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ABSTRACT

Acid fracturing is a relatively new technique proposed for 
increasing the reservoir permeability of the conventional as 
well as unconventional (very low permeability) reservoirs. 
Acid fracturing increases the permeability and facilitates oil 
recovery by both creating new cracks in the reservoir and 
also etching the crack faces. Acidizing the crack faces (usual-
ly by 15% HCL) increases roughness of the surfaces leading 
to crack stability under in-situ closing stresses that elimi-
nates the need for employing propping agents such as sand. 
Acid fracturing mechanism involve injecting of the acid in a 
pre-existing (or a prefabricated) crack under high pressure, 
crack propagation due to highly pressurized injected acid, 

-
nally long-term crack closure under in-situ closing stresses.

-

of Iran. Almost 80% of Iran oil is extracted from carbonate 
Asmari and Bangestan group formations. High applicability 
of acid fracturing in these carbonate formations (because of 
high reaction rate between carbonate and HCL) and also its 
applicability in some relatively low permeability (less than 2 
md) oil reservoirs like Ilam and Dariyan, have encouraged 
the authors to investigate the application of acid fracturing 

main mechanisms and the related governing equations in 
brief, reviews the existing numerical methods that can sim-
ulate acid fracturing. After that, applicability of this tech-
nique in Iran is investigated and some recommendations 
are made.Finally, an in-house developed chemical numeri-

analytical single-species transport problem and numerical 
result shows good agreements with analytical one.

1. INTRODUCTION
1.1 Matrix Acidizing and Acid Fracturing
Reservoirs around the world can be divided into two cate-
gories of conventional and unconventional reservoirs based 
on their permeability. Moderate to highly permeable reser-
voirs (>1 md) are called conventional reservoir, where there 

means. On the other hand, for unconventional oil reservoirs 
in which their permeability is very low (0.00001 to 0.1 md) 
it is required to use EOR  techniques or Reservoir Stimu-
lation to increase oil recovery. Employing these techniques 

Generally, there are three methods to facilitate oil delivery 
in low-permeability reservoirs: Matrix acidizing, Hydraulic 
fracturing and a more recent method i.e., Acid fracturing. 
Matrix acidizing is the oldest technique that has been used 
since 1930. In this technique, by low pressure injection of an 
acid (usually HCL 15%), the damage or non-oil components 
that block the pores connections are dissolved and matrix 
permeability increases. The second technique (hydraulic 
fracturing) is employed using high-pressure injection of wa-

The third, which is the technique of interest in this paper, 
is acid fracturing. This technique combines former methods 
by injecting high-pressure acid into the matrix to induce hy-
draulic fractures and defy fracture closure by uneven acid 
etching of fractures walls. In the hydraulic fracturing, the 
later mission is carried out by propping agents such as sand. 
In the acid fracturing mechanism, when the acid reacts with 

Various chemical and physical phenomena are involved in 
acid fracturing which leads to strong (Chemical-Hydraulic) 
or weak (Mechanical-Hydraulic) coupling between Ther-
mo-Hydro-Mechanical-Chemical (THMC) components of 



an acid fracturing job. Because of the inherent complexi-
-

research an Element-Free Galerkin (EFG) method is em-
ployed to analyze the problem.
Over 75% of Iran South Western reservoirs have carbonate 

-
cy. In any acid fracturing job, two important goals must 

Achieving highest penetration distance of fresh acid in the 
crack and (2) To dissolve the crack faces and expand the 
crack as wide as possible to achieve highest hydraulic con-

 

was carried out by Settari (1993). In his model, the acid con-
centration was assumed constant in either height or width of 
the crack (1D model). He suggests a theory for solving acid 

-

heat transfer physic was coupled with other mechanisms to 

simplicity, 1D model had a number of limitations. The main 
drawback of this model was determination of mass transfer 

reaction constant (k) via dimensionless correlations using 

were discontinuous at the border of laminar and turbulent 

 Settari et al. (2001) updated the former 1D model of acid 
transport and transformed it into a new 2D model with var-
iable concentration of acid in both length and width of the 

