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Abstract

The wellbore storage effects on the interprétâtion of 
the skin permeability and the skin radius from transient 
test data obtained in a composite reservoir are investigated 
in this study. A new fluid properties transformation, 
pseudo-potential, is used to linearize the diffusivity equa
tion, for any single-phase fluid flow problem. This study 
also examines the application of pseudo-potential to the 
analysis of transient well test data.

A finite-difference single-phase radial simulator was 
developed to facilitate the research. Several numerical 
experiments were conducted to validate the formulation. The 
numerical model, for any single-phase fluid, demonstrates 
excellent agreement with liquid analytical solutions of the 
dif fusivity equation. Simulated buildup and drawdown tests 
provide the basic transient data used in this investigation.

This study examines the calculation of the damaged well 
properties from transient test data. The damaged well is 
modeled by using a finite skin, extending out radially from 
the wellbore, and the undamaged reservoir. This is the com
posite reservoir geometry. The application of composite 
reservoir analysis to the damaged well is explored. The 
analysis includes the calculation of the skin permeability,
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reservoir permeability, and the skin radius. The damaged 
reservoir will exhibit two semilog straight lines. The skin 
permeability is determined from the slope of the first semi- 
log straight line, the reservoir permeability from the slope 
of the second semilog straight line, and the skin radius 
from their intersection. Several expressions for calculat
ing the skin radius are compared. The expression presented 
by Ramey30 is shown to have the best accuracy.

Wellbore storage dominated data will exhibit an apparent 
semilog line. This study explores the relationship between 
the apparent semilog line and the apparent skin properties 
calculated from the apparent line. The skin permeability, 
skin radius and the skin factor are shown to be in error 
when the data is dominated by wellbore storage. The uncor
rected damage permeability is low, and the damaged zone 
radius is too high. Therefore the uncorrected skin factor 
will be too large.

New correlations are presented as an aid in transient 
test interpretation. The new correlations are presented in 
both graphical and equation form. Example calculations dem
onstrate the use of the new correlations, and show improved 
estimates of the skin permeability and skin radius can be 
obtained from wellbore storage dominated data.

iv
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1. Introduction

The dif fusivity equation is a nonlinear partial differ
ential equation describing fluid flow in porous media. In 
the past, linearization of the dif fusivity equation has 
depended upon an assumption regarding the type of fluid 
flowing. A new transformation, pseudo-potential, partially 
linearizes the dif fusivity equation and is independent of 
the type of fluid flowing. Thereby, one equation describes 
single-phase flow: liquid or gas. This study presents a 
discussion of pseudo-potential, and the evaluation of the 
transformation integrals.

Transient well tests are commonly conducted to obtain 
important geological and engineering data about production 
and injection wells. A well test is conducted by deliber
ately changing well conditions, and the response of the well 
is observed. Information can be obtained by comparing the 
response data with mathematical, numerical, or physical mod
els. A variety of transient well tests are used, but the 
pressure drawdown and the pressure buildup test are the most 
common.

One of the most important pieces of information obtained 
from a well test is the extent of permeability damage in the 
vicinity of the wellbore. The skin factor is commonly used
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to establish the degree of the near wellbore damage. The 
skin factor, however, is only a relative indicator of damage 
and has several other limitations. Wellbore storage effects 
are not accounted for in skin calculations. Secondly, the 
skin effect is assumed to be a steady state pressure drop. 
Lastly, the skin factor is determined assuming all of the 
damage occurs at the sandface. This is known as the thin 
skin assumption. Drilling, completion, and production oper
ations, however, can alter the permeability for as much as 
several feet away from the wellbore. These restrictions 
suggest a different method for quantifying damage near the 
wellbore is needed.

The composite reservoir model has advantages of quanti
fying permeability damage over the traditional skin factor. 
Earlougher8 0 defines a composite reservoir as:

"In a composite system, fluid or rock properties 
vary in a steplike fashion in the radial direction 
away from the wellbore."

The damaged well, consists of an inner zone, extending 
radially out from the wellbore surrounded by an unaltered 
zone. This geometry is more representative of the near well 
damage rather than assuming the permeability damage occurs 
entirely at the sandface. Also, the damage can be quanti
fied with the damaged zone permeability, and the damaged
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zone radius.
The analysis of the damaged reservoir consists of deter

mining the skin permeability, reservoir permeability, and 
the damaged zone radius from transient test data. Two 
semilog straight lines will develop in a two zone composite 
reservoir. The first semilog slope is indicative of the 
damaged zone permeability, and the second is related to the 
reservoir permeability. Several expressions, however, are 
available for determining the damaged zone radius.

Wellbore storage is a common problem in many transient 
well tests, and must be minimized with proper testing equip
ment, or included in an analysis procedure. Wellbore stor
age causes the sandface rate to change more slowly than the 
surface rate, thereby eclipsing much of the data used to 
analyze the damaged zone. The literature, however, shows 
storage dominated data will show apparent semilog straight 
lines. This study examines determination of the damaged 
zone properties from these apparent semilog straight lines.

A finite-difference simulator was developed to study the 
application of composite reservoir analysis techniques to 
the damaged well with wellbore storage. The simulator has 
been formulated using the pseudo-potential transformation, 
so the results will be valid for both liquid and gases. The 
finite-difference formulation allows for arbitrary grid
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meshing, contrary to the usual log distribution of the grid 
cells. The simulator compares favorably with available ana
lytical equations for transient radial flow. Pressure draw
down and buildup tests have been simulated for a variety of 
reservoir conditions.

Chapter 2 presents a literature review of linearization 
of the diffusivity equation, composite reservoirs, wellbore 
damage and wellbore storage. The literature, however, does 
not present a discourse of pseudo-potential, so a complete 
discussion is given in Chapter 3. A finite-difference simu
lator based upon pseudo-potential is presented in Chapter 4. 
The finite-difference model is verified by comparing the 
simulator with an analytical equation in Chapter 5. The 
f inite-dif ference simulator is used to examine the applica
tion of composite reservoir analysis to damaged wells and 
several equations for the skin radius calculation are 
compared in Chapter 6. Chapter 7 demonstrates the skin 
properties will be in error, if the composite analysis tech
niques are applied to wellbore storage dominated data. Two 
correlations are introduce to improve the analysis of 
storage dominated data. Example calculations of the corre
lations are shown in Chapter 8.
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2. Literature Review

The historical significance of the diffusivity equation 
linearization will be discussed in this chapter. Many dif
ferent authors have addressed the issues of the skin and the 
skin effect. Composite reservoirs have also been of 
interest in the petroleum industry literature. Previous 
investigations in these areas are reviewed, and discussed 
here.

2.1 Linearization of the Diffusivity Equation

The dif fusivity equation is a nonlinear partial differ
ential equation describing fluid flow in porous media1 . 
Several authors1> 2 » 3 develop the diffusivity equation for 
incompressible fluid flow and compressible fluid flow.

The diffusivity equation for transient radial liquid 
flow2 is,

The following are a few of the assumptions normally asso
ciated with the transient flow of liquids :
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* Flowing fluid is a slightly compressible fluid.
* Constant compressibility.
* Pressure gradients are negligible.
The diffusivity equation for transient radial flow of 

ideal gases is2 ,

2 '2

Some of the assumptions for the ideal gas radial diffusivity 
equation are,

* Flowing fluid is an ideal gas.
* Constant viscosity, and z-factor.
* Pressure gradients are negligible.

The pressure gradients are ignored in both the ideal gas 
diffusivity equation as well as the liquid diffusivity equa
tion .

Different solutions are needed for gas flow depending 
upon the pressure of the gas4 . At low pressures, the flow
ing well pressure is described by,

and the high pressure solution is,

-50300

where,
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P 0-i[ln(tD)+.80907]

where q is the flowrate in MSCFPD. As a rule of thumb55 , 
Equation 2.3 applies below 2000 psi, and Equation 2.4 above 
3000 psi. For both gas and liquid flow, the pressure gradi
ents are assumed to be small and negligible. With liquid 
flow, the pressure gradient assumption is normally 
satisfactory. In gas reservoirs, however, the pressure gra
dient can be significant.

In order to simplify the situation, several authors have 
proposed different methods to linearize the diffusivity 
equation. For liquids, a common assumption is to assume the 
viscosity is constant, and the fluid is slightly compressi
ble1 . These assumptions, however, are inadequate for gases 
and other methods have been sought5 ,6 ,7 ,8 ,9 ,1 0 ,

Al-Hussainy5 introduced the real gas pseudo-pressure 
transformation, which removes some of the pressure depen
dence of the solutions arising from the gas diffusivity 
equation. The pseudo-pressure transformation is defined as,

The diffusivity equation, in terms of pseudo-pressure is 
given by,

2.5
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£ l E + f r ) £ £ i - f î ü £ ) £ E
dr2 \r ) dr \ k ) dt

2.6

With the pseudo-pressure function. Equations 2.2, and 2.4 
can be written as a single expression,

By definition, however, pseudo-pressure is limited to 
gases. Grafton6 , and Garcia7 , introduced a different trans
formation, pseudo-potential which is not fluid specific,

The pseudo-potential transformation is discussed further in 
Chapter 3.

The pseudo-pressure and the pseudo-potential functions, 
however, do not completely linearize the diffusivity equa
tion. After the substitution, a viscosity-compressibility 
product still remains within the accumulation term. This 
product is very nonlinear for gases. Agarwal8 introduced 
the pseudo-time integral,

to remove this remaining non-linearity. Lee9 * 10, however, 
shows the pseudo-time transformation leads to an approximate 
form of the liquid diffusivity equation. This approximate

m ( P 50300 D+ S') 2.7

2.8

2.9
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form is only valid when the extra terms arising from the 
transformation are negligible. Finjord11 shows the extra 
terms are not negligible during the early drawdown period.

Other transformations to completely linearize the gas 
diffusivity equation are also being used. Meunier, Kabir, 
and Wittman12, defined two normalized functions, “quasi- 
pressure", and "quasi-time". "Quasi-pressure" is related to 
pseudo-pressure by.

"Quasi-pressure" and "quasi-time" have units of pressure and 
time respectively. Scott13 introduced "normal time", for 
the analysis of fractured gas well data. "Normal time" is 
defined as,

2.124.c«
Linearization of the diffusivity equation has been 

approached in many different ways. Formation damaged is 
also an important concern in transient well test analysis. 
The next section reviews the near wellbore damage and the 
calculation of the skin factor.

2 . 1 0

Also, "quasi-time" is related to pseudo-time by,

2.11
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2.2 Formation Damage and the Skin Factor

Formation damage might be defined as a reduction in the 
permeability around the wellbore. The permeability damage 
due to drilling or completion fluid invasion has several 
forms. Damage occurs by three basic mechanisms14. The 
first is interaction of drilling fluid filtrate with solids 
within the formation, resulting in the swelling and disper
sion of clay particles with the pore spaces. Formation 
fluid interaction with the drilling fluid filtrate is the 
second damage mechanism. Damage of this form usually results 
in reduction of the relative permeability, emulsion blocks, 
or water blockage. Lastly, physical blocking of the pore 
openings by wellbore fluid particulates may also result in 
formation damage.

Independent of the cause of the damage, van Everdin- 
gen15 , and Hurst 16 first recognized the existence of the 
permeability reduction in the vicinity of the wellbore.
They termed this altered region "skin", and defined the skin 
factor as a indicator of the permeability damage. A posi
tive skin factor means the well is damaged, while a negative 
skin factor indicates permeability improvement near the 
wellbore. The skin creates an additional pressure drop, 
which they termed the "skin effect". Van Everdingen and
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Hurst assumed, however, that the skin has an infinitesimal 
volume and the skin effect occurs entirely at the sandface. 
This is known as the "thin skin" assumption, and is a common 
assumption in well test analysis. The skin effect is 
related to the skin factor, S, by,

" ■ - 3 3 s » -
The skin effect is a steady-state pressure loss. Kazemi17 
reviews and discusses the thin skin computation from pres
sure transient test data.

Hurst et al.18 investigated computations involving wells 
with negative skin factors. They show the calculated bot- 
tomhole flowing pressure is greater than the pressure away 
from the wellbore, during drawdown, for a well with a 
negative skin. This is physically impossible. They intro
duce the concept of apparent wellbore radius,

rua-r'w* 2.14

The apparent wellbore radius concept allows the positive 
skin factor solutions to be used when the skin factors are 
negative.
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Hawkins19 envisioned the skin as a region extending out 
from the wellbore for some finite distance, rather than 
occurring entirely at the sandface. He showed that the 
thick skin factor is related to other reservoir properties

This is a steady-state composite reservoir representation of 
a damaged well.

2.3 The Composite Reservoir

The composite reservoir geometrically consists of a 
series of concentric cylinders in which the rock or fluid 
properties may be different in each region. The two zone 
composite reservoir is most commonly of interest and occurs 
in a variety of field situations. An example of the two 
region composite is shown in Figure 2.1. The inner zone is 
described by many different terms. Brown42 calls this area 
the altered zone. With secondary and tertiary oil recovery 
projects, the inner zone is commonly referred to as the 
flooded zone3 4 , the swept region3 8 , or the burned zone3 7 . 
Because of the focus of this study, these are referred as 
the skin.

by

2.15
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Re
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Sk l n 
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Figure 2.1 Composite Reservoir Geometry.
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Muskat2 6 , first derived the pseudo-steady state flow 
expression for a radial reservoir with discontinuous varia
tions of permeability. In 1960, Hurst20 investigated tran
sient flow in a reservoir surrounded by an infinite aquifer 
of different properties. Hurst approximates the oilfield as 
point sink and derives an expression for the interference 
pressure drop in the outer zone. Mortada21 observes, how
ever, that the use of the point source solution is only 
valid at dimensionless times greater than 100. The 
dimensionless time may never become that large in oilfield 
interference problems. Mortada presented an interference 
pressure expression based upon a oilfield with a finite 
radius.

Jaeger22*23 discussed heat conduction problems asso
ciated with composite pipes. In 1963, Larkin2 4 applied 
Jaeger’s expressions to fluid flow in porous media. Larkin 
derived solutions for a well located anywhere within an 
inner region of a composite reservoir. More recently, Abra
ham2 5 presents semilog type curves for the analysis of draw
down data taken from a well located anywhere within the
inner region of a composite reservoir.

In 1961, Loucks and Guerrero2 7 studied the two zone com
posite reservoir in which only the permeabilities in each 
zone are different. They found composite reservoirs with a
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large inner zone will develop the two semilog straight 
lines, from which the permeability of each zone and the size 
of the inner zone may be calculated. The first straight 
line may not develop in a composite reservoir with a small 
inner zone and only qualitative information about the inner 
zone can be determined. They presented expressions for the 
pressure distribution in both zones which are valid at any 
time.

Several studies present approximate solutions to the 
composite reservoir problem3 »28»29»30. Rowan and Clegg3 
present approximate solutions for the composite reservoir 
for both liquids and gases. Hopkinson and Natanson2 8 com
pared field data with analytical solutions of the composite 
formation. The pressure behavior of a bounded composite 
reservoir was discussed by Carter2 9 .

Ramey30, in 1970, developed an approximate solution for 
transient flow in a composite reservoir which is only valid 
at large times. For a composite reservoir with an infinite 
outer boundary, Ramey shows the wellbore pressure is 
described by,

1
2

2.16

where the dimensionless wellbore pressure is given by,
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and the diffusivity ratio is,

and the mobility ratio is defined as,

a
The to is the dimensionless time based upon the wellbore 
radius,

and tos is the dimensionless time based upon the skin 
radius,

kt
tDs “ T-----2

Ramey also showed the discontinuity radius may be determined 
from,

r̂ D-2.2458Ti,l/(l~n))(D, 2.17
The dimensionless time, tnx, is the intersection of the two 
semilog straight lines. Approximate solutions are also 
presented for composite reservoirs with constant pressure, 
and closed outer boundaries.



