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Abstract

Drilling of horizontal wells with multi-stage hydraulic fracturing (MFHW) is one of the most common solutions in the
development of low-permeable oil and gas reservoirs. At the same time, the estimation of the well and reservoir pa-
rameters by well test analysis is complicated due to long time response to the radial flow regime. It is possible to
eliminate uncertainty dealt with the absence of radial flow response by using data from the early radial regime that
occurs at early times of pressure buildup. However, its appearance is only possible if the distance between the parallel
fractures is much larger than the fracture half-lengths, which is not usual in practice. At the same time, MFHW demon-
strate a complex buildup behavior due to fracture interference. By analytical and numerical simulations it is shown that
the early time buildup behavior depends on duration of well production before shut-in. This behavior is similar to the
buildup of a vertical well near the sealed boundary. For short production times, a radial-like regime may appear at early
buildup times caused by elliptical flow around the fractures. The consistency of this regime and the
relation of the pressure derivative plateau level to the parameters of the elliptical flow are justified. An empirical
formula of sufficient accuracy has been obtained for reservoir transmissibility (flow capacity). This formula is ap-
plicable for the most common range of parameter values of the MFHW. These results open up new opportunities
for reliable assessment of the well and reservoir parameters from well tests in MFHW in low-permeability reservoirs,
including new wells or wells restarted after a long inactive period.
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Introduction

Drilling of horizontal wells with multi-stage hydraulically fractured horizontal wells (MFHW)
currently represent one of the primary methods of well completion in low-permeability oil and gas
reservoirs [1, 2]. Evaluation of the well and reservoir system parameters for MFHW by various field
studies is complicated by a number of factors:

» Reduced reliability of reservoir properties assessment by well logging in the horizontal sec-
tion, and the need for expensive advanced logging suites to obtain more accurate evaluation of
reservoir properties [3, 4].

« Uncertainty in drained (net pay) thickness:
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— no direct assessment from well logs, as horizontal wells often do not intersect the reservoir
bottom;

— in compartmentalized reservoirs — uncertainty in the number of effective layers intercepted
by hydraulic fractures due to indirect estimates of fracture height.

* Non-uniform fluid production by active MFHW stages — according to production logging data,
predominant share of production (>60 %) often comes from just one or two stages, while some other
stages contribute 5 % or less [5, 6].

» Extended time to reach radial (late radial) flow regime during pressure transient well
tests [7, 8].

Pressure transient analysis provides the reservoir flow capacity (transmissibility) kh/u as the
primary parameter. Given known fluid viscosity p and drained thickness h, the reservoir permea-
bility k is derived from the value of kh/u. Based on the permeability estimation, other parameters
of the well-reservoir system are calculated. These include well geometry characteristics (such as
fracture half-length Xf, fracture conductivity Fc, effective length of the horizontal well section, etc.) and
various skin factor components (total, geometric, mechanical), the distance to boundaries, etc.

The large number of influencing parameters complicates their independent evaluation and re-
quires the integration of pressure transient analysis with production logging [9-11]. The authors of
studies [12, 13] introduce the concept of invariants — complex parameters that determine pressure
behavior under a specific flow regime. Studies [14, 15] suggest the “flux and capacitive components
of the flow”. To split up various reservoir and well parameters and perform their individual assess-
ment, a reliable estimate of reservoir flow capacity (and the associated permeability) is required. Pa-
per [16] presents an analysis of pressure behavior in a horizontal well with clustered fracturing, which
exhibits a more complex response.

From the perspective of pressure transient analysis, MFHW are not the only complex well-
reservoir systems. The long times to reach the radial flow are also typical for vertical wells with ex-
tremely long hydraulic fractures in ultra-low permeability reservoirs. In such cases, reservoir properties
can be effectively evaluated by applying deconvolution [17] or rate transient analysis (RTA) [18].
An equally complex case is that of fractured carbonate reservoirs, particularly when developed with
horizontal or vertically fractured wells. The evaluation of properties in such reservoirs is achieved
by integrating pressure transient analysis with microseismic monitoring [19], as well as by employing
multivariate statistical models [20].

Thus, the problem of determining actual flow capacity of the reservoir is critical for ensuring the
reliability of well test results and their subsequent application in field development design and
monitoring.

Methods

Widely used methods, such as deconvolution and RTA, were developed specifically to address
the challenge of insufficient duration of the pressure buildup. However, their application to MFHW
often fails to achieve the goal of obtaining the late radial flow response. This is because reaching this
flow regime still requires significantly long time, which remains unattainable even with the use of
these advanced methods. Let’s examine the problem in more detail.

Flow regimes typical for wells with MFHW. The extended time required to reach the radial flow
regime in MFHW is caused by the presence of a complex sequence of different flow regimes occur-
ring during different stages of the well test [10, 21, 22]:

« bilinear flow with the pressure derivative slope of i = 1/4;

« early linear flow to the fracture with i = 1/2;

« early radial flow around individual fractures with the derivative plateau;

« late linear flow to the horizontal well with i = 1/2;

« late radial flow which develops around the horizontal well at late stages of the pressure draw-
down.
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Achieving the late radial flow regime can take impractically long time (up to several de-
cades) [8]. The time required to reach the late radial flow regime depends on the parameters that
govern reservoir diffusivity and well configuration. However, this order of magnitude for the required
time is characteristic for MFHW in low-permeability reservoirs under typical production conditions.
The inability to achieve the late radial flow regime introduces significant uncertainty into interpreta-
tion of well test data in such wells.

