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Although most carbonate reservoirs are naturally fractured, no quantitative research has been
conducted on the calculation of acid leakoff in naturally fractured carbonate reservoirs. In this
paper, a comprehensive dual-porosity gas/acid flow model is developed to predict the acid
leakoff in naturally fractured carbonate gas reservoirs. The model considers many factors,
including the acid-rock reaction, the acid flow, and the fracture width variation caused by rock
dissolution on the fractured surfaces. On this basis, a numerical simulator was designed for the
model, verified through comparison with Eclipse, and applied to simulate an actual naturally
fractured gas carbonate reservoir. The results show that the acid leakoff is completely different
from that without considering acid-rock reaction on the fracture surfaces. The acid leakoff is
controlled by viscosity and compressibility, and the leakoff rate increased first and then
decreased. Meanwhile, the leakoff rate of the traditional non-reactive liquid decreased
continuously. Moreover, the acid concentration increased the main natural fracture width and
the acid leakoff, revealing the importance to maintain a high acid viscosity for acid fracturing.
The main natural fractures (width>10um) dominated the leakoff, and overshadowed the
contribution of micro-fractures (width<5um) to leakoff. Finally, the main natural fractures
exerted a greater impact on acid leakoff than any other part of the reservoir. The research
findings provide insights into the mechanism of acid leakoff in naturally fractured formation
and offer an accurate method for calculating leakoff in naturally fractured carbonate gas

reservoirs.

1. INTRODUCTION

Most carbonate reservoirs have natural fractures. To
connect these fractures, the carbonate reservoirs are generally
stimulated by matrix acidizing or acid fracturing. Matrix
acidizing mainly improves the well productivity by
eliminating the low-permeable barrier near the wellbore. The
most frequently used acid in matrix acidizing is 5~28% HCI
[1]. Compared with matrix acidizing, acid fracturing enjoys a
broad spectrum of effects and a wide range of application.
However, this stimulation method often faces severe acid
leakoft, as the acid may flow along the natural fractures and
react with the fracture surfaces. The leakoff smoothens the
etched surface of the artificial hydraulic fracture, constrains
the fracture propagation, limits the penetration distance of acid,
resulting in poor or ineffective production of the wells. Thus,
acid leakoff poses a major threat to the success of reservoir
stimulation. Nevertheless, there is no report on the quantitative
simulation of naturally fractured carbonate reservoirs, or the
theoretical analysis on the acid fracturing of such reservoirs.

Since the basic leakoff equation was proposed by Carter [2]
in 1957, many scholars have conducted experiments and
theoretical analyses on the leakoff of fracturing fluid [3-5], and
came to the consensus that the leakoff is controlled by the filter
cake, viscous flow and compressibility. This leakoff
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mechanism has been adopted widely in fracturing simulation
and design. On this basis, various methods and models have
been developed to compute or simulate the leakoff in different
types of reservoirs. In 2000, James [6] qualitatively analyzed
the effects of natural fracturs on hydraulic fracturing in
naturally fractured carbonate reservoirs. Li et al., Guo and Liu
[7, 8] established a mathematical model to compute the leakoff
in fractured vuggy reservoirs, put forward a numerical solution
to the model, and applied the model in sample calculation.
Economides, Hill et al., [9, 10] proposed a leakoff calculation
method for fracturing fluid based on the net pressure of
fractures, and explored the effect of fracturing fluid leakoff on
fracture propagation. Despite the various studies on fracturing
fluid leakoff, few models have been created to analyze the
influencing factors of the leakoff.

The traditional fracturing fluid (non-reactive liquid) leakoff
models assume that the acid forms a filter cake on the fracture
surface and the leakoff is controlled by the filter cake, viscous
flow and compressibility. These simple assumptions cannot
reflect the actual situation of acid fracturing [2]. In fact, the
acid will continuously penetrate the filter cake and directly
interact with the acidic rock. The acid-rock reactions make it
hard to form filter cake on fracture surfaces [11-13], further
expand the fractures, and lead to greater leakoff. Some leakoff
models have been built for matrix acidizing, but few for acid



fracturing in naturally fractured reservoirs. Neither have the
influencing factors of the leakoff been discussed in such
TeServoirs.

