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To address the significant challenges posed by multiscale heterogeneity in fractu;

reservoirs, we have developed a comprehensive triple-porosity pressure transi

tailored for slanted wells. A central innovation of this work is the rigorous jaco
&
o ti

Fractured-vuggy reservoir;
Slanted well;
Triple-porosity model;
Pressure transient analysis;
Interporosity flow;

% carbonate
1 specifically

ion of a unified
the dynamic fluid
interconnected natural

unsteady-state interporosity flow mechanism. This approach accurately
transfer from both spherical matrix blocks and a distinct vug system 4
fracture network, thereby avoiding the limitations of simplified ly state assumptions. The
model also integrates essential near-wellbore effects such as wellbore and skin factor. Leveraging
source function theory and the principle of superposition, a new semi-aalytical solution was derived in
the Laplace domain, with the real-time pressure response o d via the Stehfest numerical inversion
algorithm. Based on this solution, characteristic type Bryes enerated, revealing a key diagnostic
feature: two successive troughs on the pressure deri i%g . These troughs represent the sequential
&b;

fluid supply, first from the more permeable vugs a uently from the low-permeability matrix.
Extensive sensitivity analyses systematically ed the influence of well geometry and critical
reservoir parameters on pressure behavior. Fin a field example from a carbonate reservoir validated
the model's practical applicability, demOpStiatifig excellent agreement with actual test data.
Consequently, this work offers a more gobust tgol for well test interpretation in these highly complex

formations.
>,

1. Introduction

Naturally fractured-vuggy carbonate reservoirs are a significant source of global hydrocarbon reserves. However, their complex
pore structure, characterized by a combination offmatrix, fractures, and vugs, presents considerable challenges for accurate

reservoir characterization and performance predietion. The dual-porosity model, first proposed by Warren and Root [1], provided
a foundational framework for understanding these $ys

s by idealizing them into a high-permeability fracture network and a
low-permeability matrix system thapacts as“& fluid source. This concept has since been extended to more complex
representations, such as dual-porosity/, ermeability models [2,3] and triple-porosity models, which explicitly account for
the distinct properties of vugs in addi fractures and matrix [4]. Recent studies have further elaborated on these complex
systems; for instance, Shi et al@ established an analytical model for multibranched fault-karst carbonate reservoirs,
emphasizing the significant im f the spatial structure of fracture-cave systems on pressure transient responses.

Concurrently, advances in daillingdtechnology have made slanted, or highly deviated, wells a common strategy for enhancing
productivity, especially i @ or dipping formations and for intersecting a greater number of natural fractures. The analysis of
pressure transient dat tich wells requires specialized models that account for their unique geometry. Early work by Cinco
et al. [6] demonstrated ¢ inclination of a well creates a negative pseudoskin effect. Subsequent research has provided a
robust theoretic@-\ ation for slanted well analysis, with Ozkan and Raghavan [7] developing a comprehensive library of
source func@( e Laplace domain. This semi-analytical approach remains a powerful tool for solving complex boundary

value probléms. Recently, Guo et al. [8] applied point-source solutions and the superposition principle to investigate pressure
behaViess in icterogeneous multilayered reservoirs. These foundational models have been further adapted to various complex
luding reservoirs with impermeable faults [9] and laminated pay zones [10].

ignificant progress in modeling both fractured-vuggy reservoirs and slanted wells independently, the intersection of
these two areas remains a frontier of active research. Accurately capturing the pressure transient behavior of a slanted well in a
triple-porosity system is particularly challenging. While some studies have addressed highly deviated wells in such reservoirs
[11-14], they often rely on simplified assumptions for interporosity flow, such as the pseudo-steady state assumption, which may
not adequately represent the dynamic fluid exchange between different media during transient tests.

To address this gap, this study develops a comprehensive pressure transient model for a slanted well in a fractured-vuggy
carbonate reservoir. The model conceptualizes the formation as a triple-porosity system and, most importantly, incorporates a
unified unsteady-state interporosity flow mechanism from both spherical matrix blocks and vugs into the fractures. A semi-
analytical solution is derived in the Laplace domain using source function theory, with the corresponding real-time solution
obtained via the Stehfest numerical inversion algorithm. Based on the solution, dimensionless type curves of pressure and
pressure derivative are generated to identify characteristic flow regimes. Sensitivity analyses are performed to quantify the impact
of key reservoir and well parameters. Finally, the proposed model is validated using a field example from a carbonate oil
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reservoir, confirming its reliability and practical applicability. The established model provides a more robust theoretical basis for
well test interpretation and accurate characterization of complex fractured-vuggy carbonate reservoirs.