Reservoir flow capacity can also be estimated from the early-radial flow data. The vertical posi-
tion of the horizontal (“plateau”) on the pressure derivative plot is inversely proportional to the
product Nkh/u, where N — the number of fractures [22, 23]. However, for the early-radial flow
regime to develop, a specific criterion must be met: there has to be no interference between the
fractures during the corresponding time interval. This condition is met when the fracture half-length
Xf is relatively small and the spacing between fractures L is large, with the ratio L/Xf of at least 3
to 5 [23]. Considering the trend of increasing both the number of MFHW stages and the fracture half-
lengths, the criterion for the appearance of the early-radial flow regime is often not met in tight and
unconventional reservoirs.

In the case of densely spaced fractures, following the early linear flow, a distinct flow regime
may emerge. This flow is controlled by strong fracture interference with a pseudo-steady-state pres-
sure distribution between them [24]. This behavior is analogous to the pseudo-steady-state flow re-
gime in a bounded reservoir. The difference lies in the fact that the transient pressure disturbance
continues to propagate beyond the volume confined by the fractures. The literature does not provide
a universally accepted name for this type of flow. However, in our opinion, the most appropriate
term is “pseudo-boundary-dominated flow” [25]. Its characteristic feature on a diagnostic plot for
pressure drawdown is a unit slope, similar to the “classical” pseudo-steady-state flow.

Figure 1 compares the diagnostic plots of synthetic drawdowns with the parameters presented in
Table 1, varying the horizontal wellbore length hw. The simulations were performed using the Kappa
Saphir well test design and interpretation software package, employing an analytical model of a
MFHW. For the case with hw =400 m (with a ratio of L/Xf = 2), the early-radial flow regime does
not develop. Instead, a transitional flow regime between the early and late linear flows is observed in
the time interval of 2-30 h. For the cases with horizontal well lengths of 25 and 100 m, which are
characterized by closely spaced fractures, the aforementioned increase in the pressure derivative with
a unit slope i = 1 is observed. This slope corresponds to the pseudo-boundary-dominated flow, which
is followed by a transition to the late-linear flow regime. It should be noted that for the case with
hw = 25 m the transition to the pseudo-boundary-dominated flow regime occurs immediately after
the bilinear flow, and early-linear flow regime is not observed.
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Fig.1. Demonstration of a pseudo-boundary-dominated flow case in a MFHW
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Table 1
Parameters of MFHW

Parameter Value Parameter Value
Permeability k, mD 1 Initial pressure Pi, bar 300
Porosity m, u.f. 0.1 Number of fractures N 3
Thickness h, m 30 Fracture half-length Xf, m 50
Total compressibility ct-1075, bar? 3.6 Fracture conductivity Fc, mD-m 300
Viscosity p, mPa-s 1 Liquid rate g, m®/day 10
Formation volume factor B 1 Skin factor S 0.3
Well radius, mm 99.4

Specifics of flow regimes manifestation for pressure buildup. The presence of a complex of flow
regimes and regimes similar to those of a well operating in a bounded reservoir causes the behavior
of the buildup in a MFHW to depend on the duration of its production before shut-in. Such processes
are also observed during well testing in areas with unconfined reservoir boundaries. In the case of a
short production period prior to shut-in, the subsequent buildup derivative exhibits a behavior in the
early boundary response period that differs from the drawdown derivative. This behavior is caused
by the peculiarities of the pressure response superposition related to the sealing boundary that oc-
curred during production and subsequent shut-in [24, 26]. The pressure derivatives for the examples
presented in Fig.1 exhibit similar behavior, with the most significant “distortion” observed in the
cases demonstrating the pseudo-boundary-dominated flow. The change in behavior occurs within a
specific range of the production duration Tpr, which depends on the given set of reservoir — well
system parameters.

Such features of the derivative behavior are characterized by an interesting phenomenon that
occurs for values of Tyr from the specific interval, where a difference in the shape of the buildup
derivative compared to the drawdown derivative is observed. Figure 2 shows a comparison of the
buildup and drawdown derivatives for the hw cases presented earlier; the buildup derivatives are
plotted for different values of Tpr and hw. For all four hw cases, the buildup derivative shows the
formation of a horizontal segment followed by a slight dip. Notably, a proximity is observed between
the “plateau” of the early radial flow regime on the drawdown derivative and the developing “plateau”
on the buildup derivative after a short flow period (Fig.2, d). It can be assumed that for the other cases
as well, the appearance of a horizontal segment on the buildup after a short flow period may be a
characteristic feature that allows for estimation of reservoir flow capacity without achieving the late
radial flow regime.
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Fig.2. Close-up of the horizontal segment manifestation under a short-term production period conditions for various horizontal wellbore
length scenarios: a—hw =25m, Tpr=0.1 h; b—hw=100m, Tpr=1h; ¢—hw =400 m, Tpr =10 h; d — hw = 1000 m, Tpr = 100 h
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Table 2 compares the values of the apparent permeability — thickness product (conductivity) khr,
determined from the horizontal segment of the buildup derivative following a short flow period, with
the initial (actual) reservoir — permeability thickness product khinit. The Table shows that the kht/khinit
ratios do not exhibit a clear, unambiguous dependency. Only for the case of hw = 1000 m, which
exhibits an early radial flow segment on the drawdown derivative, this ratio approaches the expected
value — equal to the number of fractures N = 3 — though exceeding it by more than 10 %. In all other
cases, the values are significantly higher, indicating a different flow regime that creates the “plateau”
on the buildup derivative. Unlike the classic early radial flow regime, such a “plateau” also forms at
low values of L/Xf, but specifically on the buildup derivative after a short flow period.