T-3406 17

Odeh31 used the approximate expressions presented by 
Carter29 for estimating the end of the first semilog 
straight line, and the beginning of the second semilog 
straight line. For a mobility ratio less than one, the time 
that the first semilog straight line ends may be estimated 
from,

£D-1.45Xr^ 2.18
and, the start of the second semilog straight line,

(D-7.69r?D 2.19
Similarly, for a mobility ratio greater than one, the end of 
the first semilog straight line may be determined from,

tD= 0.15r^0 2.20
and the beginning of the second semilog straight line,

tD=7.69Xr2sD 2.21
Bixel and Van Poollen32, in 1966, presented a study of a 

composite reservoir in which the viscosity, permeability, 
compressibility, or the porosity may be different on either 
side of the discontinuity. Pressure buildup and pressure 
drawdown curves are shown for various mobility ratios, and 
specific storage ratios. The specific storage ratio is
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They present a semilog matching technique to estimate the 
discontinuity radius. Figure 2.2 shows examples of two such 
overlay curves. Knowing the specific storage ratio, the 
appropriate set of curves is chosen to begin the matching 
procedure. A match is obtained by shifting the observed 
data over the theoretical curves until a satisfactory match 
is obtained. The discontinuity radius is then computed from 
the dimensionless time match point. A finite difference 
model was used to obtain the overlay curves because of the 
nonlinear nature of the problem.

Kazemi et al.33 discuss some of the pitfalls associated 
with the location of flood fronts from pressure fall-off 
data. They conclude the semilog slopes are affected by many 
factors including wellbore storage, the mobility ratio, and 
the specific storage ratio. They show that a pressure fall- 
off test with wellbore storage appears to exhibit a damaged 
zone around the wellbore.

In a related study, Merrill et al.34 quantified the 
relationship between the semilog slopes, mobility ratios, 
and specific storage ratios. They presented two methods for 
locating the flood front from pressure falloff data.
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Figure 2.2 Composite Semilog Type Curves for Various Specific Storage 
Ratios32.
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The first method is based upon the departure time, which is 
defined as the time the observed data begins to deviate from 
the first semilog straight line. The second method is based 
upon the time of intersection of the two semilog straight 
lines. Two correlations are presented relating the semilog 
slope ratio, mobility ratio, specific storage ratio, with 
the dimensionless intersection time, and the dimensionless 
departure time. The two correlations are shown in Figure 
2.3. The expression Merrill et al. presented for computing 
the skin radius from the departure time is,

tod is the dimensionless departure time,

tone is the dimensionless departure correlation time.

A similar expression for the dimensionless intersection time 
is,

2.23

where

t Dxc
2.24

where
tDx is the dimensionless intersection time

tDxe is dimensionless intersection correlation time
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Sosa et al.35 studied how relative permeability affects 
pressure-falloff test data, particularly in determining the 
location of the flood front. Sosa et al. found that the 
Merrill et al.34 correlations overestimate the radius of the 
flood front. Several studies have used composite reservoir 
analysis to find the location of a burning front in an in- 
situ combustion project by pressure transient methods3 6 » 3 7 . 
Van Poollen3 6 presented pressure fall-off data analysis on a 
thermal project. Temperature variations were not consid
ered. Kazemi37, developed a finite-difference simulator to 
account for the temperature effects in locating the burning 
front.

In 1980, Satman et al.38 introduced a semi-analytical 
model for the composite reservoir. The partial differential 
equations are solved by inverting the Laplace Transform 
solutions with a numerical inversion procedure3 9 . The model 
was used to investigate a method of computing the burned, or 
steam swept volume, from pressure transient data taken from 
injection wells in thermal oil recovery projects. They dis
covered a pseudo-steady state flow regime which immediately 
follows the first infinite acting period when the inner 
region is large. This pseudo-steady state flow regime is 
the beginning of the transition period when the inner region
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is large. Satman et al.38 » 40 showed that the volume of the 
swept region may be determined from the slope on a Cartesian 
plot of the wellbore pressure versus time.

Tang et al.41 conducted a further investigation of the 
pseudo-steady state period. Pseudo-steady state deviation 
factors were presented as an aid in the calculation of the 
swept region volume. They also developed a correlation for 
correcting pressure fall-off data, when the second infinite 
acting period does not fully develop.

Brown42 used the semi-analytical model3 8 to investigate 
the nature of pressure derivative curves of the composite 
reservoir. Two examples of composite reservoir pressure 
derivative curves are shown in Figure 2.4. He used the 
model to investigate the duration of the transition period 
between the two semilog straight lines. Brown found the 
transition period lasts approximately two log cycles. He 
showed the transition period has a characteristic shape, and 
the specific storage ratio influences only the timing and 
the shape of the transition curve, but not the slopes of the 
two semi-log straight lines. This observation is a correc
tion to the conclusion made by Merrill et al.34. Brown also 
demonstrated that reservoirs with inner zones as small as 
ten to twenty feet may be located using the intersection 
expression presented by Ramey3 0 .
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Several papers43»44»45»46 involving the practical use of 
composite reservoir analysis techniques have been published. 
Adams, Ramey, and Burgess4 3 used a composite reservoir to 
explain natural fractured reservoir behavior. Gibson and 
Campbell4 4 compared several methods for finding the distance 
to radial and linear discontinuities. The skin permeabili
ties and radii of several wells were computed by employing 
type curves and semilog analysis methods by Burkill and 
Lichea4 5 . Shen4 6 presented a method for determining the 
skin permeability and radius for composite reservoir with a 
small inner zone.

2.4 Wellbore Storage

Wellbore storage has been investigated by several 
authors is,is,47,48,4 9 ,5 0 ,5 1 , 5 2 e Wellbore storage can occur 
in several different ways. Wellbore storage can be asso
ciated with moving liquid-gas interfaces, or by compression 
of a single-phase fluid within the wellbore. Gladfelter et 
al.48 offered a method for correcting the shut-in pressure 
based upon measured liquid levels in the wellbore. Rus
sell4 9 also presented a method for analyzing pressure tran
sient data associated with changing liquid levels. Wellbore
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storage is often describe with the wellbore storage 
coefficient. The wellbore storage coefficient associated 
with changing liquid levels can be calculated from6 5 ,

2.25

where,
L is the length of the wellbore.
Compressional wellbore storage was first investigated by 

van Everdingen and Hurst15*18»4 7 . They showed wellbore 
storage during production tests causes significant differ
ences between the surface rate and the bottomhole rate fol
lowing any changes in the surface rate. The wellbore 
storage coefficient is normally assumed to be constant.
Ramey and Agarwal5 2 studied the effects of changing wellbore 
storage coefficients. Wellbore storage is sometimes 
referred as afterproduction, afterflow, afterinjection, 
wellbore unloading, or wellbore loading8 6 . The compres- 
sional wellbore storage coefficient is determined from6 5 ,

C = I/^c 2.26
A consideration in test analysis is estimating the dura

tion of the wellbore storage period. In a publication by 
Ramey5 3 , a correlation for estimating the duration of the 
storage effects are presented. The dimensionless time when 
wellbore storage no longer dominates can be estimated from,
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^>(60+ 3.5S)Cd 2.27
S is the skin factor, and the dimensionless storage coeffi
cient is defined as.

The dimensionless storage constant is the same, regardless 
of the type of wellbore storage. Agarwal et al.50 showed 
when the pressure response is entirely from the wellbore, 
the sandface rate is zero. The data during this time will 
show as a line with a unit slope on a log-log plot, indepen
dent of the type of storage. After this period, the pres
sure response is governed partly by flow in the wellbore and 
partly by flow from the formation. Agarwal et al. gave the 
following expression for the time to the end of the unit 
slope line,

Log-log type curves51»54 have been presented for wells 
with finite skin and wellbore storage. Wattenbarger and 
Ramey51 present a set of type curves as shown in Figure 2.5. 
By matching the observed data with one of the analytical 
curves, the reservoir permeability, skin permeability, skin 
radius, the skin factor and the wellbore storage coefficient 
can be determined. McKinley54 also presented a type curve,

2Jl$hctr
2.28

tD = 0.2C DS 2.29
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from which the reservoir permeability is determined from the 
late time match. An example of the type curve is shown in 
Figure 2.6. If the skin permeability is different from the 
reservoir permeability, the observed data will deviate from 
the late time curve. The skin radius and the skin perme
ability is determined by noting the early time match, and 
the point when the data departs from the curve.

2.5 Research Objectives

After a study of the literature regarding linearization 
of the dif fusivity equation, the permeability damage, com
posite reservoirs and wellbore storage. The following 
objectives of this study have been established.

The first objective is a complete discussion of the 
pseudo-potential function, and the its application to prac
tical well test analysis. The evaluation of the pseudo
potential integral will also be discussed. The advantages 
of this transformation over the others will be shown.

The second aim of this study is to investigate the 
application of composite reservoir semilog analysis methods 
to the determination of the skin permeability and skin 
radius. Specifically, this study will compare four differ
ent methods in determining the skin radius.
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Lastly, this study will investigate the effects of well
bore storage on the determination of the skin permeability, 
skin radius, and the skin factor using composite reservoir 
analysis techniques.
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3. Discussion of The Pseudo-Potential Function

In this chapter, the pseudo-potential transformation is 
presented, and its relationship with transient single-phase 
radial flow is discussed. Calculation of the pseudo
potential integral for liquids and gases is also discussed.

3.1 The Pseudo-Potential Transformation

Recently a new transformation6 >7 , pseudo-potential was 
introduced, which is a generalization of pseudo-pressure. 
Pseudo-potential, or simply potential, is defined as,

By defining the integral in terms of density, the trans
formation is generalized to permit any type of fluid. In 
practice, pseudo-potential can be applied to gas, oil, 
water, and gas condensate wells. Pseudo-potential removes 
the constant compressibility, constant viscosity, and the 
small pressure gradient assumptions. As shown in Appendix 
B, pseudo-potential represents the change in density and 
viscosity of the fluid with pressure, but has dimensions of 
density over time. Typical units of pseudo-potential are 
psia2/(cp ft).

3.1
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Garcia7 utilizes pseudo-potential in the development of 
an analytical history matching model. He shows, for any 
fluid, the flowing well potential is given by,

Equations 3.2 through 3.4 define the point-source solu
tion of the dif fusivity equation for an infinite acting res
ervoir without wellbore storage and skin. This is precisely 
the same as the dimensionless pressure solution for liquid 
flow* 7 , 5 8 , 5 9 .

3,2 Conventional Semilog Analysis With Pseudo-Potential

B iQ sP s 3.2

where,
5,-0.9803 if <7 , has units of STBPD,

5,- 174.58 if <7 * has units of MSCFPD.

The dimensionless potential, is defined by,

3.3

where, Ei is the exponential integral,

3.4

Conventional semilog analysis techniques for calculating 
the permeability, and thin skin factor are applicable with



T-3406 34

pseudo-potential data. As shown in Appendix E, Equation 3.3 
is approximated with,

ln(Af)+ Inf -— -— r ]-7.432+ S 3.5

where,
B , = .9803 if q s has units of STBPD,

B , = 174.58 if q a has units of MSCFPD.

Drawdown test data may be analyzed with Equation 3.5. A 
straight line will be present on a semilog plot of the bot
tomhole flowing potential versus the flowing time. The per
meability may then be calculated from the slope,

3.62/71/1
Deviations from the straight line are caused by the skin 
effect and wellbore storage distortion. The plot will have 
a backward S~shaped curve, and the straight line should be 
present throughout the late time data. The beginning of the 
semilog straight line is estimated from Equation 2.27. If 
the thin skin assumption is invoked, the potential at a flow 
time of 1 hour is read from an extrapolation of the straight 
line and the skin is then calculated from,
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Buildup test data may also be analyzed with a simple 
modification to Equations 3.5, 3.6, and 3.7. Agarwal60 
introduced an equivalent drawdown time for buildup test 
data. The equivalent drawdown is defined as,

Now the expression for buildup analysis is,

V, Vt-
B iQ sP
2kh

ln(Ate)-h In -7.432+ S

3.8

3.9

The buildup expression is derived in Appendix E . The 
permeability and thin skin may thus be calculated from a 
semilog plot of the shut-in potential versus the equivalent 
drawdown time.

3.3 Type Curve Analysis Methods

Previously presented type curves50*51*61»62»63»64 may be 
used in conjunction with pseudo-potential rather than pres
sure. Some of the type curves which may be used are those 
for infinite radial reservoirs with wellbore storage and 
thin skin50»61»62 or fractured systems63»6 4 . The type 
curves are utilized in the usual manner, except the poten
tial change is used rather than the pressure change. The 
potential change is plotted versus time on log-log paper,
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and then the observed data is shifted until it satisfacto
rily matches one of the solution curves, and a match point 
is selected. The permeability is then calculated from the 
potential match,

where is the dimensionless potential at the match point,

and A^ is the potential change at the match point. The 
dimensionless potential is the same as the dimensionless 
pressure given on the type curve plots.

Other information is determined from the time match in 
the regular manner, but is dependent upon the individual 
type curve used. Buildup data may also be analyzed using 
any of these type curves, by plotting the equivalent time 
rather than usual flow time.

Wattenbarger and Ramey51 presented a set of type curves 
for thick skin reservoirs with wellbore storage (see Figure 
2.5). The skin factor, reservoir permeability, skin radius, 
and the skin permeability can determined from matched 
potential-time data.

3. 10
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3.4 Evaluation of the Pseudo-Potential Integral

The pseudo-potential integral is evaluated by defining 
the density for the particular fluid of interest. For gases 
the density is,

Letting,
M  = 2 8 . 9 7  "y

and
7?= 1 5 4 5 . 3 ( / t -  Zb)/(zno^e- °/?)  

pseudo-potential can be related to pseudo-pressure by,

1 .8 7 5 X 10 3 .11

Pseudo-potential can handle non-isothermal problems, even 
though the derivation of Equation 3.11 assume constant tem
perature . Table 3.1 shows a comparison between pseudo
potential computed from the definition, given in Equation 
3.1, and the relationship defined in Equation 3.11.
Figure 3.1 demonstrates the linear relationship between 
pseudo-pressure and pseudo-potential. The pseudo-potential

M P

Substituting into Equation 3.1 and rearranging yields,
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for various gas gravities- is shown in Figure 3.2. The tem
perature effects on the gas pseudo-potential function is 
shown in Figure 3.3.

The pseudo-potential integral may be evaluated in a num
ber of ways. The methods normally used are numerical inte
gration, table look-up, or curve fitting. Numerical 
integration methods require the density, and viscosity of 
the fluid be known as a function of pressure. These can be 
obtained from an experimental analysis of the fluid, or from 
correlations. A numerical integration technique can then be 
applied to determine the integrand, and hence the pseudo
potential .

The calculation of the pseudo-potential for a 0.65 grav
ity gas at 175° F . using the trapezoidal rule6 6 will be used 
as an illustration. The trapezoid rule is defined by,

3.12

Specifically, the definition of potential becomes,

3.13
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Comparison of
Table 3.1

Pseudo-Pressure and Pseudo-Potential 
Data from Ref. 65

P P M. m(P) vx v‘(psia) (lb/ft3 ) (cp) psia2/cp
xl0~ 6 * **

150 0.4360 0.01238 1.844 36.7 36.7
300 0.8844 0.01254 7.381 146.8 146. 9
450 1.3454 0.01274 16. 60 330 . 3 330.3
600 1.8183 0.01303 29.44 585. 7 585. 7
750 2 . 3023 0.01329 45.82 911.5 911.6
900 2 . 7970 0.01360 65 . 66 1306.2 1306.3

1050 3 . 3011 0.01387 88.89 1768.3 1768.5
1200 3.8128 0.01428 115.3 2294.4 2294.6
1350 4.3302 0.01451 144 . 9 2883.4 2883.7
1500 4.8516 0.01485 177.7 3534.5 3535 . 0
1650 5.3744 0.01520 213 . 3 4243.2 4243.7
1800 5.8965 0.01554 251. 7 5006.7 5007.4
1950 6.4150 0.01589 292 . 7 5822 . 5 5823.2
2100 6.9275 0.01630 336.1 6685.7 6686.6
2250 7.4335 0.01668 381 . 6 7590.5 7591.4
2400 . 7.9291 0.01721 428 . 9 8532.4 8533 . 5
2550 8.4130 0.01767 478. 0 9508.3 9509.5
2700 8.8853 0.01813 528. 5 10514.7 10516.1
2850 9. 3436 0.01862 580. 5 11548.1 11549.6
3000 9.7883 0.01911 633.6 12604.6 12606.2
3150 10.2195 0.01961 687. 7 13681.0 13682.7

1 Pseudo-Potential has units of psia2/(cp ft)
* Computed from definition of pseudo-potential.
** Calculated from pseudo-pressure data, and Equation 3.11.
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Figure 3.2 Gas Pseudo-Potential for Various Gas Gravi 
ties at 175* F .



