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Abstract In carbonate reservoirs, acid is injected into the formation under breakdown
pressure to react with the rock to remove the contaminations caused by drilling and produc-
tion, which is called carbonate acidizing in reservoir development. In carbonate acidizing,
acid flows selectively through large pores to create wormholes. Wormhole propagation under
experimental condition has been studied by many experts. In this paper, a model which cou-
ples a two-scale continuum model simulating wormholing in the invaded zone and a reservoir
flow model for the compressed zone was used to study the wormhole propagation behavior
under reservoir condition. In this model, the porosity values which are uniformly distributed
used in former literature follow the normal law. Based on the model, we first compared the
results of the two porosity generation methods, and then studied the wormhole propagation
behavior under reservoir condition, and finally simulated a two-layer formation to study the
effects of distance and permeability ratio between the two layers. The results show that the
normally distributed porosities simulate wormholing better. The effect of compressed zone
on wormhole propagation increases with the decrease of compressibility factor and wormhole
has a maximal value in length. The effect of distance between the two layers on wormhole
lengths and acid distributions can be divided into three zones based on the wormhole length
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in the lower layer. A critical value of permeability ratio between the two layers exists, below
and above which the wormhole length in the low permeability layer decreases sharply and
almost keeps constant, respectively.

Keywords Carbonate acidizing · Wormhole · Reservoir condition · Compressed zone ·
Continuum model

List of Symbols

Variables
a0 Initial average interfacial area per unit volume of the medium (m−1)

av Interfacial area per unit volume of the medium (m−1)

Av Dimensionless interfacial area
Cf Cup-mixing concentration of acid in the fluid phase (mol L−1)

cf Dimensionless cup-mixing concentration of acid in the fluid phase
Cl Formation fluid compressibility factor (MPa−1)

C0 Initial concentration of acid (mol L−1)

Cs Concentration of acid at the solid–fluid interface (mol L−1)

cs Dimensionless concentration of the acid at the fluid–solid interface
cv Coefficient of variation
Da Damköhler number, ratio of reaction rate to mass transfer rate
Dm Molecular diffusivity (m2 s−1)

DeR Effective dispersion tensor in the radial direction (m2 s−1)

Deθ Effective dispersion tensor in the circumferential direction (m2 s−1)

Dr Dimensionless effective dispersion coefficient in the radial direction
Dθ Dimensionless effective dispersion coefficient in the circumferential direction
Ĝ Standard Gaussian/normal distribution function
K Permeability of the medium (µm2)

K0 Initial average permeability of the medium (µm2)

k Dimensionless permeability of the medium
K0h Initial average permeability in the high permeability layer (µm2)

K0l Initial average permeability in the low permeability layer (µm2)

kc Mass transfer coefficient (m s−1)

ks Surface reaction rate constant (m s−1)

m Ratio of pore length to pore diameter
Nac Acid capacity number, the volume of solid dissolved per unit volume of the acid
p Dimensionless formation pressure
P Reservoir pressure (MPa)
Pe Initial reservoir pressure (MPa)
Pe Peclet number, ratio of diffusion time to convection time
Pr Reservoir pressure in the compressed zone (MPa)
PI Pressure at the interface between the invaded zone and the compressed zone (MPa)
Pbh Inlet pressure (MPa)
Rep Pore Reynolds number, ratio of inertial force to viscous force in the pore
rw Wellbore radius (m)
rinvade Radius of the invaded zone (m)
re Radius of the compressed zone (m)
rp Pore radius (m)
rpo Initial average pore radius (m)
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R(Cs) Reaction kinetics (m mol L−1 s−1)