Table 2
Comparison of apparent conductivity with the initial value
hw, m kht, mD-m Khinit, mD-m kh/khinit
25 1283.7 30.0 42.8
100 459.4 30.0 15.3
400 140.3 30.0 4.7
1000 101.9 30.0 3.4

Dependence of the forming horizontal segment on the buildup derivative on the duration of tran-
sitional flow regimes. If the identified “plateau” on the buildup derivative is indeed related to the
manifestation of a radial-flow-like regime, and not a result of overlapping transitional flow regimes,
then its vertical position should not depend on parameters such as production time Tpr and system
total compressibility ct. To analyze the influence of Ty, a set of synthetic buildup curves was created
for Tor values ranging from 1 to 1000 h, using the reservoir — well system parameters presented in
Table 3 (Fig.3, a). As can be seen, the buildup curves demonstrate the previously identified depend-
ence of the derivative shape on the flowing time duration. And a distinct formation of a horizontal
segment is observed at the same vertical level. Signs of the horizontal segment formation are observed
at Tor =5 h and cease at Tpr = 500 h. It is worth noting the identical time for the start of the horizontal
segment. A change in Ty affects the duration of the horizontal segment's dominance.

Table 3
Parameters of MFHW for analyzing short-term production flow regime

Parameter Value Parameter Value
Permeability k, mD 1 Initial pressure Pi, bar 112
Porosity m, u.f. 0.25 | Number of fractures N 3

. Distance between the outermost fractures

Thickness h, m 2 (length of the horizontal wellbore) hw, m 450
Total compressibility ct-10-%, bar? | 4.3 | Fracture half-length Xf, m 200
Viscosity p, mPa-s 1 Fracture conductivity Fc, mD-m 500
Formation volume factor B 1 Liquid rate g, m¥/day 10
Well radius, mm 70 Skin factor S 0.1

To assess the influence of system compressibility ci, the base case with parameters from
Table 3 and production time Tpr of 100 h was used. The compressibility was varied when generating
the synthetic curves until all signs of the horizontal segment manifestation disappeared. The range
of values covered was 1-107° to 3-10 bar! (Fig.3, b). Similar to the production time variation, a
change in compressibility does not affect the vertical position of the horizontal segment, the for-
mation of which is observed at the same level. However, since variations in c; affect all temporal
characteristics of the pressure buildup curves, not only the duration but also the time of the onset
of the horizontal segment changes.
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Fig.3. A family of pressure buildup curves for different values of Tpr (a) and ¢t (b)
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Thus, the identical vertical position of the horizontal segment on the buildup curves for different
values of the flowing time T,r and compressibility ¢t indicates that the formed “plateau” characterizes
a specific radial-flow-like regime. The corresponding dependencies on reservoir and well parameters
must be established for this regime.

Flow regime analysis from numerical simulation. To identify the characteristics of the flow
regime associated with the emerging “plateau” on the derivative of the buildup after a short produc-
tion period, let’s examine the dynamics of reservoir pressure distribution (drainage area formation)
with numerical simulation. For this purpose, a simulation was performed using a 2D-numerical model
in Kappa Saphir for the parameters of a MFHW presented in Table 3, with a production time of Tpr =
=100 h. To identify potential differences in the buildup behavior, the simulation was conducted for
fractures with both infinite and finite conductivity.

The diagnostic plot of the simulated buildup (Fig.4) reveals the following characteristic flow
regimes:

1. For the infinite conductivity fracture — linear flow with a derivative slope of i = 1/2, for the
finite conductivity fracture — bilinear flow with i = 1/4 (at 1 h).

2. A transitional flow regime (at 20 h).
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Fig.4. Diagnostic plot of a buildup for MFHW under a short-term production period conditions based on the data from Table 3
Infinite (1) and finite (2) conductivity fractures

3. Early horizontal segment, i = 0 (60 h).

4. A small dip in the derivative (120 h).

5. Pseudo-boundary-dominated flow i = 1 (500 h).

6. Late linear flow, i = 1/2 (2000 h).

7. Late radial flow, i = 0 (6:10* h).

As can be seen, with the exception of period 1, the presented segments of the buildup curves for
the both fracture conductivity types are characterized by similar flow regimes. However, for the infi-
nite conductivity fractures, the early horizontal segment on the derivative plot is positioned lower than
for the finite conductivity fractures. Starting from the onset of the dominant pseudo-boundary-domi-
nated flow (period 5), a convergence trend is observed in the pressure derivative curves, which be-
come identical after the end of the late linear flow regime.