In a relatively homogenous and nonfractured carbonate
reservoir, the fracturing acid selectively passes through large
pores. The rapid acid-rock reaction expands these pores into
wormholes [14, 15]. Some scholars [16-18] have
experimentally explored the effect of wormholes on acid
leakoff. Hill et al., [19] designed an acid leakoff analysis
model focusing on the effect of wormholes on leakoff in
nonfractured reservoirs, revealing that the wormholes push up
the leakoff to 120 % from the level of non-reactive fluid
simulation in high compressible reservoirs (e.g. gas reservoirs)
and have no major impact in low compressible reservoirs (e.g.
oil reservoirs). However, the existing wormhole models
mainly targets matrix acidizing.

In a naturally fractured carbonate reservoir, the flow and
reactions of the fracturing fluid differ from those in a relatively
homogenous and nonfractured reservoir. As said above, there
is no acid leakoff model for such a reservoir. Some relevant
studies are introduced briefly here. Siemers and Dreybrodt
[20] studied the early development of karst aquifers using the
percolation network of fractures in limestone, and simulated
the flow and dissolution in limestone formation with stochastic
primary percolation network. Their simulation shows that the
water flows evenly through all fractures in the early phase, but
through a single main channel to the entire network at the
breakthrough moment. Dong [21] modelled the acid fracturing
of naturally fractured reservoirs, pointing out that the acid can
enter the formation by several meters through the main
channel in the fracture network.

In view of the above, this paper sets up a novel numerical
model to simulate the acid leakoff in acid fracturing of
naturally fractured carbonate gas reservoirs. Specifically, the
distribution of the wide natural fractures was simulated, which
are located periodically around the hydraulic fracture, and the
remaining micro-fractures were considered as the dual-
porosity part. Then, a two-phase model was established for the
acid flow and the gas reservoir in light of the gas flow features,
the acid concentration through acid-rock reaction, and the
width variation of natural fractures. The model was solved by
coupling the dual-porosity part, the main natural fractures and
the hydraulic fracture. Based on implicit pressure explicit
saturation (IMPES), a numerical simulation was carried out to
analyze the effects of all influencing factors on acid leakoff.

2. MODEL DESCRIPTION
2.1 Physical model and hypotheses

The acid leakoff in the acid fracturing of a naturally
fractured carbonate gas reservoir is illustrated in Figure 1,
where the center is a hydraulic fracture, the bold lines are the
main natural fractures and the fine lines are micro-fractures.
Here, the formation with micro-fractures is characterized by a
dual-porosity model.

In acid fracturing, there is a large pressure difference
between the inside and the outside of the hydraulic fracture.
The pressure gradient points perpendicularly to the surface
direction of the hydraulic fracture (the x-direction). Thus, the
acid leakoff mainly occurs along the x-direction. In the
naturally fractured formation, the acid selectively passes
through the main natural fractures, and diffuses to the facture
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surface. Then, the acid will react with the rock on the surface,
thus widening the fracture.

Considering their periodical distribution around the
hydraulic fracture, one of the main natural fractures was
selected for simulation analysis. This main natural fracture is
called a calculation unit and described in Figure 2 below,
where the upper and lower boundaries are respectively the
main natural fractures I and II, the center is the dual-porosity
part, the left side is the hydraulic fracture and the right side is
the distal end of the gas reservoir. The two main natural
fractures have periodic boundaries. In the calculation unit, the
acid flows into the gas reservoir from the main natural
fractures I and I, and also through the dual-porosity part. The
leakoff process in the calculation unit involves the flow in the
dual-porosity part, the flow in the main natural fractures and
the fluid exchange between these two parts.

e ————————— | T
-+ { \ L
P | .
——— ] E" e Mlain nature fracture =
&
- g -
=
[
n
e fad
H
+ H *
-
E
H
L)
e — l L. —

Figure 1. Sketch map of the acid leakoff in acid fracturing of
a naturally fractured carbonate reservoir
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Figure 2. Sketch map of the calculation unit
2.2 Mathematical formulation and finite-difference
approximation

2.2.1 The flows in the dual-porosity system

The acid leakoff model was set up based on the following
hypotheses: (1) It is a 2D model with two phases, namely, the
gas phase and the acid phase; (2) In the dual-porosity part, the
flow from the micro-fracture system to the matrix system is in
apseudo steady state, that is, the acid flow of the matrix system
is negligible; (3) The acid flow and the rock are weakly



compressible with a constant compression coefficient; (4) The
influence of gravity and capillary force is ignored; (5) The gas
flow in the reservoir is a non-Darcy flow.