Sc Schmidt number, ratio of kinetic viscosity of the fluid to the molecular diffusivity
Sh Sherwood Number, ratio of convective to diffusive mass transport
Sh∞ Asymptotic Sherwood number for the pore
t ′ Time (s)
t Dimensionless time
u Dimensionless velocity in the radial direction
|U| Magnitude of the Darcy velocity (m s−1)

u0 injection velocity (m s−1)

ur Darcy velocity in the radial direction (m s−1)

uθ Darcy velocity in the circumferential direction (m s−1)

v Dimensionless velocity in the circumferential direction
vs Kinetic viscosity of the fluid (m2 s−1)

Greek Symbols

α Dissolving power of acid, defined as grams of solid dissolved per mole
of acid reacted. (g/mol)

αw Dimensionless wellbore radius
αos, λr, λθ Numerical coefficients that depend on the structure of the medium
β Exponent determined from experiment
ε Porosity of the medium
ε0 Initial average porosity of the medium
ζp Dimensionless pore radius
η Dimensionless initial pore diameter
μ Viscosity of the acid (mPa s)
μf Viscosity of the reservoir fluid (mPa s)
ξ Dimensionless wormhole length in the radial direction
ρs Density of the rock (g cm−3)

φ2 Pore scale Thiele modulus
�2 Core scale Thiele modulus

1 Introduction

Carbonate reservoir is a very special kind of reservoir in petroleum industry. By defini-
tion, carbonate rocks contain more than 50 % carbonate minerals which usually mean calcite
and dolomite. They present special physical characteristics, such as strong heterogeneity or
double porosity, which are inherited from their process of formation. During oil and gas
development, the near wellbore zone can be damaged by well drilling and completion, fines
migration and other petroleum production operations, which hinders the flow of hydrocar-
bons into the well. Hydrochloric acid is usually used to react with the rock to create a high
conductivity channel, namely wormhole, so that hydrocarbons can bypass the damaged zone.
The process is called as carbonate acidizing.

Many researchers have studied the wormhole propagation behavior through experimental
observations and analyses. Daccord et al. (1993a,b) studied the effect of injection rate on
dissolution patterns through injecting water into plaster made cores. They found that there
existed an optimal value to form wormholes. Breakthrough volume is defined as the ratio
of injection volume to total pore volume. At very high injection rate, acid has insufficient
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residence time to dissolve the rock so that the permeability of the cores cannot be increased
significantly. At very low injection rate, acid dissolves rock completely to create large voids
near the wellbore which may cause borehole collapse during production. Both of these con-
ditions cost more acid than creating wormhole, that is, the breakthrough volume for creating
wormhole is the least. Hoefner and Fogler (1988) also studied the effect of injection rate
through injecting acid into limestone and dolomite cores and obtained similar results. Fredd
and Fogler (1999) used different acid types to represent different reaction and mass transfer
rates to study their effects on the condition of wormhole formation. It was found that the
optimal injection velocity decreased as the acid-rock reaction changed from mass transfer
control to reaction kinetics control. Other studies (Frick et al. 1994; Buijse 2000; Bazin 2001)
were conducted to investigate the influences of acid concentration, medium heterogeneity,
and core size.

Other researchers (Hung et al. 1989; Liu et al. 1997; Huang et al. 1997, 1999; Gdanski
1999; Buijse 2000; Golfier et al. 2002) have used mathematical modeling to simulate worm-
hole propagation behavior. Earlier literature used capillary tube model and network model
to study the effects of fluid leakage, reaction kinetics and wormhole density on wormhole
propagation. The capillary tube model assumes wormhole as a capillary tube. Due to the sim-
ple structure, the model neglects transport mechanism and pore-scale reaction. The network
model represents the porous medium as a network of tubes interconnected to each other at
the nodes. The wormhole growth in the transverse direction is represented by enlargement
of the tube radius. Though dissolution patterns and qualitative features of dissolution are
captured by this model, it is found that the simulated acid injection volume is much higher
than that observed in experiments. Kang et al. (2002) developed a lattice Boltzmann model to
simulate the dynamic process of convection, diffusion and reaction in porous media. Apply-
ing this model to simulate carbonate acidizing, significant experimental observations are
verified and confirmed. In recent works, a two-scale continuum model was developed to
improve the simulation results. This model is based on both Darcy scale and pore scale. The
Darcy scale model describes reaction and dissolution and the pore scale model describes the
pore structure change due to dissolution. Coupling the two models and adding initial and
boundary conditions, we can numerically solve them. Panga (2003) and Panga et al. (2005)
studied the effect of medium heterogeneity on wormhole propagation in linear flow. Kalia
and Balakotaiah (2007); Kalia and Balakotaian (2009) extended the model to polar coordi-
nate to simulate radial flow and further studied the effects of heterogeneity, fractal nature
and pressure response with the radial model. Izgec et al. (2008, 2009) studied acid flow in
vuggy carbonates with different vug distribution patterns, but the reaction mechanism is not
considered.

