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Abstract: Tight gas reservoirs are finding greater interest with the advancement of technology and
realistic prediction of flow rate and pressure from such wells are critical in project economics. This
paper presents a modified productivity equation for tight gas horizontal wells by modifying the
mechanical skin factor to account for non-uniform formation damage along with the incorporation of
turbulence effect in the near-wellbore region. Hawkin’s formula for calculating skin factor considers
the radius of damage as a constant value, which is less accurate in low-permeability tight gas
reservoirs. This paper uses a multi-segment horizontal well approach to develop the local skin factors
and the equivalent skin factor by equating the total production from the entire horizontal well to
the sum of the flow from individual segmented damaged zones along the well length. Conical and
horn-shaped damaged profiles are used to develop the equivalent skin used in the horizontal well
productivity equation. The productivity model is applied to a case study involving the development
of a tight gas field with horizontal wells. The influence of the horizontal well length, damaged zone
permeability, drainage area, reservoir thickness, and wellbore diameter on the calculated equivalent
skin (of a non-uniform skin distribution) and the flow rate (with turbulence and no turbulence)
are investigated. The results obtained from this investigation show significant potential to assist in
making practical decisions on the favorable parameters for the success of the field development in
terms of equivalent skin factor, flow rate, and inflow performance relationships (IPR).

Keywords: productivity model; tight gas reservoir; horizontal well; skin; non-uniform damage

1. Introduction

Tight gas reservoirs have played a dominating role in the recent unconventional hy-
drocarbon boom. With the advancement in the development of multi-fractured horizontal
wells, such resources could be effectively developed. However, hydrocarbon production
from tight reservoirs is challenging primarily due to the low-permeability ranges. While
considering fractured tight gas reservoirs, analyzing the effects of stress-sensitivity, het-
erogeneity, and the fluid flow between the matrix to fracture are essential. Furthermore,
induced formation damage further restricts fluid flow over time. Hence, well productivity
is a critical parameter that influences the lifecycle of a well and optimization techniques
for production.

The inflow performance relationship or IPR is one of the fundamental relations that
exists to evaluate well performance [1,2]. Over the decades, there have been significant
advancements in IPR modeling for horizontal wells [3-8]. Some investigations have also
incorporated the effect of non-Darcy flow [9,10] due to the presence of natural fractures and
identified ways to address additional discrepancies concerning the type of flow within the
reservoir and methodologies to accurately capture the flow regimes. Recent advancements
in productivity modeling and well performance evaluation have also assisted in better
understanding and analyzing the expected flow behavior within the reservoir [11-16].
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This comprehensive investigation analyzes the multi-segment horizontal well ap-
proach to developing the local skin factors for each horizontal well segment. The approach
was to obtain the equivalent skin factor of the segmented horizontal well in a tight gas
reservoir by equating the total production from the entire horizontal well to the sum of the
flow from individual segmented damaged zones along the well length. The flow rate into
a volume segment of a porous media does not match the flow rate of that element during
the unsteady-flow condition. In other words, the fluid content of the porous medium is dy-
namic and changes with time. The combination of continuity, Darcy’s, and compressibility
equations along with the initial and boundary conditions results in Equation (1)
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This general partial differential equation describes the radial flow in all directions
in a porous media [17]. Equation (1) implies laminar flow; hence, there is a need to treat
Equation (1) differently to develop a practical equation that describes the flow behavior
of fluids in a gas reservoir. Due to the significant effect of pressure on gas viscosity and
density, two equations are added to Equation (1), resulting in the derivation of Equation (2),
which is the radial diffusivity equation for compressible fluids, that is, gas reservoir fluids.
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Equation (2) is linearized by the introduction of the real gas potential m(p), which is
defined in Equation (3) along with the boundary condition. As the well is shut-in, a pressure
disturbance is created in the reservoir, and a pressure wave travels throughout the reservoir.
The pressure behavior of the well during unsteady-state (transient) flow is not affected
by the reservoir boundaries; that is, the reservoir behaves as if it has infinite size, and this
occurs within a relatively short time [18]. As soon as the pressure disturbance reaches all
the drainage boundaries, the pseudo-steady state flow begins; hence, different boundary
conditions are imposed on the diffusivity equation in Equation (2). Furthermore, Figure 1
illustrates the pressure profile of a well versus drainage radius, producing at a constant
rate. Different pressure profiles are shown for different flow periods (t) and a transition
from transient flow to pseudo-steady-state flow will occur with time depending on the
pressure support. In the present case, the well is undergoing pseudo-steady state flow with
constant change in pressure with time throughout the drainage area. This behavior fits the
practical performance of horizontal wells with a pressure-depletion scheme, such that the
reservoir boundary pressure is not maintained but decreases with time (t; < t3 < t;) and
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Formation damage along the horizontal length in gas reservoirs increases the required
drawdown pressure, resulting in a reduced flow rate. Therefore, damaged wells will
require a higher-pressure drawdown to produce at a particular flow rate than an equivalent
undamaged well with a uniform permeability. It is expected that the damaged region in a
horizontal well would be greater near the heel of the well because of the longer duration
of exposure to drilling fluid and filtrate invasion than near the toe. Additionally, due to
permeability variations along the well path, there will be a difference in flow rate among
the segments. Due to these well attributes, most conventional models fail to take this
non-uniform damage into account. In horizontal wells, non-uniform damage distribution
greatly impacts the pressure transient characteristics and the well’s productivity. Since
the damage distribution around a horizontal well is typically contributed by the duration
of the exposure of drilling fluid, the damaged formations around a horizontal well are
expected to take a conical shape [19].
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Figure 1. Pressure versus radius in pseudo-steady state flow regime [17].