T-3406 42

/ /

//

///

0 2 4
(Thousands) 
Pressure, psia 

0 ISO Deg. F. + 175 Deg. F. » 200 Deg. F.
Figure 3.3 Gas Pseudo-Potential at Various Temperatures 
for a 0.65 Gravity Gas.
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The integration is best performed in a tabular manner, 
as shown in Table 3.2. First, the value of the integrand 
given in column 4 is determined for each point. For example 
at 500 psia,

2 — -— - 2 --- Ü;.4514)----= 1.49999144 ii (144)(0.013439)
Next the average of the integrand between Pi and P2 is 

determined. The average between 100 psi and 500 psi is,
A m 0 ^ 7 J ^ l A 9 9 2 9

2
Then the potential between 100 psi and 500 psi is,

Aip =» A A P  =* (0.89857)(400) = 359.43 
Lastly, the potential at 500 psi is, 

V(500)-v(100)+Av - 14.86 + 359.43 - 373.4- — -

More sophisticated numerical integration techniques are 
commonly used in computer applications, but are tedious for 
hand calculations. Table look-up and curve fitting tech
niques are more appropriate, and do not require integration. 
Al-Hussainy et al.67 introduced a table of pseudo-pressure 
as a function of reduced pressure and reduced temperature. 
Equation 3.11 provides an easy conversion of the tabular
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Table 3.2
Example of Pseudo-Potential Calculation 

Gas Gravity = 0.65, T = 175° F.8 5
P

(psia)

P

(lb/ft3 )

M-

(cp)

2 P 1 44p.

psia/cp/ft
0 .

100. 
500. 

1000. 
1500. 
2000. 
2500. 
3000 . 
3500. 
4000. 
4500. 
5000 .

0.2793 
1.4514 
3.0319 
4.7032 
6.3924 
8.0141 
9.5057 

10.8408 
12.0205 
13.0588 
13.9742

0.013055 
0.013439 
0.014204 
0.015253 
0.016553 
0.018041 
0.019638 
0.021275 
0.022902 
0.024490 
0 .026021

0 . 29714 
1.49999 
2.96464 
4.28258 
5.36358 
6.16967 
6.72286 
7.07716 
7.28982 
7.40597 
7.45883

Mean AP Aip V
2 P 1 44p.

psia/cp/ft (psia) psia2/(cp-ft) psia2/(cp ft)

0.14857 100 14 .86
0.0

14.9
0.89857 400 359.43 373.4
2.23232 500 1116.16 1490.5
3.62361 500 1811.81 3302.3
4.82309 500 2411.56 5713.8
5.49630 500 2748.15 8462 . 0
6.44627 500 3223.14 11685.1
6.90001 500 3450.01 15135.1
7.18349 500 3591.75 18726.9
7.34790 500 3673.95 22400.8
7.43240 500 3716.20 26117.0
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pseudo-pressure to pseudo-potential data. Their table is for 
sweet gases. Zana and Thomas6 8 present similar tables for 
sour natural gases. Curve fitting of the pseudo-pressure is 
presented by Schafer-Perini and Miska6 9 . Their approxima
tions have the form,

miP') - A(P- B)c 3.14
where A, B, and C are coefficients dependent upon the gas 
gravity, pressure, and temperature. A, B, and C are given 
in tabular form for a pressure range of 0 to 15000 psi, a 
temperature range of 100 to 300 ° F., and gas gravity range 
of 0.6 to 0.9. Klins and Biterge70 present an analytical 
equation for pseudo-pressure. Their expression, however, is 
cumbersome for quick estimates. Pseudo-pressure tables and 
curve fits can also be used to determine the gas pseudo
potential. The pseudo-pressure is calculated from the 
appropriate table or curve, then the pseudo-potential is 
determined with Equation 3.11.

The liquid pseudo-potential is calculated in a similar 
manner as the gas pseudo-potential. If the liquid PVT data 
is given in tabular form, the trapezoid integration rule is 
adequate to evaluate the potential integral. More complex 
methods can be used, if the liquid properties are in equa
tion form.
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Two limiting forms of the liquid potential can be devel
oped, however. If the viscosity, and the compressibility are 
assumed constant, and the liquid density is given by,

P = P sec(n 3.15
then liquid potentials may be determined from,

3 -16

If the liquid density is further approximated as,
p - ps[ 1 + cP] 3.17

then, the liquid potential is then approximated from,

f  3 1 8

Figure 3.4 demonstrates the liquid pseudo-potential for 
various oil gravities. The effect of temperature on the 
liquid pseudo-potential is shown in Figure 3.5.
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Figure 3.4 Liquid Pseudo-Potential for Various Oil Gra
vities at 175° F .
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Figure 3.5 Liquid Pseudo-Potential for a 30" API Oil at 
Various Temperatures.
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3.6 Summary

In this section, the pseudo-potential transformation was 
presented. Transient test analysis of buildup and drawdown 
data, using the pseudo-potential transformation was 
explained. The discussion included both conventional semi
log analysis, and the modern type curve methods. Lastly, 
various procedures for evaluating the pseudo-potential 
integral, for gases and liquids, were presented and dis
cussed .
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4. Single-Phase Radial-Flow Model

In this chapter the single-phase radial flow model is 
presented and the solution of the partial differential equa
tions is discussed. The flow equation is linearized by the 
pseudo-potential transformation described in Chapter 3. 
Initial conditions and boundary conditions are incorporated 
to complete the mathematical model. The resulting equations 
are solved numerically by employing a finite-difference for
mulation of the derivatives. A complete derivation of the 
mathematical model is presented in Appendix A. This section 
also discusses the computer application of the numerical 
algorithm.

4.1 Assumptions

The assumptions for the single-phase radial flow model
are :

* Single mobile phase.
* Small fluid velocities.
* Incompressible rock matrix.
* Horizontal radial flow in bounded reservoir.
* Gravity flow is neglected.
* Constant temperature throughout reservoir.

RRTKUB
COLO§ySg>0 SC3SOOL ce k':Mj28 
GOLDBÎÎ, COT.OMdo 3C . ^
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+
d r i+ 1 Z2 d r t- 1 /2

4.2 Flow Equation. Initial and Boundary Conditions

Combining the mass balance expression 71 with the equa
tion of state7 2 , and the equation of motion7 3 , on an elemen
tal control volume, results in the flow equation for a 
single-phase fluid,

dll;
4.1

The viscosity compressibility product arises from the defi
nition of the isothermal compressibility in the equation of 
state. These properties are evaluated at the average 
pressure of the control volume.

The initial condition and the boundary conditions are 
imposed to complete the mathematical statement of the prob
lem. The initial condition is constant pressure (potential) 
everywhere within the reservoir,

TU(r, 0 ) =  TpCPJ 4 .2

The outer boundary condition will be considered as a no flow 
boundary,

^ ( r e, t ) - 0  4 .3
a r

The inner boundary condition is derived from a material 
balance at the wellbore. Assuming the wellbore is com
pletely filled with a single-phase fluid, and the fluid is
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extracted from the wellbore at a constant mass rate, then 
the mass rate of the fluid at the sandface entering the 
wellbore depends upon the compressibility of the wellbore 
fluid and the pressure gradient of the formation at the 
sandf ace5 5 . With these assumptions the interior boundary 
condition is written as,

d ll ;  dt?"A:/177:™”(c M')^b37+ 2gsps 4.4
o r  ot

The solution of Equations 4.2 through 4.4 is found using 
a finite-difference approximation of the derivatives. The 
finite-difference approximations are facilitated by dividing 
the reservoir into a series of concentric shells. Incorpo
rating the finite-difference scheme at the Mith" cell, the 
flow equation in practical field units is written as,

. n +  1 f  @  ( 1 , n + 1 . rt-f 1 P i n
a i - l / 2 1p £ - l  +  I a £ - l / 2  +  a i + l / 2  I V i  a i+ I / 2  V f + i  ”

where,

3.808881 x 10’2A:,.,i-1 / 2  <-i / 2

a <—  -----------

3 .8 0 8 8 8 1  x 10~2fc,.l /2/ l „ l/2 

 -----------

and,

p , - 1 4 4 K (<t.iM.r1c r 1 4.5
The areas in equation 4.5 are calculated as follows,
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2 n r £+1/27i

A £_l/2 — 2jir i - 1/ 2 ^

and the volume of each shell is defined by,

The f inite-difference approximation of the outer boundary 
condition is,

Although the inner boundary condition does include well
bore storage, several limitations of this formulation should 
be noted. Pressure changes due to friction and kinetic 
energy losses occurring in the wellbore are neglected. The 
change in the fluid density, within the wellbore, with depth 
is also neglected. Lastly, the fluid properties of the 
wellbore fluid are determined at sandface conditions.

The grid block boundaries, in the radial direction, are 
placed midway between consecutive grid points. This has 
several advantages over the more common use of block grid- 
ding schemes. Such a placement results in a consistent 
approximation of the f inite-dif ference equations for

4.6
and the inner boundary condition becomes

4.7
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irregular grids7 5 . Consistent finite-difference approxima
tions arise when the truncation errors, associated with the 
Taylor series expansions, become smaller as the grid cells 
become smaller8 5 . Also this gridding scheme is more general 
than the common practice of logarithmically distributing the 
grid block boundaries, since the mesh point location is now 
arbitrary. This technique also offers the advantage of grid 
points at the interior and exterior boundaries77. Lastly, 
the actual flow areas, and volumes are computed for each 
cell.

4.3 Numerical Model Implementation

Together Equations 4.5 through 4.7 describe a tridiago
nal system of nonlinear equations and must be solved itera
tively or by direct inversion. The tridiagonal system has 
the form,
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x Vt = d l + o 4.8

In general matrix notation, Equation 4.8 is written as,

Equations 4.8 or 4.9 are linearized by assuming the coeffi
cients can be approximated by their values from the previous 
iteration. With this approximation Equation 4.8 becomes

The resulting tridiagonal system of linear equations is then 
solved using the Thomas algorithm78. Once the potentials 
are known, table look up procedures are used to evaluate the 
latest fluid properties, and the entries in Eq. 4.10 are 
reevaluated. This process continues until some predetermined 
error tolerance is met,

4.9

4.10
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I \p 1 _ < ! < G 4 .1 0

or until the maximum number of iterations is exceeded. Once 
the error tolerance is satisfied, the new potentials are 
then approximated by,

\j/-n+1 ~ 4.11
Typically, the model converged in about five iterations for 
most flow problems with an error tolerance of 0.001.

The numerical model was implemented in FORTRAN, and the 
simulation experiments were performed with a personal com
puter using double precision arithmetic. The program con
sists of one main program calling three principle 
subroutines. Each of the primary subroutines call several 
secondary routines. The first subroutine reads in the simu
lation parameters, PVT tables, grid cell properties, and the 
time step data. The second subroutine creates the PVT 
interpolation tables, and calculates constants found in the 
finite-difference equations. The last procedure actually 
performs the iterative solution of the matrix equations, and 
prints tables of the results for each time step.

4.4 Summary

The flow equation and the associated initial condition 
and boundary conditions are combined into a non-linear for-
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mulation. The resulting tridiagonal system of equations are 
solved iteratively. A computer model has been developed to 
facilitate the calculations.
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5. Verification of Numerical Model

In the previous chapter, a finite-difference simulator,

numerical simulator will be compared with an analytical liq
uid solution50 for a variety of conditions. A series of 
experiments have been devised to validate the 
finite-difference formulation. The effect of gridding on 
the permeability will be examined. Both liquid and gas 
drawdown tests will be compared with the analytical model. 
The model is implemented on a personal computer.

5.1 Dimensionless Variables

The time and potential data obtained from the simulation 
experiments are converted to dimensionless variables for 
comparison. The dimensionless time is defined as,

The viscosity and compressibility are evaluated at the ini
tial pressure. The dimensionless potential is defined as,

for modeling single-phase radial flow was presented. The

tD = 2.637 x 10~4 k t 5.1
§V-tctiri

5.2

where,
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fl, - .9803 if qrs has units of STBPD,

5i- 174.58 if qr, has units of MSCFPD.

Lastly, the dimensionless wellbore storage coefficient is,
_ 0.1592CC D- - — r —  5.3tyc,thri

Appendix D gives a complete units conversion analysis of the 
dimensionless variables.

5.2 Verification of Permeability

A series of transient tests have been simulated to com
pare the permeability determined from semilog analysis of 
the simulated data with the input permeability. The 
reservoir data given in Table 5.1, and the PVT data is shown 
in Table 5.2. The simulated transient tests consisted of a 
series of drawdown and buildup tests. The drawdown periods 
lasted ten hours and were followed by a ten hour shut-in 
period. Although the model does not require a logarithmic 
distribution of grid cells, the grid blocks were logarithmi
cally distributed according to.
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Table 5.1 
Ideal Water Reservoir Data

Fluid:
Initial Pressure : 
Density at STP: 
Permeability: 
Height :
Porosity :
Wellbore Radius: 
External Radius : 
Flowrate:

Water 
4500 psia 
62.34 lb/ft3
20.00 md
10.00 ft
10.00 %
0.25 ft 
3000 ft 
50.0 STBPD

Table 5.2 
Water Reservoir PVT Properties8 4

p P M. c x 10* I

(p s i a ) (lb/ft3 ) ( cp ) (psi- 1 ) I
15 62.003 0.68067 2.9574 I

500 62.092 0.68067 2.9574 I
1000 62.184 0.68067 2.9574 I
1500 62.276 0.68067 2.9574 1
2000 62.368 0.68067 2.9574 1
2500 62.460 0.68067 2.9574 I
3000 62.553 0.68067 2.9574 1
3500 62.645 0.68067 2.9574 I
4000 62.738 0.68067 2.9574 1
4500 62.831 0.68067 2.9574 1
5000 62.924 0.68067 2.9574 g
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» r , - l n ^ / r - )  5 .4

and,
r  t =  r^expCÔrCi -  1 ) )  5 .5

The permeabilities were determined from semilog analysis 
for 10, 25, 50, 75, 100, 125, 150, 175, and 200 grid cells. 
Table 5.3 gives the results for the simulated drawdown 
tests, and Table 5.4 shows the results for the shut-in peri
ods. The results are also shown in Figure 5.1, The permea
bilities calculated from the drawdown tests has a maximum 
error of -4.53%, and average error of -3.56%. Similarly, 
the buildup test data has a maximum error of -4.99%, and an 
average error of -3.99%.

5.3 Comparison with Analytical Model

The finite-difference model will be compared with an 
analytical model. A description of the analytical solution 
of transient liquid flow model is given in Appendix C.