The classic Warren-Root dual-porosity model (1963) [22]
was introduced to simulate the acid leakoff. The model
consists of two overlapping continua: the micro-fracture
system and the matrix system. The interaction between the two
continua is controlled through a transfer factor a.

The acid and gas inside the fracture system flow linearly
into the matrix. The continuity equations for the acid and gas
in the micro-fractures can be expressed as:

Gas phase:
kK, op, KK, 0
v pg f gvpf + : : (Pm_Pf):_(¢pgsg)f (1)
Hy Hy at
Acid phase:
K¢k k_k 0
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With the fractures as the sources, the acid and gas flows in
the matrix system can be depicted as:

Gas phase:
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Acid phase:
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Since P and T are given, it is possible to find the z that
satisfies f(2):

f'(z) =—=1—-B;z72 — 2B,z 3 + 5B3z7°
+ 2B,(Bs’z™7 — Bsz ™5 — z73)
- exp(—Bsz™?)

The following equations can be constructed to describe the
flows in the dual-porosity part [24]:
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where, the subscript f and m represent the fracture system and
the matrix system, respectively; P is the acid pressure in the
fracture system; P, is the initial pressure of the reservoir; o is
a shape-dependent constant; ¢ is the porosity of the reservoir;
pe and p, are gas and acid densities, respectively; kr is the
permeability of fracture system; k., and k. are the relative
permeabilities of gas and acid, respectively; p, and p, are the
viscosities of gas and acid, respectively; Sy and S, are the
saturations of gas and acid, respectively; 1y is the
dimensionless relative density of gas. All parameters are in SI
units.

The dual-porosity part was simulated with the following
boundary conditions: the initial pressures of the matrix system
P and the fracture system Py are the same everywhere. For the
micro-fracture block, the inner boundary condition is that the
pressure is the same as the hydraulic fracture pressure, and the
outer boundary condition is that the pressure is that of a no-
flow boundary at a known distance (closed boundary). These
conditions can be expressed as:

Initial conditions: B, (x,y,t)|t=0 = Po » Pr(x, ¥, t)|¢=0 =
Po;

ng(x'y’ t)lt:o = Soi s Sfa(x!y! t)lt:o = Swi 5
Smg(x' Z t)lt:o = Soi9 Sma(x! iz t)lt:O = Swi

Inner boundary condition: Pf 0,y) = P

Outer boundary condltlon — |L y=0
where Pr is the pressure in the hydraulic fracture.

2.2.2 Flows in main natural fractures

The main natural fractures were modelled under the
following assumptions: (1) The fractures are vertical and cubic
in shape; (2) the fractures are homogenous with isotropic
permeability; (3) the flows in the fractures are Darcy flows; (4)
the fracture width varies with time, due to the rock dissolution
on the fracture surface.

This paper traces the acid flow and acid-rock reaction in the
main natural fractures I and II. The continuity of the acid phase
can be expressed as:
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The width of the main natural factures is expanded when the
acid etches the fracture surface before entering into the
formation. Thus, the variation of a main natural fracture width
can be described as the percentage of the acid in the fracture
that leaks to the dual-porosity part [20]:

)
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(6)

where, [ is I or II; Wi and P; are the width and pressure of the
main natural fracture; ¢; is the flow volume from the main
Pakkra aPl) B is

the dissolving power of the acid under gravitatlon (kg rocldkg
acid); p is the rock density (m); Cp is the ratio of the
compression coefficient of the acid C, to the acid
concentration Cj; kg is the mass transfer coefficient (m). In
addition, the second term in equation (6) describes the flow
from the main natural fractures to the micro-fracture system.

