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Abstract

When the oil production of the hydraulically fractured well A-1 began to decline, a refracturing of the well was planned,
as a reduction in the fracture size was assumed after a long production period. Several possibilities of the pressure build-
up test analyses were performed to determine the best evaluation of the reduced fracture half-length. Although the ob-
jectives of these tests are to determine the reservoir properties, such as rock permeability and skin factor, as well as
fracture conductivity, the Saphir programme is also used to model the fracture half-length. This is the most important
parameter required for the design of the new fracturing process and for the creation of a new production model. For this
purpose, the methods of the pressure build-up test analysis are first described theoretically. Based on different analyses
of the same pressure build-up test, the one that best matches the analytical model of a fractured well with the measured
pressure curve and the derivative curve is selected. It is found that the most accurate result for fracture half-length is

obtained from the fractured well model with multiphase flow.
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1. Introduction

Throughout the life cycle of a well, from the explora-
tion phase to decommissioning, well testing is used to
collect a variety of data to describe the condition and
behaviour of the well and the reservoir. Properly per-
formed and analysed tests can provide information on
the permeability of the formation, i.e. the reservoir rock,
the size and extent of reservoir damage or stimulation,
reservoir pressure, reservoir boundaries and heterogene-
ity. Well tests are also used to determine the ability of the
reservoir rock to produce reservoir fluids. The tests can
take less than two days to evaluate a single well, but up
to several months to determine the size of the reservoir
(von Flatern, 2012).

The pressure build-up test is the most common meth-
od for analysing wells under transient flow conditions.
The test is carried out in such a way that the well pro-
duces fluids at a constant flow rate for a certain period of
time and is then shut in. The pressure in the reservoir in-
creases and is measured as a function of time, usually at
the bottom of the well. The pressure build-up test of the
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fractured oil well A-1 was analysed using the Saphir
computer programme for pressure analysis in oil and gas
production engineering, which is part of the KAPPA
Workstation software package (University Licence
#9643). The programme uses the Bourdet derivative as
the main diagnostic tool and attempts to overlap the
measured and modelled data. Once a satisfactory overlap
has been achieved, a reliable interpretation of the results
is possible, providing much useful information about the
reservoir and the wellbore (Houze et al., 2022).

In order to obtain more precise results, nine different
cases of pressure analyses of the fractured well A-1 were
carried out (Valjak, 2021). In comparison with labora-
tory data and using the possibility of an optimal match-
ing of measured and modelled data, the method for de-
termining the results with the smallest deviations was
discussed. An attempt was also made to determine the
possible influence of different values of the input param-
eters (Zeng and Zhao, 2007), which could have an im-
pact on the deviations of the final results in determining
the properties of the reservoir and the fracture.

The methods of pressure build-up test analysis in the
wells being considered for refracturing are still being de-
veloped in order to as reliably as possible determine the
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size of the existing fracture half-length, i.e. the value to
which it has decreased (Ostoji¢ et al., 2012).

2. Methods for the pressure analysis
of the well tests

In fractured wells, where the fracture has reduced af-
ter a long production period following stimulation, there
are deviations in the determination of rock permeability
since the standard method of infinite acting radial flow
(IARF) is not always applicable. Although fluid flow
models in conventional and unconventional oil and gas
reservoirs are crucial for calculating the production pa-
rameters of individual wells, their application is also es-
sential for analysing pressure build-up tests. When ana-
lysing the pressure build-up test, the models are used to
determine reservoir properties, primarily reservoir rock
permeability and skin factor, and are based on measured
production parameters and known reservoir and well
properties (Spivey and Lee, 2013; Hategan and Haw-
kes, 2007; Bourdarot, 1998).

In order to reliably apply the method for the pressure
build-up test in a reservoir with low permeability, one
must first be familiar with the methodology for analys-
ing production tests in conventional reservoirs (Kos¢ak
Kolin, 2018). The initial method for analysing the pres-
sure drop of a production test in a conventional reservoir
is based on solving the diffusion equation for the radial
flow in the infinite reservoir model by the logarithmic
approximation of the exponential integral (van Ever-
dingen and Hurst, 1949), which enables a semi-loga-
rithmic presentation of the dynamic pressure as a func-
tion of time. If dimensionless variables are also defined,
such as dimensionless pressure and dimensionless time,
the method of type curves can be used in this analysis. In
addition, the pressure derivative is used as a more accu-
rate method. To summarise, by applying the superposi-
tion principle in the Horner method, the analysis of the
production test is adapted to the pressure build-up test
(Horner, 1951).

Modern software for analysing pressure build-up tests,
such as the Saphir programme, also uses the type curve
and pressure derivative methods, but in a different way
(www.kappaeng.com). The programme first converts the
described dimensionless solutions of the diffusion equa-
tion, i.e. the type curves, into real variables and applies the
principle of superposition. On this basis, an analytical
model is generated in Saphir, which is compared with the
measured data and then the actual model is determined
using the regression method. In the next step, matched
points are defined, such as the matched pressure used to
determine the permeability of the reservoir rock as well as
other parameters (Mohaghegh, 2017). Regardless of
whether it is a vertical or a hydraulically fractured well,
knowledge of the reservoir properties is necessary for a
determination of the production characteristics of the
well, i.e. for the production modelling phase of the well,

as well as for the successful business management of the
entire reservoir system (Poston et al., 2019; Jansen,
2017; Soliman et al., 2003). The methods for pressure
analysis and determining reservoir properties in vertical
wells are analogously applied in determining the proper-
ties of a fractured well, so their theoretical basis for both
cases is briefly presented below.