This comprehensive investigation analyzes the multi-segment horizontal well ap-
proach to developing the local skin factors for each horizontal well segment. This approach
has been used in literature to develop equivalent skin factors in horizontal wells subjected
to non-uniform damage. This obtains the equivalent skin factor of the segmented horizon-
tal well in a tight gas reservoir by equating the total production from the entire horizontal
well to the sum of the flow from individual segmented damaged zones along the well
length. Hence, the primary objective of this paper is to apply the model for non-uniform
damage and productivity of horizontal wells in gas reservoirs to predict the performance
of these wells when subjected to turbulence at the near-wellbore region.

1.1. Damage to Horizontal Wells Drilled in Tight Gas Reservoirs

Tight gas reservoirs exhibit very low permeability values, less than 0.1 mD. In addition,
formation damage in tight gas reservoirs arising from the invasion of fluids during drilling
and completion is an inevitable phenomenon. This damage is usually referred to as
mechanical skin damage, resulting in gas flow at very low rates, making production
uneconomical in many cases.

Low-permeability reservoirs such as the tight gas reservoirs have reduced invasion
zone thickness than a high permeability formation. However, the percentage loss in a
low-permeability reservoir is larger than a high permeability reservoir. This occurs due to
the blockage of the small pore throats in low-permeability reservoirs by drill solids and
completion fluids, resulting in a large reduction in permeability around the wellbore. This
reduced permeability around the wellbore minimizes fluid loss and therefore minimizes
the radius of the fluid-invaded zone.

The damage in horizontal wells will be larger than that in vertical wells drilled in tight
gas reservoirs because horizontal drilling takes a longer time than vertical well drilling,
resulting in the conical-shaped damaged zone shown. For this investigation, two patterns
of non-uniform damage are examined, the cone-shaped and horn-shaped patterns, as
shown in Figures 2 and 3.
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Figure 2. Cone-shaped damage.
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Figure 3. Horn-shaped damage.

This damaged zone severely reduces horizontal well productivity especially in tight
gas reservoirs. In this scenario, skin damage varies along the length of the horizontal
well. The skin versus horizontal length plots can be used to estimate the expected average
damage from a horizontal well. During the horizontal well test interpretation, an average or
equivalent skin value can be calculated, which would obviously represent the entire well.