The main natural fractures were simulated with the
following boundary conditions: the initial pressures of the
main natural fractures are the same everywhere; the flow
pressure at the inner boundary is the same as the hydraulic
fracture pressure; the outer boundary is a closed boundary.
These conditions can be expressed as:

Initial conditions: Pp(x,t)|;=0 = Py, Spo (%, t)|t=0 = Soi »
Sew (X, ) e=0 = Swi

Inner boundary condition: Pllx =0=P;

natural fracture to the dual-porosity part (q; =

Outer boundary condition: 22! Ix =L=0

2.2.3 Distribution of acid concentration in main natural
fractures

The acid concentration changes through the acid-rock
reaction. The mass balance of the acid in the main natural
fractures can be expressed as:

2C, |k

D,I™g ™

0 0
&(CD,IUI\NI)_ZCD,IqI 6,[(cho,l) (7)

where, /, Cp and kg are the same as those in equation (6).

The acid concentration in main natural fractures was
simulated with the following boundary conditions: the initial
acid concentrations (C; and Cyy) in main natural fractures I and
II are non-acid flows; both C; and Cy are 1 on the inner
boundary, and equal to the flow in the outer reservoir on the
outer boundary. These conditions can be expressed as:

Initial conditions: C;(x,t)|;=¢ = 0, C;;(x,t)|¢=o = 0

Inner boundary condition: Cp;|x =0=1,Cpylx =0=1
.. @ a
Outer boundary condition: gz Lx=L=0,221 |y = [ =

0

2.2.4 Finite-difference approximation

The IMPES method was adopted to determine the pressure
and saturation distributions. The former was obtained through
implicit solution of the acid and gas phase equations, while the
latter was acquired through explicit solution to the equation.
Since viscosity and the z-factor are functions of pressure, the
pressure field, viscosity and z-factor were solved one after
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another, and the difference equations were solved iteratively
by successive over-relaxation (SOR).
(1) Implicit solution of pressure in matrix system
Combining equations (1) and (2), we have

By {V(2,VP, )+ aaq(Py P )} +

oP
B, {V(4VP, )+ aa(R, —P, )} :¢C1§f )
I(krl
where 4 =—— (I=0 or a ); C =cy+5,C,+S,C, ;
1B
1% __10p
opp "t pa Op
Eq. (8) can be rewritten in the finite-difference form:
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(2) Explicit solution of saturation in matrix system

The acid phase differential equation can be obtained from
equation (2):

AQAZAPFY) + a/l”(P - P)"
3 (Bl (doeCety ]
n+1 n
el )

where, C, =C, +C, . After calculating the acid saturation, the

gas saturation can be obtained according to the normalization
condition (Sa+Sg=1).

(3) Implicit solution of pressure in micro-fracture system
Combining equations (3) and (4), we have:

oP
aBgﬂg(Pf Pm)+aBaﬁa(Pf Pm):¢C3?m (10)
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Equation (10) can be rewritten in the finite-difference form:

[G(ﬂg+ﬂw) #Cs }Pm”*l #Cs Po+o (B, +B.)P (11)

At At

(4) Explicit solution of saturation in micro-fracture system

The acid phase differential equation can be obtained from
equation (4):

n+l _ pn S n+l

_Pm):¢[SWC4 i’jAt i’j+ WIJA

where, C, = cp + c,,. After calculating the acid saturation, the
gas saturation can be obtained according to the normalization
condition (S, +Sg=1).

(5) Implicit solution of pressure in main natural fractures

The following equation can be derived from equation (5):

Ofwko ZEﬁza\N +WC, — i (12)
ox M OX y70); ot

— _10pa
where, Cs = PR

Equation (12) can be rewritten in the finite-difference form:

leP +eP+a P =D (13)
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- (%) ,+ (%) 422420 p=
Axidx, 1 w/it AxiAx,_ 1 u/; L udy At
2 2
kk wntlwn WC
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(6) Explicit solution of saturation in main natural fractures

The acid phase differential equation can be obtained from
equation (5):

1

Sl -y s

A(AAPE)+Qg," =

i[(wc)”” -(we)'|

(7) Implicit solution of acid concentration
The following equation can be derived from equation (7):

0

kek,, oP
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T 2Ck, = (14)

Equation (14) can be rewritten in the finite-difference form:

Aan+1l + ANCI?)Jrllll =m (15)
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2.3 Numerical method and model validation

2.3.1 Numerical method

Based on the above mathematical model, a numerical
simulation program was compiled in C-language, and the
IMPES was introduced to solve the difference equations. Each
of the equations was solved by sequential solution method.