2.1. Pressure analysis of wells with radial flow

The mathematical description of fluid flow through a
porous medium, i.e. the diffusion equation, is a partial dif-
ferential equation. The accuracy of its solutions depends
on the fulfilment of the necessary assumptions that the
homogeneous and isotropic porous rock is of uniform
thickness, that the properties of the fluid and the rock are
independent of the pressure, that the pressure gradients
are small, that Darcy’s law is applicable, and that the grav-
itational forces are negligible. However, in order to obtain
a solution to a particular problem, boundary and initial
conditions are required that are characteristic of particular
reservoir conditions (Matthews and Russell, 1967).
When analysing well tests in the transient flow, a well
with constant flow and an infinite reservoir is assumed.
The fulfilment of such boundary conditions is necessary
for the pressure transient analysis (PTA). In the later phase
of well operation or during a longer test of a well in a
permeable reservoir, the influence of neighbouring wells
becomes noticeable when analysing the pressure curve,
and the boundary between reservoir and aquifer can
change the behaviour of the curve, i.e. the response of the
reservoir pressure in it, and thus cause a deviation from
the model (Earlougher, 1977).

The solutions of the diffusion equation used in the
pressure analysis methods assume a flow to a centrally
located well with constant production. There are three
basic models with constant flow at the inner boundary of
the reservoir, of which the infinite reservoir model is
used in analysing well tests, as it describes the transient
flow. The other models are the confined reservoir with
closed outer boundary with no flow at the outer bound-
ary and the confined reservoir model with constant pres-
sure at the outer boundary.

The solution of the diffusion equation of the infinite
reservoir model is:

qBu |1 kt
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where:
p,,— flowing bottom hole pressure (Pa),
p, — initial reservoir pressure (Pa),
— flow rate (m?/s),
— volume factor of oil (m*/m?),
— viscosity (Pa-s),
— permeability of the reservoir rock (m?),
— reservoir thickness (m),
— time (s),
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o — porosity (%),
c, —total compressibility (Pa™),

r. —well radius (m),

s — skin factor (-).

Graphical presentations of solutions of the diffusion
equation are commonly expressed in terms of dimen-
sionless variables, i.e. dimensionless pressure, p , di-
mensionless time, 7, and dimensionless radius, 7.

The solution of the dimensionless diffusion equation
of the infinite reservoir model is:

Dy (tns7) :%[lnt%+0.80907} @)

p

Equation 2 for the case = r and r, =1 is reduced to:
p,(t,) == (lnlnt +0.80907) 3)

The solution represented by Equation 3 is applied in
the methods for analysis of production tests and for ana-
lysing pressure build-up tests in vertical wells. The
graphical representation of this equation was the starting
point for the development of the diagnostic log-log dia-
gram (Gringarten, 2008; Gringarten, 2012), which led
to the final Bourdet diagram for pressure analysis (see
Figure 1), on which the Saphir programme is also based.

If the condition #,, <0.25r3 can be applied, the reser-
voir behaves like an infinite one and Equation 3 can be
used. Methods for pressure analysis are semi-log meth-
od of pressure as a function of time, type curve method
and pressure derivative method.

From the solution of Equation 1, it follows that the
diagram of the dynamic pressure, p , in a semi-logarith-
mic scale, i.e. in the function of log ¢, results in a line
whose slope is, m. With the known slope of the line, m,
it is possible to calculate the permeability of the reser-
voir, k:

k=1.15195~ @)
2whm

Both the production test and the pressure build-up test
assume a constant flow rate. However, unlike the pro-
duction test, where this is difficult to achieve, the flow
rate in the pressure build-up test is constant and equal to
zero (Spivey and Lee, 2013; Gringarten, 2012). By ap-
plying the superposition principle, the analysis of the
production test can be adapted to the pressure build-up
test. Atz = 0, the well starts producing at a constant flow
rate, . After some time of production, 7, the well closes
for testing. Then there are two constant ﬂows one flow
¢, which starts at /=0 and continues until 7 , and the oth-
er flow -g, which starts at ¢ . Then the modlﬁed Horner
time is used instead of the real time (Horner, 1951):

t At
At, =—+ 6]

t + At

where, At, is the duration of the build-up test. If 4¢ is
small compared to l, then the equivalent time can be

identified with the time of the pressure build-up meas-
urement (Ate = At).

Type curves, as the following method for pressure
analysis, represent the graphical solution of the diffusion
equation. According to the dimensionless form of the
diffusion equation for an infinite reservoir with constant
flow at the inner boundary of the reservoir, the approxi-
mation that takes into account the skin factor, s, with
respect to the solution in Equation 3, is:

Dy (tysry) = %(1nt%+0.80907j 6)

p

The development of the method of type curves led to
a new form in which the dimensionless pressure from
the previous equation is given as a function of the di-
mensionless group #,/C, and each curve is characterised
by the value of the parameter C,e*, where C,, is the di-
mensionless constant of the fluid storage in the well (see
Figure 1). The overlap is performed in such a way as to
select matching points with which it is possible to calcu-
late the properties of the reservoir and the well. The
wellbore storage effect or subsequent inflow is a phe-
nomenon that causes variable flow after the production
test begins, i.e. it allows flow even after the well has
been shut in for the pressure build-up test (Cikes, 2015).