1.2. Near-Wellbore Turbulence in Horizontal Wells in Tight Gas Reservoirs

As the gas finds a flow path through the ultra-low-permeability reservoir, because of
the relatively low pressures around the wellbore, the flow velocity is expected to increase as
the wellbore is approached. This increased velocity will be the cause of the development of
a turbulent flow around the wellbore. Hence, the proposed model includes the coefficient
of turbulence in the productivity equation to account for turbulence, though the reservoir
has low permeability. Additional pressure loss due to the turbulence, similar to that caused
by the skin effect (but of different magnitudes) must be taken into consideration. The
literature uses the non-Darcy flow term, which is interpreted as rate-dependent skin to
describe the additional pressure drop due to the turbulent (non-Darcy) flow [17].

Therefore, total or apparent skin, s, in a tight gas reservoir will be due to equivalent or
average formation damage, s¢; and the non-Darcy rate-dependent skin, expressed as DQ,
that is:

§ =8¢+ DQyg 4)

where D is the turbulent flow factor and Qy is the gas volumetric flow rate.
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1.3. Horizontal Well Application in Tight Gas Reservoirs

Generally, tight gas reservoirs are historically considered to have poor commercial
value owing to their low production rates. These difficulties have caused the replacement
of vertical wells by horizontal wells, such that large volumes can be drained. Furthermore,
the vertical wells, if any, are hydraulically fractured and/or acidized and closely spaced to
efficiently drain the reservoir [1]. Therefore, horizontal wells have proved to be suitable for
the development of tight gas reservoirs due to high production rates achievable through
suitable drawdown.

It is generally observed that in tight gas reservoirs, wellbore turbulence limits the de-
liverability of horizontal wells. The possible alternative to reduce near-wellbore turbulence
is to reduce the gas velocity around the wellbore. For vertical wells, Qg/h is higher around
the wellbore compared to Qg/L around the horizontal wellbore because L is sufficiently
greater than /1, where /1 and L are the reservoir thickness and lateral length of the horizontal
well, respectively.

Experience shows that it is difficult to create long fractures through a tight reservoir,
especially if there is a weak cap or base rock overlaying and/or underlying the reservoir,
where there is the possibility of fracture extension into unproductive zones. In these
cases, horizontal wells provide a better alternative to obtain long fracture extension since
the horizontal well itself represents a long fracture with a height equal to the wellbore
diameter [20].

The concept of dimensionless time tp, defined to represent various flow regimes and
estimate the time to reach pseudo-steady state, vertical gas wells drilled with a circular
drainage area with 160-acre spacing will have infinite acting time (i.e., time to reach
pseudo-steady state in hours) as:

110.5 x 10°Sucy;
thss = k Fo ©)

Equation (5) shows that the transient time (infinite acting time) depends on the
porosity, permeability, and compressibility of the reservoir. Vertical gas wells in tight gas
reservoirs with permeability less than 0.1 mD take longer to reach the pseudo-steady state.
Therefore, it is very difficult to drain the reservoir economically with vertical wells in such
a long transient time in tight gas reservoirs. Horizontal wells provide the best option to
accelerate reservoir drainage and drain the reservoir effectively.

2. Materials and Methods
2.1. Horizontal Well Productivity Model

This paper adopts the pseudo-steady state gas flow equation as the primary equation,
which models the practical performance of horizontal wells in reservoirs with a pressure-
depletion scheme. The reservoir boundary pressure is not maintained but decreases with
time. This paper modifies the equation to be suitable for non-uniform skin and turbulent
flow. The equation is given in two forms:

Pressure-Squared form:

ki (P* = Pyy?)

prm— 6
Qe 1422T (pgz) o [ (v /i) — 0.75 + ] (©)
Pseudo-Pressure form:
. kh (@ - lpw f ) 7
Qg = 1422T[In(en/r;,) — 0.75 + §] @

From Figure 4 it can be seen that the gas flow rate is proportional to the pressure
square terms in the pressure-squared solution. The pseudo-pressure solution method can



Energies 2021, 14, 8334

60of 18

be used for reservoir pressures up to 3800 psia, as P?> and m(P) curves have identical values
up to 3800 psia.