Considering their high conductivity and rapid pressure
transmission, the main natural fractures were the first to
receive the calculation of pressure distribution. Specifically, a
matrix of five diagonal coefficients for the pressure of main
natural fractures was set up according to equation (5), and the
pressure distribution in the main fracture system was derived
by the strong implicit method. Next, the acid concentration
distribution in that system was determined by equation (7) and
the fracture width variation was computed by equation (6)
(acid-rock reaction equation).

After that the pressure saturation distribution in the dual-
porosity part was deduced by equations (1) and (2). Similarly,
a matrix of five diagonal coefficients for the pressure of the
micro-fracture system was solved, and then substituted into the
saturation equation to yield the saturation distribution of the
reservoir in the micro-fracture system.

Next, the acid pressure and the saturation in the matrix
system were obtained by equations (3) and (4).

Since they are greatly affected by pressure, the gas viscosity
and volume coefficient were calculated based on the pressure
distribution, coupled with the acid-rock reaction equation.

To sum up, the acid leakoff model of naturally fractured
carbonate gas reservoir was established based on the
continuous conditions of the inner boundary, the outer
boundary and initial conditions, and solved by the IMPES. The
acid leakoff was defined as the sum of the flow volumes of the
main natural fractures and the dual-porosity part.

2.3.2 Model validation

The established numerical simulation model needs to be
verified before being applied in long-term sensitivity analysis
and acid leakoff forecast. Otherwise, it is impossible to ensure
the reliability of the simulation results.

In this paper, the above numerical model was adopted to
simulate the acid leakoff in Puguang naturally fractured
carbonate gas reservoir, and compared with the results of
Eclipse. The data on the gas reservoir are listed in Table 1,
where L is the distance hydraulic fracture to the reservoir
boundary, and W is the distance between the two main natural
fractures (which depends on the natural fracture density). The
dimension of the numerical model was 100m*10m. The
simulations were carried out with and without considering the
acid effects like acid flow, acid-rock reaction and fracture
width variation.

The simulation results in Figure 3 show that the proposed
numerical model output comparable results to those of the
Eclipse prediction. For the numerical model, the acid leakoff
predicted considering the acid effects deviated from that
predicted without considering such effects by 11.4%. Thus, the
acid effects should not be ignored in the leakoff calculation for
naturally fractured carbonate gas reservoirs. After considering
these effects, the prediction of the numerical model agrees
well with Eclipse prediction. To sum up, it is confirmed that



the numerical model is a feasible way to predict the acid
leakoff in naturally fractured carbonate gas reservoirs.

Table 1. The data on Puguang naturally fractured carbonate
gas reservoir

Parameter Value Parameter Value
Hydraulic fracture 70106 Reservoir pressure, 555 06
pressure, Pa Pa
Fracturg §ystem2 0.03 Reservoir FIU|d L 1x0°®
permeability, pm compressibility, Pa
. Matrix system
e'\r/lrr?g;l))(ifi)tlsmnr]nz 0.002 porosity 1x10°
P Y1 compressibility, Pa
Fracture system Fracture system
orosii’ 0.003 porosity 1107
P y compressibility, Pa!
Matrix system 0.05 Aplpl_ L 1x0%
porosity compressibility, Pa
Fracturelwidth, pm 50 Acid Viscosity, Pa s 0.03
Fracture IIwidth, 50 Acid concgntratlon, 15%
um wit%
40
~, 30 F
=
o>
=
=
E —=— leakoff without acid flow-this model
S 10 | O leakoff without acid flow-Eclipse
- —e— leakoff with acid flow-this model
O ¢ L L L L L |

30
t, min

40 50

60

Figure 3. Daily gas production and cumulative gas
production predicted by Eclipse and our model