Several Twenty hour drawdown tests were simulated with 
different numbers of grid blocks. The norm, Lz norm and
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Permeability
Table 5.3 I 

Determination from Simulated Drawdown Tests I 
No Wellbore Storage f No Skin |

Number of Grid Cells Observed Permeability 
( md )

Relative Error 1 
% |

10 21.4967 7.4836 J
25 20.2510 1.2551 J
50 20.0727 0.3636 1

100 20.0282 0.1410 |
200 20.0171 0.0855 |
400 20.0143 0.0716 |

Table 5,4 I 
Permeability Determination from Simulated Buildup Tests 

No Wellbore Storage, No Skin
Number of Grid Cells Observed Permeability Relative Error

( md ) %
10 21.5328 7.6641
25 20.2716 1.3578
50 20.0938 0.46 78

100 20.0495 0.2475
200 20.0384 0.1922
400 20.0357 0.1785 J
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22.0

20.5 -

20.0

19.0
2000 400

Number of Grid Cells 
0 Drawdown Test+ Buildup Test —  Actual -  20md.

Figure 5.1 Permeability from Simulated Buildup and Draw
down Data.
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the average relative error between the analytical model and 
the numerical model are the basis for comparison. The L*. 
norm is defined as78,

Table 5.5 summarizes the results of these tests. The 
results are also demonstrated in Figure 5.2. These tests do 
not include the effects of wellbore storage and skin.

There are three type of errors will effect a finite- 
difference model. These are truncation error, discretization 
error, and round-off error. Truncation error arises from 
truncating the Taylor series to arrive at the finite- 
difference equations. Discretization error is the error in 
the solution due to substituting a discontinuous problem for 
a continuous one. The round-off error occurs when the 
finite-difference equations are not solved exactly. The 
mesh size effects the round-off error and the discretization 
error in

m a x  ItpDa -  Vo/d 5 .6
l Si'Sn

The Z.2 norm is given by,

5 .7

The average relative error is expressed as,

X 100% 5 .8
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Table 5,6
Comparison of Numerical Model With Analytical Solution 

No Wellbore Storage, No Skin
Number of 2 Average Rela
Crid Cells tive Error 

X
10 0.5529 2.7104 6.6370
25 0.1780 0.8159 2.2045
50 0.1180 0.5043 1.4331
100 0.1023 0.4274 1.2381
200 0.0984 0.4084 1.1886
400 0.0974 0.4037 1.1762

10.00

3.16

1.00

0.32

0.10

0.03

0.01 100 200 
Crld 
R elative Error

300 400
Number of Orid Cells ♦ r ♦o

Figure 5.2 Error of Finite-Difference Model for Various 
Number of Grid Cells.
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opposite ways. Decreasing the mesh size of grids will gen
erally reduce the discretization error, while giving larger 
round-off errors.

The model was next compared with the analytical model 
including wellbore storage. Three forty hour drawdown tests 
were simulated using 125 grid blocks. Dimensionless storage 
coefficients of 0, 1000, and 5000 were used in the simu
lation run. Excellent agreement between the analytical 
model and the f inite-dif ference model as demonstrated in 
Figure 5.3.

A drawdown test using gas, and a real liquid as the 
flowing fluids are compared with the analytical model. The 
reservoir data is given in Table 5.7 and the gas properties 
are shown in Table 5.8. The data for the water are given in 
tables 5.9 and 5.10. The skin effect was neglected in this 
experiment. The average relative error of the simulated 
water data without wellbore storage is 0.770%, and with 
wellbore storage 0.560%. Similarly, the simulated gas data 
without wellbore storage is 0.713 %. The average relative 
error of the simulated gas data is -0.391 %. A comparison 
of the results is shown in Figure 5.4
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0.3

0.
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Dimensionless Time
Analytical Solution A Numerical, Cd= 0 x Numerical, Cd=1000 v Numerical, Cd=5000

Figure 5.3 Comparison of Numerical Model With Analytical 
Solution, No Skin.
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Table 5.6 
Gas Reservoir Data

Fluid : Gas
Initial Pressure: 4500 psia
Temperature : 150* F.
Gas Gravity: 0.65
Density at STP: 0.04960 lb/ft3
Permeability : 20.00 md
Height : 10.00 ft
Porosity : 10.00 %
Wellbore Radius: 0.25 ft
External Radius: 3000 ft
Flowrate: 352.86 MSCFPD

Table 5.7 
Gas Reservoir PVT Properties8 5

P

(psia)

P

(lb/ft3 ) ( cp )

ex 106 

(psi~1 )
15 0.04325 0.012512 66780.37

250 0. 74043 0.012687 4112.9
500 1.5227 0.012977 2110.1
750 2.3464 0.013358 1437.9

1000 3.2080 0.013820 1095.9
1250 4.1013 0.014369 883.39
1500 5,0155 0.014996 734.15
1750 5.9373 0.015703 620.11
2000 6.8513 0.016475 528.47
2250 7.7431 0.017303 452.71
2500 8.6007 0.018171 389.46
2750 9.4159 0.019066 336.51
3000 10.184 0.019977 292.17
3250 10.904 0.020892 255.07
3500 11.575 0.021806 223.93
3750 12.201 0.021806 197.78
4000 12.782 0.023597 175.66
4250 13.324 0.022706 156.93
4500 13.828 0.025321 140.92
4750 14.300 0.023597 127.25
5000 14.739 0.025321 115.44
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Table 5.8 1 
Real Water Reservoir Data |

Fluid : Water
Initial Pressure : 4500 psia
Temperature : 175° F.
Density at STP: 62.34 lb/ft3
Permeability: 20.00 md
Height : 10.00 ft
Porosity : 10.00 %
Wellbore Radius : 0.25 ft
External Radius: 3000 ft
Flowrate: 50.0 STBPD

Real
Table 5.9 

Water Reservoir PVT Properties8 5
P P M- ex 106 I

(psia) (lb/ft3 ) ( cp ) (psi-1 )
15 60.707 0.35347 3.2150

250 60.750 0.35375 3.1968
500 60.796 0.35406 3.1774
750 60.840 0.35436 3.1580

1000 60 .885 0.35466 3.1387
1250 60.931 0.35497 3.1193
1500 60.974 0.35527 3.0999
1750 61.021 0.35557 3.0806
2000 61.064 0.35588 3.0612
2250 61 . Ill 0.35618 3.0418
2500 61 .154 0.35648 3.0225
2750 61.201 0.35679 3.0031
3000 61.244 0.35709 2.9837
3250 61.291 0.35709 2.9644
3500 61 .335 0.35770 2.9450
3750 61.379 0.35800 2.9256
4000 61.425 0.35831 2.9063
4250 61.468 0.35861 2.8869
4500 61 .516 0.35891 2.8675
4750 61.557 0.35922 2.8481
5000 61.601 0.35952 2.8288
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Figure 5.4 Comparison Between Numerical Model for Case 
and Liquids and the Analytical Solution, No Skin.
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5.4 S u mmary

Several experiments were conducted to verify the f inite- 
di f f erence formulation of the model. The numerical model 
shows excellent agreement with a analytical model for liquid 
flow for a variety of conditions. These experiments have 
shown that dimensionless potential solutions can be gener
ated using liquid solutions of the diffusivity equation. 
Experiments with both liquid and gases were simulated to 
show that the potential transformation applies to any 
single-phase fluid.
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6. Skin Zone Analysis

The main objectives in the analysis of a two zone com
posite reservoir are the determination of the mobility of 
each region and the radius of the discontinuity. This study 
focuses upon the damaged well, consisting of two zones of 
different permeabilities. Composite reservoir analysis of 
the damaged well is simplified by assuming the viscosity, 
compressibilityand porosity are the same on both sides of 
the discontinuity. The analysis of the damaged 
reservoir, then, includes the calculation of the skin perme
ability, the reservoir permeability, and the radial extent 
of the skin zone. Four methods3 0 ,3 4 ,7 9 , 8 0 for computing the 
radius of the damaged zone are presented and compared.

6.1 Discussion of Damaged Zone Radius Computation

Wellbore damage is often calculated using the thin skin 
factor. Physically, the damage extends outward from the 
wellbore for some distance. A better way of describing 
wellbore damage is with the composite reservoir model. The 
skin radius and the skin permeability are then used to quan
tify damage rather than using the thin skin model. These 
properties, however, can be related to the skin factor by19,
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\

The problem, thus, becomes determining the skin radius, skin 
permeability and reservoir permeability from well test data.

Several studies24 >27 » 29 » 32•33 have demonstrated a com
posite reservoir will have two semilog straight lines, with 
the slope of each line representative of the
transmissibility of each zone. The slope of the first line 
is inversely proportional to the permeability of the damaged 
zone, and the slope of the second line is similarly related 
to the permeability of the unaltered reservoir. Several 
methods30*34»79»8 0 , however, are available to determine the 
radial extent of the inner zone. These techniques are based 
upon two different times, the departure time, and the 
intersection time. Four methods for calculating the radial 
extent of the inner zone will be compared. Two are based 
upon the departure time and two based upon the intersection 
time. The intersection time is the intersection of the two 
semilog straight lines. The departure time is the time when 
the pressure data deviates from the first semilog straight 
1 ine.

The wellbore pressure response consists of three flow 
regimes ; the first transient flow period, a transition 
period, and finally by a second transient flow period.
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While the pressure wave is within the damaged zone, the 
wellbore pressure response is governed by the damaged zone 
permeability. When the pressure wave reaches the boundary 
of the inner zone, the wellbore response acts as if the 
inner zone were in the pseudo-steady state flow period, and 
begins the transition from the first semilog straight line. 
After the pressure wave travels beyond the discontinuity 
radius, the permeability of the outer zone begins to domi
nate the wellbore pressure response. At this time, the 
inner region simply contributes a constant additive pressure 
loss.

The first category of methods for calculating the dam
aged zone radius is based upon the departure time. The 
departure time is defined as the time when the actual 
pressure data begins to deviate from the first semilog 
straight line. The departure time, thus, represents the 
time when the pressure wave has reached the beginning of the 
reservoir permeability.

The first technique of determining the damaged zone 
radius is based upon a computer study of pressure falloff 
test analysis in reservoirs with fluid banks34 . A correla
tion , based upon the departure time, for determining the 
discontinuity radius is presented by Merrill et al.34. The 
damaged zone radius is related to the departure time by,
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fr« ] tod
k  r / t Dde

6.2

Merrill et al.34 suggested using an average value of 0.389 
for the correlation departure time, tDde, After substituting 
this average value, Equation 6.2 becomes,

The second method is based upon the radius of investiga
tion equation79»8 0 . In a composite reservoir, the radius of 
investigation equation must be modified to account for the 
skin zone permeability,

where the dimensionless departure time is defined as,

2.637 X 10"4/cr A/a
<0# ” --------  2--<t>M.c«rS

In field units, Equation 6.5 is expressed as,

1.001055k,At*r = / ------   6.iV
The last two methods are based upon the intersection 

time. The intersection time is defined as the intersection

6.3

Using practical field units Equation 6.3 becomes,

.000678fcsAü 6.4

6.5
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point of the two semilog straight lines. The first semilog 
straight line represents the transient response of the dam
aged zone, and the second semilog straight line represents 
transient radial flow in the outer zone of the composite 
reservoir. Merrill et al.34 also presented an intersection 
time correlation to determine the flood front radius from 
pressure falloff test data. The third procedure for comput
ing the skin zone radius is given by,

Merrill et al.34 correlated the dimensionless intersection 
correlation time with the specific storage ratio, and the 
ratio of the two semilog slopes. In their study, however, 
they were unable to find a correlation for slope ratios less 
than one, and assumed the dimensionless intersection corre
lation time, fDxc, to be a constant value of 0.717. Replac
ing tDxc with 0.717, Equation 6.7 becomes,

6.7

where the dimensionless intersection time is given by
2.637 x 10"4krAix

6.8

or, in field units,
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/ . 0 0 0 3 6 7 8 * : ,  At*r . - J   --------     6 .9! V
The fourth method was initially presented by Ramey3 0 , 

and then later derived by Brown4 2 . Ramey’s equation is,

rfD = 2 .2 4 5 8 T i ' /<l"n,t D,  6.10

In single phase reservoirs, Equation 6.10 reduces to,

2 . 2 4 5 8 ( j c ) ' / 0 ' * , tc*

where,

x  = —- 6 .11
k r

Using practical field units, Equation 6.10 becomes,
r

r, -  \j •0 0 0 5 9 2 2 A : r A ^ ( x ) » / o - « )  6.12

6.2 Comparison of Skin Radius Computation Methods

The numerical model presented in Chapter 4 will be used 
to model a composite reservoir. A series of drawdown tests 
have been simulated for comparing the techniques used to 
determine the radius of the, damaged zone. The reservoir and 
PVT data were previously given in Tables 5.1 and 5.2. Five 
different damaged zone radii of 18.50, 25.00, 3 7.50, 50.00, 
62.50 feet are used. Four different skin permeabilities of 
2.00, 5.00, 10.00, and 15.00 md are modeled for each radii.
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Each combination of parameters is labeled from Case 1 
through Case 20. The input parameters for each case are 
shown in Table 6.1.

For each case, the dimensionless intersection time, 
dimensionless departure time, and the observed permeability 
ratio have been determined. An example of how the intersec
tion time and the departure are determined is presented in 
Figure 6.1. The observed departure time, intersection time, 
and the observed permeability ratio are given in Table 6.2. 
Table 6.3 shows the calculated skin permeability and the 
reservoir permeabilities for each case. The results indi
cate the computed reservoir permeability is generally 1.66% 
higher than the given permeability. The calculated skin 
permeabilities are an average of 0.91% below the given val
ues .

The skin radius for each case was determined, from the 
dimensionless departure time, utilizing each technique. The 
error between the observed dimensionless radius and the 
known radius are compared. Table 6.4 shows a comparison of 
the observed radius with the known radius for Equation 6.3, 
the first procedure. Tables 6.5, 6.6, and 6.7 contain
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Table 6.1
Damaged Zone Parameters

Case rs rs d Ks Ks /Kr Thick Skin 1
Number (feet) (md) Factor |

1 18.50 75.0 2.00 0.1000 38.85 I
2 18.50 75.0 5.00 0.2500 12.95
3 18 . 50 75.0 10.00 0.5000 4.32
4 18.50 75.0 15.00 0.7500 1.44
5 25.00 100.0 2.00 0.1000 41.45
6 25.00 100.0 5.00 0.2500 13.82
7 25.00 100.0 10.00 0.5000 4.61
8 25.00 100.0 15.00 0.7500 1.54
9 37. 50 150.0 2.00 0.1000 45.10

10 37.50 150.0 5.00 0.2500 15.03
11 37.50 150.0 10.00 0.5000 5.01
12 37.50 150.0 15.00 0.7500 1.67
13 50.00 200.0 2.00 0.1000 47 . 68
14 50.00 200.0 5.00 0.2500 15.89
15 50.00 200.0 10.00 0.5000 5 . 30
16 50. 00 200.0 15.00 0.7500 1 . 77
17 62.50 250.0 2.00 0.1000 49.69
18 62 . 50 250.0 5.00 0.2500 16.56
19 62.50 250.0 10.00 0.5000 5.52
20 62 . 50 250.0 15.00 0.7500 1.84 1
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Figure 6.1 Dimensionless Potential versus Dimensionles 
Time, Case 1.
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Table 6.2
Observed Departure Time and Intersection Time |

Case to X tod Observed I
Number Ks /Kr 1

1 35695 16819 0.0979
2 19453 8409 0.2345
3 12735 8409 0.4802
4 16458 2102 0.7737
5 61426 4205 0.0956
6 33852 21023 0.2411
7 24574 16817 0.4741
8 18313 8409 0.7520
9 140919 58865 0.0994

10 78063 37842 0.2374
11 49897 33637 0.4842
12 49534 46251 0.7321
13 209784 12613 0.0977
14 111632 63070 0.2400
15 79359 54660 0.4919
16 72958 63070 0.7437
17 440880 105116 0.0968
18 177662 84093 0.2391
19 113733 84093 0.4958
20 100441 84093 0.7489
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Table 6.3
Observed Skin and Reservoir Permeability

Case Ks Error Kr Error
( md ) % (md) %

1 1.96 -1.76 20.03 0.161 2 4.82 -3.60 20. 55 2. 75I 3 9.72 -2.80 20. 24 1 .20I 4 15.28 1.90 19. 75 -1 .23
5 1.98 -0. 78 20.72 3.64
6 4.86 -2.80 20.16 0.80
7 9.60 -4.00 20.25 1.25
8 15.16 1.07 20. 16 0.80
9 2.00 -1.40 20.13 0.63