3000 T T T T T 1 3000
PLOT OF m(p) vs p
—  7,=070,T=200°F _
§. 2000
o~
a
)
E
1000

0 2000 4000

0
6000 8000
PRESSURE, psio

Figure 4. Plots of gas potential versus P> and m(P) [20].

Thus, the pseudo-pressure solution method is adopted as the base of our modified

model, and the system described in this manuscript is a tight gas reservoir underlain by a
bottom-water aquifer providing the drive, as shown in Figure 5.

. ——-\
Gas reservoir R

Horizontal We

Figure 5. Basic schematics of a tight gas reservoir with bottom aquifer support.

The concept of effective wellbore radius, r3, given by Joshi [20], is introduced into the
gas flow equation as follows:

o ren(L/2) ®)
a {1 +4/1— (L/Za)z] [/ (2" E

with

©)

a= (%) [0.5 +1/025+ (21, /L)4] ”
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and

43,560A
o = | (10)

where the drainage area, A, is assumed to be elliptical for the purpose of this paper. That is,
A = 1trp,? = mab

where 4 is half of the major axis and and b, is half of the minor axis.

Now, the apparent or total skin defined in Equation (4) needs to be substituted into
Equations (6) and (7). Therefore,

Pressure-Squared form:

ki (P* = Pyy?)

= 11
Qs 1422T (pg2) 1 [IN(7e1/0) — 0.75 + 5¢q + DQy] b
Pseudo-Pressure form:
kh (@ - lpw f )
Qg (12)

~ 1422T[In(rar/r) — 0.75 + 50 + DQg)

2.2. Concept of Equivalent Skin from Non-Uniform Damage in the Horizontal Well
Productivity Model

Furui et al. [21] conducted an analysis on heterogeneous skin calculation along the
wellbore length, which this paper refers to as non-uniform damage along the wellbore
length. The method of analysis in the reference is adapted in this paper. The distribution of
the gas flow rate per unit length of the tight gas horizontal well is not uniform when the
distribution of the formation damage is not uniform but is a function of the position x along
the horizontal well. As stated earlier, two patterns of non-uniform damage are examined,
the cone-shaped and horn-shaped patterns. According to the multi-segmented horizontal
well model, this paper divides the horizontal well in the tight gas reservoir (with bottom
aquifer) model into equal segments (i.e., from 1 to n) and analyzes the cumulative lateral
length from the heel up to the tip of each segment as individual lateral lengths with local
skin factors for each segment. Figure 6 shows the multi-segment horizontal well model.

oI
1 N (xl —
Q 0 T ( ( )
L /A_
- i=n

v

1=1 i=2 i=3 L

Figure 6. Multi-segment horizontal well model.
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1

From Equations (11) and (12), assuming homogeneous and isotropic reservoirs, the
total flow rate due to the equivalent skin factor is:

_ kh (@ - lpwf)
- 1422T [In(ven /) — 0.75 + 509 + DQg]

Qg (13)

and will be equal to the sum of the flow rate from each damaged segment with individual

local skin factors, that is:

kh
14227 (In (e /r;;

w_wwf)

—0.75+s(x1)+DQq1
kh ¢_7~/wa)

14227T [In(ven/ri) —0.75+5(x2) + D Qg2
kh (¢_¢wf)

14227 [In(ven/ri) —0.75+5(xn ) +DQgn|

]-I-

+ (14)

|~ |~

The rate-dependent skin due to turbulence from each segment of flow is sufficiently
low in low-permeability reservoirs such as tight gas reservoirs; therefore, the rate-dependent
skin terms are neglected.

1 1 1

= o =C 15
In(a/ra) — 075 1 5oy In(ra/run) — 075+ 5(x1) | In(rafrua) — 075+ 5(xa) " In(rar/ran) — 075 + 5 () (15)
! =C (16)
In(re/r) — 0.75 + 50q
Therefore,
— 1 Ten
Seq = & +075 1n(m> (17)
Note that the effective wellbore radius due to the length of each segment is:
. Ten(Li/2
rivi = on(Li/2) 18)
a {1 +4/1— (Li/Za)z} [/ 2r))"F
where
L; %
a= (2) [0.5 + \/0.25 + (27, /L) } (19)

The equivalent skin factor from formation damage to be used to calculate the hori-
zontal well flow rate in gas reservoirs depends on the local skin factors for each damaged
segment, drainage radius of the horizontal well, and the effective wellbore radius of the
horizontal well.