In the case under consideration, following the bilinear flow regime for the finite conductivity
fracture, an early linear flow regime does not develop. Instead, a transitional period and the formation
of a horizontal segment are observed. The absence of linear flow is explained by the value of the
dimensionless fracture conductivity Cmp = Fc/(kXf) = 2.5. It is known that for Csp values close to 1.6,
the duration of the bilinear flow regime is maximized [26]. This accounts for the prolonged domi-
nance of the bilinear flow regime in the presented example, which masks the linear flow segment
preceding the formation of the early horizontal segment.

Figure 5 shows the pressure distributions around the wellbore, obtained from the pressure
buildup simulation for infinite conductivity fractures, at the characteristic times marked by numbers
in Fig.4:

* during the dominant linear flow period, the formation of low-pressure zones around the frac-
tures is observed,

« during the transitional period, signs of weak interference between the fractures are noted;

« as the early horizontal segment forms, elliptical zones develop around the fractures;

« during the derivative dip, the ellipses around adjacent fractures merge (strong interference);

« the pseudo-boundary-dominated flow stage is characterized by the interference zones extending
to the fracture tips;

* during the late linear (6) and radial (7) flow regimes, corresponding rectangular and circular
drainage areas form around the horizontal wellbore.
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Infinite conductivity fractures

Blue corresponds to areas of minimum pressure, red — to maximum

Figure 6 presents similar pressure distributions for finite conductivity fractures. During the mani-
festation of the early horizontal segment 3, elliptical zones also form around the fractures, followed
by their merging in the time interval corresponding to period 4. In the case of finite conductivity
fractures the formed ellipses are more vertically compressed and only partially envelop the fracture
surface. The reason for this is the development of low-pressure zones around the central part of the
fractures during the dominant bilinear flow regime 1, which is caused by the pressure gradient inside
the finite conductivity fracture. The subsequent development of the ellipse during stage 3 originates
directly from the low-pressure zone formed during the dominant bilinear flow regime 1; therefore, its
geometry is related to the fracture conductivity.
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Finite conductivity fractures

For the legend, refer to Fig.5

Thus, the discrepancy in the pressure buildup behavior between the finite and infinite conduc-
tivity fracture models during periods 1-4 is due to the difference in the drained area. The subsequent
time intervals are characterized by identical dynamics of drainage coverage. Overall, the presented
numerical simulations lead to the conclusion that for MFHW, the manifestation of the early horizon-
tal segment on the buildup after a short production period is associated with the development of a
pseudo-radial (elliptical) flow regime around individual fractures. Due to the difference in the ge-
ometry of these areas from the strictly circular zones characteristic for the classical early radial flow
regime, a different dependency between the position of the derivative “plateau” and the true reservoir
flow capacity should be expected.
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Fig.7. A comparison of diagnostic pressure buildup plots for infinite (1) and finite (2) conductivity fractures
at the middle time period: a—hw=25m, Tor=0.1h; b—hw=100m, Tpr =1 h; ¢—hw =400 m, Tpr = 10 h;
d—hw =1000 m, Tpr =100 h

The difference in the behavior of the buildup derivative plots between the infinite and finite-con-
ductivity fracture cases requires more detailed investigation. For this purpose, synthetic pressure
buildup data were calculated for the two fracture conductivity types, using the previously considered
values of horizontal wellbore lengths hw and the same reservoir — well system parameters (see Table 1).

Figure 7 compares the diagnostic plots of synthetic buildup data for infinite and finite conduc-
tivity fractures at the middle time period, for four values of hw. The numbers on the plot indicate the
following characteristic flow regimes:

1. Early horizontal segment.

2. Derivative decline.

3. Derivative minimum (“dip”).

4. Pseudo-boundary-dominated flow.

For the most dense fracture spacing (Fig.7, a), the maximum discrepancy is observed between
the plots for the infinite and finite conductivity fractures. As in Fig.4, the derivative for the infinite
conductivity fractures runs lower. A discrepancy is also noted in the timing of flow regime manifes-
tations: segment 1 (the early horizontal segment) appears later for the infinite conductivity fractures.
As the distance between the outermost fractures (hw) increases in the other cases, a visual conver-
gence of the curves is observed. However, in absolute terms, the difference in the position of the
derivative “plateau” (segment 1) remains within one order of magnitude, in the range of 0.0175-0.046
bar (Table 4). At the same time, the time intervals of flow regime dominance are observed to be
almost identical.