2. Physical model

(1) A slanted well with a length L, inclination angle 6, and radius 7, is located in a carbonate reservoir with uniform thickness

h. The vertical distance from the well center to the reservoir bottom is z,,. (see
Figure 1. Schematic Diagram of the Physical Model for a Slanted Well in a Fractured-Vuggy Carbonate Reservoir
Figure 2. Schematic of Flow Pathways in a Triple-Porosity Single-Permeability Model for a Slanted Well

Figure 3. Schematic of a Matrix Block Model

Figure 4. Flow regime identification on a typical type curve for a slanted well in a triple-porosity reservoir (Roman n |
[-VIII correspond to Stage I-VIII in the text. Other parameters are 42 = 30m, Cp = 500, § =40°, S =2, 1y N
=101 kn/k, = 3, 0¢= 0.01, om = 0.94, @, = 0.05, zwp = 0.5, and rep = 2 x 1074)). o ‘ )

Figure 5. Pressure transient analysis curves affected by inclination angle of slanted well.(Other parameters
500, S =2, A= 1078 Ame= 1071, kn/k, = 3, wr=0.01, wm = 0.94, wy = 0.05, zyp = 0.5, and rwp

Figure 6. Pressure transient analysis curves affected by length of slanted well.(Other parameters are /= , Cb =500, S=2,
0=40° A= 1078, Ine= 1071, kn/k, = 3, wr=0.01, wm = 0.94, », = 0.05, zyp = 0.5, an x 107)

D
Figure 7. Pressure transient analysis curves affected by the vug-fracture interporosity flow codfficieit’(1.r).(Other parameters
are h=30m, Cp =500, S =2, 0=40°, Anr= 1071, kn/ky = 3, wr= 0.01, om = 0.94, @, 90.05, z4p = 0.5, and rwp = 2

parameters are & =30 m, Cp = 500, S =2, 0 =40°, Ayr= 1078, kn/k, = 1, om=0.94, w,=0.05, z4p = 0.5,
and rwp = 2x107%)

Figure 9. Pressure transient analysis curves affected by the vuggy storatiyi (wv).(Other parameters are 2 =30 m, Cp =
500, S =2, 0=40°, L= 1078 Amr= 1071, kn/k, = 5, ¢ =d).01®= S,and ryp =2 x 107%)

x 107)
[
Figure 8. Pressure transient analysis curves affected by the matrix-fracture interw% coefficient (Amf).(Other
3@ ="0r

500, S =2, 0=140° A= 10" Int= 10", kn/ky =3, ,zwp = 0.5, and rwp =2 x 107%)

Figure 10. Pressure transient analysis curves affected by the frac@ativity ratio (wy).(Other parameters are 2 =30 m, Cp =
Figure 11. Fitted curves for the established model and th ta
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(2) The carbonate reservoir consists of three porous media systems: matrix, natural fractures, and dissolution vugs. It is assumed
that the permeability of natural fractures is greater than that of dissolution vugs, and the permeability of dissolution vugs is
greater than that of the matrix micropores. Only the natural fractures are considered to be connected to the slanted well. This
assumption is based on the physical reality of fractured-vuggy carbonate reservoirs, where the permeability of the fracture
network is typically orders of magnitude higher than that of the matrix or isolated vugs. Consequently, fractures serve as the
primary global flow conduits, while matrix blocks and vugs act as local storage sources feeding into the fracture network.The
direct fluid supply from the matrix and dissolution vugs to the well is neglected, as is the crossflow between the matrix and the
dissolution vugs. The matrix and the vugs act as fluid sources that supply the natural fractures. Fluid first flows from the

dissolution vugs to the fractures, followed by flow from the matrix, and then enters the slanted wellbore through the es.
(see Figure 2)
(3) A unified transient interporosity flow mechanism is adopted for the model. This approach treats the fracture@-vu rmation

as a composite of three overlapping, continuous media (a triple-porosity/single-permeability system). The spatialyrelationship is
conceptualized within a representative elementary volume (REV), where spherical matrix blocks and vug onsidered to be
uniformly distributed throughout the fracture network. Both the matrix blocks and the dissolution v re” assumed to be
spherical in shape (see Figure 3), with their respective shape factors denoted by am and av. Conseqie e flow from both
the matrix and vuggy systems into the natural fracture network is considered to be transient (unst€adyastate). This assumption
implies that a pressure drop develops within each element, and the internal pressure is th re nction of both time and
spatial location, exhibiting a spherically symmetric distribution with respect to the element's ce

(4) The top and bottom of the carbonate reservoir are considered impermeable. In the horizontal“direction, three types of outer
boundary conditions are considered: infinite boundary, constant pressure boundary.an% boundary.

