shown in Table 2.1, which is reproduced from Earlougher (1977).

If we treat the reservoir or drainage region as a circle of radius r,, with the well at the center, the;

A=m,%and C; = 31.62. In this case
1 Te \
Pp =2mtp, + Eln [0.472:—J +35 (2.32
W

determining t ope of the appropriate straight line found on a plot of Ap versus ¢. Substituting the
definitions of Pp and tp, in Eq. 2.3];

0.2342 gB B 2.24584 A
Ap = W: + 70.65%1ji [ln ["ar?—] + 2s] (2.33)

Thus the slope of the line Ap (psi) versus ¢ (hrs) will be

0.2342 4B
MCartesian = (dc,h A (234)
!

Notice the groupings ¢c, 4, which is known as the "storativity," and ®AA, which is the total pore
volume within the drainage region,

Before seeking a straight line on a Cartesian pressure Versus time graph, it is important to note that
the bseudosteady state response does not appear untif 5 certain value of ipa- Recognition of this fact may
be helpful to prevent the analysis of an improper Cartesian straight line. In Table 2. | the time given as
"Use infinite System solution with less than 1% error for t;,, less than” can be considered the end of the
infinite acting behavior (the end of the semilog straight line); the time given as "less than |9 error for 1,
greater than” can be considered as the start of pseudosteady state (the start of the Cartesian straight line),
For the circular reservoir with the well 4t the center, the pseudosteady stage starts exactly at the time the
infinite acting behavior ends (tpa = 0.1), hence the two times appear to overlap slightly (because of the
1% tolerance). However for more elongated shapes, or eccentric welj locations, the infinite acting
Tesponse ends long before pseudosteady state begins. The intervening period s a transition period.
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Table 2.1: Shape factors for various reservoir shapes (from Earlougher, 1977)

23

Less than Use infinite system
Exact for tp, 1% error for solution with
Reservoir shape C, InC, ¥2In[2.2458/C,] greater than fps greater than less than 1% error
for tp4 less than
Bounded reservoirs

@ 31.62 34538 -1.3224 0.1 0.06 0.10
@ 316 3.4532 -1.3220 0.1 0.06 0.10
& 27.6 33178 -1,2544 6.2 0.07 0.09
E 27.1 3.2095 -1.2452 0.2 0.07 0.09
lﬁ 21.9 3.0865 -1.1387 04 0.12 0.08

é 0.098 -2.3227 +1.5659 0.9 0.60 0.015
’ 30.8828 3.4302 -1.3106 0.1 0.05 0.09
12.9851 2.5638 -0.8774 0.7 0.25 0.03

45132 1.5070 -0.3490 0.6 0.30 0.025
33351 1.2045 -0.1977 0.7 0.25 0.01

° 1
3 21.8369 3.0836 -1.1373 03 0.15 0.025
I

5 10,8374 2.3830 -0.7870 04 0.15 0.025
5 4.5141 1.5072 -0.3491 1.5 0.50 0.06
5 2.0769 0.7309 +0.0391 1.7 0.50 0.02

5 31573 1.1497 -0.1703 0.4 0.15 0.005

Copyright © 1977, Society of Petroleum Engineers
Earlougher, Robert C.; "Advances in Well Test Analysis”, Monograph Series, SPE, Richardson, TX (1977) 5, 203-204
Reprinted with permission.
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Table 2.1 {continued):

Well Test Concepts

Section 2

Exact for ),

Less than
1% error for

Use infinite system
solution with

Reservoir shape Cy InCy ¥ 1In[2.2458/C,] | greater than | 1, greater than less than 1% error
for t5, less than
l
> 0.5813  -0.5425 +0.6758 2.0 0.60 0.02
1
5 0.1109  -2.1991 +1.5041 30 0.60 0.005
° 1
L 2 53790 1.6825 -0.4367 0.8 0.30 0.01
[
i 2.6896 0.9894 -0.0902 0.8 0.30 0.01
l
i 02318 -1.4619 +1.1355 4.0 2.00 0.03
° 1
3 0.1155  -2.1585 +1.4838 4.0 2.00 0.01
; 2.3606 0.858% -0.0249 1.0 0.40 0.025
Vertically fractured reservoirs Use (Jf,,:'.\ff)2 in place of A/r,” for fractured systems
0.1
e |1
1 2.6541 0.9761 -0.0835 0.175 0.08 cannot use
0{.52 1
1 2.0348 0.7104 +0.0493 0.175 0.09 cannot use
],
1 1.9986 0.6924 +(.0583 0.175 0.09 cannot use
0.5 |
; 1.6620  0.5080 +0.1505 0.175 0.09 cannot use
al
1 1.3127 0.2721 +(.2685 0.175 0.09 cannol use
1.0 )
1 0.7887 -0.2374 +0.5232 0.175 0.09 cannot use
Water drive reservoirs
@ 19.1 295 -107 - -- -
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Sometimes this transition period can be very long (see for example the 5-to-1 rectangle, where it is
sixteen times longer than the entire infinite acting response). Hence it would be a mistake to assume that
the pseudosteady state response (Cartesian straight line) occurs immediately at the end of the infinite act-
ing response (semilog straight line).

2.7.2 Fault Boundaries

Fault boundaries usually act as impermeable barriers, and therefore the pressure response of a well
close to a single linear fault can begin to look like the response of a closed reservoir. However, the
response is actually different. Since the well responds to only one boundary instead of being completely
closed in on all sides, there is no pseudosteady state (at least not initially). Due to the influence calcul-
able by superposition (described later), the well "sees itself in the mirror”, and the net late time response
is that of two identical wells. The semilog straight line of the original infinite acting response will there-
fore undergo a doubling in slope at the time the boundary effect is felt. This will be described later.