The wellbore storage constant, C (m’/Pa), is defined as:

C= A (7)
Prg

where:

A, — cross-sectional area of the borehole (m?),

g — gravitational acceleration (m/s?),

p —fluid density (kg/m?).

The dimensionless storage constant, C,, is:

- C
2rchee,r’

tu

(8)

The final pressure derivative method is the log-log
presentation of the slope from the semi-logarithmic dia-
gram of the dimensionless pressure as a function of di-
mensionless time, if the time scale in the semi-logarith-
mic diagram is given by the natural logarithm. Figure 1
shows the final so-called Bourdet’s diagnostic log-log
diagram, in which pressure derivatives, p’,, were intro-
duced as a function of #,/C, in addition to the type
curves. At the early times, the curves have a unit slope,
which indicates the duration of fluid storage in the well.
Later, when an IARF is reached, the curves become hor-
izontal at the value p’, (¢,/C,) = 0.5. The principle of the
method is that measured data is matched with type
curves, from which match points are selected, which are
then used to calculate the required reservoir parameters.
The measured data is entered into a log-log diagram of
the pressure difference, 4p, as a function of time ¢. The
selected overlap points with the type curves are (p,),,
and (4p),,.
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Figure 1: Type curves for an infinite reservoir with storage
effect, C,, and skin effect, s (Economides and Nolte, 2000;
Bourdet et al., 1989)

An adapted form of the log-log diagram is also used
in the Saphir programme, with which all analyses of the
pressure build-up test of the fractured well A-1 were per-
formed. The results with the smallest deviations were
selected, which is explained in the discussion of the re-
sults. However, the analogy of applying the methods for
analysing pressure build-up tests for vertical wells to the
fractured well is briefly explained in the next paragraph.

2.2. Pressure analysis of wells with hydraulic
fracture

The transient pressure behaviour in a fractured well
can be described by analysing the solution of differential
equations with certain initial and boundary conditions
under the assumption of an ideal reservoir shape (Spivey
and Lee, 2013; Cinco-Ley et al., 1976). This means that
the reservoir is isotropic, homogeneous, infinite, bound-
ed at the top and bottom by impermeable layers. It has a
uniform thickness, 4, permeability, k, and porosity, ¢,
independent of pressure. In addition, the reservoir con-
tains a fluid with compressibility, ¢, and viscosity, #, and
both values are constant. It is also assumed that the fluid
is produced through a vertical, fractured well, which is
intersected by a fully penetrating fracture with half-
length x, width w, permeability &, porosity ¢, and total
compressibility ¢,. Their values are also assumed to be
constant, and the fluid only enters the well through the
fracture. Gravitational influences are negligible and the
flow is laminar.

Then the inflow to the vertical well, which is located
at the origin of the fracture, can be described by the dif-
fusion equation for two-dimensional linear flow (flow
through the fracture) and by the diffusion equation for
one-dimensional linear flow (flow in the reservoir). The
two partial differential equations are linked by initial and
boundary conditions, and two solutions are developed
according to their definition, of which the model of a
fractured well with constant flow at the inner boundary
is used in the analysis of the pressure build-up test. In
this model, for a fractured well in an infinite reservoir

producing at constant flow, the initial and boundary con-
ditions are defined such that the initial pressure in the
fracture is equal to the reservoir pressure, that the influx
into the wellbore is through the fracture of total area,
2wh, according to Darcy’s law, and that there is no influx
into the fracture through the top of the fracture. The two
diffusion equations are solved semi-analytically for the
pressure in the fracture, p,, i.e. for the pressure in the
well, p_, which is equal to the pressure in the fracture at
x, = 0, while the dimensionless pressure in the oil well
is defined as follows:

2rkh(p, —
Pup = M (9)
qBu

Numerical solutions are given in the form of type
curves, while approximate analytical solutions have
been developed for individual time periods, i.e. flow
forms. All solutions result in a functional dependence of
the dimensionless pressure drop on the dimensionless
production time and the dimensionless conductivity of
the fracture. The first form of flow is linear flow in the
fracture, where most of the fluid flowing into the well is
due to the expansion of the fluid in the fracture and the
flow is linear. The fracture can be considered infinite, as
the flow has not yet developed over the entire length of
the fracture. The linear form of flow through the fracture
is usually of short duration, and in cases where a storage
effect occurs, this can distort or mask the linear flow so
that it is more difficult to recognise in the measured data.
The next form of flow that can occur is bilinear flow,
because two linear flows, one through the fracture and
the other in the reservoir, occur simultaneously. Bilinear
flow ends when the effect of the fracture tip is felt in the
wellbore. Thereafter, linear flow takes place in the reser-
voir, and there may be a transition period between the
period of bilinear flow and linear flow in the reservoir
(Chaudhry, 2003). The onset of linear flow in the reser-
voir depends on the fulfilment of the condition C, > 100.
For smaller values of dimensionless conductivity (Cp>
15), pseudo-linear flow occurs, followed by pseudo-ra-
dial flow independent of the value of C _, which devel-
ops at late times before edge effects are observed. Dur-
ing the infinite acting pseudo-radial flow, the flow in the
fracture has stabilised and the transient state of the flow
can be equated to that in an unfractured well with a larg-
er, i.e. effective, radius of the well, »’, (Economides

and Nolte, 2000), which is defined as follows:

(10)

' —s
r'%’ - "Vt’e

The establishment of the pseudo-radial flow marks
the end of the transformation from a rectangular form of
extraction to an elliptical and then to an almost radial
form. The drainage surface of a fractured well is never
completely circular, but it is close enough to be consid-
ered circular for practical purposes. Analogous to the
described shapes of the fluid flow in a vertical well used
to calculate the production parameters, the solutions of
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the diffusion equation are also used to analyse the pres-
sure build-up test to determine the reservoir and well
properties.

The objectives of analysing the transition period of
pressure build-up after fracturing are to evaluate the suc-
cess of fracturing and to estimate the value of half-length
of the fracture, the conductivity of the fracture and the
permeability of the formation (Spivey and Lee 2013;
Slimani and Tiab, 2008; Lee et al., 2003). The use of
type curves in analysing the transition phase of pressure
build-up of fractured wells represents a major advance
in the field and an advantage over specialised methods
for different flow modes, as it is possible to interpret data
corresponding to different flow phases simultaneously.

Analogous to the methodology described for the ver-
tical well model, the Saphir programme uses similar pro-
cedures for the fractured well model. The programme
first converts the described dimensionless solutions of
the diffusion equation of the fractured well system and
applies the principle of superposition. An analytical
model is then created for the fractured well, which is
then compared with the measured data and the current
model is adjusted by regression. In the further process,
matched points are set, such as the matched pressures,
which are used to determine the properties of the reser-
voir and the fracture (Mohaghegh, 2017).

3. Basic geological and technical data
of areservoir and a fractured well A-1

Input parameters of the reservoir and well A-1 as well
as data from the pressure build-up test (Seb, 2017), are
generated in digital form, and a tabular representation
was used for data input (Yasin, 2012).

Well A-1 is located in an oil field in northwest Croa-
tia. It is a hilly area crisscrossed by trenches and gullies
at an altitude of 170 to 280 metres. The main hydrocar-
bon carriers are sandstones. The well is located in the
western part of the field and is the only well used to pro-
duce hydrocarbons from the reservoir. The reservoir is
fully saturated with oil and the granulometric composi-
tion of the rock is sandstone (about 70%) and coarse silt-
stone (about 30%).

The well is located 235.35 metres above sea level and
the bottom of the well is at 1804 metres. Table 1 shows
the production intervals of the reservoir, which indicate
an effective thickness of the production layer of 12 me-
tres. The porosity in the reservoir is 19% and the water
saturation is 45%.

Table 1: Reservoir layers at measured well depth

1590.0 — 1584.0 m (6.0 m)
1583.0 — 1581.0 m (2.0 m)
1580.5 — 1578.5 m (2.0 m)
1577.0 - 1575.0 m (2,0 m)

Well A-1

The exploration and drilling phases of the well began
in 1969 and fluid production from the well commenced
in 1974. Following the initial production phase, hydrau-
lic fracturing was carried out in the open reservoir inter-
vals in 1993. In 2014, a well test was performed in which
the production parameters were measured for two days
and the pressure build-up under static conditions was
measured for six days.

The production data on the operation of the well before
the well test are: oil production 6.1 m*/day, water produc-
tion 0.73 m*/day, GOR 183 m*/m?* and water cut 12.57%.

During the last period of hydrocarbon production,
there has been no significant drop in pressure in the res-
ervoir, which was confirmed by a pressure build-up test
in March, 2014. According to the decrease of oil produ-
cion, plans were made to carry out hydraulic fracturing
again in order to intensify the production of hydrocar-
bons. The following pressure analyses investigated the
possibilities of determining the most accurate state of
the fracture, i.e. the value to which it has reduced, as
well as the approximate value of its conductivity.

4. Results of pressure build-up test
analyses

The pressure response during a well shut-in period
provides information about the reservoir within the in-
vestigation radius for radial flow or for the investigation
area for more complex reservoir geometries, such as a
fracture. The Saphir programme, which is part of the
Kappa Workstation software package (University Li-
cence #9643), is the standard PTA programme used in
all performed pressure analyses (Houze et al., 2022).
The main diagnostic method is the log-log diagram,
where the pressure and Bourdet derivative, together with
the setting of the analytical model described below, al-
low the properties of the reservoir, i.e. the fracture half-
length to be determined (see Figures 3, 4 and 5).

4.1. Input data and history plot

At the beginning of the analysis, known input data is
entered into the program. The thickness of the production
layer is 12 m, the compressibility of the rock 5.34x101
Pa’!, the porosity 19% and the top of the bed is at 1575 m.
These values are the same for each analysis.

The fluid properties are then entered. For poorly com-
pressible fluids, several PVT properties must be entered,
assuming that the oil volume factor, viscosity and total
compressibility of the system are constant. In cases
where the analysis assumes a single-phase fluid (oil), the
volume factor is 1.2 m*/m?, the viscosity is 0.005 Paxs
(0.5 cp) and the water saturation is 45%, while the total
compressibility of the system is calculated after entering
the water saturation.