The local skin factor, s(x;) is defined as:

s() = | 1] m] 42 (20)

kg Tw

The permeability of the damaged zone, k; is a function of x along the lateral length,
i.e., ky(x). Also, the radius of damage, r, is a function of x, i.e., r4(x).
For the cone-shaped damage, 7;(x) is a linear function (Figure 2):

7’d(x)7rdmax — Tdmin —Vdmax
X . L (21)
rd(x) = Tdmax + f(rdmin - 7’dmax)
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Hence, the local skin factor for each segment will be:

k T X
S(xi) = {kd - 1} In {d:;ax + m(rdmin - rdmax) (22)

For the horn-shaped damage, r4(x) is an exponential function (Figure 3).

2.3. Concept of Turbulence in the Horizontal Well Productivity Model

As discussed above, the development of Equations (11) and (12) resulted from using
the Darcy Law as the basis and included modifications to suit the behavior of horizontal
wells in gas reservoirs. Turbulence, which is peculiar to gases, adds the non-Darcy charac-
teristic to the fluid flow. Hence, the need to add the turbulence or inertial flow factor, D, to
the productivity model arises.

From literature, the turbulent flow factor, D, is defined as [20]:

Fkh
©1422T @3
where F is the non-Darcy flow coefficient and is given by:
3T
F—3161 x 1012 P10 (24)
Hewf h2ry
The turbulence parameter, B is given as:
f =188 x 1010k 1475053 (25)

Equation (23) shows that the near-wellbore turbulence in a vertical well is inversely
proportional to the perforated interval, i, whereas in a horizontal well, by increasing the
length, the near-wellbore velocity or turbulence is decreased, and productivity is enhanced.

Equations (11) and (12) result in quadratic relationships in terms of Qg, not explicit
expressions for calculating the gas flow rate [20].

The deliverability or multi-rate test is one of the tests that can be used to confirm the
effect of high velocity or turbulence in a horizontal well by measuring the flow rate at
different surface pressures after the well has been shut-in for some time (i.e., for formation
pressure/bottomhole flowing pressure to equalize at the average reservoir pressure). At
each surface pressure, a stabilized gas flow rate, Qg is recorded. The bottomhole flowing
pressure is calculated from surface pressure and gas flow rate. The backpressure or
deliverability equation in Equation (26) is used to correlate the data from the deliverability
test. That is:

Q=c(P*-r2)’ (26)

Qg = C(@ - #’wf)n (27)

The exponent, 7, is a dimensionless constant and accounts for the additional pressure
drop caused by turbulence in the horizontal well, whereas reservoir rock properties, fluid
properties, and the reservoir flow geometry define the performance coefficient, C [1].

From log (Fz - Pz%f) = Llog(Qq) — Ll0g(C), the deliverability plot of - P?%f versus
Qg on a log-log scale can be obtained from which the slope 1/n can be calculated. This also
applies to the pseudo-pressure method.

The values of n range from 1.0 (fully laminar flow) to 0.5 (fully turbulent flow).

The values of C and n are used to determine the gas flow rate at any bottomhole
flow pressure.

The linear-inertial-turbulent (LIT) quadratic approach [18], is also used to separate the
laminar and inertial-turbulent terms in Equations (11) and (12). The quadratic equations
can be written in the following forms:



Energies 2021, 14, 8334 10 of 18
Pressure-Squared form:
=2
P" = Pyg® = Qg + b1Qg? (28)
where 1400 T

_ Ms= Ten '\ _

a; = ( o ) {ln ( " ) 0.75 + seq} (29)
1422T gz

=|——F——|D

b= () 0)

The values of a; (laminar flow coefficient) and by (inertial-turbulent flow coefficient)
make Equation (28) solvable for Qg at different values of P, .