(5) The slanted well produces at a constant rate q, and both wellbore storage effect ffect are taken into account.

(6) Reservoir and fluid properties, including oil viscosity (u), wellbore storage af%ﬁt (Cy), total compressibility (C;), skin

factor (), horizontal permeability (kj), and perpendicular permeability (k, sumed to be constant.
3. Mathematical Models G

3.1. Mathematical model for triple-porosity reservoir

The model considers a system of spherical matrix blocks lutlon vugs with radii of 7,; and 7, respectively,
within which the pressure distribution is assumed to be symmetrlc Single-phase crude oil, originating from the
centers of these elements, undergoes transient interporosit to the natural fracture network and subsequently flows through
the fractures to the wellbore. At the matrix-fracture and vug ture interfaces, a pressure continuity condition is imposed: the
pressure at the surface of the matrix blocks (p,,,) and the vugs (p,,) is assumed to be equal to the pressure in the natural fractures
(pf). Let g, and g, denote the volumetric sou s, defined as the volume of fluid flowing from the matrix blocks and
vugs, respectively, per unit time and per uni lunie.

In this model, both matrix blocks and di on vugs are idealized as spheres to facilitate the derivation of the analytical
solution. It is acknowledged that in readi§tic fractured-vuggy reservoirs, these porous media may exhibit diverse geometries, such
as slabs (fracture-bounded sheets) s (fracture-bounded columns). The choice of geometry primarily affects the
interporosity flow shape factor (« specific form of the transfer function f(u) in the Laplace domain. For example,
while spherical blocks yield icjtransfer function involving hyperbolic cotangents, slab or stick geometries would result
in different functional forms, to variations in the timing and rate of the transient interporosity flow. However, despite
undamental qualitative behavior—specifically the presence of distinct flow regimes and the

characteristic "double-trOtgh'/signature on the pressure derivative curve—is expected to remain consistent across different
geometries, represen the Sequential fluid transfer inherent to triple-porosity systems.
i Law, the seepage velocity at the surface of the spherical matrix block (where 7 = rms) is given by:

O Vi = km (apm )
uoor
g to Darcy's Law, the seepage velocity at the surface of the spherical dissolution vug (where r, = r) is given by:
K, (apv )|
uoor,

The seepage velocity at the surface of a spherical matrix block or dissolution vug is equal to the volumetric flow rate from
the element divided by its surface area. That is, for a spherical matrix block:

=Gt a,) [t =2 10, o

Ttn =Tms (1)

V= 2

V

VV = (% 7-[:rVSS(:lV)/(4-Tch52) = % r-VS(:IVS (4)

Combining Eq.(3) with Eq.(4) yields the coupling condition that governs the interporosity flow from the matrix blocks and
dissolution vugs into the natural fracture network:
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Flow Model for the Matrix System
The governing flow equation for the matrix system is:
o° 2 0 C, 0
prz'n + = pm — ﬂ¢m mt pm (0<rm <r-2) (7)
or, r,or, 36k, ot
The initial condition for the matrix system is:

pm |t =0 p| ¢ O (8)
The inner boundary condition at the center of the spherical matrix block is: Q,\’

p
m —
om0~ 0 ©)
rm
The outer boundary coupling condition at the surface of the spherical matrix block is:
pAmﬂ%%=m (10)
Flow Model for the Vuggy System
The governing flow equation for the vuggy system is:
0 20 C,0
—p2V+—ﬁ:’u¢ P r,<r,) (11)
or° r,or, 3.6k,
The initial condition for the vuggy system is: @
mh}, (12)
The inner boundary condition at the center of the spherical dissolution vug is:
w0 =0 (13)
The outer boundary coupling condition at the surface of the spherical dissolution vug is:
pv( v't) r,=r, = pf (14)
Flow Model for the Natural Fractyre Sys
The governing partial differentia ation for the natural fracture system is:
1apf fp o’ pf) i(q +q)= HeCq 0P (15)
ar o kfha2 k. 7 3.6k, ot
The initial condition for tural fracture system is:
Pr |t 0= (16)
The inner bounc@ ion for a point source with a constant production rate is:
k 7, +€l2 6
c(o_ lim h J‘ r Ps dz) an
Q e 1.842x107° ue J=-¢2 or
he ou oundary conditions are:
vsv Boundary (No-Flow):
op
aZf |Z:h -0 (18)
Bottom Boundary (No-Flow):
op
_f| ,0=0 (19)
Lateral Boundary Condition:
lim p, (r, z,t) = p; (infinite) (20)
r—oo
Pr |-, =P; (constant pressure) 1)
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% ., =0 (closed) (22)
The total production rate of the slanted well is obtained by integrating the point source flux along the wellbore:
Lsin@g/2
23
J. Lsin@/2 S|n9 C(Er t)dX ( )
Lsin@/2