The evolving character of the derivative “dip” for different hw values is of particular interest.
It has maximum for hw = 25 m, for hw = 100 m, a unified plateau forms during periods 1-3, for
hw =400 m, a slight increase in the derivative occurs in periods 2-3, while for hw = 1000 m, a decline
in the derivative and its minimum are observed again.
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Table 4

Comparison of the derivative “plateau” of horizontal segment 1 position for infinite and finite conductivity fractures

Position of horizontal segment
Fracture conductivity hw=25m hw =100 m hw =400 m hw = 1000 m
i, bar A, bar i, bar A, bar i, bar A, bar i, bar A, bar
Infinite 0.0452 0.186 0.626 0.896
0.022
Finite 00729 | 90277 | 02035 | OO | g2 0.046 0.918

Table 5 summarizes the time values t for the midpoints of the four considered periods. Based on
these values, the apparent investigation radii Rinv were determined using the corresponding option in
Kappa Saphir. The radii are calculated according to the well-known relation involving the reservoir
diffusivity coefficient [24, 27]. It should be noted that while the constant in the formula for Rin can
be chosen in different ways [28, 29], Kappa Saphir uses the most widespread expression, first sub-
stantiated by van Poolen in 1964 [24]. With the exception of the case with hw = 25 m, as well as
segment 1 for the case with hw = 100 m, the times of the characteristic periods for finite and infinite
conductivity fractures show no difference. The following patterns are identified:

« the period of the early horizontal segment on the buildup derivative corresponds to the time
when the drained area has a horizontal dimension smaller than half the distance between the fractures
L/2;

« as the drainage area expands and its horizontal dimension approaches L/2, interference pro-
cesses between the fractures begin, causing the derivative to decline;

* at the derivative minimum (“dip”), the investigation radius (drainage area) is approximately
equal to half the distance between the fractures Rinv =~ L/2;

« during the pseudo-boundary-dominated flow period, the Rinv exceeds L/2 by approximately a
factor of 1.5 to 2.

Table 5
Average time and investigation radius values for the four segments in case of infinite or finite conductivity fractures
The midpoint of the flow regime dominance interval
Fractu_re_ Section 1 Section 2 Section 3 Section 4
conductivity
t, h Rinw m t, h Rinw m t, h Rinv, m t, h RinVy m
hw =25m (L/2 = 6.25 m)
Infinite 0.0634 45 0.1005 5.6 0.159 7.1 0.5036 12.6
Finite 0.0320 3.2 0.0798 5.0 0.127 6.3 0.318 10.0
hw =100 m (L/2 = 25 m)
Infinite 1.265 19.9 1.592 22.4 2.0475 25.4 5.0357 39.8
Finite 1.0475 18.1 1.592 22.4 2.0475 25.4 5.0357 39.8
hw =400 m (L/2 = 100 m)
Infinite 20.0 79.4 25.2 89.0 40.0 112.1 79.8 158.3
Finite 20.0 79.4 25.2 89.0 40.0 112.1 79.8 158.3
hw = 1000 m (L/2 = 250 m)
Infinite 79.8 158.3 159.2 223.7 250.5 280.5 600.5 434.3
Finite 79.8 158.3 159.2 223.7 250.5 280.5 600.5 434.3

The identified patterns are confirmed by analyzing the pressure distributions for the simulated
cases over the considered time intervals. The corresponding plots are analogous to those in Fig.5 and
6 and are omitted for brevity. A clear correlation with the estimated investigation radius Rinv IS 0b-
served in all cases without exception:
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« during the manifestation of the horizontal segment on the pressure buildup derivative, ellipses
form in the zone closest to the fractures;

« the derivative decline period is characterized by the coalescence of the ellipses between the
fractures;

« at the moment of the derivative minimum (“dip”), a single region of reduced pressure forms
within the space bounded by adjacent fractures;

« during the pseudo-boundary-dominated flow period, this region expands predominantly in the
direction parallel to the fractures.

From these conclusions, the reasons for the most significant difference in pressure derivative
behavior between the cases of infinite and finite conductivity fractures at hw =25 m also become
clear. They are caused by the most significant discrepancies in the geometry of the corresponding
ellipses due to the most elongated shape of the regions between the fractures. For hw =25 m, the
differences in ellipse geometry are observed throughout the entire middle stage and are expected to
disappear only when the drainage area extends beyond the fractures during the late linear flow regime.
Furthermore, in this case with finite conductivity fractures, the drainage area in the space between
the fractures is significantly smaller during all four flow regimes. This is what causes the higher
position of the derivative “plateau” compared to the case of infinite conductivity fractures. For hw =
100 m, the differences are not as substantial, especially in flow regimes 3 and 4. This determines the
proximity of the pressure derivatives between the two fracture conductivity cases. For hw = 400 m
and hw = 1000 m, no visual differences are observed.

According to the visual assessment, the absence of a derivative “dip” for hw = 100 m is explained
by the fact that even after the ellipses merge during flow regimes 2 and 3, the structure of elliptical flow
is maintained for the both conductivity cases. Similarly, the onset of derivative growth from flow regime
2 for hw = 400 m is explained as follows: from the moment the ellipses merge, the drainage area begins
to form a structure that is visually indistinguishable from the one formed during flow regime 4. For the
cases of hw = 25 m and hw = 1000 m, each of the noted stages is characterized by the formation of a
flow structure that differs from the previous one.

Thus, the results of numerical simulations demonstrate that the appearance of an early horizontal
section on the pressure derivative plot, for a buildup following a short production period, is associated
with the development of an elliptical flow regime around the hydraulic fractures. At the same time,
the differences are observed in the geometric parameters of the resulting ellipses, which are deter-
mined by the fracture conductivity and fracture density. These differences, in turn, influence the ver-
tical position of the derivative “plateau”.