3. MODEL RESULTS AND ANALYSIS

3.1 Effect of acid concentration on leakoff

50  —=—0.2
——0.15
g | 0L
= —+—0.05
>
?E 30
(e)
—
o 20
Gy
]
=
g 10
—

30

t, min

Figure 4. The effect of acid concentration on acid leakoff

The time variation in the acid leakoff at different acid
concentrations is presented in Figure 4, where the acid
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concentration of 0% is a non-reactive liquid. As shown in the
figure, the acid leakoff increased with the acid concentration.
At 60min, the acid leakoff at the acid concentration of 20%
was about four times higher than that of the non-reactive liquid,
and twice that at the 5% concentration. Therefore, the acid
concentration is positively correlated with the rock dissolution
ability of the acid as well as the fracture width. A wider
fracture has less resistance to the acid flow, providing a highly
permeable channel for acid leakoff. As a result, the acid
leakoff is increased in the naturally fractured carbonate gas
Ieservoir.

[ w e~
=3 > o

leakoff rate, 107®m3/m?
=

t, min

Figure 5. The effect of acid concentration on acid leakoff
rate

Figure 5 depicts the time variation in the acid leakoff rate at
different acid concentrations. It can be seen that the leakoff
rate clearly increased with the acid concentration. When the
acid concentration was above 10%, the acid leakoff rate firstly
grew, then decreased for a few minutes, and finally remained
stable after 20min. When the acid concentration was below 5%,
the leakoff rate exhibited a declining trend with no increase in
the initial phase. This trend bears resemblance to that of acid
flow rate in homogeneous sandstone. When its concentration
is above a threshold, the acid will react with the rock on
fracture surface, such that no filter cake will form on that
surface. The acid leakoff is controlled by both acid viscosity
and compressibility. In the initial phase, the main natural
fractures widen and the seepage resistance reduces in acid-
rock reaction, pushing up the leakoff rate. After a few minutes,
compressibility starts to act as the dominant controlling factor
of acid leakoff. Under the effect of compressibility, the leakoff
rate started to decline although the leakoff acid continued to
suppress the seepage resistance. The above results show that
the effect of acid concentration is not negligible in the
calculation of acid leakoff.

3.2 Effect of acid viscosity on leakoff

The time variations in acid leakoff and acid leakoff rate at
different acid viscosities are respectively recorded in Figure 6
and Figure 7. As shown in the figures, both leakoff and leakoff
rate decreased with the growth in acid viscosity. At 60min, the
leakoff of the 10mPa-s acid was twice that of the 50mPa-s acid.
When the acid was very viscous (e.g. S0mPa-s), the acid
solubility was overshadowed by the viscosity, and the leakoff
rate did not increase in the initial phase. When the acid was
not viscous (e.g. 10mPa-s), the leakoff rate increased greatly
in the initial phase, an evidence of obvious dissolution effect.



These results show that the acid viscosity should be kept high
during the acid fracturing of naturally fractured carbonate gas
reservoir. Contrary to acid-rock reaction, the acid viscosity
enhances the leakoff resistance and suppresses the leakoff.
However, the high cost of high-viscosity acid calls for a
reasonable setting of the viscosity value. For example, an
additive could be used to maintain the viscosity of the acid to
control the leakoff.

60 r ——10nPa. s

—+—20mPa. s

0 F e 30nPa, s

——40mPa. s

Leakoff, 103m3/m?
S = =

,_A
o
T

0 10 20 30 40 50 60
t, min

Figure 6. The effect of acid viscosity on acid leakoff

50 - —+—10mPa. s
——20mPa. s
40 —=—30mPa. s
A3 ——40nPa. s
E -
£ 30 I 50mPa.
S
v 20 r
L
©
&
&0t
0
X
g
’_] O L L L L L ]
0 10 20 30 40 50 60

t, min

Figure 7. The effect of acid viscosity on acid leakoff rate
3.3 Effect of main natural fracture width on leakoff

Figures 8 and 9 describe the time variations in acid leakoff
and acid leakoff rate at different widths of main natural
fractures. In general, both acid leakoff and acid leakoff rate
increased with the fracture width.

As shown in Figure 8, a narrow fracture, i.e. a micro-
fracture (<5pm), had little impact on acid leakoff, while a wide
fracture (>10um) increased the leakoff significantly. The
70um wide fracture led to an acid leakoff four times higher
than that of a 10pum wide fracture.