24
Pl 0 = Iwwmmneperdx 24)

3.2. Dimensionless mathematical model

Dimensionless parameters definition is shown in the Appendix Parameters definition. After the dime@
transformation, the model is listed below:
Flow Model for the Matrix System
The governing flow equation for the matrix system is:

; S
6 pm? +i 6me — 15a)m 6me (0 < rmD <1) Q (25)
or.? roor. A oty (b,

mD m

The initial condition for the matrix system is: &
oo |io0 =0 (26)

Inner Boundary Condition:
ame
or 1m0~ \'

Outer Boundary Coupling Condition: Q
Puo (o JD)\@3 Po (28)

Flow Model for the Vuggy System
The governing flow equation for the vuggy system is: Q
CO ava

@7

0 2
—pVZD + (O<ry <D (29)
or, I
vD vD D
The initial condition for the vuggy system is:
Puo 1,0 =0 (30)
Inner Boundary Condition: @
ap
0 =0 31)
orp, ™
Outer Boundary Couplin C@on:
K Puo (No o 1o)== Pro (32)
Flow Model for the 1 Fracture System
The governing p@ erential equation for the natural fracture system is:
2
Po , 10pp , 10pp 1 OPup ava _ OPrp
o nor, TR @ 5o mvl"ﬂ“” et T 9
s o Ol o Op Fnb D
Model jliary Conditions:
i ndition:
Pro |t,-0 = 0 (34)
Inner Boundary Condition (Constant-Rate Production):
ap
lim(r, —2)=-1 (35)
[ or D
Outer Boundary Conditions:
Top Boundary (No-Flow):
ap
D —
5 w0 (36)
D

Bottom Boundary (No-Flow):



Pro

=0 (37)
75=0
0z, '"°
Lateral Boundary:
lim p,, = 0(infinite) (38)
Pro [, =0 (constant pressure) (39)
0
% =, = 0 (closed) (40)
D
4. Solving model (b
4.1. Model transformation ¢ O
Laplace transform formula is shown below: ,\’
L[ pD(rD’tD)] = pD(rD’u) :_[0 pD(rD’tD)e_UthtD (b (41)

Using the above formula, the model becomes: &
O’ Pup . 2 OPpp 150U~
me 4+ me — m me (0 < rmD (42)

or.?> rpoor. y)

OPop 0 &\(b‘ (43)

oro B

rp=0
me (rmD ! tD)

D (44)

T

= —
a@rpsz +r£ a@f’)VD :.l g vD (0 <Mp <1) “5)
vD vD vD

vD o= 0 (46)

vD !
%pVD (er’tD) fo=lD = pr (47)

2_ - _—

o pfogah%m_;ﬂ Pop| L) Pl b @)

ory’ or, ¥hy az,t 5™ ang ™ 57 o, et
E >V . 0p 1
lim(r, —2)=—= 49
(o arD) 0 (49)

&@ o

apr
=0 50
Q oz, 17 G0
@ 9P
A

=0 (1)
Q lim P =0 (infinite) (52)

E y P o, =0 (constant pressure) (53)
9P . =0 (closed) (54)
arD D~ 'eD

4.2. Solution to this model
By substituting the solutions of Eq.(42) and (45)into Eq.(48), we obtain:

0° 10 1 6? —
p;D Pio . prD f (u) Pp =0 (55)
or r, or hi oz
D D D D D
The separation of variable formula is shown below:



P =R(L)Z(2,) (56)
Substitute Eq.(55) into Eq.(56):
RZ+IRZ+1RZ - f(URZ=0 57
r-D I"'D
—n 1 — —
R +—R -f()R Z”
2 '
_ =——=/ 58
hio = > (58)
f(u) = % [o.cth(e,)—1] +%,1mf [0 cth(c, ) —1]+ @u (0-69)
Then ¢ O
—n 1 — — \,
R +—R -¢(R=0 (60)
rD
; O
E=tU)+7 x»& a8
D
Z +1Z=0 (62)
(1) The solution in the horizontal direction e (b

The general solution of Eq.(60) can be obtained: N
R:AIO(rD\/E)+B NE) (63)

So the first derivative takes the form:

R = Aﬁll(rDT&@Q/EKl(rD\/E) (64)
| C) 1
rIlrﬁr])[rt,\/gll@ rD\/EKl(rD\/E)B]z—a (65)