-

(PDEs) in the crack width. A comparison between the results 

2D model is shown in Figure 2(a). The Figure 2(a) indicates 
that the 2D model better presents the variation of the etched 

and permeability of discontinuities in a crack acidizing pro-
cedure using numerical Front Fixing Method (FFM). They 

height comparing to its length leads to fabrication of parallel 

Lyons et al. (2013) studied the crack acidizing procedure in 
pore scale via Lattice Boltzmann Method (LBM). They also 

shows the acidized crack geometry, while Figure 2(c) shows 
the geometry comparison of two models, with and without 
heat transfer. As shown in Figure 2 (c), considering heat 

 

Aljawad et al. (2020) developed a fully coupled THM model 
to study acid fracturing in Calcite and Dolomite formations 
and recognized the controlling parameters in the process. 
According to Figure 3 which showcases acid concentration 
in the crack length for (a) Calcite and (b) Dolomite struc-
tures, it can be noted that the acid reaction is less in Dolomite 
compared to Calcite. However, it leads to more penetration 
of live acid in the fracture causing longer crack length and 
more etching in Dolomite formation. Also, highest dissolu-
tion of crack face was observed to occur near the wellbore in 
calcite while it occurs in longer distances from the wellbore 

 

1.2 Iran Carbonate Reservoirs

Figure 1. Governing parameters
on acid fracturing [3]

Figure 2. (a) comparison of Settari 1D and 2D 
models with actual result [5], (b) acidized crack 

between isothermal and thermal models and more 
etched width (red zone) in the thermal model [7]

Figure 3. Simulation of acid concentration in rock 
cross-sections for (a) Calcite and (b) Dolomite [8]



collected in order to study the characteristics of carbonate 

-

positioned in the Zagros fold belt and Persian Gulf. These 

-

the Asmari formation. Each group has numerous oil and gas 

1.2.1 Dehram Group
-
-

about 90% of Iran gas reserves. Separated individual pores 
(Oomouldic porosity) is the most important pore type no-
ticed in Dehram group reservoirs with average porosity of 
9% and average permeability of 30 md. The quality of res-

-

1.2.2 Asmari Formation
Most of Iran oil (about 80%) is extracted from Asmari for-

-
serves. Asmari limestone is an oil-rich rock with at least 57 oil 

poor reservoir attributes, and its productivity can be raised 
by fracturing and dolomitization. Although most of the oil 
in Asmari formation is provided by fractured carbonate, the 
remaining oil is extracted from Ahwaz sandstone. Asmari 
limestones are recognized by their grain dominated faces. 

study on saturated Asmari reservoirs, these reservoirs were 
found to have high asphalt content which cannot be treated 
by neutral gas or water injection, so the author recommend-

1.2.3 Bangestan Group
The Bangestan group accounts for 37% of Iran oil in-place 

-

in-place, recovery of the reservoirs is low ranging from 20 to 
30%. The mean porosity of the Sarvak formation is 13% with 

the main tool for enhancing the reservoir quality is fractur-
ing because the average porosity of the formation is around 

1.2.4 Khami Group

place volumes, respectively and consists of four formations 
-

carbonate group. This group of reservoirs are associated 
with mud-dominated faces and poor reservoir properties. 
The local reservoir quality can be increased by dolomitiza-

A diagram of permeability vs porosity for major reservoirs 

SW of Iran can be categorized in to 3 groups of: good quality 
(red color), mediocre reservoir quality (blue color) and low 
quality (yellow color). The low-quality reservoirs are suita-

 

Sanandaji et al. (2020) mentioned a case study of a success-

production was 750 Barrels Per Day before acidizing while 
the it has been increased to 1100 Barrels Per Day after the 
acidizing. Also, the skin was 7.5 and became -3.5 before and 

Currently, a fully coupled THMC code is under development 
in order to solve various acid stimulation problems. In the 
following, a brief description of EFG  numerical method that 

the problem is provided. Then, a simple single-solute trans-
port problem is solved via employing the newly-developed 
EFG code.