When entering other parameters to create the analyti-
cal model, it is assumed that the reservoir is isotropic
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Figure 2: History plot of the pressure build-up test in well A-1

and the possibility of non-linearity with the specified pa-
rameters is excluded. In the final modelling step, specific
values are selected for Wellbore storage, Well model,
Reservoir model and Boundary model.

A constant value for Wellbore storage was selected,
which is indicated by the direction of the unit slope in
the diagnostic log-log diagram and can be shifted verti-
cally and horizontally depending on the different condi-
tions in the well. The unit slope indicated by the dashed
line in the log-log diagram means that the effect of fluid
storage persists during the early measurement of the
pressure build-up in the well, which is confirmed in all
analyses.

In addition to this line, when analysing the pressure in
a vertical well, the slope of the second dashed line paral-
lel to the x-axis in the diagnostic model can be used to
determine the start of pressure stabilisation in the reser-
voir, i.e. when an IARF is reached. When interpreting
the test, the condition must be met that the last points of
the pressure measurement, i.e. its derivatives, coincide
with this line of slope 0. If the measurement has not last-
ed long enough, i.e. if this stabilisation has not been
achieved, or if the modelling cannot achieve an overlap
of the derivatives with this line, then the interpretation
results should be taken into account with the deviation
factor.

The next tool in well modelling is the selection of a
Well model. If the analysis is based on a vertical, unfrac-
tured well, the finite radius option is selected. In the case
of the well A-1, the finite conductivity fracture model was
selected (Sun and Schechter, 2015), which has two ad-
ditional directional slopes in the log-log diagram that can
be used to determine the conductivity of the fracture, F,
and the fracture half-length, x,. If a bilinear flow is identi-
fied in the well, then part of the data of the pressure build-

up test and its derivative in the log-log diagram coincide
with the lines of the slope of a 1/4, and in the case of a
linear form of the flow, the slope of the lines are 1/2.

The Reservoir model is then defined. The option with
double porosity was selected because it provides better
analytical modelling results in all nine analyses than the
assumption of a completely homogeneous reservoir
(Houze et al., 2022), while the infinite option was cho-
sen for the Boundary model, which is the final tool for
setting up the analytical model of the well. The flow and
pressure data from the pressure build-up test, which last-
ed 144 hours, are then entered. Prior to shut-in, the well
produced for 39 hours at a constant flow rate of 6.12 m*/
day. The test lasted a full 6 days because the aim was to
achieve pressure stabilisation so that the interpretation
results about the amount at which the fracture closed
would be as reliable as possible, regardless of the fact
that the pressure response curve might feel the bourder
after a relatively long test duration.

Figure 2 shows a History plot, i.e. a graph plotting
the time of constant production before well closure and
the duration of the build-up test with the measured in-
crease in pressure in the reservoir (Valjak, 2021).

4.2. Case analyses

When modelling measured data with standard curves,
the measured data is overlapped with standard curves for
the build-up test analysis, whereby the maximum accu-
racy of the overlap in the Saphir programme is achieved
by the non-linear regression method, i.e. by the ‘Gener-
ate’ and ‘Improve’ commands. The programme attempts
to partially or fully overlap the type curve, i.e. the mod-
elled curve, with the pressure response curve and to
overlap the pressure derivative curve with the modelled
derivative curve. Taking into account the accuracy of the
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Table 2: Parameters in case analyses

Analysis |PVT model Well model | Well radius
1 0.03016 m
2 vertical well | 0.06985 m
3 ) : 0.12225 m
single-phase fluid
4 0.03016 m
5 fractured well | 0.06985 m
6 0.12225 m
7 . . vertical well | 0.06985 m
multiphase fluid
8 fractured well | 0.06985 m
9 single-phase fluid | fractured well |0.06985 m

matching, it is possible to discard the selected model or
keep it and further improve its modelling. In order to
determine the most accurate results, a total of nine dif-
ferent analyses are performed (see Table 2), the results
and modelling of which are explained along using log-
log diagrams (see Figures 3, 4 and 5).

In the analyses performed for the same pressure build-
up test, the different models are selected to determine
their influence on the results (Valjak, 2021). Table 2
provides an overview of the main input parameters in
each analysis. In addition to the standard analyses for
vertical and fractured wells, a specialized analysis of bi-
linear and linear flow in a fractured well is performed as
the final analysis.

4.2.1. Results of analyses 1, 2 and 3

The influence of the radius in the vertical well model
was checked in the first three analyses. In analysis 1 it is

0.03016 m (tubing), in analysis 2 it is 0.06985 m (pro-
duction column) and in analysis 3 it is 0.12225 m (bore-
hole). Although the diameter of the production column
is used as the reference value for the pressure measure-
ment, the results presented in Table 3 indicate that
changing these three radius values has no influence on
the results. When determining the PVT properties of the
fluid in these three cases, a single-phase fluid is selected.
All other parameters are the same in all three analyses.
Figure 3 shows a log-log diagram showing the overlap
of the model (red and black solid lines) with the curves
of the measured pressure (green data) and its derivative
(red data) in analysis 2, which is not significantly differ-
ent from the overlap obtained by analyses 1 and 3. Al-
though this is a fractured well, the usual procedure is to
initially set up the model as if the well were vertical,
which should result in a negative skin effect, in this case
it does and is approximately -3. This confirms the accu-
racy and connection of all the input parameters of the
program, because in the case of a positive skin, the anal-
ysis should be discarded for further modelling due to the
very low reliability in determining the results. In addi-
tion, in contrast to the overlapping model for an ideal
vertical well, the pressure derivative curve shows that its
trend does not correspond to the behaviour of the pres-
sure derivative of a vertical well, as it is a fractured well,
i.e. it is not possible to approximate it completely with
the black line of the set model.