As shown in Figure 9, the leakoff rate increased with the
width difference between main natural fractures in the initial
phase, and started to decline after 20min due to the strong
effect of compressibility in the later phase. The initial growth
was obvious for wide main fractures and not seen in micro-
fractures. At the presence of wide natural fractures, the acid
can enter the formation directly, bypassing the matrix part.

Therefore, the wide natural fractures are the main cause of acid
leakage in naturally fractured gas reservoirs.
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Figure 8. The effect of the main natural fracture’s width on
acid leakoff
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Figure 9. The effect of the main natural fractures width on
acid leakoff rate

3.4 Effects of main natural fractures and dual-porosity
part on leakoff
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Figure 10. The effect of the main natural fractures on acid
leakoff

Figures 10 and 11 respectively display the time variations
in acid leakoff and acid leakoff ratio in main natural fractures
and dual-porosity part. It can be seen that the main natural



factures contribute most of the acid leakoff (>80 %). As shown
in Figure 10, the two parts had similar amounts of leakoff in
the initial phase; after a few minutes, the main natural fractures
began to dominate the leakoff, as over 80 % of acid was leaked
through these fractures. The acid leakoff in naturally fractured
carbonate gas reservoirs happens either through the main
natural fractures or through the dual-porosity part. Due to acid
dissolution, the proportion of leakoff through the main natural
fractures will increase rapidly, while that through the other
part plunge. Hence, the acid leakoff in naturally fractured
carbonate gas reservoirs is mainly influenced by natural
fractures.
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Figure 11. The effect of the dual-porosity part on acid
leakoff

4. CONCLUSIONS

This paper designs a comprehensive dual-porosity gas/acid
flow model based on the intrinsic properties of naturally
fractured gas carbonate reservoirs, and develops a numerical
simulator for this model. The numerical simulator was verified
through comparison with Eclipse, and applied to simulate an
actual naturally fractured gas carbonate reservoir. The
following conclusions were drawn from this research:

(1) Unlike the traditional non-reactive liquid leakoff, the
acid leakoff occurs as the acid reacts with the rock on the
surface of natural fractures, making it hard for the filter cake
to form. The acid leakoff is controlled by acid viscosity and
compressibility. In the initial phase, the acid seepage
resistance was reduced and the leakoff rate increases due to the
acid-rock reaction. After a few minutes, the compressibility
became the dominant controlling factor of the leakoff. Under
the effect of compressibility, the leakoff rate started to decline
although the leakoff acid continued to suppress the seepage
resistance. When the acid solubility was not obvious
(concentration 5 %, viscosity>mPa-s), the leakoff rate did not
increase in the initial phase, and the trend is similar to that in
homogeneous sandstone.

(2) The acid concentration is positively correlated with the
rock dissolution ability of the acid as well as the fracture width.
A wider fracture has less resistance to the acid flow, providing
a highly permeable channel for acid leakoff. Hence, acid
concentration is a major impactor of acid leakoff. In general,
the acid leakoff at the acid concentration of 20 % was about
four times higher than that of the non-reactive liquid
(concentration 0 %). The effect of acid concentration must be
considered in the calculation of acid leakoff.

146

(3) The acid viscosity should be kept high during the acid
fracturing of naturally fractured carbonate gas reservoir.
Contrary to acid-rock reaction, the acid viscosity enhances the
leakoff resistance and suppresses the leakoff. However, the
high cost of high-viscosity acid calls for a reasonable setting
of the viscosity value. For example, an additive could be used
to maintain the viscosity of the acid to control the leakoff.

(4) When the natural fractures were narrow, the acid-rock
reaction had little impact on acid leakoff, and the acid leakoff
rate was the same as that in the sandstone, with no initial
growth in the leakoff rate. At the presence of wide natural
fractures, the acid can enter the formation directly, bypassing
the matrix part. Therefore, the wide natural fractures are the
main cause of acid leakage in naturally fractured gas reservoirs.

(5) The acid leakoff in naturally fractured carbonate gas
reservoirs happens either through the main natural fractures or
through the dual-porosity part. Due to acid dissolution, the
proportion of leakoff through the main natural fractures will
increase rapidly, while that through the other part plunge.
Hence, the acid leakoff in naturally fractured carbonate gas
reservoirs is mainly influenced by natural fractures.
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