Discussion

Analysis of the possibility to estimate reservoir properties from the biradial flow regime. In com-
mon well test interpretation practice and theory, the term “pseudo-radial flow regime” is used to
describe the flow behavior at a radial-like flow regime characteristic at certain time periods for wells
with a horizontal completion or a vertical hydraulic fracture [24, 30, 31]. It is considered that the
pseudo-radial flow regime is entirely identical to the “conventional” radial flow regime in its diag-
nostic features. These features include a horizontal segment on the log-log pressure derivative plot
and the methodology for estimating reservoir flow properties based on its vertical position. Thus,
during a pseudo-radial flow regime, the lines of constant pressure are circles (and the drainage area is
circular), considering coordinate axes scaling in the case of anisotropy.

However, a number of authors identify another characteristic radial-like type of flow, which
typically occurs as a transitional regime between linear and pseudo-radial flow. It can be associated
with the aforementioned completion types: vertically fractured wells [32-34], MFHW [35-37], and
horizontal wells in naturally fractured reservoirs [38, 39]. The occurrence of this flow is also possible
in the case of laterally anisotropic formations [32]. The shape of the constant-pressure lines (and the
drainage area) at this regime is elliptical, and this term is sometimes applied to the regime itself.
Depending on the underlying causes, the constant-pressure lines can be described either as similar
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ellipses with equivalent scaling towards a pseudo-radial configuration, or as confocal ellipses with a
different flow geometry. Some publications use the synonymous term “biradial flow regime” for this
behavior, a name that is apparently derived from the corresponding symmetry of the flow.

The diagnostic feature of the elliptical (biradial) flow regime was first described by D.Tiab in
1993 in his work [40]. Subsequently, other authors further developed the method he propo-
sed [37, 41]. Based on a regression analysis of the curves that he constructed for an infinite conduc-
tivity fracture, D.Tiab derived the following equation for the pressure derivative with respect to time:

0.72
! Xe .
to Pl = 0.769(W] £, (1)

where Xe — half the length of the side of a closed rectangular area in which the flow is considered; tpa
— the dimensionless time,

Lok
" muc A’
A — area; Pp — dimensionless pressure,
p,  2nknap.
quB
In dimensional form, equation (1) becomes:
B X 0.72 kt 0.36
tAP = 0.769 M2 | R . 2)
2mkh | Xf muc, A

Here the product on the left side corresponds to the logarithmic derivative of the pressure change
with respect to time (the Bourdet derivative). The area A is defined as the product of the lengths of
the sides of the rectangular drainage area, 2Xe and 2Ye, where the direction of Xe is parallel to the
fracture.

Let’s consider the applicability of D.Tiab's method to the elliptical flow identified above with
the “plateau” on the buildup pressure derivative plot, which appears after a short production period.
Based on Figures 5 and 6 and the estimates of the characteristic flow regime durations, assume that
the bounding elliptical drainage zone develops within the fracture propagation area and half the dis-
tance between the adjacent fractures. Therefore, Xe = Xf, Ye = L/2.

From formula (2) proposed by D.Tiab, it is evident that during the period of the biradial flow
dominance the logarithmic derivative plot should exhibit a straight-line segment with a slope of 0.36.
Indeed, upon verification, the presence of such a regime is confirmed for the examples presented in
Fig.7 for the both fracture conductivity cases.

Based on the presence of a characteristic diagnostic feature and the corresponding dependency, a
preliminary estimate of reservoir flow capacity can be performed for the biradial flow regime, analo-
gous to the early radial flow regime. According to formula (2), this estimate should be made by deter-
mining the value of the pressure derivative (tAP’) at the time t corresponding to this regime:

0.36
kh O.769qB( kk 1 J

w o (tAP")2r| muc, 4XfL/2

(3)

For a MFHW, similarly to the early radial flow regime, it should be expected that the ratio of the
obtained apparent flow capacity to the initial (actual) value should correspond to the number of frac-
tures N. Note that the right side of expression (3) contains the diffusivity coefficient k/(mpct), which
includes the permeability k. Therefore, estimating the flow capacity under real conditions requires a
more complex calculation. However, to verify the method, it can be assumed that the diffusivity is a
known quantity.

Table 6 presents the results of calculations for flow capacity using formula (3) for a section with
a slope i = 0.36 for the cases shown in Fig.7. The last column shows the ratio of the resulting apparent
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flow capacity to the initial flow capacity. As can be seen from the table, the ratio value closest to the
number of fractures N = 3 is observed for the case with hw = 25 m and a finite-conductivity fracture.
However, this fact is more of a coincidence, since a general trend of decreasing the ratio with in-
creasing fracture half-length is visible, and the values vary over a wide range. It is also evident that
for hw = 25 m and hw = 100 m, a higher ratio value is characteristic of an infinite conductivity frac-
ture.