10 4.93 0.00 20. 77 3.85 |
11 9.83 -1 . 70 20.30 1.50 I
12 14.76 -1.60 20. 16 0.80 I
13 1. 94 — 3.00 19.86 —0.69 1
14 5.03 0.60 20. 96 4.80 I
15 10.01 0.10 20. 35 1.75 I
16 15.00 0.00 20.17 0.85 J
17 1.98 -1.00 20.46 2.30 I
18 5.03 0.60 21.04 5.20 1
19 10.11 1.10 20.39 1,95 J
20 15.12 0.80 20.19 0.95 ]
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Table 6.4
Comparison of Observed Dimensionless Radii With 

Known Radii for Departure Time, Eq. 6.3
Case Known Observed Error

Number rs d rs d %
1 75.00 61. 79 -17.61
2 75.00 71 .20 -5.06
3 75.00 101.89 38.85
4 75.00 63.75 -15.01
5 100.00 31.14 -68.86
6 100.00 114.16 14.16
7 100.00 143.18 43.18
8 100.00 127.51 27.51
9 150.00 114.35 -23.77

10 150.00 151.98 1.32
11 150.00 204.63 36.42 1
12 150.00 295.05 96.70 I
13 200.00 50.87 -74.57 |
14 200.00 226.40 13.20 I
15 200.00 262.94 31.47
16 200.00 412.68 106.34
17 250.00 147.86 -40.85
18 250.00 227.35 -9.06 1
19 250.00 327.40 30.96 1
20 250.00 402.39 60.95 j
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Table 6.5
Comparison of Observed Dimensionless Radii 

With Known Radii for Departure Time, Eq. 6.5
Case Known Observed Error

Number rs d rs d %
1 75.00 77.07 2.77
2 75.00 88.81 18.42
3 75.00 127.09 69.45
4 75.00 79.51 6.01
5 100.00 38.84 61 .16
6 100.00 142.39 42. 39
7 100.00 178.59 78.59
8 100.00 159.04 59.04
9 150.00 142.63 -4 .91

10 150.00 189.56 26 . 38
11 150.00 255.24 70.16
12 150.00 368.02 145.35
13 200.00 63.45 -68.27
14 200.00 282.40 41 .20
15 200.00 327.97 63.99
16 200.00 514.75 157.37
17 250.00 184.43 -26.23
18 250.00 283.58 13.43
19 250.00 408.38 63 . 35
20 250.00 501.91 100.76
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Table 6 .6 1 
Comparison of Observed Dimensionless Radii With j 

Known Radii for Intersection Time, Eq. 6.8 j
Case Known Observed Error j

Number rs D rs d % J
1 75.00 69.80 -6.93
2 75.00 79. 77 6.36
3 75.00 92.36 23. 15
4 75 . 00 133.28 77.70
5 100.00 90.49 -9.51
6 100.00 106.70 6. 70
7 100.00 127.48 27 . 48
8 100.00 138.60 38.60
9 150.00 139.75 -6.83

10 150.00 160.79 7 .19
11 150.00 183.58 22 . 39
12 150.00 224.92 49.95
13 200.00 169.08 -15.46
14 200.00 193.32 -3.34 j
15 200.00 233.38 16.69 1
16 200.00 275.12 37.56 I
17 250.00 243.96 -2.42 I18 250.00 243.43 -2.63 1
19 250.00 280.47 12.19 1
20 250.00 323.93 29.57 g
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Table 6.7
Comparison of Observed Dimensionless Radii With 

Known Radii for Intersection Time, Eq. 6.11
Case Known Observed Error

Number rs d rs d %
1 75.00 78.08 4.11
2 75.00 81 .05 8.07
3 75 .00 83.51 11.35
4 75.00 109.06 45.42
5 100.00 101.42 1 .42
6 100.00 101.42 8.00
7 100.00 115.54 15.54
8 100.00 114.16 14. 16
9 150.00 156.12 4.08

10 150.00 163.10 8. 73
11 150.00 165.73 10.49
12 150.00 186.37 24.25
13 200.00 189.15 -5.43
14 200.00 195.81 -2.10
15 200.00 210.04 5.02
16 200.00 227.16 13.58
17 250.00 273.14 9.26
18 250.00 246.68 — 1.33
19 250.00 252.04 0.82
20 250.00 267.05 6.82
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similar calculations for Equation 6.5, Equation 6.8, and 
Equation 6.11, respectively. Graphical comparisons are 
shown in Figures 6.2, 6.3, 6.4, and 6.5.

A statistical evaluation of the results were conducted 
as basis for comparison of the methods. The average error, 
maximum error, minimum error, and the standard deviation of 
the error were computed for each equation. The error for 
each point is computed from,

where, r0 is the observed radius, and, r* is known radius. 

The average error is calculated from,

The standard deviation of the error is determined from Equa
tion 6.15,

where, n is the number of data points.
These parameters were used as the foundation in ranking each 
of the equations.

The results of the statistical evaluation is shown in
Table 6.8. All of the methods have the tendency to over

rn - r*. JF,-—  -x 100% 6 . 1 3

6 . 1 4

6 . 1 5
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estimate the skin radius. This observation has been sup
ported in another study35. Equation 6.11 was found to have 
the lowest average error, and the lowest standard deviation 
of the equation compared. Equation 6.11 is still biased, 
however, and this study found using a coefficient of 1.886 
will give better results. This value was determined by 
adjusting the coefficient until the average error between 
the computed radii and the known radii were minimized.

fi.3 Summary

Four different equations for computing the skin radius 
are presented and compared. A series of twenty drawdown 
experiments have been simulated for a variety of skin per
meabilities and skin radii. The intersection time, and the 
departure time were determined from the simulated data. 
Using each method the skin zone radius was calculated and 
compared with the input value. This study found all of the 
methods tend to over predict the skin radius. Based upon a 
statistical evaluation, this study recommends using a modi
fied Ramey expression for calculating the skin radius from 
the intersection time.



T-3406 93

Table 6.8
Statistical Comparison of Skin Radius 

Computation Methods
Method Average

Error
%

Maximum
Error

%
Minimum
Error

%

Standard 1 
Deviation I

E q . 6.3 12.16 106.34 -74.57 45.91 j
E q . 6.5 39.90 157.37 -68.27 57.26 I
E q . 6.8 15.42 77. 70 -15.46 23.35 g
Eq. 6.11 9.11 45.42 -5.43 10.98 j

60%

4 0 %

 r x / x f v w s  K X / x f w s
E q .  6 . 5  E q .  6 . 6

E-J A v e r a g e  E r r o r  ^  S t a n d a r d  D e v i a t i o n

Figure 6.6 Comparison of Average Error and Standard 
Deviation of the Radius Equations.
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7. Skin Permeability and Radius 
With Wellbore Storage

The last section demonstrated how composite reservoir 
analysis techniques can be applied to calculate the skin 
permeability, reservoir permeability, and the skin zone 
radius. In this chapter, the consequences of determining 
the skin permeability and skin radius from well test data 
obscured by wellbore storage are examined. Specifically, 
this section will explore the relationship between the well
bore storage coefficient, the skin permeability, skin 
radius, and the skin factor.

7.1 Discussion of Wellbore Storage Effects on Skin Proper
ties

Kazemi et al.3 3 , studied how wellbore storage can affect 
pressure falloff test data obtained from a composite reser
voir. They showed wellbore storage dominated data can 
appear as a semilog straight line. Garcia-Rivera and 
Raghavan8 6 confirmed the existence of the pseudo-semilog 
lines, and revealed they occur through the points of maximum 
slope. This study examines the calculations of the skin 
properties from these apparent semilog lines.
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Figure 7.1 shows the effects of wellbore storage on 
transient potential data taken from a composite reservoir. 
The apparent semilog lines through the storage dominated 
data are also shown. The curve without wellbore storage 
shows the normal skin and reservoir lines. The wellbore 
storage influenced curves, however, demonstrate the first 
semilog line is obscured. Particularly the slopes are 
steeper, thereby the calculated permeability will be 
smaller. Secondly, the intersection of the apparent semilog 
line and the reservoir line is larger. A larger intersec
tion means the calculated skin radius will be bigger. The 
consequence of a smaller skin permeability and a larger skin 
radius is a larger skin factor. Kazemi et al.33 and Merrill 
et al.34 also observed that the calculation of the inner 
zone properties from storage dominated data will give the 
appearance of increased damage. The next section describes 
a series of experiments to quantify the effects of wellbore 
storage on the skin properties.

7.2 Numerical Evaluation of Wellbore Storage Effects on Skin 
Properties

A series of numerical experiments were designed to
determine the impact of wellbore storage on the calculation
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of the skin properties. Several simulated drawdown tests 
were conducted using different skin properties, at various 
wellbore storage coefficients. Table 7.1 shows a list of 
the skin properties and other data for each numerical 
experiment. The skin factor shown is the thick skin factor 
computed from Equation 6.1.

For each case the semilog slope, uncorrected permeabil
ity and the uncorrected intersection time for each case was 
determined. From this information, the uncorrected skin 
radius, and skin factor were determined. The semilog slope 
is determined by drawing a straight line through the points 
of maximum slope. Figure 7.1 shows how the pseudo-straight 
lines were determined for several cases.

The apparent slope and uncorrected skin permeability for 
each case is given in Table 7.2. The apparent skin slope is 
given by, and the uncorrected skin permeability is given
by k's. The apparent semilog slope increases as the wellbore 
storage coefficient increases, causing a similar decrease in 
the uncorrected skin permeability. The trend of permeabil
ity reduction is shown in Figure 7.2. All test cases demon
strated a similar decrease in the skin permeability.

The effect of wellbore storage on the intersection time
for each case is shown in Table 7.3. The apparent
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Table 7.1 
Data for Numerical Experiments

Case K r r$£> c  D S
100 20.03 2.00 75.00 250 38.85
101 20.03 2.00 75.00 500 38.85
102 20.03 2.00 75.00 1000 38.85
103 20.03 2.00 75.00 2500 38.85 I
104 20.03 2.00 75 .00 5000 38.85 j
105 20.03 2.00 75.00 10000 38.85 j
110 20.55 5.00 75.00 250 12.95 j
111 20.55 5.00 75 . 00 500 12.95 I
112 20.55 5.00 75.00 1000 12.95 1
113 20.55 5.00 75.00 2500 12.95 1
114 20.55 5.00 75.00 5000 12.95 |
115 20. 55 5.00 75.00 10000 12.95 I
120 20.24 10.00 75.00 250 4.32 I
121 20.24 10.00 75.00 500 4.32 1
122 20.24 10.00 75.00 1000 4.32 1
123 20.24 10.00 75.00 2500 4.32 j
124 20.24 10.00 75.00 5000 4.32 1
125 20.24 10.00 75.00 10000 4.32 j
140 20. 73 2.00 100.0 250 41.45 |
141 20. 73 2.00 100.0 500 41.45 1
142 20. 73 2.00 100.0 1000 41.45 j
143 20. 73 2.00 100.0 2500 41.45 |
144 20. 73 2 .00 100.0 5000 41.45 1
145 20. 73 2.00 100.0 10000 41.45 j
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Table 7.1 I 
(Continued) j

Case K r t. r sD c D 'S 1
150 20.56 5 .00 100.0 250 13.82 1
151 20.56 5.00 100.0 500 13.82
152 20.56 5.00 100.0 1000 13.82
153 20.56 5.00 100.0 2500 13.82 I
154 20.56 5.00 100.0 5000 13.82 1
155 20.56 5.00 100.0 10000 13.82 1
160 20.25 10.00 100.0 250 4.61
161 20.25 10.00 100.0 500 4.61 I
162 20.25 10.00 100.0 1000 4.61
163 20.25 10.00 100.0 2500 4.61
164 20.25 10.00 100.0 5000 4.61
165 20. 25 10.00 100.0 10000 4.61
201 20.00 5 .00 50.00 250 11.74
203 20.00 5.00 50.00 1000 1 1 .74 I
204 20. 00 5 . 00 50.00 2500 11.74 I
206 20.00 5.00 50.00 10000 11.74 I
301 20.01 5.00 40.00 250 11.07 |
302 20.01 5.00 40.00 1000 11.07 I
304 20.01 5.00 40.00 2500 11.07 I
401 20.01 5.00 65.00 250 12.52 I
402 20.01 5.00 65.00 1000 12.52 1
403 20.01 5.00 65 .00 2500 12.52 j
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Table 7.2 1 
Wellbore Storage Effect on 

Semilog Slope and Permeability
I Case c s ml Error

%
100 250 13.63 0.7338 -63.31
101 500 14. 61 0.6844 -65.78
102 1000 15. 35 0.6516 -67.43
103 2500 15.17 0.6590 -67.05
104 5000 15.98 0.6257 -68.72
105 10000 15. 91 0.6287 -68.57
110 250 5.307 1 .885 -62.30
111 500 5 .855 1 . 708 -65.84
112 1000 6.279 1 . 593 -68.14
113 2500 6.404 1 . 562 -68.76
114 5000 6.409 1 .560 -68.80 j
115 10000 6. 793 1 .472 -70.56
120 250 2.772 3 . 608 -63.92 I
121 500 2.716 3.682 -63.18
122 1000 3.110 3.216 -67.84 I
123 2500 3.420 2.924 -70.76 |
124 5000 3.516 2.844 -71.56
125 10000 3.584 2. 791 -72.09 J
140 250 13 . 69 0.7304 -63.48 1
141 500 15.05 0.6643 -66.79
142 1000 15. 77 0.6341 -68.30
143 2500 15.93 0.6276 -68.62
144 5000 16. 72 0.5980 -70.10
145 10000 16. 76 0.5968 -70.16 j
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Table 7.2 (cont . )
Case c D m] k\ Error

%
150 250 4.999 2.000 -60.00
151 500 5.925 1. 688 -66.24
152 1000 6.327 1. 580 -68.24
153 2500 6.523 1.533 -69.34
154 5000 6.602 1.515 -69.70
155 10000 7.079 1.413 -71.74
160 250 2 . 716 3.682 -63.18 I
161 500 2.755 3 . 630 -63.70 I
162 1000 2.963 3.375 -66.25 I
163 2500 3.409 2.933 -70.67 1
164 5000 3.469 2.883 -71.65 I
165 10000 3.527 2.835 -71.65 J
201 250 4. 782 2.091 -58.18 I
203 1000 5 . 662 1. 766 -64.68 I
204 2500 5.979 1.672 —66.56 |
206 10000 6.408 1.560 -68.80 j
301 250 4.438 2.253 -54.40 1
302 1000 5.481 1.825 -63.50 I
304 2500 5.971 1.675 -66.50 I
401 250 4.849 2.062 -58.76 I
402 1000 5.839 1.713 -65.74 I
404 2500 6.142 1.628 -67.44 j
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Table 7.3 
Wellbore Storage Effect on 

Intersection Time
Case cD ton Case Co t Dx
100 250 52729 110 250 23810
101 500 86317 111 500 40723
102 1000 152002 112 1000 69949
103 2500 370335 113 2500 166082
104 5000 705293 114 5000 340583
105 10000 1407640 115 10000 648946
120 250 12384 140 250 62948
121 500 26840 141 500 98335
122 1000 44264 142 1000 171538
123 2500 97214 143 2500 407543
124 5000 194156 144 5000 754453
125 10000 408400 145 10000 1506585
150 250 32462 160 250 18466
151 500 46546 161 500 29410
152 1000 79202 162 1000 51454
153 2500 183436 163 2500 105036
154 5000 315213 164 5000 215222
155 10000 6810878 165 10000 443353
301 250 22549 401 250 26306
302 1000 63035 402 1000 72165
304 2500 140861 403 2500 67757

201 250 22786 I
203 1000 66731 I
204 2500 159975 |
206 10000 603045 I
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intersection time is given b y T h e  intersection time

also.increases with increasing wellbore storage constant as 
shown in Figure 7.3. In addition, the apparent skin radius 
also will increase, as shown in Table 7.4 and Figure 7.4. 
The calculated skin radius, at small storage constants is 
smaller than the actual skin radius. In these incidents, 
wellbore storage influences the slope of the skin line more 
than the timing of the apparent line. This is shown in 
Figure 7.5. The combination of the permeability reduction 
and the increase in the skin radius results in an increase 
in the apparent skin factor, as demonstrated in Figure 7.6.