—a; + \/a12 +4by (Fz - ow2>

Q= 5 (31)
Pseudo-Pressure form: B
P — Pof = 12Qg + b2 Qg (32)
where,
_[1422T en\
ap = <kh ) {ln ( " > 0.75 + sgq} (33)
1422T

The values of a, (laminar flow coefficient) and b, (inertial-turbulent flow coefficient)
make Equation (28) solvable for Q, at different values of Py

—dp + \/5122 + 4b, <¢ — l[wa)

Qg = 2b, (35)

3. Results

A 5000 feet horizontal well is proposed to be drilled in a tight sand reservoir underlain
with a bottom aquifer. The details of the reservoir, flow, and pressure parameters are given
in Tables 1-3.

Table 1. Reservoir properties for the case study.

Measured Depth, ft. 15,500
HW Drainage Radjius, ft. 2979
Average permeability, mD 0.1
Vertical permeability, mD 0.05
Damaged zone Permeability, mD 0.01
Average porosity 0.3

Table 2. Gas properties.

Reservoir Temperature, °F 244.3
Gas Gravity 0.65
Pseudo-Critical Temperature, °F 373.97

Pseudo-Critical Pressure, psia 670.91
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Table 3. Flow and pressure parameters.

Current Reservoir Pressure, psia 3000
Pseudo-Pressure psi®/cp 6 x 108
Bottom Hole Pressure, Pwf psia 2500
Pseudo-Pressure Pwf, psi?/cp 4 x 108
Turbulent parameter (f3), 1/ft 1.05 x 1012
Turbulent flow factor (D), 1/Mcf/D 0.000504
Viscosity at Pwf, cP 0.017
Gas Flow rate (with Turbulence), Mcf/D 651
Gas Flow rate (w/o Turbulence), Mcf/D 703

The development of this tight gas reservoir required decisions and predictions on
the dependence of equivalent skin factor and flow rate on five major influencing parame-
ters. This section investigates the influence of the horizontal well length, damaged zone
permeability, drainage area, reservoir thickness, and wellbore diameter on the calculated
equivalent skin (of a non-uniform skin distribution) and the flow rate (with turbulence and
no turbulence). Figures 7-15 illustrate the key findings from this investigation.

e==Non Uniform Skin = ———Equivalent skin

20
18
16

Skin Factor

S N B

0 1000 2000 3000 4000 5000 6000

Length, m

Figure 7. Local skin factor and equivalent skin versus horizontal well length.

Equivalent Skin
= » hed b
— (9,1 (3] W W W B (9]

S
S W

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Kd, mD

Figure 8. Equivalent skin factor versus damaged zone permeability.
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Figure 9. Gas flow rate versus damaged zone permeability.

e W/O turb e With turb

2000 4000 6000
Horizontal Well Length, feet

Figure 10. Gas flow rate versus horizontal well length.

Figure 7 shows the plot of the local skin factor and equivalent skin versus horizontal
well length. As illustrated, the skin factor with respect to non-uniform skin decreases
along the horizontal well length. The non-uniform skin behavior matches better with
horn-shaped damage rather than cone-shaped damage. Furthermore, there is a slight
increase in equivalent skin with respect to an increase in horizontal length. However, the
incremental rate of equivalent damage is very minimum, which justifies drilling a longer
horizontal well. This is consistent with the findings reported in literature [22-24] and can
be associated with lesser exposure to damaging drilling fluids towards the toe segment.
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Figure 11. Equivalent skin factor versus drainage area.
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Figure 12. Gas flow rate versus drainage area.