The properties of the Bessel function are listed below

Substitute Eq.(64) into Eq.(49):

liml,(x) - 2<NimK,(x) =0, Iing 1,(x) =0, Iirrg XK, (x) =1 (66)
So according to Eq.(66), the Eq.(65) :
B= 1 (67)
u
Substitute Eq.(63) into the side eboundary conditions Eqs.((52)~(54)):
@ lim[ Al (ry+/€) + BK, (1r,1/€)]1=0 (infinite) (68)
& Al (r, \/E )+BK,(rp \/E )=0 (constant pressure) (69)
z’g AVEL (ro[E) — BYEK (1 1J€) =0 (closed) (70)
So accordin, 6):
@ A=0 (infinite) (71)
O A=— 1 M (constant pressure) (72)

? u IO(reD\/E)
A= EM (closed) (73)

U 1 (roA/€)

(2) The solution in the perpendicular direction
The general solution of Eq.(62) can be obtained:

Z =Ccos(v/Az,)+Dsin(\Az,) (74)

So the first derivative of Eq.(74) can be written as:

Z - —\/Z[C sin(v/2z,)—D cos(ﬁzD)} (75)

Substitute Eq.(75) into Eq.(50) and Eq.(51):



—

Z |, .o =—CAsin(v/4-0)+ DVA cos(/4-0) =0 (76)

o2 =—CAsin(\2) + DVA cos(/4) =0 (77)

Zl

Combine Eq.(76) and Eq.(77):
D=0, A = (nn)?>,n=0,1,2L (78)

In the above equations, COS(\/I ZD) is the eigenfunction and 4 is the eigenvalue for closed top and bottom boundaries. In

addition, zp is equal to zwp for the wellbore center. Because the slanted well produces at a constant rate, the PDC will be close to

the ‘1/2’ line. Then the other coefficient can be determined as:
1
C:Ecos(,/ln Z,0) A4, = (nm)?,n=0,1,2L O(mg)
o
So the solution in the vertical direction can be written as:

(3) The bottom-hole pressure solution of slanted well
The pressure solution of fracture can be written as:

Pio =R-Z = S (AL (&) + B, lcos(rmyeos(mz,) s

Where o %

2
£ =f(u)+ (”h’? A =AB Z8n2012L 82)
D

[
b =+/X5 + Yo QD=%’V+Z\ND (83)

By superposition integrals along the slanted well dir tio@ bottom-hole pressure solution of a slanted well will be
acquired:

- D
Z= Ecos(nnzWD) cos(nmz,),n =0,1,2L 0 (80)

At the wellbore

(84)

Due to the existence of WSE(w
acquired by the following formula:

" _p D
SR > E— (85)
@ pWD 1+CDu2 psD

ore storage effect), the pressure solution of this model under real conditions can be

5. Pressure transient ¢

5.1. Flow Regime Id, }

Based on the sefit-analytical solution, a typical log-log plot of dimensionless pressure and its derivative reveals a unique
sequence of yp toyeight distinct flow regimes (Figure 4). At very early times, the flow is dominated by wellbore storage (Stage
D), characten@)y a unit-slope line on the derivative curve. This is followed by a transitional period (Stage II) reflecting the

influgnce of kin factor. As the pressure transient propagates into the formation, it first induces pseudo-radial flow within the

dgtivity fracture network (Stage III), the behavior of which is governed by the properties of the interconnected
fracturgs, including their orientation and conductivity [15,16]. Subsequently, a pressure differential develops between the
fractures and the more permeable vugs, initiating the first unsteady-state interporosity flow from vugs to fractures (Stage IV);
this process is analogous to the fluid exchange modeled in various dual-porosity systems, from hydrocarbon reservoirs to aquifers
[17-20]. Once the fracture-vug system reaches equilibrium, a second, intermediate pseudo-radial flow regime (Stage V) emerges,
reflecting their combined hydraulic response of the fracture and vug systems. [21]. With continued pressure depletion, the low-
permeability matrix begins to feed fluid into the fractures, creating a second, more pronounced unsteady-state interporosity flow
transition (Stage VI), which forms the characteristic second trough. The appearance of these "double troughs" is the key
diagnostic feature of a triple-porosity system. At late times, all three media contribute to flow collectively, leading to the total
system pseudo-radial flow (Stage VII), reflecting the bulk properties of the composite reservoir system as seen by the slanted or
fractured well [22,23]. Finally, the pressure transient may reach the reservoir's outer limits, resulting in boundary-dominated
flow (Stage VIII), which can be influenced by reservoir heterogeneity and the specific configuration of the discrete fracture
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network [24,25]. The precise identification of this sequence, especially the two interporosity flow troughs, is crucial for
accurately characterizing the complex dynamics of fractured-vuggy reservoirs.