Although the results of this two-scale continuum model can accord well with the exper-
imental observations, there are three important drawbacks when the reservoir condition is
taken into account. First, the method to generate porosities is not appropriate for carbon-
ates which usually have strong heterogeneity. The wormholes obtained from the simulations
which are usually straight are slightly different from those obtained from the core experi-
ments whose traces are usually irregularly changed due to the strong heterogeneity (Tardy
et al. 2007). Second, injected acid displaces reservoir fluid in the pore to dissolve the rock,
which makes the reservoir fluid compressed under reservoir condition. With the increase of
injection volume, the effect of compressed reservoir fluid on wormhole propagation cannot
be neglected. Third, it takes different time for acid to arrive at different layer when multi-
layer formation is stimulated by acidization. The wormholes are firstly created in the layer
which receives acid early. With the injection of acid, wormhole propagates faster and more
acid flows into this layer, which would have an important impact on wormhole propagation
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Fig. 1 Schematic diagram of
wormhole propagation in polar
coordinate

in other layers. Cohen et al. (2008) explained this phenomenon from two mechanisms, the
diffusion effect and the shadowing effect.

In this paper, we couple the two-scale continuum model with a reservoir flow model to
simulate the wormhole propagation behavior under reservoir condition. First, the normal
distribution method is introduced to generate porosities and compared with the uniform dis-
tribution method. Second, we separately set constant rate and pressure boundaries at the
inlet to simulate wormhole propagation behavior and analyze the results. Third, we simu-
late a two-layer formation acidization to study the effects of distance and permeability ratio
between the two layers on wormhole propagation.

2 Mathematical Model

As shown in Fig. 1, acid is injected down the wellbore into the formation. With the acid-rock
reaction, wormholes are formed in the invaded zone and reservoir fluids are squeezed into
the compressed zone. Due to lack of sufficient computation power, we simulate 2D radial
flow in these two zones.

2.1 Invaded Zone

In the invaded zone, we use a two-scale continuum model to simulate acid flow, acid-rock
reaction and porosity change. The details have been discussed by Kalia and Balakotaiah
(2007). A difference in our model is the method to generate the porosity field. Since geosta-
tistical researches have shown the porosity distribution follows the normal law (Chierici 1994;
Greenkorn 1983; Hollis et al. 2010; Schoenfelder et al. 2008), we use a normal distribution
function to generate the porosity field.

2.1.1 Darcy Scale Model

The Darcy scale model which considers convection, diffusion, and reactive dissolution is
given by:
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Equations (1)–(3) are Darcy percolation equation, continuity equation and convection-dif-
fusion equation, respectively. The last term at R.H.S. of Eq. (3) represents mass transfer.
Equation (4) balances the amount of reactant transferred to the solid surface to the amount
reacted. Eq. (5) describes the evolution of porosity due to reaction.