2.7.3 Constant Pressure Boundaries

When the reservoir pressure is supported by fluid encroachment (either due to natural influx from an
aquifer or gas cap, or by fiuid injection) then a constant pressure boundary may be present. Such a boun-
dary may completely enclose the well (as, for example, for a production well surrounded by injectors) or
may be an open boundary to one side of the well (for example, in the case of an isolated producer/injector
well pair).

The effect of any constant pressure boundary will ultimately cause the well pressure response to
achieve steady state, at which the well pressure will be the same constant pressure as the boundary, as in
Fig. 2.10.
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Figure 2,10
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For the case of a circular constant pressure boundary with the well at the center, the wellbore pres-
sure response will depart from the semilog straight line (infinite acting radial flow) response at a time toa
of 0.08, pass through a transition period, and achieve steady state at a time £, of 0.3. Notice that this is
rather later than the time required to achieve pseudosteady state in the case of impermeable boundaries.
The time required to reach the steady state response will be different for drainage regions of different
shape, and steady state will generally be reached sooner if some part of the constant pressure boundary is
closer to the well. :

2.8 Fractured Wells

In the U.S., the majority of new oil and gas wells are hydraulically fractured as a routine part of
their completion. In such a hydraulic fracturing procedure, the usual objective is the production of a sin-
gle vertical fracture that completely penetrates the thickness of the productive formation and which
extends some distance from the well. In other kinds of reservoir (for example geothermal wells which are
commonly drilled in volcanic rocks) such major fractures may occur naturally and may be intersected by
the well during drilling.

The fracture has much greater permeability than the formation it penetrates, hence it influences the
pressure response of a well test significantly. Due to the linear geometry of the fracture, we will observe
a pressure response other than the infinite-acting radial flow behavior discussed in Section 2.5, at least
for part of the response. The interpretation of well tests from such wells must therefore consider the
effects of the fracture; indeed, often tests of fractured wells are conducted specifically to determine frac-
ture properties so that the effectiveness of the fracture stimulation operation can be evaluated.

The case of common practical interest is of a vertical fracture of length xr, fully penetrating the for-
mation (Figure 2.11).

*r

Figure 2.11

For the purposes of fractured well analysis, we often make use of a dimensionless time #p,; based
on the fracture length x;:

0.000264 &t

5 (2.35)
duc .y

fpyr =

Notice that this is directly related to the usual dimensionless time ¢ as follows:
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2
.

Ipy = tp hz' (2.36)
Xf

In well test analysis, three main fracture types are commonly considered: (a) finite conductivity fac-
tors, (b) infinite conductivity fractures, and (¢} uniform flux fractures.

2.8.1 Finite Conductivity Fractures

The most general case of a finite conductivity fracture was considered by Cinco, Samaniego and
Dominguez (1978) and Cinco and Samaniego (1981). Due to the linear flow in the fracture, several
different flow regimes can be observed at different times (Figure 2.12).
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Figure 2.12

At early time, there is linear flow within the fracture and linear flow into the fracture from the for-
mation (Figure 2.12 a). The combination of these two linear flows gives rise to the bilinear flow period.
This part of the response is characterized by a straight line response with slope % on a log-log plot of
pressure drop against time (Figure 2.13) since the pressure drop during this period is given by

. 1 (2.37)

Pp = Dxf
Nkpwp

where the dimensionless fracture permeability and width are given respectively by

ke
ke = —ki (2.38)




28 Well Test Concepts Section 2

Wip = ﬁ (2.39)

where w is the width (or aperture) of the fracture,
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Figure 2.13

Following the bilincar flow period, there is a tendency towards linear flow (Figure 2.12 b), recog-
nizable by the upward bending in Fig. 2.13 towards a % slope on the log-log plot. In practice, the 4
slope is rarely seen except in fractures where the conductivity is infinite. Finite conductivity fracture
responses generally enter a transition after bilinear flow (%4 slope), but reach radial flow (Fig. 2.12 ¢)
before ever achieving a  slope (lincar flow). Fig. 2.14 shows an example of such a response.

2.8.2 Infinite Conductivity Fractures

If the product kpwyp (defined by Eqs. 2.38 and 2.39) is larger than 300, then the fracture conduc-
tivity can be considered to be infinite, Such highly conductive fractures are quite possible in practice,
especially in formations with lower permeability. The pressure response of a well intersecting an infinite
conductivity fracture is very similar to that of the more general finite conductivity fracture case, except
that the bilinear flow period is not present. An infinite conductivity fracture response is characterized by
a truly linear flow response (Fig. 2.11 b), during which the pressure drop is given by

pp = (mpy)” (2.40)

Such a response shows as a ' slope straight line on a log-log plot of pressure drop against time
(Fig. 2.15), as shown by Gringarten, Ramey and Raghavan (1974).
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Beyond the linear flow period, the response will pass through a transition to infinite acting radial
flow (semilog straight line behavior).
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2.8.3 Uniform Flux Fracture

One of the earliest mathematical solutions to a fractured well problem assumed that the flow into
the fracture was uniform along its length (Gringarten, Ramey and Raghavan, 1972). This was a
mathematical convenience only, and it is known that the flux distribution along a fracture is far from uni-
form (Fig. 2.16).
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The only practical case in which the fracture flux distribution approaches uniformity is when there
is a significant fracture "skin", caused by a lower permeability region between the fracture and the reser-
voir (Cinco and Samaniego, 1981b). Whether this "damaged fracture” case is common or not is unclear,