Table 6
Comparison of the apparent (biradial) and initial (actual) flow capacity
Horizontal well- ) (Kh/W)init, , (Kh/W)pirad, _ -
Case e length hw, m F¢, mD-m mD-m/mPa-s th tAP", bar mD-m/mPa-s (kn/it)oiraa /(kN/ )i
25 Infinite 0.0213 267.8 8.9
! 25 300 0.005 0.0556 102.6 3.4
9 100 Infinite 0.03 0.0553 62.6 2.1
100 300 ' 0.0891 38.9 1.3
400 Infinite 30
3 200 300 . 0.479 48.7 1.6
1000 Infinite
4 1000 300 0.551 304 1.0

Therefore, for the identified elliptical flow regime observed on the buildup pressure derivative
for a MFHW after a short production period, the criteria for biradial flow with a derivative slope of
i = 0.36 and the empirical formula by D.Tiab are not applicable. Further work should focus on ana-
lyzing the flow during the period when the derivative exhibits a horizontal segment and on investi-
gating the dependence of the “plateau” position on the parameters of the reservoir — well system.

An empirical formula for flow capacity estimation from the horizontal segment of the elliptical
flow regime. From the analysis presented above, the following conclusions can be drawn:

« the horizontal segment on the buildup derivative, following a short production period, corre-
sponds to an elliptical flow regime;

« the position of the derivative “plateau” is expected to be related to both the reservoir flow
properties (flow capacity) and the geometric characteristics of the elliptical flow formed in the reser-
voir — fracture system of MFHW.

To develop an expression for the position of the derivative “plateau”, 40 synthetic pressure
buildup tests were simulated with variation of the following well — reservoir system parameters:

1. Flow rate q.

2. Permeability k.

3. Pay zone h.

4. Viscosity p.

5. Fracture half-length Xf.

6. Length of the horizontal wellbore hw.

The parameters were selected based on their specific influences: some directly determine the
“plateau” value of the horizontal segment during the late time (true) radial flow regime (q, k, h, p),
while others control the appearance of the horizontal segment and the geometry of the corresponding
elliptical flow (Xf, hw). Parameter values were randomly sampled with the constraint that the buildup
derivative must exhibit a horizontal segment corresponding to the elliptical flow regime after a pro-
duction time of T = 100 h. At this stage of the study, only infinite conductivity fractures were con-
sidered to reduce the number of factors affecting the position of the horizontal segment.

Parameter values for each case and the corresponding calculation results are presented in
Table 7. Column 12 provides flow capacity estimates from the segment with a slope of i = 0.36 for
comparison. Despite the previously identified lack of correlation between the true flow capacity, the
calculated value from the i = 0.36 segment, and the number of fractures, the current estimates by
formula (3) accounted for the number of fractures based on theoretical considerations, analogous to
the early radial flow regime:
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As can be seen from column 13, an acceptable percentage error in flow capacity estimation using
formula (4) (4 %) is observed only for case 8. Overall, the mean absolute percentage error across all
cases is & = 218 %, which further confirms the irrelevance of estimating reservoir parameters from
the derivative segment with a slope of i = 0.36.

An empirical expression was developed for estimating flow capacity from the “plateau” of the
elliptical flow regime horizontal segment, based on the following considerations. For a classical radial
flow regime, the contribution of the axisymmetric flow geometry to the relationship between the flow
rate and flow capacity is determined by the wellbore boundary condition, which is derived from
Darcy’s law:

qsznr P at r=r, >0,
uB or
where h2zr corresponds to the wellbore wall area (with 2zr being its perimeter), through which inflow
_ oP| . .
occurs; and [—| is the pressure gradient.

The well is approximated as a line source with a radius rw — 0. This results in the final solution
including only a factor of 2n as the complex contribution of the wellbore wall perimeter and the
distance affecting the acting pressure gradient.

In the case of elliptical flow to an infinite conductivity fracture, the source is represented by the
fracture surface with a non-zero perimeter of 4Xf (and an area of 4Xfh). The pressure gradient must
be related to half the distance between the fractures, L/2. By incorporating both of these quantities
into the relevant parts of the formula for the position of the derivative “plateau” and adjusting the
missing multiplier, the following empirical relationship was identified:

kh qBL/22

_ 2 5
po (tAP")4nN4Xf ®)
or
An(tAP")kh 4 XIN
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The results of the flow capacity estimation based on the “plateau” of the horizontal section of
the elliptical flow regime, using formula (5), are presented in column 15 of Table 7. The corresponding
error values are provided in column 16. The error in estimating the flow capacity does not exceed
12 % and, for the majority of cases, remains within the 5-6 % range, with an average value of 4.05 %.

By denoting the left side of formula (6) as Pp, the accuracy of the obtained empirical relationship
can be further assessed by comparing its value to 1 for all cases considered. According to the evalu-
ation results, the average Pp value across the cases differs from 1 but is characterized by a close value
of 0.969. Furthermore, in none of the cases does the error exceed the 15 % threshold, which is con-
sidered critical from the standpoint of common well test interpretation practice.