Important findings from the model in terms of well productivity can be found in
Figures 8 and 9. Figure 8 shows the plot of the equivalent skin factor versus damaged zone
permeability. It can be seen that the damaged zone permeability increases with reduced

equivalent skin. A reduction of equivalent skin from 4 to 0.5 can enhance permeability by
nearly six-fold.
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Figure 15. Gas flow rate versus wellbore diameter.
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Figure 9 shows the plot of the gas flow rate versus damaged zone permeability. Under
the cases analyzed within the given scenarios, a nearly linear increase in flow rate is noticed
when the effect of turbulence is not considered. In contrast, the flow rate is significantly
lowered when the effect of turbulence is considered within the non-Darcy flow equation.
This clearly shows the importance of considering the turbulence while calculating the
expected flow rate in a realistic scenario. Figures 9 and 10 can also help in predicting the
improved well productivity if wellbore clean up and skin removal is attempted. A mare
reduction of equivalent skin from 4 to 0.5 would result in permeability enhancement from
0.01 to 0.06 mD, which would result in gas productivity enhancement from 700 McF/day to
nearly 3700 McF/day in the case of a non-turbulent situation and if turbulence is factored,
the well’s productivity can be raised from 700 McF/day to nearly 1700 McF/day. These
findings are consistent with the findings reported by Bin et al. [22] and Yuan et al. [23].

Figure 10 shows the plot of the gas flow rate versus horizontal well length. Under the
cases examined within these scenarios, an associated increase in flow rate is observed in
the presence and absence of turbulence with respect to changes in horizontal well length.
As anticipated, the flow rate without any turbulence is slightly higher than the flow rate
with turbulence present. However, significant observation and serious decision-making
criteria could be derived from this plot. The model outcome shows that by increasing the
length of the horizontal well in a tight gas field from 1000 to 5000 ft, only 70-80 Mscf/Day
additional gas production could be achieved, which may not permit the economics of
drilling, completion, and maintenance of the well.

Figure 11 shows the effect of the drainage area of the well on the equivalent skin.
A comparative decrease in equivalent skin is noted as the drainage area increases. On
the contrary, Figure 12, which represents the model outcome of the drainage area on gas
flow rate, shows that flow rate reduces if a larger drainage area is permitted. Though the
trend is very similar, well production is significantly less when turbulence is considered in
productivity calculation (influence of non-Darcy flow). These plots show that factoring in
the turbulence effect would help in realistic production forecasting as well as optimizing
well placement to meet the project economics.

The above observation is supported by the inflow performance curves presented
in Figure 13, considering flow with and without turbulence. Under the cases examined
within the given scenario, it could be seen that at high bottom-hole pressure, the impact of
turbulence is minimum; however, at low bottom hole pressure, there could be a significant
difference in well productivity, thus providing a more realistic forecasting tool. Finally,
we used the model to investigate the impact of wellbore diameter on equivalent skin
(Figure 14) and well flow rate (Figure 15). It is evident from Figures 14 and 15 that by
doubling the wellbore diameter, the equivalent skin could be reduced marginally (about
7%), and the production rate can be improved by about 7% if no turbulence effect is
considered and about 9% if the turbulence effect is considered. This nominal increase may
not permit the economics of drilling a larger diameter hole.

The above results show that the improved analytical model considering non-uniform
flow and the effect of turbulence in a tight gas field can save from over-estimation of
well productivity. The model outcome is in accordance with Adesina et al. [24], who has
shown that when frictional pressure losses are considered, the actual production would be
significantly less compared to the prediction made from Joshi’s model. The present model
can also be a helpful tool in optimization of horizontal length, wellbore diameter, and well
distance, and cost benefits of post-drilling wellbore cleanup operations.

4. Conclusions

This work presents a modified horizontal gas well productivity equation by modifying
the mechanical skin factor to account for non-uniform mechanical damage along with the
evaluation of the turbulence effect in the near-wellbore region for tight gas reservoirs. The
productivity model is applied to a case study involving the development of a tight gas
field with horizontal wells. The influence of the horizontal well length, damaged zone
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permeability, drainage area, reservoir thickness, and wellbore diameter on the calculated
equivalent skin (of a non-uniform skin distribution) and the flow rate (with turbulence and
no turbulence) are investigated. The key conclusions are as follows:

A model equation is developed for tight gas reservoirs that modifies the horizontal
gas well productivity equation proposed by Joshi.

The model incorporated the mechanical skin factor to account for non-uniform skin
damage as well as near-wellbore turbulence effect in horizontal gas wells.