In accordance with the methods described in the sec-
ond chapter, the Saphir programme, in addition to apply-
ing the PTA analysis to the log-log diagram in the form
of type curves and their derivation, also offers the pos-
sibility of checking the results obtained with the first
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Figure 3: Pressure build-up test analysis for case 2
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Figure 4: Pressure build-up test analysis for case 5

method, i.e. with the aid of a semi-logarithmic diagram
(see Equation 4). According to the slope of the line in
the semi-log plot method (m = 11.4), the calculated per-
meability of the pressure build-up test analysis for case
2 is 0.59 mD, while the log-log plot results in 0.57 mD
(see Figure 3). As the other compared results of both
methods are the same for each analysis, only the log-log
diagrams are shown for mutual comparison of all case
analyses.

However, the recommendation for future similar re-
search studies is to double-check the results for each of the
case analyses and to check in each case whether the results
are approximately the same, because if this is not the case,
a reinterpretation of the analysed case must be made. This
means that it is not sufficient to analyse the pressure build-
up test using only the log-log method in order to obtain
reliable results. It is recognised that in practise there may
be cases where the semi-logarithmic plot does not give the
same results as the log-log plot. Therefore, one of the most
important recommendations for future similar researches
is to use both methods for each case analysis. If the results
match, the discussion of the different analyses can then be
based only on the log-log plot.

4.2.2. Results of analyses 4, 5 and 6

Analogous to the first three analyses, the influence of
the radius is investigated in cases 4, 5 and 6, but for the
model of a fractured well, whereby a well with a fracture

of finite conductivity is selected. Since the results also
proved to be independent of the radius, the reference ra-
dius of the production column of 0.06985 m is used in all
subsequent analyses. In addition, a single-phase fluid is
assumed in these three cases and all other input values
are the same as in the previous analyses. Figure 4 shows
the log-log diagram and the results of analysis 5. The
main results of the fractured well analysis are the values
for the fracture half-length, x, and the conductivity of
the fracture, F. (see Table 3).

4.2.3. Results of analyses 7 and 8

In analyses 7 and 8, the ‘multiphase’ option is select-
ed when entering the input data, the first referring to an
assumed vertical well and the second to a fractured well
(Kos¢ak Kolin et al., 2018). According to the conclu-
sions from the previous analyses, in these two cases the
radius of the production column (0.06985 m) is left with
the unchanged depth of the manometer with respect to
the reservoir depth, but in the modelling, the single-
phase fluid is replaced by a multiphase one, since the
fluid contains a relatively high GOR. With this option,
the program calculates the oil volume factor and viscos-
ity based on known PVT correlations. By selecting this
option, it is necessary to additionally enter or simulate
data on reservoir pressure, reservoir temperature
(95.7°C) and the production gas factor, GOR (183 m?/
m?). In addition, the relative density of oil (0.821) and
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Figure 5: Pressure build-up test analysis for case 8

the relative density of gas (0.6691) are entered for the
properties of oil and gas.

In analysis 8, the model of a fractured well with finite
conductivity was chosen, and Figure 5 shows the log-
log diagram with the results. The aim is to determine
whether the selection of the ‘multiphase’ option has an
impact on the results or whether they differ from the
single-phase models in analysis 2 for a vertical well and
in analysis 5 for a fractured well. Analysis 8 was found
to give the most accurate results, which differed slightly
from the others. However, the key point here is that it is
a model for a fractured well with multiphase fluid,
which, unlike all the other cases, comes closest to the
real conditions in the reservoir.

When modelling the measured data in Figure 5, first
note the dashed blue line and its overlap with the data
from the first part of the pressure curve measurement
and its derivation during fluid storage. Then two black
dashed parallel lines are important, from which the half-
length of the fracture and its conductivity are deter-
mined. In the extreme part of the measured data, they
connect adequately with the dashed line, parallel to the
x-axis, which means that an IARF has been achieved,
i.e. that the condition for interpreting the exact analysis
results has been met. For the reasons mentioned above,
this analysis and its results are selected as relevant in
comparison to the others.

Deviations of the black solid line of the model from
the derivative curve are to be expected in almost all cas-
es, as it is a fractured well in which the original half-
length of the fracture has closed after many years of pro-
duction, and modelling in such cases usually cannot

achieve better results, i.e. the curves cannot overlap, as
in the case where the measurement was made immedi-
ately after the fracturing process.