Since the model depends on chemical reaction, we use dimensionless form to identify
several important chemical parameters. The dimensionless parameters used are defined in
Eq. (6). Equations (1)–(5) are non-dimensionalized as Eqs. (7)–(10).
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In dimensionless form, the boundary and initial conditions are:

p = Pbh − Pe
μu0rinvade

K0

, cf = 1 at ξ = αw (11)
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,
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cf = 0 at t = 0 (14)

123



Wormhole Propagation Behavior 209

ε =
⎧⎨
⎩

0.99, ε ≥ 0.99
ε0 + ε0cvĜ, 0.005 < ε < 0.99
0.005, ε ≤ 0.005

at t = 0 (15)

p(ξ, θ) = p(ξ, θ + 2π), cf (ξ, θ) = cf (ξ, θ + 2π) at θ = 0 (16)

Equations (11) and (12) represent constant pressure and rate conditions, respectively. Dur-
ing simulation, either Eq. (11) or (12) is used for solving the set of equations. From Eq. (15),
porosities are generated with two threshold values. Considering the normal law, porosity
values will be smaller than zero and bigger than one when the initial porosity value and the
coefficient of variation are relatively large. To validate the simulation, we set 0.005 and 0.99
as the minimal and maximal threshold values. Any values smaller and bigger than the mini-
mal and maximal threshold values will be set as 0.005 and 0.99, respectively. Although this
would leads to an asymmetric probability distribution, the effect can be negligible because
the number of values which are smaller than 0.005 and bigger than 0.99 are very few. Ĝ,
which is the standard normal distribution function, generates a certain number of random
numbers.

2.1.2 Pore Scale Model

The pore scale model is used to describe the pore structure–property relationship. Since the
dissolution on Darcy scale changes the pore structure continuously, it is impractical to find
a precise relationship between the change of pore properties and that of pore structure. A
series of qualified semi-empirical equations are needed. In Panga’s work (Panga et al. 2005),
they are shown as:
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The mass transfer coefficient, kc, depends on the porosity, permeability, reaction rate and
fluid velocity. Balakotaiah and West (2002) investigated the effects of these parameters on
mass transfer coefficient and obtained the following equation:

Sh = 2kcrp

Dm
= Sh∞ + 0.7

m1/2 Re1/2
p Sc1/3, (20)

where Sh (= 2kcrp/Dm) is the Sherwood number, defined as the ratio of convective to dif-
fusive mass transport; Rep(= 2u0rpo/νs) is the pore Reynolds number, defined as the ratio
of inertial force to viscous force in the pore; (Sc = νs/Dm) is the Schmidt number, defined
as the ratio of kinetic viscosity of the fluid to the molecular diffusivity.

The effective dispersion coefficients in r and θ direction are calculated as:

Dr = αosεDa

�2 + λr |U| ζpη Dθ = αosεDa

�2 + λθ |U| ζpη. (21)
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Table 1 Model parameters and corresponding values

K0 ε0 μ μ f rinvade rw β ks Dm rpo a0 α C0 ρs ρl

0.01 0.15 0.01 0.005 0.4 0.1 1 2×10−3 3 × 10−9 1 50 50 4.4 2,500 1,000

μm2 – Pa s Pa s m m – m/s m2/s 10−6m cm−1 g/mol mol/L kg/m3 kg/m3

2.2 Compressed Zone

As the acid is injected into the formation, the wormholes are created and the formation fluid
is compressed. The process of compression can be expressed by the following differential
equation and boundary conditions with dimensional forms:

1
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(22)

Pr = PI at r = rinvade (23)

Pr = Pe at r = re (24)

Pr = Pe at t ′ = 0 (25)