The multi-segment horizontal well approach was used to develop the local skin factors
for each segment and estimated the equivalent skin factors subjected to non-uniform
damage drilled in oil reservoirs.

The equivalent skin factor of the segmented horizontal well was estimated by equating
the total production from the entire horizontal well to the sum of the flow from individual
segmented damaged zones along the well length. Conical and horn-shaped damage profiles
were used to develop the equivalent skin in the horizontal well productivity equation.

Application of the above equation on a proposed horizontal gas well in a tight reservoir
was made on the influence of the horizontal well length, damaged zone permeability,
drainage area, reservoir thickness, and wellbore diameter on the calculated equivalent skin
factor and the flow rate showed that equivalent skin factor increases with an increase in
horizontal well length and decreases with an increase in the drainage area.

The results obtained from this investigation show a significant potential to assist in
making practical decisions on the favorable parameters for the success of the field develop-
ment in terms of equivalent skin factor, flow rate, and inflow performance relationships
(IPR); however, it is important to validate the model based on real field data.

Future work and recommendations:

Validation of the above model needs segmented well test data. The local operator was
contacted and suggested to perform segmented well tests in tight gas reservoirs.

Suggestions are made to test the well for flow rate and pressure, segmenting the
horizontal section based on saturation and porosity logs.

Suggestions are also made to place high-sensitive optical fiber-based DTS (differen-
tial thermal sensors) during well completion to measure temperature difference within
segments, which would indicate gas flow rate at different segments.

The above data once generated will be used for validating the model, in particular in
investigating the non-uniform damage effect and turbulence effect.

Author Contributions: Conceptualization, S.0.0. and A.T.A.; Data curation, A.T.A.; Formal anal-
ysis, 5.0.0., AT.A., B.G. and A.S.; Methodology, A.T.A.; Project administration, S.0.0. and B.G;
Supervision, S.0.0. and B.G.; Validation, S.0.0., AT.A,, B.G. and A.S,; Visualization, A.T.A. and A.S.;
Writing—original draft, A.T.A.; Writing—review & editing, S.0.0., B.G. and A.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors sincerely thank Khalifa University, Abu Dhabi, UAE, for support
and permission to publish this work.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

ISN

half the major axis of drainage ellipse
A well spacing, acres

a;  laminar flow coefficient

b half the minor axis of drainage ellipse
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by inertial-turbulent flow coefficient

B’ turbulence parameter, ft~!

C performance coefficient

cf in-situ formation compressibility, psia~!
ct total aquifer compressibility, psia !

D Inertial or Turbulent Flow Factor, d /Mcf
DQg; non-Darcy rate dependent skin

n exponent that accounts for additional pressure drop caused by turbulence

dy wellbore diameter, inches
F non-Darcy flow coefficient
h reservoir thickness, ft
hp perforated interval of horizontal well, ft
k permeability, md
ks permeability of damaged zone, md
ki) permeability of damaged zone for each segment, md
ky, average reservoir permeability, md
ky vertical permeability, md
L horizontal well length, ft
m(p) real gas potential
in horizontal wells
P reservoir pressure, psia
Py pseudo-critical pressure, psia

Py bottom hole flowing pressure, psia
Qg gas Volumetric Flow Rate, STB/d
r radius, ft

14 radius of damage, ft

Tamin ~ radius of minimum damage, ft
Tamax radius of maximum damage, ft

t4xi) radius of damaged zone for each segment

Tely drainage radius, ft
Tw wellbore radius, ft
r'w effective wellbore radius, ft

r'wri  effective wellbore radius due to each segment, ft

Seq equivalent or average formation damage
Stviy  local skin factor for each segment

s total or apparent skin in a tight gas reservoir

t time, t, days
T reservoir temperature, °F
Tpe pseudo-critical temperature, °F
tpass ~ time to reach pseudo-steady state, hours
x length of wellbore lateral segments, ft
z gas compressibility factor, dimensionless
B turbulence parameter
Y imaginary part of complex flow potential
U viscosity, cP
Mg viscosity of gas, cP
N flow potential, psi
) porosity, fraction
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