5.2. Curves sensitivity analysis of triple-medium model

Figure 5 illustrates a sensitivity analysis on the well inclination angle, 0, for a slanted well completed in a triple-porosity, single-
permeability reservoir. The results demonstrate a clear trend: as the inclination angle increases, the pressure and pressure
derivative curves shift systematically downward. This effect is most evident during the early- to middle-time flow periods,
specifically encompassing Flow Regimes I, II, and II1.

Figure 6 presents a sensitivity analysis of the slanted well length, L, for a well completed in a triple-porosity, single-permeability
reservoir. The results indicate that the well length most profoundly affects the early- to middle-time flow periods, namely Flow
Regimes I, II, and III. Specifically, an increase in the slanted well length not only causes a downward shift in both the pressure
and pressure derivative curves but also extends the duration of Flow Regime IV.

Figure 7 illustrates the influence of the vug-fracture interporosity flow coefficient, (Avf), on the transient pressure zesp . As
observed, A primarily governs the characteristics of the first interporosity flow transition from the vug system to @acmres.
Its influence is negligible during the early-time flow regimes, including wellbore storage (Stage I) and fracturégystem pseudo-
ary effect of Avf
flow between
sequently, as Avf
accelerated pressure

radial flow (Stage III), as these stages are dominated by wellbore and fracture properties, respectively. The
begins at the onset of the first transitional trough (Stage IV). A higher Avf value signifies a smaller resi
the vugs and fractures, allowing for earlier and more efficient pressure support from the vug sys
increases, the first trough shifts significantly to the left (earlier times) and becomes shallow
equalization between vugs and fractures leads to an earlier start of the intermediate pseudo-re@ial Stage V). Therefore, Avf
controls the timing and shape of the transition from fracture-dominated flow to the combined fr -vug system flow.

Figure 8 demonstrates the effect of the matrix-fracture interporosity flow coefficient, lzé, on the transient pressure response.

This parameter quantifies the resistance to fluid flow from the low-permeability matr ks into the fracture network. The
analysis shows that A,,r primarily dictates the characteristics of the second inte sity’ flow transition, which manifests as
the second trough (Stage VI) on the pressure derivative plot. Its influence is negli the earlier flow regimes, including the
first interporosity flow regime (Stage V), which is typically associated with, racture interaction.As observed in the figure,
asmaller A, value (e.g., curve @:10"") signifies lower resistance to floyebcty the matrix and fractures, enabling the matrix
to supply fluid more efficiently and earlier. This results in a deepes and éarljef second trough (Stage VI). Conversely, a larger
Amys value (e.g., curve @:10°'%) indicates higher resistance, leading% allower and later second trough. Therefore, Ap,f is
crucial for quantifying the connectivity and the timing of the late/tim id support from the matrix system.

Figure 9 presents a sensitivity analysis of the vuggy storaﬁ]' 1% rati v), with the fracture storativity ratio (of) held constant to

isolate its effect on the pressure transient response. Th demonstrate that wv primarily governs the dynamics of the
interporosity flow regimes. A higher wv value—representi increased storage capacity in the vuggy system—causes the
corresponding transitional trough on the pressure deriv@tive curve to shift to an earlier time, which in turn signifies an accelerated
onset of crossflow from the vuggy system into th re network.

Figure 10 presents a sensitivity analysis of ghe ure §forativity ratio (wy), with the vuggy storativity ratio (w,,) held constant
to isolate its effect on the pressure transient re e. The results reveal that w; has a pronounced impact on a wide spectrum
of flow regimes, including the initial’ Skin-dominated period, the early radial flow, the intermediate transition flow, and the
subsequent interporosity flow transi @ Specifically, a smaller w; value causes the semilog straight-line segment
corresponding to the initial radial he fracture system to shift to an earlier time, thereby extending the duration of this
intermediate transition period) o@ly, alarger wy value—representing a more compressible fracture network—accelerates
the onset of interporosity flg &bh manifests as a deeper transitional trough on the pressure derivative curve.

5.3. Field Example App @

A pressure buildup te@l vas selected from the Tahe Oilfield (or the fractured-vuggy carbonate reservoirs in the Tarim Basin).
This reservoir is ally characterized by extensive paleo-karstification, creating a complex pore structure where matrix,
natural fracturesfjand/dissolution vugs (caves) coexist. This geological reality provides strong physical evidence for the triple-
porosity assgmption. The test was conducted from November 9th to November 20th, 2023. Based on this geological background
and the diaglc features of the pressure transient data—specifically, the presence of two distinct troughs on the pressure
e—a triple-porosity, single-permeability model with transient interporosity flow was selected for curve fitting and

1.