2.3 Numerical Solution

For feasibility, the model equations are discretized with finite volume discretization method
to satisfy the conservation of mass, momentum and species and solved sequentially. First,
the continuity equation is solved to get the velocity and pressure fields, then the convection-
diffusion equation is solved to get the acid concentration distribution, then pore properties are
updated through solving the pore scale model, then the reservoir pressure model is solved to
get the pressure distribution in the compressed zone, and finally the pressure at the interface
between the invaded zone and the compressed zone is updated. The model has been validated
by Panga et al. (2005) and Kalia and Balakotaiah (2007). The parameters used for solution are
listed in Table 1, all values are fixed unless otherwise stated. The definition of breakthrough
plays an important role in influencing the value of breakthrough volume. In the former liter-
ature, breakthrough is defined as decrease in the pressure drop by a factor of 100 from the
initial pressure drop. However, this is only correct when created channels are wide enough
such as dominant wormhole and face dissolution, Figs. 2b and 3c. For uniform dissolution
and ramified wormholes, Fig. 3a, b, acid breaks through the medium before the inlet pressure
drop decreases to 1 % of the initial pressure drop due to the wide acid front and thin channel.
Through a series of simulations, we find 10 % of acid concentration is a proper value as the
criterion, below which the breakthrough volumes hardly change. Therefore, breakthrough is
defined as increase in the acid concentration of the interface by 10 % from the initial acid
concentration in this work.

3 Results and Discussion

3.1 Normally Distributed Porosities

In Panga’s model, the porosity values are generated by adding a group of random numbers
uniformly distributed in the interval [−�ε0,�ε0] to the mean value of porosity ε0. However,
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Fig. 2 Dissolution patterns visible in porosity contour plots at the optimal injection velocity for a uniformly
distributed porosities and b normally distributed porosities

it is not consistent with the real distribution in cores whose porosities follow the normal law.
In this section, we use a normal distribution method to generate the initial porosity field,
Eq. (15). Then, the wormhole structure and breakthrough volume are compared to prove
our method is more reasonable. The porosity values for uniform distribution method are
generated by adding a group of random fluctuations uniformly distributed in the interval
[−0.145, 0.145] to 0.15 to express strong heterogeneity. The normally distributed porosity
values are generated by Eq. (15) at cv = 1.0. Therefore, the minimal porosity values for the
two methods are equal and the maximal value for normal distribution method is bigger.

In Fig. 2, dissolution patterns for the two different porosity distribution methods are shown
at the optimal injection velocity. Acid selectively flows into the big pores to create wormholes
for both of the two cases. However, it is important that the wormhole structures and densi-
ties are very different from each other. For uniformly distributed porosities, the wormholes
are evenly developed so as to have a great density. For normally distributed porosities, two
dominant wormholes are developed. From the experimental observations, wormholes are
commonly developed like the case (b) due to the strong heterogeneity in carbonates (Tardy
et al. 2007) and the optimal breakthrough volume is about one or less (Fredd and Fogler
1999; Bazin 2001). From Fig. 3, the optimal breakthrough volumes for normally distributed
porosities are 1.48 at ε0 = 1.5 and 0.52 at ε0 = 3.0, respectively. Apparently, the results
are much closer to the experimental ones than uniformly distributed porosities. Fig. 4 shows
the comparison of the experimental data with the two porosity distribution methods. In the
figure, the experimental data are from Fredd and Fogler (1999) and the breakthrough curves
are obtained from simulations. It is shown that the breakthrough curve and the optimal break-
through volume for the normally distributed porosities are closer to the experimental data.
Since the model used is 2D, the heterogeneity is smaller than that of real 3D cores so that
the wormhole propagation velocity is slower, which leads to a bigger optimal breakthrough
volume. The study on 3D model will be pursued in the future work.

In addition, we can see from the arrow direction in Fig. 3 that the optimal Damköhler num-
ber increases with the increase of heterogeneity. For uniformly distributed porosities, the opti-
mal Damköhler number is 500. For normally distributed porosities, the optimal Damköhler
numbers are 1,000 at ε0 = 0.15 and 2,000 at ε0 = 0.3, respectively. Since the Damköh-
ler number is inversely proportional to the injection velocity, the increase of heterogeneity
decreases the optimal injection velocity. With the decrease of injection velocity, dissolution
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Fig. 3 Breakthrough curves for the two different porosity generation methods: a uniform dissolution,
b ramified wormholes, and c face dissolution

patterns change from uniform dissolution (Fig. 3a), ramified wormhole (Fig. 3b), dominant
wormhole (Fig. 2b) to face dissolution (Fig. 3c).