4.2.4. Results of analysis 9

In contrast to the previous standard analyses, a special-
ized analysis of the bilinear and linear flow is carried out
in this case. A new log-log diagram is created in which it
is possible to place different specialized lines. For the lin-
ear flow, a slope line of 1/2 has been chosen, which is used
to determine the value of the half-length, x, and for the
bilinear flow, a slope line of 1/4 has been chosen, which
indicates the value of the fracture conductivity, F,.. These
pairs of parallel lines can be freely shifted in the diagram
and increased or decreased in length, whereby the best
overlap with both the pressure curve and the derivative
curve is sought. Since none of these overlaps can be ac-
cepted because too little of the data may be contained in
both the linear and bilinear forms of the flow, none of the
results are an exact solution. Analysis 9 is nevertheless
described as one of the general possible cases of test inter-
pretation in a fractured well in which the results for these
two forms of flow could be achieved.

The main results of all selected cases are highlighted
in Table 3 and discussed in accordance with the associ-
ated diagnostic log-log diagrams.

5. Discussion

The paper analyses the pressure build-up test of a frac-
tured oil well, for which 9 possible interpretations are
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Table 3: Results of analyses of pressure build-up test cases

Analysis p, bar k, mD s, — X, m F, m’m

1 80.2221 0.563564 -3.78741 - -

2 80.122 0.569538 -2.92899 - -

3 80.1562 0.564552 -2.3914 - -

4 84.1532 - 0.13975 12.9443 1.1184-107
5 84.2264 - 0.164543 13.1694 1.1481-107
6 84.0397 - 0.171733 13.0918 1.1184-107
7 80.2255 0.566543 -1.53566 - -

8 82.9026 - 0.624469 12.9082 2.0162-10°%
9 - - - 33.8767 1.2927-10¢

made, with the aim of selecting the analysis that provides
the most accurate results. As already mentioned, this is a
well that has to be refractured after long period of pro-
duction. In addition to determining the approximate per-
meability of the surrounding rock, the main aim is to es-
tablish how much the existing fracture half-length has
decreased. The Saphir program is used to carry out a total
of four analyses for the assumption of a vertical well,
four for a fractured well and one specialized analysis of a
fractured well. The aim is to determine the properties of
the reservoir and the well and to determine how the
change in individual input data affects the results of the
analyses. Seb (2017) states that the well test analysis re-
sulted in a rock permeability value of 0.0007 pum? (0.7
mD) and a fracture half-length of approximately 10 m,
but the full details of the pressure build-up test analysis
on which these software values are based have not been
published. Therefore, the reported estimates of these re-
sults have been taken as a reference and a kind of guide
for the detailed analysis of the cases to confirm the ac-
curacy of these values. In addition, the fact that the well
file contained information about a laboratory measure-
ment of the permeability of the core in the period after the
well was constructed, when the value was approximately
0.002 um? (2 mD), is important. As can be seen in Table
3, a permeability of 0.0005 um? (0.5 mD) is obtained for
each analysis in several modelling steps, which is a very
good result considering that this is a fractured well with a
significant alteration in the near-well zone. A complicat-
ing factor in the entire procedure was the lack of knowl-
edge of the static fluid level in the borehole. It is recom-
mended to do this before and after each measurement of
the pressure build-up test, as the static fluid level in rela-
tion to the depth of the manometer could influence the
determination of the reservoir pressure.

For all of the analysed log-log plots of pressure and the
associated derivative as a function of time, several results
can be seen (Valjak, 2021). Those most relevant to the
discussion are highlighted in Table 3. In the analysis start-
ing from a vertical well model, the primary objective was
to obtain a negative skin, since it is a test of a fractured
well, but from this model the permeability of the reservoir
can also be approximated. When analysing wells with a

fracture model, the primary objective is to determine the
half-length of the fracture and its conductivity.

The initial reservoir pressure in the analyses of verti-
cal wells 1, 2, 3 and 7 is approximately 80.2 bar, while in
the wells with a finite conductivity fracture it is approxi-
mately 84.1 bar. Only in analysis 8 it is slightly lower
(82.9 bar), as this model provides the closest values of
the other parameters as well as the closest overlapping
curves and is therefore chosen as the most appropriate.
The permeability is found to be approximately 0.00056
um2 (0.56 mD) for all vertical well analyses. Although
the program also discarded smaller permeability values
(up to 0.2 mD) when creating the model, the overlapping
curves could not be considered satisfactory enough in
these cases. A negative skin factor in these analyses indi-
cates that it is a stimulated well, which can correspond to
either a fractured vertical well or a horizontal well
(Koséak Kolin et al., 2013). Considering the fact that in
this case it is a hydraulically fractured well, further anal-
yses are carried out for the fractured well model.

When analysing wells with a vertical fracture, in the
first three analyses, i.e. 4, 5 and 6, approximately the
same value is obtained for the half-length of the fracture
of 13 m, as well as its conductivity of about 1.1x107 m?
m. In analysis 8, the fracture half-length is also almost
13 m, but the conductivity of the fracture is slightly low-
er at 2.0x10® m? m. The ‘multiphase’ option in analyses
8 gives the most accurate results, as a model for a frac-
tured well with multiphase fluid comes closest to the real
conditions in the reservoir.

In the last, 9™ analysis, an attempt is made to deter-
mine the value of the fracture half-length and the con-
ductivity of the fracture using specialized analyses by
finding bilinear and linear flow regimes. However, in the
log-log diagram it is not possible to find a suitable over-
lap of the lines with pressure and derivative, so that the
values x, = 33.9 m and F_. =1.3x10"* m’* m, cannot be
accepte({ as correct.