The fitted curves of well-test interpretation are shown as Figure 11. This figure illustrates the curves plotted from the field data
and the curves run by the model exhibit a substantial level of concordance. The interpretation results are shown in Table 2. This
example application shows the reliability and practicality of the model. It is worth noting that the interpretation yields a positive
total skin factor (S = 0.84). Theoretically, as mentioned in the Introduction, the inclination of a slanted well typically induces a
negative geometric pseudoskin effect by increasing the contact area with the formation. However, the total skin factor derived
from the well test is a combination of this geometric pseudoskin and the mechanical skin caused by formation damage (e.g., mud
invasion during drilling). In this specific field case, the positive value of the total skin indicates that the formation damage is
significant enough to override the negative pseudoskin benefit provided by the well inclination, resulting in an overall positive
skin effect. The excellent agreement between the field data and the model-generated curves, particularly the distinct troughs on
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the derivative plot, serves as a robust validation of the proposed triple-porosity model and confirms the accuracy of the identified
flow regimes.

6. Conclusions

This study presents a comprehensive semi-analytical model to characterize the pressure transient behavior of slanted wells in
complex fractured-vuggy carbonate reservoirs. By conceptualizing the formation as a triple-porosity system and incorporating
an unsteady-state inter-porosity flow mechanism, this work provides a more accurate representation of flow dynamics in these
highly heterogeneous formations. The primary conclusions are as follows:

(1) Unique Diagnostic Signature Identified: The model reveals a unique and critical diagnostic signature for fractured-vuggy
systems: two successive troughs on the pressure derivative curve. This "double-trough" feature directly corresponds to the
sequential fluid feed, first from the high-conductivity vug system and subsequently from the low-permeability matriz@te’m

into the fracture network. This signature serves as a definitive tool for identifying the contributions of different poro ia
during well test interpretation.

(2) Quantified Impact of Well Geometry: The well inclination angle (8) and length (L) were found to primgr' nce the
early- to middle-time flow regimes. An increase in either parameter leads to a systematic downward shift j &\he pressure
and pressure derivative curves, signifying a lower overall flow resistance. This finding is crucial for optimiZigg slanted well
design to maximize productivity in such reservoirs.

(3) Governing Role of Inter-porosity Parameters and Critical Flow Conditions: The characteristics o itional flow periods

are governed by the inter-porosity flow coefficients (1, and A,,f) and storativity ratios fw,Aand @y). Critically, the first
derivative trough (vug-fracture interaction) becomes visible and deeper only when the vug syStem Was a significant storativity
ratio (w,) and a moderate inter-porosity flow coefficient (4,f). Similarly, the appearance of the s€cond trough (matrix-fracture
interaction) requires a substantial matrix storativity but is strictly controlled by the matri€-fislacture interporosity flow coefficient
(Amy); a smaller A, (<10”) delays the matrix support, making the second trou.g dis and separated from the first one.
These critical conditions provide quantitative guidance for identifying triple-pordsity viors.

(4) It should be noted that the current model is developed based on several sinaplif¥i@g assumptions, such as single-phase fluid
flow, constant fluid and rock properties, and spherical shapes for both m: ks and vugs. While these assumptions are
essential for achieving a semi-analytical solution and provide a foundati derstanding of the system, they may not fully
capture the complexities of real fractured-vuggy carbonate reservoffs, Fifurgiresearch should be directed towards incorporating
more complex physics, such as multi-phase flow, stress—sensitiv%eability and porosity, and non-Darcy flow effects.
Extending the model to account for arbitrarily shaped matrix/yug bloCks and more complex wellbore configurations would
further enhance its accuracy and applicability in diverse g€ologic tings.




Nomenclature

Aps additional pressure drop, [MPa]
Dw wellbore pressure [MPa]

Di initial pressure [MPa]

p pressure of zone [MPa]

t production time [h]

r radius [m]

T'w wellbore radius [m]

Te radius of side external boundary [m]

X horizontal distance [m]

z vertical distance from the bottom boundary [m]
Zy vertical distance for wellbore center [m]

g production rate of point source [m*/d] o O
q production rate at wellhead [m?/d] ’\(
kn horizontal permeability of zone [um?]

kp perpendicular permeability of zone [pm?]