The created different dissolution patterns depend on both convection effect and diffu-
sion effect. At high injection rate, the convection effect dominates the flow process and the
diffusion effect is relatively weak. The acid tends to flow in the radial direction other than
the circumferential direction, which leads to insufficient reaction time. The uniform disso-
lution is formed. At low injection rate, the diffusion effect dominates the flow process and
the convection effect is relatively weak. The acid has enough time to react with the rock
before flowing forward so that face dissolution is created. At intermediate injection rate, the
diffusion effect and convection effect are of order unity. Acid flows forward with a relatively
big velocity while dissolving the rock, which creates the wormholes.

3.2 Effect of Boundary Conditions

In carbonate acidizing, acid is usually injected down the wellbore at constant rate. Since
wormhole formation depends on the injection velocity, the wormhole propagation veloc-
ities are the same with or without considering the compressed zone. However, the inter-
face pressure between the invaded zone and the compressed zone changes with the fluid
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Fig. 4 Comparison of experimental data with two different porosity distribution methods at C0 = 0.5 mol/L
and ε0 = 0.2

compressibility factor. So, the constant rate boundary is used to study the effect of the com-
pressibility factor on the interface pressure. In addition, the injection rate would change with
the formation of wormholes if the constant pressure is imposed at the inlet. Therefore, to
study the effect of changing injection rate on wormhole propagation behavior, the constant
pressure boundary is also investigated.

3.2.1 Constant Rate Boundary

Under experimental condition, acid is injected at constant rate into the cores with the outlet
pressure equaling to the atmospheric pressure. With the formation of wormholes, the pressure
difference between the inlet and the outlet decreases. However, under reservoir condition,
the pressure difference which denotes the one between the inlet and the interface depends on
the injection rate and reservoir compressibility factor. Since wormhole is created at certain
injection rate, the reservoir compressibility factor is the most important factor to influence
the wormhole propagation behavior. Fig. 5 shows the inlet pressures and interface pressures
changing with the injection time. In this figure, Cl = 0.002 MPa−1 and Cl = 0.02 MPa−1

represent the reservoir conditions with different compressibility factors and Cl = ∞ repre-
sents the experimental condition. From the figure, the inlet pressures decline more slowly
and the interface pressures increase more quickly with the decrease of formation fluid com-
pressibility factor. At Cl = ∞, since the compressed zone is not considered, the interface
pressure equals to zero. As the reservoir fluid is forced to flow back into the compressed
zone, small compressibility factor produces big pressure increase at the interface. In order to
inject acid at the fixed rate, the inlet pressure needs to decline more slowly compared to the
experimental condition. One important result can be anticipated that there exists a maximal
wormhole length for a certain compressibility factor when the pressure difference decreases
to a certain value.

3.2.2 Constant Pressure Boundary

Constant pressure boundary means a constant injection pressure is imposed at the inlet and
the injection rate is changed according to the pressure difference between the inlet and the
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Fig. 5 Inlet and interface pressures change with the injection time at the optimal injection velocity

Fig. 6 Dissolution patterns in porosity for different compressibility factors: a Cl = 0.002 MPa−1,
b Cl = 0.02 MPa−1, and c Cl = ∞

interface. Figures 6 and 7 show the porosity distribution patterns and pressure distribution
patterns for different compressibility factors after injecting acid for 30 min. Since the com-
pressed zone is much larger than the invaded zone, for clarity, only the invaded zone is
shown in the figures. From Fig. 6, the wormhole length increases with the compressibility
factor. From Fig. 7, we can see that the interface pressure increases with the decrease of
compressibility factor. Obviously, the increase of interface pressure decreases the pressure
difference, which decreases the injection rate. As a result, the wormhole propagates slower
under reservoir condition than that under experimental condition. Again, there exists a max-
imal wormhole length under constant pressure boundary condition due to the continuous
decrease of the pressure difference.