7.3 Correction Factor Correlations

The errors attributed to wellbore storage in the deter
mination of the skin permeability and the skin radius are 
significant. Two correction factors, the skin permeability 
correction factor, and the skin radius correction factor, 
are introduced to account for wellbore storage effects. The 
correction factors were based upon the ratio of the correct 
results to the uncorrected results. The ratios were corre
lated against the dimensionless storage constant.

The permeability correction factor can be read from Fig
ure 7.7, or may be calculated from,
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Table 7.4 
Wellbore Storage Effect on 
Skin Radius and Skin Factor

Case c D Ko S ’
100 250 61 .85 108.47
101 500 76.67 122.66
102 1000 99.48 136.80 I
103 2500 154.55 151.51 |
104 5000 210.35 165.88 1
105 10000 296.97 176.83 I
110 250 62.07 40.89 j
111 500 77.89 48.05 I
112 1000 99.10 54.71 j
113 2500 151.43 61.04 J
114 5000 216.76 65.47 I
115 10000 291.86 73.56 I
120 250 58.40 18.75 I
121 500 86.64 20.06 1
122 1000 105.63 24.67
123 2500 150.83 29.70
124 5000 210.86 32.72I 125 10000 303.50 35.74 I
140 250 66.39 114.88 j
141 500 79.47 132.16 8
142 1000 102.74 146.80 I
143 2500 157.62 162.08 i
144 5000 209.74 179.97 I
145 10000 296.12 191.98 |
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Table 7.4 
(Continued)

Case Co r'sD S*
150 250 74.. 28 39.97
151 500 82 .84 49.39
152 1000 105.08 55.90
153 2500 157.86 62.82
154 5000 205.88 66 . 98
155 10000 293.69 77.02
160 250 71 . 85 19.23
161 500 90. 19 20. 61
162 1000 116.01 23.77
163 2500 156.95 29.85
164 5000 223.13 32 . 58
165 10000 318.16 35 .39
201 250 64.12 35.63
203 1000 102.29 4 7 . 77
204 2500 154.78 55.25
206 10000 291.81 67.07
301 250 65 . 75 32 . 98
302 1000 100.75 45 . 98
304 2500 145.29 54.51
401 250 68.48 36.78
402 500 104.33 49. 65
404 1000 99.57 51 . 95
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p ■  H*“ *;■ .3031 C c+ 21.89
k C D 7.1

The correct skin permeability is the determined from

k s~k \F k 7.2
The skin radius correction factor can be read from Figure 
7.8. The best fit line of the data in Figure 7.8 is,

The skin permeability is corrected first using Equation 7.1 
then the apparent skin radius is calculated from,

The corrected skin radius is solved from Equation 7.6 by 
trial and error.

The correlations should be used on transient data, which 
is dominated by wellbore storage, and in those cases where 
the reservoir line is identifiable. Below a dimensionless 
constant of 100, the two semilog straight lines are demon
strated, and the potential-time data can be

4 - 4 0 5 7.3

7.4

The correct skin radius is determined from
7.5

Substituting Equation 7.3 into 7.5 results in

rsD - .2464CD. 4 4 0 5  8 6 2  *
i r sD ' sD - 0 7.6
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T-3406 114

interpreted using the normal composite reservoir techniques 
with little error. Above a storage constant of 100, the 
potential versus time data are obscured, and the correction 
factor correlations should be used in these instances. The 
recommended limits of the correlation are for welibore stor
age constants between 100 and 10000, and for dimensionless 
radii between 40 and 100. The correlations may be used 
outside these ranges, but should be done with extreme cau
tion .

7.4 S u m m a r y

In this chapter, the effects of welibore storage on the 
skin permeability, intersection time, skin radius, and the 
skin factor have been investigated. Pressure transient data 
which is dominated by welibore storage was shown to demon
strate pseudo-straight lines on a semilog graph. This study 
proved that skin properties may be estimated from these 
apparent lines. The apparent skin permeability was shown to 
be lower than when welibore storage is not present. The 
intersection time is also larger, and consequently, a larger 
skin radius and a larger skin factor were also observed.

Interpretations based upon these pseudo-straight lines 
will be in error. Two correlations have been introduced to
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account for welibore storage effects in these cases. The 
first correlation is a permeability correction factor, and 
the second is an skin radius correction factor. Usage of 
these correlations should improve estimates of the damaged 
zone properties, when transient test data is dominated by 
welibore storage.
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8. Applications

The practical application of the pseudo-potential trans
formation in the analysis of pressure transient data is dis
cussed in this section. Calculations have to account for 
the effects of welibore storage on the evaluation of the 
skin zone parameters. The correlations presented in the 
previous chapter can be used to account for these effects, 
and will be demonstrated in this section. Example calcula
tions are shown for a simulated gas well test.

8.1 Semilog Analysis of Storage Dominated Data

Previously, this study demonstrated the advantages of 
composite reservoir analysis methods for computing the skin 
permeability, and the skin radius from pressure transient 
data. The pseudo-potential data is determined from the 
recorded pressure by any of the methods suggested in Chapter 
3. A semilog plot of the potential-time data is made, the 
basis for calculations. If two semilog straight lines are 
present, then a composite analysis can be done. The skin 
permeability is determined from the first semilog slope, and 
the reservoir permeability is calculated from the second
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semilog straight line. Once the reservoir line and the skin 
line have been determined, the permeabilities are determined 
from the following equation,

Bx - .9803 if q s has units of STBPD,

Bx - 174.58 if q a has units of MSCFPD.

In Chapter 7, this study demonstrated the skin proper
ties will be in error if the transient test data is domi
nated by welibore storage. Two correction factors have been 
introduced to correct the errors associated with the skin 
permeability and the intersection time. The permeability 
correction factor is read from Figure 7.7 or from Equation

The corrected skin permeability is then determined from,

The radius correction factor may be read from Figure 7.8 or 
from Equation 7.3,

3 .6
2 m h

where

7.1
Cp  --------- %-------

* .3031  2 1 .8 9
7.1

7 .2

. 4 4 0 5 7.3
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The skin permeability is first corrected, then the apparent 
skin radius is determined from,

Equation 7.6 is nonlinear in rsD and must be solved by trial 

and error.
Once the correct skin permeability and skin radius have 

been determined the thick skin factor is determined from 
Hawkins* expression,

8.2 Welibore Storage Coefficient Calculation

The correction factor correlations require an indepen
dent knowledge of the welibore storage constant. The weli
bore storage constant can be estimated from completion data 
or from transient test data. If the welibore volume is 
known, the welibore storage coefficient is estimated from 
following expression,

7.4

The correct skin radius is then calculated from
. 4 4 0 5  , 8 6 2  «

F  sD ' sD 7.6

2.15
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The pressure transient test data also provides an alterna
tive method of calculating the welibore storage constant.
The welibore storage constant is determined from the unit 
slope on a log-log plot of Aip versus Af. In a drawdown test 
the difference between the initial potential and the bottom- 
hole flow potential is used, and AC is the flow time. With 
shut-in data, however, the Aip is the difference between the 
shut-in potential and the initial shut-in potential. The 
potential difference is plotted versus the equivalent draw
down time,

When the unit slope has been identified, the storage coeffi
cient is then calculated from a point on the line and,

Z?2 = .2892 when q s has units of MSCFPD,

Z?2 = 1.624x 10~3 when g, has units of STBPD.

The dimensionless welibore storage coefficient is then 
determined from,

E.22

where

0.1592C
$hctrl

D.6
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8.3 Example Calculations

A simulated drawdown test followed by a buildup test 
will be used as an example to demonstrate the application of 
the previously discussed composite reservoir interpretation 
methods. The model rock and fluid properties are given in 
Table 8.1 and Table 8.2. The drawdown period lasts 82 hours 
and the shut-in period lasts 46 hours. Both the drawdown 
data and the buildup data will be analyzed for the skin 
permeability, skin radius, reservoir permeability, welibore 
storage coefficient, and the skin factor. A log-log plot of 
the drawdown data is shown in Figure 8.1. The data com
pletely distorted by storage lies on the unit slope as shown 
in Figure 8.1. The end of the welibore storage period occurs 
at approximately 0.5 hours, no information about formation 
properties is obtainable from the data prior to this time. 
The welibore storage coefficient is calculated the unit 
slope at the point shown in Figure 8.1,
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Table 8.1 
Reservoir Properties 

For Example 8.1
Initial Pressure 5000 psia
Flowrate 400.0 MSCFPD
Gas Gravity 0.65
Carbon Dioxide 1.5 %
Hydrogen Sulfide 1 . 0 %
Nitrogen 1 . 0 %
Density at Standard
Conditions 0.05362 lb/ft3
Reservoir Temperature 185° F.
Skin Permeability 3 . 0 md
Reservoir Permeability 15.0 md
Porosity 0.08
Formation Height 10.0 ft
Welibore Radius 0.333 ft
Skin Radius 25.0 ft
External Radius 3000 ft
Welibore Storage Coefficient 0.2043 ft3/psi
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Table 8.2 
Fluid Properties of 

Example Gas at 185* F.85
P P M- c V

(psia) (lb/ft3 ) (cp xlO2 ) (psi-ixl03) Psia2/cp/ft
14. 7 .04316 1.2956 68.128 .34007

200.0 .59823 1.3079 5.0995 63.485
400.0 1.2202 1.3287 2.5969 254.56
600 . 0 1.8654 1.3552 1.7596 573.28
800. 0 2 . 5326 1.3869 1.3375 1018.1

1000.0 3.2194 1.4238 1.0804 1585.8
1200. 0 3.9225 1.4657 .90482 2271 .5
1400.0 4.6374 1.5125 .77526 3069.0
1600.0 5.3586 1.5640 .67405 3970.7
1800.0 6.0801 1.6200 .59168 ' 4967.9
2000. 0 6.7955 1.6800 . 52269 6050.9
2200.0 7.4990 1.7434 .46383 7210.1
2400.0 8.1853 1.8100 .41305 8435.6
2600.0 8.8502 1.8787 .36899 9718.0
2800.0 9.4907 1.9493 .33064 11049.
3000.0 10.105 2.0211 .29721 12419.
3200.0 10.692 2.0938 .26802 13823.
3400.0 11.251 2.1669 .24249 15253.
3600.0 11.783 2.2101 . 22014 16715.
3800.0 12.289 2.3131 .20051 18193.
4000.0 12.769 2.3856 .18324 19674.
4200.0 13.225 2.4576 .16800 21165.
4400.0 13.658 2.5287 .15450 22663.
4600.0 14.070 2.5990 .14253 24165.
4800.0 14.461 2.6683 .13187 25669.
5000.0 14.833 2.7367 .12235 27175.
5200.0 15.187 2.8040 .11383 28680.
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I.0E-03 1.0E-01
Time, hrs.

Figure 8.1 Log-Log Plot of Simulated Drawdown Test, 
Example 8.1.
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C-0.2892 —
M-i

( 0.2892 )(40Q.Q)( 0.05362) (0.02) 
(0.027367)(21.37)

0.2121 ft3
psi

This compares with the input value of 0.2043 ft3/psi. The 
dimensionless storage coefficient is then

The permeabilities are next calculated using the semilog 
method previously discussed. A semilog plot of the data is 
shown in Figure 8.2. The apparent slope of the skin line is 
-187.65 and the slope of the reservoir line is -12.63. The 
apparent skin permeability is determined as follows,

0.1592C
$hctirl

(0.1592) (0.2121)
(0.08)(10.0)(0.12235X 10"3)(0.333)2 
3105

174.58qr?p

( 174.58)(400)(0.05362) 
(2)( - 187.65)( 10)

.9977 md
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27.6

27.4

27.2

27.0

26.8

26.6

26.4 4-----
1.00E-03 1.00E-01

Time, hrs.
Skin Line Reservoir Line

Figure 8.2 Semilog Plot of Simulated Drawdown Test, 
Example 8.1
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The actual skin permeability is 3.00 md. The calculated 
reservoir permeability is 14.82 md, which compares with the 
input value of 15.00 md. The estimated skin permeability, 
however, is in error because of the welibore storage 
effects. The skin permeability correction is,

The intersection of the two semilog straight lines occurs at 
1.876 hours. The dimensionless intersection time is calcu
lated as follows,

2.637 x 10'4 k rAt x

  (2.637 x 10~4)( 14.82 )( 1.876)_______
* (0.08)(0.12235X 10'3(2.7367x 10'2)(0.333)2 
- 246377

CF  --------  —* .3031 + 21.89
3105 = 3.2240.3031(3105) + 21.89

and the corrected permeability is,
t, = f,t;-(3.224)(0.9977) = 3.217md

The apparent radius is next determined
I / 2

R *d  ( 1.886) f 3.2.17 \ 
U 4 . 8 2 J

(246377) = 256.96

The radius correction factor is next calculated as follows,
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/rr = .2464C'‘4405r;D

= ( 0 . 2 4 6 4 ) ( 3 105 )"-4405 ( 2 5 6 . 9 6 ) =  1 .8 3 3 4

Then Equation 7.6 becomes,

r sD-  1 .8 3 3 4 r ;aD62 = 0

Solving by trial and error, the dimensionless skin radius i 
found to be 80.84. This is a skin radius of 26.94 feet, 
which compares with 25.00 feet for the input value.
The thick skin factor is calculated from Equation 2.15,

1 4 .8 2  1 \  f  2 6 .9 4 ^
3 . 2 1 7  J " 1 . 0 . 3 3 3 J3 

= + 1 5 .8 4

The thin skin factor is determined from Equation 3.7. Sub
stituting in the appopriate values this becomes,

S = V ] t l r ~ y ; + 7 . 4 3 2 - l n f -----  —
m  \§V-iCtirw J

2 6 5 8 9 . 5 - 2 7 1 7 5

In
(.

-  1 2 .6 3  + 7 ‘4 3 2

15.0
( 0 . 0 8 ) ( 2 . 7 3 7  X  1 0 ' 2) (  1 .2 2 3 5  X I 0 ' 4) ( . 3 3 ) 2;  

= 3 3 .7

The results of the drawdown analysis are shown in Table
8.3. The results show excellent comparisons between the
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corrected data and the input values. The results also dem
onstrated the magnitude of the error of the calculations, if 
the welibore storage is neglected.

A similar analysis was conducted on the buildup portion 
of the test. A log-log plot of the data is shown in Figure
8.3, and a semilog plot is shown in Figure 8.4. A summary 
of the analysis is shown in Table 8.4. The corrected skin 
permeability, and skin radius are shown to be in good agree
ment with the input values.

An example87 buildup test of an oil well is given in 
Table 8.5 and Table 8.6. A semilog plot of the data is 
shown in Figure 8.5. The results of the interpretation are 
given in Table 8.9. The calculated reservoir permeability 
of 12.81 md compares with 12.8 md as reported by Earlougher. 
An third buildup example is shown in Figure 8.6. The basic 
data is given in Table 8.7 and Table 8.8. A negative solu
tion was obtained from Equation 7.6 because of the nonin
teger exponents. The skin radius, however, was estimated 
from the uncorrected data. The results of Example buildup
8.3 are shown in Table 8.10.
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Table 8.3 
Summary of Drawdown Analysis 

Example 8.1
Parameter Input Uncorrected Corrected

Value Value Value
Welibore Storage
Constant (ft3/psi) . 2043 .2121
Skin Permeability (md) 3.000 . 9997 3.217
Reservoir
Permeability (m d ) 15 . 00 14.82
Dimensionless Storage
Constant 3000 3105
Skin Radius (ft) 25 .00 175.1 26. 94
Skin Factor 17.27 71 . 56 15.84

Table 8.4 ! 
Summary of Buildup Analysis 

Example 8.1
Parameter Input

Value
Uncorrected

Value
Corrected

Value
Welibore Storage
Constant (ft3/psi) . 2043 .2010
Skin Permeability (md) 3 . 000 . 9717 3.224
Reservoir
Permeability (m d ) 15.00 14. 73
Dimensionless Storage
Constant 3000 3074
Skin Radius (ft) 25.0 172.2 21 . 14
Skin Factor 82. 1 67. 62 14.84
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3.16E+02

3.16E+00

1.00E-03 1.00E-01 i.OOE+OI
Equivalent Time, hrs.