6. Conclusion

The pressure build-up test of fractured oil well A-1 is
analysed with the Saphir program. As the main diagnos-
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tic tool, the program uses the log-log diagram of pres-
sure and pressure derivation, which is also described
theoretically, and the analysis attempts to overlap the
measured data and the model. The analyses are per-
formed for the assumed vertical well, where the aim is to
determine the value of the permeability and skin factor,
and then also for the fractured well, where the aim is to
determine the half-length of the fracture and its conduc-
tivity. All analyses of the vertical well show a negative
skin factor, which proves that it is a stimulated or frac-
tured well. It is therefore possible to analyse the well
with a vertical fracture and determine its parameters. In
addition to determining the specified values, the influ-
ence of certain input parameters on the final results is
also examined and it is found that changing the radius
had no significant influence. However, selecting the
‘multiphase’ option in two analyses led to different re-
sults than when selecting a single-phase fluid, as it is a
fluid with a relatively high GOR, and exactly one of
these analyses is taken as the most accurate. In addition,
specialized analyses of bilinear and linear flow are per-
formed. However, the results of the analyses are not con-
sidered in this case, as it is not possible to include enough
data when overlapping the curves, which is why the ob-
tained results are not credible.

The most accurate results are obtained in analysis 8,
where the half-length of the fracture is 12.9 m, the con-
ductivity of the fracture is 2.0162x10® m* m and the ini-
tial reservoir pressure is 82.7 bar. Although the results do
not differ significantly compared to other, i.e. single-phase
analyses, a well model with a vertical fracture and a mul-
tiphase fluid comes closest to the real conditions in the
reservoir. For all vertical well analyses, the permeability
in the reservoir is 0.00056 um2 (0.56 mD), and it is as-
sumed that this modelled value is closest to the real one.

The advantage of this study is a new insight into con-
firming the accuracy of the results obtained by selecting
9 different analyses for the same pressure build-up test,
which is an important guide for future similar investiga-
tions carried out on wells with a long production life af-
ter the fracturing process. In addition, the results of all 9
analytical modelling were performed very accurately
and in accordance with their discussed comparison, the
results can be considered very reliable.

The Saphir program enables a relatively simple analy-
sis of the pressure build-up test using built-in functions.
However, using the example of permeability and fracture
half-length, it can be observed that simply following the
commands in the control bar can lead to incorrect results.
Without manually adjusting the values when creating the
analytical model, a significantly lower permeability and a
doubling of the fracture half-length were determined,
which indicates the complexity of this case. Therefore, it
is necessary to approach the analysis of the pressure
build-up test thoroughly, taking into account previous
measurements and known data about the well and the
reservoir. Accordingly, it can be concluded that in the

analyses presented in this paper, a good overlap of the
model and the pressure curves and derivatives is achieved
for the selected input parameters and that the results of
the pressure build-up test are reliably determined.

This new approach of thorough analyses enables a
new application in similar research with the aim of de-
termining the most accurate results of the pressure build-
up test, so that the future refracturing procedure can be
based on data leading to a more successful refracturing
design. Determination of fracture half-length is crucial
for an optimal refracturing process. Therefore, the ana-
lytical modelling performed in all cases is a practical
mean of determining the most accurate result possible.
The advantage of this study is that it enables production
and reservoir engineers at an operational level to more
effectively apply advanced analytical techniques to ac-
tual field data as a starting point for future developments.

The plan for further research is to apply this approach
to wells with a production decline due to a reduction in
fracture half-length, which are candidates for refractur-
ing to see which parameters in each analysis have the
greatest impact on the results, i.e. to determine whether
in the other wells the best modelling was achieved by
choosing the multiphase option or the discussion of the
results would indicate that the optimal choice is achieved
by another analysed case.
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SAZETAK

Analize testa porasta tlaka frakturirane busotine sa smanjenom poluduljinom
frakture

Kada je proizvodnja nafte u hidrauli¢ki frakturiranoj busotini A-1 pocela opadati, planirano je ponovno frakturiranje
busotine, jer se pretpostavljalo smanjenje poluduljine pukotine nakon duZega razdoblja proizvodnje. Provedeno je neko-
liko analiza testa porasta tlaka kako bi se odredila najbolja procjena smanjene poluduljine frakture. lako su ciljevi ovih
ispitivanja odredivanje svojstava lezista, kao $to su propusnost stijene i skin faktor te vodljivost pukotine, program Saphir
koristen je i za modeliranje poluduljine pukotine. To je najvazniji parametar potreban za projektiranje novoga postupka
frakturiranja, kao i za stvaranje novoga proizvodnog modela busotine. U tu svrhu najprije su teorijski opisane metode
analize testa porasta tlaka. Na temelju razli¢itih analiza istoga testa odabrana je ona u kojoj je postignuto najbolje pre-
klapanje analitickoga modela frakturirane bu$otine s mjerenom krivuljom tlaka i s krivuljom njezine derivacije. Utvrde-
no je da se najto¢niji rezultat za poluduljinu pukotine dobiva modelom frakturirane bu$otine s viSefaznim protokom.

Kljuéne rijedi:
test porasta tlaka, poluduljina frakture, refrakturiranje
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