3.3 Two-Layer Formation Acidizing

In general, hydrocarbons are usually distributed in the way as shown in Fig. 8 that the hydro-
carbon-bearing layers are isolated by dry layers. In this section, a two-layer formation which
means two hydrocarbon-bearing layers with a dry layer between them is simulated to investi-
gate the effects of distance and permeability ratio on wormhole lengths and acid distributions
under constant rate condition. We assume that the wellbore is filled with reservoir fluid in
advance. Since wormhole is usually viewed as the infinite conductivity channel in which
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Fig. 7 Dimensionless pressure distributions for different compressibility factors: a Cl = 0.002 MPa−1.
b Cl = 0.02 MPa−1, and c Cl = ∞

Fig. 8 Underground hydrocarbon-bearing layers and acid flow schematic diagram

the pressure drop is negligible, we define channel whose porosities are bigger than 0.7 as
wormhole. Wormhole length is the length of the longest wormhole in the radial direction.

3.3.1 Effect of Distance Between the Two Layers

Depending on a distance between the two layers, the upper layer receives acid before the
acid arrives at the lower layer. As we can imagine, the distance between the two layers has
an important effect on the wormhole lengths in these layers. To remove the effect of perme-
ability difference, we assume the same permeability fields (or porosity fields) in both layers.
Figures 9 and 10 show the wormhole lengths and acid distributions in both layers with dif-
ferent distances under reservoir condition and experimental condition, respectively. Before
the analyses, two concepts should be clarified, the wormholing effect and the compressed
zone effect. The wormholing effect means the effect of wormhole propagation. Stronger
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Fig. 9 Wormhole lengths in the two layers with different distances under different conditions: a reservoir
condition and b experimental condition

wormholing effect means the wormhole propagates faster. The compressed zone effect
depends on the compressibility factor of formation fluid. Small compressibility factor denotes
strong compressed zone effect. From Fig. 9a, three zones can be identified based on differ-
ent wormhole lengths in the lower layer. Under reservoir condition, the wormhole length
in the lower layer is not only dependent on the wormholing effect but also dependent on
the compressed zone effect. Since the upper layer receives acid earlier than the lower layer,
wormholes are created in the upper layer at first. So, the acid prefers to flow into this layer and
the wormholing effect becomes stronger. In zone I, the wormhole lengths in both layers are
close. It is because the distance is so small that the wormholing effects in the two layers are of
order unity. From Fig. 10a, the acid rates in both layers are almost the same when the distance
is 10m. In zone II, wormhole length in the lower layer is smaller but remains constant with
the increase of distance. From Fig. 10a, the acid rate in the lower layer decreases with the
injection of acid when the distance is 50 m, which forms a shorter wormhole. What interest-
ing is that the wormhole length difference remains constant in a certain distance range, from
30 to 150 m in this case. It indicates that a balanced acid distribution for both layers exists.
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Fig. 10 Acid distributions in the two layers with different distances under different conditions: a reservoir
condition at Cl = 0.002 MPa−1 and b experimental condition

In this range, the pressure increase at the inlet due to the increase of acid rate equals to the
pressure decline due to the increase of wormhole length. In zone III, wormhole lengths in the
lower layer decreases with the increase of distance. From Fig. 10a, the acid rate in the lower
layer decreases sharply with the injection of acid when the distance is 200 m. This means that
a relatively long wormhole is formed in the upper layer before the acid arrives at the lower
layer. The pressure decline at the inlet due to the increase of wormhole length plays a more
dominant role than the pressure increase due to the increase of acid rate in influencing the
acid distribution between the two layers. Under experimental condition, however, only zone
I and zone III exist. From Fig. 9b, the wormhole length in the lower layer and the distance
follow a linear relationship in zone III. It is because that the wormhole length in the lower
layer is only dependent on the wormholing effect. From Fig. 10b, the acid rate in the lower
layer decreases slightly with the distance increasing from 10 to 50 m, and decreases sharply
with the distance increasing from 50 to 200 m.