C total compressibility of zone [MPa™'] (b

B oil volume factor

L slanted well length [m]

h reservoir thickness [m]

Cs wellbore storage coefficient [m*/MP

Co dimensionless wellbore storage [cmfﬁc@
ws fracture-system storativity [r N

Wm matrix-system storativity [%

Wy vug-system storativit 10

Pip dimensionless pressul%gf,v

o dimensionl@n

intermediate substitution variable
eigenvalue of eigenfunction
matrix-to-fracture interporosity flow coefficient
@vf vug-to-fracture interporosity flow coefficient

O

ZD,ZwD dimensionlessertieal’ distance
7D,¥mD,vD dimensiondess ragial distance
Sp pe diz@well skin factor
S in factor
u Laplacg/transform variable
R component of thePpressure in the horizontal direction
Z compgneiit of the pressure in the vertical direction
- arameters in Laplace space
Io( ), Ko() zero-orde @ iedgBessel function of the first kind and second kind
Li(), Ki() first-order mgdified Bessel function of the first kind and second kind
U fluid viscosity of zone [mPa-s]
4 porosity of zone [fraction]
0 inclination angle [°]
& @ radius of point source [m]
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Appendix Parameters definition

Dimensionless parameters:
Reservoir thickness

hy = hﬂ/kh Ik, /(r,e®) (A-1)
Pressure with a constant rate production

Pip =kn(p; - p;)/ (1.842x107qB ), (j =f,m, V) (A-2)
Radial radius

r=r/(re”)

-3)
Production time

ty =36kt / 11, (4.Cq +4,Cr +6,C.0) ‘ O (A-4)

Vertical distance ,\(
Z, =12 /h Q (A—S)

Vertical distance for wellbore center

z,,=2,/h & (A-6)
Wellbore storage coefficient

C, =C,/6.2832hr *(4C. +¢.C.. ?39“) A
Fracture-System Elastic Storage Coefficient ¢
@ = Cpq [ (4 Cq + ¢mCmt@) (A-8)
Matrix-System Elastic Storage Coefficient
@y =G Cr 1 (4 Ct S +4,Cn) (A-9)
Vug-System Elastic Storage Coefficient 1
@, = 4.C0 | GON T Con + £.C0) (A-10)
perpendicular well skin factor
Sp = /(1.842x10°qB) (A-11)
Total skin factor
=[ L/ (2hfie, Tl + [ So (A-12)

Spherical geometry factor

C a,=15/rs, (j=m,v)
(A-13)
Matrix-to-Fracture Crossflow Coef
2 2 2
<) Jg = Otk ey =151,k 11 K s

Vug-to-Fracture Crossflo &]cient
— 2 _ 2 2
Ay =0k r o Tk, =15¢ K, /1K (A1)

Spherical Radial DiStancte 11 the Matrix System
rmD = I’-m /rms (A_16)
Spherical@a;gistance in the Vug System

o =N /N (A-17)
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Figure 12. Schematic Diagram of the Physical Model for a Slanted Well in a Fractured-Vuggy onate Reservoir

Matrix
micropores

)\

Natural fracture
: Vug

Figure 13. Schematic of Flov% s in a Triple-Porosity Single-Permeability Model for a Slanted Well

Q Matrix micropores
@ . ":"'.' o ) .:)I-'. ._'.':i\\\
. @'V '

o . ] oL

L4 et
**s Natural fracture

Figure 14. Schematic of a Matrix Block Model



18

(D constant pressure boundary

(2) infinite boundary

@) closed boundary %
l 1 l | 1 1 l | 1
1071010 °10" 10* 10" 10* 10° 10° 10" 10* 10" 10 10" 10"
/Gy

'O

Figure 15. Flow regime identification on a typical type curve for a slanted well in a triple-porosity reserv.
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Figure 16. Pressure transient analysis curves affec inclination angle of slanted well.(Other parameters are 7 =30 m, Cp =
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7. Pressure transient analysis curves affected by length of slanted well.(Other parameters are 2 =30 m, Cp = 500, S =
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Figure 21. Pressure transient analysis curves affected by the fracture storativity ratio (ws).(Other parameter, %’30 m, Cp =
500, S =2, 0=40°, =108 Ame= 107", kn/k, = 5, @y = 0.05, zyp = 0.5, and rwp =2 x 1074)
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Figure 22. Fitted curves for the established%nd the field data

h ¢v B Ct I'w L G
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Table 3. Formation and
&
_ _ P kh/kp wr (2 S A vf A mf Cs
(103um®) | (103um?) (m*/MPa)
‘. 73.03 6.98 10.46 0.05 0.13 0.84 6.43x107 3.17x107 0.043
Table 4. We t interpretation parameters