Figure 8.3 Log-Log Plot of Simulated Buildup Data, Exam
ple 8.1
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27.60

27.40

7.20

*® «
l vc
L ® 27.00
-  (0 
ID 3

U
o 26.80

26.60

26.40 H-----
1.00E-02 1.00E-01 1.00E+00

Equivalent Time, hrs.
Skin Line Reservoir Line

Figure 8.4 Semilog Plot of Simulated Buildup Data, Exam
ple 8.1
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8 . 4  S u m m a ry

The analysis of pressure transient data obtained from a 
damaged reservoir using the pseudo-potential transformation 
has been presented and discussed. Example calculations for 
drawdown and pressure buildup analysis are shown. The exam
ples demonstrate the advantages of using composite analysis 
techniques. The results also indicate the correlations can 
be used to obtain better estimates of the skin permeability, 
and skin radius when welibore storage is superimposed on the 
first semilog straight line.
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Table 8.5X  « X D J . C Î  O  • V  1

Reservoir Properties I 
For Example 8 • 2s 7 1

Depth 10476 ft
Welibore Radius .3542 ft
Total Compressibility 22.6 x 10”6 psi-1
Flowrate 4900 STBPD
Height 482 ft
Oil Viscosity 0.20 cp
Porosity 0.09
Formation Volume Factor 1.55 RB/STB
Production time 310 hours

Table 8.6 
Pressure Buildup Data 

Example 8.28 7
Test 
Time 

(Hours)
Shut-in
Pressure
(psia)

Test 
Time 

(Hours)
Shut-in 
Pressure 
(psia)

0.00 2761 3.46 3286
0.10 3057 4.08 3289
0.21 3153 5.03 3293
0.31 3234 5.97 3297
0. 52 3249 6.07 3297
0.63 3256 7.01 3300
0.73 3260 8.06 3303
0.84 3263 9.00 3305
0.94 3266 10.05 3306
1.05 3267 13.09 3310
1.15 3268 16.02 3313
1.36 3271 20.00 3317
1 .68 3274 26.07 3320
1 .99 3276 31.03 3322
2.51 3280 34.98 3323
3.04 3283 37.54 3223
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3.40

3.35

3.30

3.25

3.20

3.15

3.10

3.05

3.00 4—  
1.0E-02 1.0E-01

Equivalent Time. hrs.
* “ Skin Line Reservoir Line

Figure 8.5 Example Buildup Test, Example 8.2s7
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Table 00

Reservoir Properties
For Examp]Le 8.3s 8

Welibore Radius .2917 ft
Total Compressibility 2.54 x 10”4 psi”1
Flowrate 536.9 MSTBPD
Height 84 ft
Viscos ity 0.0201 cp
Porosity 0.16
Formation Volume Factor 0.00563 RB/STB
Production time 50800 hours

Table 8.8
Pressure 
Buildup 

I Example 8.3**
Test 
Time 

(Hours)
Shut-in 
Pressure 
(psia)

0 . 0 0 0 2437
0.031 2470
0.046 2502
0.076 2554
0.154 2670
0.234 2733
0.308 2767
0.454 2800
0.605 2810

1 0.932 2818I 1.783 2831
I 2.674 2835
I 5.292 2840I 9.073 2842I 14.518 2845

18.479 2487
25.413 2852

] 31.770 2855
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2.90

2.80

2.70

2.60

2.50

2.40 H-----
1.00E-02 1.00E-01 1.0ÛE+01

Equivalent Time, hrs.
Skin Line Reservoir Line

Figure 8.6 Buildup Test, Example 8.3**
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Table 8.9 
Results of Buildup Example 8.2

Reservoir Permeability 
Skin Permeability 
Skin Radius 
Thick Skin Factor 
Welibore Storage Constant 
Reported Reservoir 
Permeability 
Reported Skin Factor

12.81 md 
2.02 md 

72.4 ft 
25 . 63 
0.0932 ft3/psi 

12.8 md
8.6

Table 8.10
Results of Buildup Example 8.3

Reservoir Permeability 5.64 md
Skin Permeability 0. 928 md
Skin Radius 13.0 ft
Thick Skin Factor 19.28
Welibore Storage Constant 0.455 ft3/psi
Reported Reservoir 6. 92 md
Permeability
Reported Skin Factor 21 .12 1
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9. Conclusions

Based upon the results of this study, the following con
clusions are established:
1 . Pseudo-Potential is a valid transformation to

linearize the diffusivity equation. Transient 
well test data may be analyzed using pseudo
potential, for any single-phase fluid flow prob
lem .

2. The composite reservoir model may be used to 
describe the near wellbore damage.

3. Transient well test data obtain from a composite 
reservoir will show two semilog straight lines. 
The skin permeability can be calculated from the 
first slope, and the reservoir permeability from 
the second slope. The radius of the skin zone 
is evaluated at the intersection of these two
1ines.

4. Several equations, used to compute the skin 
radius were compared. A modified form of the 
Ramey1s expression is found to be the most accu
rate .

5. The skin properties determined from wellbore 
storage dominated data obtain in a composite
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reservoir have been shown to be incorrect. Spe
cifically, the calculated skin permeability was 
found to be lower than the actual value, and the 
skin radius was determined to be larger than the 
correct value.

6. Two correction factor correlations have been
introduced to account for the effects of well
bore storage in evaluating the skin properties 
in wellbore storage dominated data. Example 
calculations demonstrate better estimates of the 
skin properties may be obtained if the correla
tions are used.
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10. Recommendations

Based upon the preparation of this study, several possi
bilities for further research have arisen. Some suggestions 
include :
1. The application of the pseudo-potential trans

formation to multiphase flow problems in porous 
media.

2. An inquiry into the wellbore storage phenomenon, 
including kinetic energy and frictional pressure 
losses within the wellbore.

3. The investigation of a transient thick skin 
including wellbore storage.
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Nomenclature

English Symbols 
A  Area, ft2
&  Formation volume factor, RB/STB or

MRCF/MSCF.
S t Units conversion constant.
B 2 Units conversion constant.
C  Wellbore storage constant, ft3/psi.
C D Dimensionless wellbore storage constant.
C  Fluid compressibility, 1/psi .

ct Fluid compressibility at initial pressure,
1/psi.

Ct Total compressibility, 1/psi.
cti Total compressibility at initial conditions,

1/psi.
c wb Wellbore fluid compressibility, 1/psi.
E t Exponential integral.
E r Relative error.
E s Specific storage ratio.
E k Permeability correction factor.
p t Intersection time correction factor.
fi Formation height, ft.
K  Modified Bessel function.
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K x Modified Bessel function.
K  Permeability, md.
K r Reservoir permeability, m d .
K % Skin permeability, md.
* Uncorrected skin permeability, m d .

L wb Wellbore length, feet.
£w Error vector norm.
L{y Laplace transform function.
t2 Error vector norm.
A4 Molecular weight.
m  Slope of semilog straight line.
n Number of data points.
m(P') Real gas pseudo-pressure, psia2/cp.
P  Pressure, psia.
p  Average pressure, psia.
P D Dimensionless pressure.
P b Base pressure, psi.
P. Initial pressure, psia.
P Q Quasi-pressure, psia.
P s Standard Pressure, psia.
A  P s Pressure loss due to the skin effect, psi.
P wD Dimensionless wellbore pressure.
P wf Wellbore flowing pressure, psia.



Flowrate at standard conditions, STBPD 
MSCFPD.
Mass rate at sandface., lbs/day.
Mass rate at wellhead, lbs/day. 
Universal gas constant.
Radius, ft.
External radius, ft.
Grid cell radius, ft.
Skin radius, ft.
Uncorrected skin radius, ft.
Dimensionless radius.
Dimensionless skin radius.
Dimensionless uncorrected skin radius. 
Wellbore radius, ft.
Apparent wellbore radius, ft.
Skin factor.
Uncorrected skin factor.
Time, hr.
Flowtime, hr.
Quasi-time, hr.
Pseudo-time, psia2-hr/cp.
Equivalent drawdown time, hr.
Dimensionless time.
Normal time, psia2-hr/cp.
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tp Production time, hr.

Dd

e

Dx

Dp

Ds

Dde

Dxc

Dimensionless departure time.
Dimensionless time based on external radius. 
Dimensionless intersection time.
Dimensionless production time.
Dimensionless time based on skin radius. 
Dimensionless departure correlation time. 
Dimensionless intersection correlation time. 
Apparent dimensionless intersection time.

Dx

T  Temperature, °R.
T s Standard Temperature, °R.
V t Grid cell volume, ft3
V  ». Wellbore volume, ft3 .WO

x = K s/ K r Permeability ratio.
z  z factor.
z . z factor at initial conditions.

Greek Symbols

A. Coefficient matrix.
ot Finite difference equation coefficient.
B  Solution matrix.
(3 Finite difference equation coefficient.
y Gas gravity.
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A , Ô Change in variable.
e Error tolerance, psi2/ft/cp.
T| Diffusivity ratio.
X  Mobility ratio,
p. Fluid viscosity, cp.
jj Average error.
(_L Fluid viscosity at initial conditions, cp.
V  Fluid velocity, ft/hr.
^ Laplace space variable,
p Fluid Density, lb/ft3 .
p $ Fluid Density at standard conditions,

lb/ft3 .
(j Standard deviation.
<j) Porosity, fraction.
X Non-darcy flow coefficient.
'v$r Pseudo-potential matrix,
tp Pseudo-potential, psia2/cp/ft.

Dimensionless pseudo-potential. 
tpDa Dimensionless pseudo-potential from analyti

cal solution.
Pseudo-potential at initial conditions, 
psia2/cp/ft.

tp Shut-in pseudo-potential, psia2/cp/ft.
ip Flowing pseudo-potential, psia2/cp/ft.
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%>D/d Pseudo-potential from finite difference
solution.

Subscripts

cl Apparent.
fc> Base conditions.
£) Dimens ionless.
D d  Dimensionless departure time conditions.
Ds Dimensionless skin conditions.
D x  Dimensionless intersection time conditions.
D x c  Dimensionless intersection time correlation.
D d e  Dimensionless departure time correlation.
ci Departure.
g External conditions, or equivalent,
i Initial condition or grid block index.
m p  Match point.
p  producing.
s Standard conditions, or skin.
sf Sandface conditions.
uj Wellbore conditions.
wb Wellbore conditions.
wf Wellbore flowing conditions.
wh Wellhead conditions.
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tys Wellbore shut-in conditions.

Superscripts

I Iteration index.
TV Number of grid blocks.
n Current time level index.
n+ I Next time level index.
t Time.
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Appendix A.
Derivation of The Single-Phase 

Radial Flow Model

The derivation of the single phase-model combines the 
mass balance principle, equation of state, equation of 
motion, and the definition of pseudo-potential with the 
appropriate boundary and initial conditions. The resulting 
equations are solved numerically employing a finite- 
difference formulation of the derivatives.

A.l Assumptions

The assumptions for the single-phase radial flow model 
established are :
* Single mobile phase.
* Small fluid velocities.
* Incompressible rock matrix.
* Horizontal radial flow in a limited reservoir.
* Gravity flow is neglected.
* Constant temperature throughout reservoir.
* Constant fluid and rock properties within the elemental 

control volume.
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A.2 Equation of Continuity

The derivation of the single-phase radial flow model 
begins by establishing a mass balance71 on a elemental con
trol volume. In order to facilitate the discussion, the 
reservoir is divided into N cylindrical shells, beginning at 
the wellbore and extending out to the outer boundary. This 
configuration is shown in Figure A.I. The mass balance on 
the elemental control volume, at the grid block, i, is writ
ten as,

( mass r a t e )  ( mass r a t e )  ( mass r a te  o f )
\  leav in g  /  \  e n te r in g  /  \  accum ula t ion  /

Equation A.l can also be written as,

p !+a* ~ p<PvA\l.l/2-pvA\l_l/2= - V i$t— ^ — —j A.2

Dimensionally, Equation A.2 will have the following units,

The area of the inflow face and outflow face of the cylin
drical shell are
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Control Cell

Figure A.l Elementary Reservoir Control Volume.
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I t + 1 / 2 ”  2 T t / ~ i + j / 2 ^

^  I f-1 /2 = 2 itrt_ j /2/i 

The volume of the shell is defined by,

Because of the continuity assumption, time limits may be 
taken on the right hand side of Equation A.l as follows,

lim — = —  A . 3
AHO A t  dt

Substitution of Equation A.3 into A.2 yields,

P Vv4 le>l/2~PVv4 l(-l/2= A . 4

A.3 Equation of Motion

The Forchheimer7 3 will be used as the equation of motion 
this model. The Forcheimer equation is,

A Darcy form of the expression, however, can be obtained by 
defining,

1
1 + |3p v/p.

After rearranging Equation A.5 takes the form,

A . 6
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k èP 
p. dr

A . 7

In this form, non-Darcy flow may be considered by choosing 
an appropriate value for (3. In this model |3 will take a 
value of zero, since only laminar flow is of interest. Sub
stituting Equation A.7 into Equation A.4, multiplying 
through by 2, and rearranging produces,

i *  1 /2 kA(2̂)j( - 1/2
A . 8

A.4 Equation of State

An equation relating the density of the material to 
pressure is now utilized. With the assumptions stated ear
lier, the definition for the isothermal compressibility72 
suffices as an equation of state. The definition of the 
isothermal compressibility is,

~H£ A . 9

By applying the chain rule to the derivative contained 
in the right hand side of Equation A.8, and substituting in 
the definition for the isothermal compressibility,

A . 10



T-3406 161

Upon substituting into A.8 yields,

^ J_ t*. i /2
+ k A\ 2

p è P  

[làr i - l / 2

A . l  1

Equation A.11 now must be linearized in a form general 
enough to permit any type of fluid. This is accomplished by 
the use of the pseudo-potential transformation6 * 7 , which is 
defined as,

Pseudo-potential is not fluid specific, and the gas or liq
uid density may be used in the integrand. Differentiation 
of Equation A.12 with respect to an arbitrary variable, 
results in,

A . l

With the appropriate substitution, A.11 becomes the flow 
equation,

A.12
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A.5 Initial and Boundary Conditions

The initial and boundary conditions must be introduced 
in order to complete the mathematical statement of the prob
lem. The initial condition is constant pressure (potential) 
everywhere. This can be stated mathematically as,

The exterior boundary condition will be considered as a no 
flow boundary,

The interior boundary condition assumes the fluid will 
be drawn out of the wellhead at a constant mass rate, and 
the rate entering into the wellbore, at the sandface, 
depends upon the volume of the wellbore and the compress
ibility of the fluid in the wellbore.

Derivation of the inner boundary condition begins by 
establishing a mass balance of the wellbore, as shown in 
Figure A.2. The mass balance is written as,

V(r, 0)- tKP*) A.15

A.16

A. 17

where
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H  W h

Figure A.2 Well bore Configuration Containing a Single Phase Fluid.
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qaf is the mass rate entering the wellbore,

q„h is the mass rate leaving at the wellhead,
V ^  is the volume of the wellbore.