Therefore, although the empirical relationship (5) introduces a slight bias in the estimates for the
dataset considered, the obtained results indicate its practical applicability, unlike the estimates from
the section with a slope of i = 0.36. It should be noted that, based on the nature of the pressure distri-
butions in Figures 5 and 6, relationship (5) can potentially be generalized to the case of finite-con-
ductivity fractures. This would require replacing the quantity Xf with the equivalent length of the
region inside the fracture affected by pressure redistribution by the time the elliptical flow regime
develops.
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Despite the obtained optimistic results, the range of applicability of the empirical formula (5)
requires further investigation. For sufficiently large distances between fractures, the elliptical
flow regime “plateau” on the buildup derivative begins to coincide with the emerging early radial
flow regime “plateau” on the drawdown derivative. Consequently, formula (5) must transition
into the classical flow capacity estimation formula for the radial flow regime, adjusted for the
number of fractures.

Specifically, the distance between fractures for the cases in Table 7 ranges from 63 to 250 m,
with an average value of 132 m. It is of interest to test cases outside this range. For this purpose, let’s
return to the four previously considered scenarios with horizontal wellbore lengths hw of 25, 100,
400 and 1000 m for N = 3. The corresponding Pp values for these are 0.994, 1.023, 0.865 and 0.493,
respectively. As can be seen, for the cases with hw =25 m and hw = 100 m, whose L values (12.5 and
50 m, respectively) are below the minimum value of the aforementioned range, the Pp value is even
closer to unity than in most of the previously considered cases. For hw = 400 m
(L =200 m), the deviation of Pp from unity is significantly higher but still falls within the 15 %
threshold. A substantial deviation (over 50 %) is observed only for the case with hw = 1000 m (L =
=500 m), which exhibits a clearly defined early radial flow regime on the drawdown derivative. This
confirms the conclusion that the relationship (5) for infinite conductivity fractures ceases to be valid
when the distance between the fractures is significantly increased relative to their half-length Xf.

Practical applications of the elliptical flow regime. Given that the emergence of the elliptical
flow regime requires a short production period, the most practical scenario for its observation is the
testing of new wells that are put into production directly after drilling. Such a test requires a short
cleanup period, which should be followed by a pressure buildup test. The necessary durations of both
the production and shut-in periods must be determined through well test design, which involves gene-
rating synthetic derivative curves based on the well configuration (number of fractures and spacing)
and expected reservoir — well system parameters. This test design includes a sensitivity analysis to
account for input data uncertainty. Upon completion of the buildup, the well is put back into produc-
tion. This may be for further cleanup, for productivity (inflow performance relationship) testing, or
to begin regular production to the gathering line.

Another practical application scenario involves wells that have been returned to service after an
extended shutdown due to various operational reasons. In this case, a well test design must also be
developed. The design is used to assess both the feasibility of obtaining an elliptical flow regime (i.e.,
the sufficiency of the shut-in time) and the necessary durations for the production period and the
subsequent buildup.

Conclusion

Reliable assessment of the well — reservoir system parameters from the interpretation of well test
data of MFHW in low-permeability reservoirs is associated with significant difficulties. This is due
to the practically unattainable time required to reach the late radial flow regime and, consequently,
the high uncertainty in estimating the reservoir flow capacity. An alternative solution is to estimate
the flow capacity using data from the early radial flow regime. However, the corresponding horizontal
segment appears on the pressure derivative log-log plot only when the distances between fractures
are sufficiently large compared to their half-length.

The analytical and numerical calculations presented and analyzed in this paper for a significant
number of synthetic cases demonstrate that with a sufficiently short production period before the well
shut-in, a different type of radial-like flow regime can appear in a pressure buildup test. This regime
is also characterized by the formation of a horizontal “plateau” on the derivative plot, potentially
followed by a “dip” and a transition to the pseudo-boundary-dominated flow regime in the region
between fractures, indicated by a unit slope on the derivative plot. The identified radial-like flow
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regime is characterized by an elliptical shape of the drainage zones in the region between the fractures
and ceases when these zones close up due to the onset of strong fracture interference. The vertical
position of the derivative “plateau” is stable with respect to the producing time and the total system
compressibility and is related to the reservoir flow capacity and fracture parameters (number of frac-
tures, their half-length, conductivity and spacing).

Application of the D.Tiab’s empirical method, which relies on a derivative segment with a slope
of 0.36 (biradial flow regime), to the identified elliptical flow regime leads to significant errors (off
by a factor of several times) in the estimation of flow capacity and has no practical potential. Given
the observed geometry of the developed elliptical flow, an empirical formula has been proposed to
estimate the flow capacity based on the derivative “plateau” for the case of infinite-conductivity frac-
tures. The formula has demonstrated sufficient accuracy for practical application (error no greater
than 12 %, average of about 4 %) for relatively small fracture spacings. The estimation accuracy de-
creases as the spacing between fractures increases.

The results of this study enable more informative well tests of MFHW in low-permeability
reservoirs, enabling reliable assessment of the well — reservoir system parameters. This is achieved
through a combination of a short production period, for instance after drilling, and a subsequent shut-
in for a pressure buildup test. The effective design of such tests, depending on specific reservoir
features and well completion design, is the subject of further research.

Further investigation is required to determine the applicability domain of the proposed empirical
formula and/or its refinement. This is necessary for accurately estimating flow capacity during the
transition from the identified elliptical flow regime to the known early radial flow regime at larger
fracture spacings. Additionally, generalizing the formula to account for finite conductivity fractures
is also of significant practical interest.
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