2.METHODS

using EFG method 
EFG method is one of numerical meshfree methods and has 
numerous advantages over conventional numerical meth-
ods such as FEM. Some of EFG advantages are: eliminat-

Figure 4. Permeability vs porosity for major 



ing mesh-related problems like mesh adaptivity and zero/
negative Jacobian matrix, and no remeshing requirement 
in crack propagation problems. The major drawback of this 
method comparing to FEM is incapability to satisfy Dirichlet 

-
come this hindrance, there are two methods of Penalty and 
Lagrange multipliers where the Penalty method is exploited 
in this study.
In order to study the acid fracturing or the matrix acidiz-
ing, there must be relations and equations to simulate acid 
reaction in the medium. To model such chemical reactions, 
Advection-Dispersion-Reaction (ADR) equation which is 
derived from conservation of species mass is employed and 
coded in the simulation code. Equation. 1 is the governing 

	
(1)

Where R is retardation,  is decay rate, c is concentration, 
-
-

tions during time. The second term is related to variations 

(advection). The third term is also related to variations of 
concentration in space which is a combination of molecular 

dispersion. Finally, the last term is representing impacts of 
retardation and decay on the concentration. In this particu-
lar problem due to lack of reaction, the reaction term is ab-
sent in the ADR equation, though it is a part of general form 
of ADR equation. 
By employing a weighted residual method and using a weight 
function (ɤ), the weak form of Eq. 1 (Eq. 2) is derived as:

                                                                                            
(2)

The last term of Eq. 2 is added due to using the penalty 
method to mitigate applying Dirichlet boundary condi-
tion. By selecting appropriate weight functions i.e., (ɤ=dc), 

 and  and 
using partial integration and Gauss integral theorem, Eq. 3 
is derived.

                                                                                            

(3)

                                                                                            
Where  is EFG shape function, n is number of nodes in local 

derivative of the shape function matrix. By expanding each 
term of Eq. 3 and merging all relations, Eq. 5 is achieved.

                                                                                                        
(5)

Executing time discretization by generalized trapezoidal rule 
in time tn+ɗ and employing a fully explicit approach (ɗ ), Eq. 

                                                                                                        

                                                                                                       

(7)

3. SIMULATION RESULTS
To examine the accuracy of the developed EFG code for solv-

-
ical solution of a single-species Advection-Dispersion-Decay 

-
geneous porous media in which a single-species solute in-

q=ev). The column dimensions 
are 100*0.1*0.1 m in which the spatial discretization or node 
spacing is 0.1 m and temporal discretization (time step) in-
itiated from 10  day and was ten-folded after 25 time-steps. 

provided in Table 1. The results of the distribution of solute 
concentration along the column after 50 and 100 days are 
illustrated in Figure 5. As shown in Figure 5, the EFG results 
are consistent with the analytical ones.

 

4. CONCLUSIONS
There are various techniques for increasing the permeability 
of unconventional reservoirs and the acid fracturing tech-

Table 1. Properties of the single-species transport 
problem



the high-pressure acid is injected into the reservoir to create 

by chemical reactions to induce cracks that can withstand 
the closing in-situ stresses.

-

ing acid fracturing were presented then reservoirs of SW 
Iran were introduced and the properties of each formation 
were explained. It was concluded that among all forma-
tion groups of Iran oil reservoirs, Ilam (Bangestan group), 

good candidates for acid fracturing. Also, the permeability 

amounts of asphalt can be improved by matrix acidizing to 

Lastly, a new EFG code was developed to solve the chem-
-

ute transport problem and the obtained numerical results 
showed good agreements with analytical solutions.
According to high potential of acid stimulation techniques 
and promising results in oil industry, these techniques can 
be localized to employ in Iran carbonate reservoirs to im-

or matrix acidizing in Iran formations gives insight into bet-
ter understanding Iran formations behavior to acid treat-
ments. It also allows reservoir engineers to achieve highest 
oil recovery of any reservoir of interest by optimizing design 
parameters.
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