Substituting the equation of state, as defined in Equation 
A.9, multiplying through by 2, and rearranging yields,

Utilizing the definition of pseudo-potential, Equation A.18 
becomes,

The derivation of the interior boundary condition is further 
developed from Darcy’s law, 

k dPv  -  — X —  A . 7
[L dr

and recognizing,

2 . q „ ~ - k A \ 2 ^ ~ j  A . 2 0

Introducing the relationship given in Equation A.13,

A . 18

A .  19

A . 13

then,
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The wellbore storage coefficient for a well completely 
filled with a single-phase fluid is defined by79 >80,

C 6̂ = l/I»bc»b A.22
Making use of the relationships given in Equations A.21 and 
A.22, and knowing,

2 g utlt = 2q/sps A.23
Equation A.17 finally becomes, 

dii; du?
—  ZPsQs A.24

A.6 Conversion to Field Units

The field units of Equations A.14, A.15, A.16, and A.24 
will be taken as,

g-ft3/day V-ft3

A - ft2 k - md
r-ft (j)- fraction
ip- psia2/(cp • ft) c-psi"1
p-lbs/ft3 P-psi
M--CP ft3/psi
Af - hr 

then,
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Vÿ\±c
dip
d7 ( ^ X ï X à X c - S î X — f t '

= 14417 <})p,cdip
Jt

and,

k A
dip
dr

m d ds  ̂ c m 2
l O O O m d

•cp ^
V ds • atm * s j(ft")

. r i V - E s l l V . in

3.808881 x 10"2A:A —
dr

and,

2 9 * p * ‘ 2 ( ^ 7 ) ( i ^ X ^ h F ) “ n 9 * p

3600s
f t/x cp • f ty V 14.65psiyx6.4516cm2yV hr

Lastly,

^ wb M*
dip_ /ft^Vcp V  psi2 V  J__V 144in
d̂  V psi J\ 1 J\cp • ft^Vhryx ft̂

dip= 1446^^1
dt

A.7 Finite-Difference Approximation

A finite-difference scheme will now be employed to 
approximate the derivatives contained in the flow equation 
and in the boundary condition equations. Incorporating the
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finite-difference approximation, equation becomes,

—  a N - l / 2  "r  ^  +  I Z 2  +  1 / 2 ^ ^ <  - " ^ ( + Z / 2 ^ i + l

= — v " A.25
At '

where,

3.808881 x 10"2fc<.l/2y4,.1/2
a £-I /2

and,
o . o u o o o i a  i u  2

£ + 1 / 2  =
3.808881 x 10~ k ^ U2A ^ l/2a,

rt+i - rt 

and,

p ,= i44^,*(n r Icrl
The boundary condition at the outer boundary becomes,

VÏ.\-VÏl A. 26
and the inner boundary equation is then approximated by, 

(144C„6M.lI,b+ a 1/2) v ^ 1 - a l/2v;'

= 144Cï,l,p.<0l,v"*1+ ̂ tqrsps A.27

Written together, Equations A.25 through A.27 are a tri
diagonal system of equations. The system of equations has 
the form,
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a ,  b, c,

a , - ,  b „ -  1 c „ - I
b. c.7

/ V„» \ Z d,, \ / 1 /12p
V i  \  /  d ,  \  /  o

S

d, 0

vJvtvv Ô

0

0
0 y

A.28

A,8 Solution of Matrix Equations

The system of equations are nonlinear, however, and 
must be linearized in a form suitable for linear matrix 
solution. The viscosity-compressibility product, which 
appears in the coefficients of Equation A.28, is a function 
of pressure. Thus, the coefficients are dependent upon the 
potential at each grid cell. This system of equations can 
be written in general matrix notation as,

/ I  " * 1 ip '1* 1 — 5 " * 1 A . 2 9
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Equation A.28 is nonlinear and must be solved itera
tively . The equation may be linearized by assuming the 
unknown coefficients can be approximated by their values 
from the previous iteration. With this assumption, Equation 
A.28 can be written as,

A V M -S‘ A.30
Equation A.30 now can be solved using the Thomas Algo

rithm7 8 for tridiagonal systems. The iteration continues 
until some predetermined tolerance is satisfied,

Iv1*1 -V'| Se A.31
Once the conditions of Equation A.31 are met, then the 

potentials at the new time step are approximated by,

v"*1 - V*1 A.32
The iteration procedure may be summarized in the follow

ing. For each new time step, the coefficients are deter
mined from the potentials for each cell from the previous 
time step for the first iteration. The coefficients are 
determined from the previous iteration during all subsequent 
iterations. Next the system of equations are solved for the 
new potentials, and the error condition of Equation A.30 is 
checked. If the error condition is not satisfied the pro
cess is repeated until convergence, or the maximum number of 
iterations are exceeded.
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Appendix B. 
Dimensional Analysis of 

Pseudo-Potential

A dimensional analysis8 2 of pseudo-potential is made by con
verting the variables within the definition to the fundamen
tal units of mass (M), length (L), and time (T). The 
definition of pseudo-potential6 »7 is,

V - 2  f  -dP  B . l
Jo

The fundamental units of pressure are,

P - M L ' 1 T'2 
The basic units of viscosity are, 

n -  M l " 1 T " 1 

and for density, 

p ■ A4 Z 3

Replacing the variables in Equation B.l with the appropriate 
units, and simplifying yields,

2 - A P  = ( A f Z ' l T ' ' ) ( I 7 ' A r l ) ( A 4 Z ' 1T ' 2) - M i ; ' 37 ' 1 
M-

Pseudo-potential dimensionally represents the change in den
sity of a fluid over time.
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Appendix C.
Analytical Solution for Transient Liquid Flow

The analytical solution for transient liquid flow 
including wellbore storage and thin skin is taken after 
Agarwal et al.50. The assumptions employed in their model

flow of a small compressible fluid in a radial isotropic 
medium. Gravitational forces are neglected, and the reser
voir is of infinite extent. Agarwal50 gives a complete dis
cussion of the assumptions and basic equations. The 
diffusivity equation in terms of dimensionless variables is,

are also applicable here. These include transient radial

1 è P q P D
r d d  d

C.l

The initial condition is
C.2

and inner boundary conditions are,

C.3

and

C.4

The outer boundary condition is,
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The usual dimensionless groups are employed,
Dimensionless pressure:

Dimensionless time :
, .0002637 kt
D , 2<j>p.c,r‘

Dimensionless radius :

== —  C .8
r w

Dimensionless storage constant :

^4>c(r ‘

The solution of transient liquid flow problem is 
obtained by Laplace transformation8 2 of Equations C.l 
through C.5. The dimensionless wellbore pressure in Laplace 
space is given by,

Ç {/? ) + C D S [ o ( ) + s VI *, (/Ï ) ] }
where, K Q and K , are the modified Bessel functions of the

second kind of the zero and first orders, respectfully. Ç is 
the Laplace space variable.

The dimensionless wellbore pressure in real space is 
accomplished by finding the inverse Laplace transform of
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Equation C .10. In 1970, Stehfest3 9 proposed an algorithm 
for approximating the inversion of Laplace transform of a 
known function from Laplace space into real space. If known 
Laplace transform /(I), the Stehfest algorithm will provide 
an approximate value F (a) of the unknown function Fit) at t = 
T . F (a) is evaluated according to,

Observe that /(%) is given by the expression given in Equa
tion C.10. Applying the Stehfest algorithm to Equation 
C.10, the wellbore pressure Pw d , can be determined for any 
given value of to and C d . Published polynomials83 are 
employed to approximate the modified Bessel functions. 
Table C.l shows a comparison of calculated Pwd and those 
given in reference50 for N = 14.

C. l  1

where,

Mind, hf/21
I C. 12



T-3406 174

Table C.l
Comparison of Analytical Solution with Published Data50.

Co = 1000, S = 0
to Pw D Pw D Absolute

(This study) (Ref. 50) Error
100 0.09763 0.09758 0.00005
200 0.19189 0.19180 0.00009
500 0.45847 0.45820 0.00027

1000 0.85846 0.85800 0.00046
2000 1.52980 1.52920 0.00060
5000 2.88320 2.88240 0.00080

10000 4.03280 4.03210 0.00070
20000 4.93510 4.93470 0.00040
50000 5.67620 5.67610 0.00010

100000 6.09400 6.09400 0.00000
200000 6.47360 6.47360 0.00000
500000 6.95150 6.95150 0.00000
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Appendix D.
Conversion of Dimensionless Variables 

to Field Units

The dimensionless variables : time, potential, and well
bore storage constant will be converted to field units in 
this appendix. The standard field units are, 

q- STBPD or MSCFPD V-ft 3

A - ft2 k- m d

r-ft <j)- fraction
ip- psia2/(cp • ft) c- psi"1
p-lbs/ft3 P- psi
p.- cp C- ft3/psi
t- hr

Dimensionless time group is defined as,

2 D.l

Substituting the standard units the dimensionless time is 
becomes,



T-3406 176

k t

X

$\Lctr *  \  i  J \  i  y v c p y V p s iy V f t

f ds V  c m 2‘cp W 3600 
V lOOOmd y \ atm • s • dsy v hr J

atm in2 ft'
14.69 psiyl 6.4516 c m 2/1 144 in2

2.637 X 10~*kt D.2

The dimensionless potential group is,

Vn = 2Jt Aip D.3
Of $ P  s

If STBPD is used has the standard units for flowrate, Equa
tion D.3 becomes,

o  f c h  AV D -  2 j i  Aip
V s P s

ds Y  ft Y  p s i2 Y  datY Y  ft3 V  Bbl 
O O O m d A  1 A c p  - f t y l  Bbl y l i b s  J l  5 .6 1 5  f t 3

f c m 2 • cp Y  a t m  Y  8 6 4 0 0  s Y  in2  ̂
Va tm  • s - dsy x 14 .69  psiyv day  y v 6 . 4 5 1 6  c m 2y

fch _ A
Aip D.40 . 9 8 0 3 q sp

If the units of the flowrate are MSCFPD, and converting 
these units to STBPD, then Equation D.3 is,



T-3406 177

kh A f day V  M  V 5.615 ft3)
.9803g,P: VV M  ft3JtlOOoJt Bbl J

kh Aip D.5174.58ç$p
Lastly, the dimensionless wellbore storage group conversion 
is,

c - c
D 2 n^hctrl

0.1592C— ; D.o
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Appendix E.
Single-Phase Flow in an Infinite 

Radial Reservoir

A skeleton derivation, after Grafton6 , and Garcia7 , for 
single-phase flow in an infinite radial reservoir is dis
cussed in this appendix. Derivation for pressure buildup 
and pressure drawdown analysis are presented.

E.l Potential Drawdown Analysis

The assumptions for the derivation for single phase flow 
in an infinite reservoir are :

* Radial flow in an infinite cylindrical reservoir
* Horizontal flow.
* Homogeneous and isotropic reservoir properties.
* Constant temperature throughout the reservoir.
* Constant fluid composition.
* Incompressible matrix.
* Single-phase flow.
* No interior sinks or sources.
* Small fluid velocities.
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By combining the mass balance principle71 , energy equa
tion73, and an equation of state7 2 , results in the diffusiv
ity equation. Converting to dimensionless groups, the 
diffusivity equation is,

 ̂Tp D ( 1 ^ ( 1 A^TPdf J_'\^P£= f 1
r% \rD)drD \r2Dri

E.l
àri \rDJdrD èt

The initial condition is that the pressure, or potential 
is constant everywhere in the reservoir prior to production. 
Mathematically, this condition is given as,

ip0-* 0, as rD , when tD — 0 E.2
Constant mass rate is the inner boundary condition,

r oj
E.3

r° U
Lastly, the outer boundary condition is,

0, as rD-*<x>, when tD>0 E.4
The solution of Equations E.l though E.4 is obtained by 

converting the partial differential equation into an ordi
nary differential equation via the Boltzman transformation. 
The solution for the wellbore potential is,

-M'iUipD■ - — £*11 - 77- J E.5

where,

r~e~*
Ei(— x') ** — I — dt E.6V x t
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The exponential integral, however, may be approximated by48, 
££(-x)sln(x)+ .5772, x <0.0025 E.7

Utilizing this approximation equation E.5 becomes,
1ipD--[In(fD)+0.80907] E.8

Equation E.8 in field units is,

5,<?sp
2kh

ln(Aû) + Inf - 7.432 + S

#1 = 0.9803 when qrs has units of STBPD,

#i = 174.58 when q s has units of MSCFPD.

E.9

E.2 Potential Buildup Analysis

The pseudo-potential transformation also applies to the 
analysis of buildup data. Consider a flowing well in an 
infinite reservoir which does not have wellbore storage or 
skin. The well is allowed to flow at a constant rate. Dur
ing this drawdown period, the flowing bottomhole potential 
is described by,

kh 1
V D(.tD)=------[V|-V.,(0]-=[ln((1,)+.80907] E.10

1 9 s P  s

The potential at a cumulative time of tp is then,

^-7 7 — V c[(tp)D] E. 11
£>1 9 s P  s
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If the well were to continue producing for a time, At beyond 
tpi then bottomhole flowing potential is then given by,

■5-77— [ V , - A t ) ] = V D[ ( t , + A t ) D] E.12
#1  9 s P  S

If the well were shut-in at time, tp, then the bottomhole

shut-in potential at At is determined from applying the 
principle of superposition to Equations E .10 and E.12 as 
follows, 

khp [ v , - A t ) ]  = V D[ ( t ,  + A O o I - V d E C A O d ]  E. 13.
&  1 Qs9 s

where, At is the shut-in time.
Subtracting E.ll from E.13 results in,

k fï 
"  1 H T s P  s

= V D[ ( i p ) D] - V D[ ( t p + A<)d] + V dCCAQd] E. 14

Realizing the flowing potential and the shut-in potential 
are the same at tp, or

= 0 )= T p u X W  E *15

Substituting Equation E .15 into E .14 results in,

rir-[v.:('p+Af)-̂ (Af.o)]( ? s P s

- V 0[(t,)D]-‘V D[(tp + Ai)B]+VD[(At)D] E-16
Expanding the right side and making use of Equation E.8, and 
rearranging, Equation E.16 becomes,
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kh
S,qisp [V„s(tp + At)-vwX&t = 0)] =

In
t pDAt D

.8 0 9 0 7
(tp+'AOo

Using the definition of dimensionless time, Equation E.17 
simplifies to, 

kh

E.17

Biqsp

I n f + I nf  ,■ fc- - 21 - 7 . 4 3 2  
\tp + AtJ \$\LCurl)

E. 18

Agarwal6 0 defined the equivalent drawdown time as, 

t
tpAt 
tp + At E. 19

Upon substitution, Equation E.18 becomes, 
V„s-V„,s(At-0)

B tqsp
kh

ln (A t , ) * ln f - 7 . 4 3 2 E.20

Equation E.20 provides the basis for semilog analysis of 
potential buildup data. By making a plot of the shut-in 
potential versus the equivalent drawdown time will result in 
a straight line. The permeability can be determined from 
the semilog slope.
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E.3 Wellbore Storage Analysis of Potential Data

Agarwal, Al-Hussainy, and Ramey5 0 showed that during the 
period when the pressure response is dominated by wellbore

plot of A P  versus A t .  The authors observed that when the 
test data are dominated by wellbore storage, they must sat
isfy the following condition,

This study has demonstrated dimensionless potential 
solution is the same as the same as the dimensionless pres
sure solution for any single-phase fluid. Equation E.21 must 
then apply when pseudo-potential is used rather than 
pressure. When potential data is dominated by storage, data 
points on the unit slope must satisfy the following condi
tion ,

storage, the data will display a unit slope on a log-log

E.21

C pV D 
— m l

E.22

Making use of the dimensionless variables

. 1 5 9 2 C
$hctirl
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2 . 6 3 7  X 10"*fcA<
<D- ----7----- ;----

Substituting into E.22 and solving for C

c = 522i£iAL
M-i A v

where,
B2 = .2892 if q s has units of MSCFPD,

Bz = 1.624x 10"3 if q s has units of STBPD