From the above analyses, we can see that the wormhole length under reservoir condition
has a very different relationship with the distance compared to the experimental condition.

123



218 M. Liu et al.

Fig. 11 Effect of permeability ratios on wormhole lengths

Fig. 12 Dissolution patterns in high permeability layer at a K0h/K0l = 1, b K0h/K0l=4, and c K0h/K0l=8

The most important difference is that the maximal distance required to keep the wormhole
lengths in both layers close is smaller in the presence of the compressed zone. As a result,
knowing its value is very important for petroleum engineers to choose their acidizing meth-
ods under different conditions. Taking thin inter-bedded reservoir for example, due to the
small distance between the layers, wormhole lengths are close so that all layers can be well
treated. However, we should isolate one layer at a time and treat it if the distance between
the layers is too big.

3.3.2 Effect of Permeability Ratio

Due to different depositional mode, different layer usually has different average permeability.
To study the effect of permeability difference on wormhole lengths, we assume acid arrives
at each layer at the same time to remove the influence of the distance. Permeabilities and
porosities are calculated with Eq. (17) on the basis of the given initial average permeability
and porosity shown in Table 1. Permeability ratio, K0h/K0l, is defined as the ratio of a high
permeability to a low permeability which is set as 10 × 10−3 µm2. We simulate different
permeability ratio ranging from one to ten to consider the strong heterogeneity in carbon-
ate reservoirs. Figure 11 shows that the wormhole lengths in both layers change with the
permeability ratios. From Fig. 11, wormhole lengths in the low permeability layers decrease
sharply with the permeability ratio increasing from one to two and slowly afterwards. With
the increase of permeability ratio, the high permeability layer receives more acid and the
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interface pressure increases quickly. Since the optimal injection velocity decreases with the
increase of heterogeneity (or porosity), Fig. 3, the ramified wormholes are created in the high
permeability layer with the increase of acid rate, which leads to an imperfect stimulation for
both layers, Fig. 12. Therefore, there is a balance point between the wormholing effect and
the compressed zone effect when permeability ratio increases to a certain value.

4 Conclusions

In this paper, a model coupling a two-scale continuum model and a reservoir flow model was
used to study the effects of two different boundary conditions and distance and permeabil-
ity ratio in a two-layer formation on wormhole propagation behavior. Through a series of
simulations, the following conclusions are achieved.

1. To compare with the uniform distribution method used in the former literature, the worm-
hole structure and the optimal breakthrough volume obtained from the normal distribution
method are closer to the experimental observations.

2. With the increase of heterogeneity, the optimal injection velocity which creates worm-
holes decreases.

3. Under constant rate condition, the inlet pressure declines more slowly and the interface
pressure increases more quickly with the decrease of compressibility factor. Under con-
stant pressure condition, the wormhole propagation velocity decreases with the decrease
of compressibility factor. For both cases, a maximal wormhole length exists because of
the compressed zone effect.

4. In a two-layer formation, the effect of distance between layers can be divided into three
zones. In zone I, the wormhole lengths in both layers are very close. In zone II, a balance
between the wormholing effect and compressed zone effect exists so that the wormhole
length in the lower layer keeps constant with the increase of distance. In zone III, the
distance is so big that the lower layer can not be well treated before breakthrough in
the upper layer. As the permeability ratio increases from one to two, wormhole length
in the low permeability layer decreases sharply. After that, wormhole length in the low
permeability layer almost keeps constant.
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