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Subsurface Engineering:
Integrated field solutions
ranging from exploration
to production, including
field development plan,
and IOR/EOR studies.

l

Offshore/Onshore Pipelines:
Innovative solutions for oil and
gas transportation as well as

treatment from production '
plants to distribution points.
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PORE TO PROCESS

Surface Engineering:
We offer a wide range of services
including the - initial concept of
feasibility studies to the provision of
know-how and license, basic design,
front-end and detail enginering,
followed by procurement, supply
services, construction supervision
and management.
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Reformer tube
Cracking tube
Presure vessel
Radiant section
convection section
Heat Exchanger

superheating
furnace

Cracking furnace -

Column

Methanol and Olefin
Conversion Unit

Scan me!

www.topicn.com .
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1. Casing Head Spool

2. Gate Valve Body

3. Composite Tree Block(Y-Block)
4.Y -Tubing Spool

5. Stabilizer

6. Casing Head Housing

7. Drill Collar

8. Upper Master Block
9.Flange in625
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Impact on|[Impact on  Noo-European
Regulation European| Companies  (e.g.. Aramco, Explanation
Companies SABIC)|
Mandatory sustaimability reporting for all large U
CSRD (EU) 5 4 companies; non-1EU firms with EU operations must also
comply.
(Carbon tax at EU borders for high-cmission imports
CBAM (EL) 5 5 (steel, aluminium, petrochemicals); affects exporters
directly.
Apphies to FL financial markets, indirectly pressures|
SFDR (EU) 5 4 global companies to provide ESG disclosures to attract
ELl investors.
Maritime regulation limiting sulphur in srl_i}_)r)i:_\E_l'L_JL:i_:
IMO 2020 3 3 affects export logistics for both EU and non-ELU
producers.
GRI ! TCFD ¥ : ; ECTT
Leading global frameworks for sustaiability reporting:
(Voluntary but! El 4 3 " o y
widely adopted for credibality and mvestor trust,
Commeon)
Gilobal climate pact pushing national policies (o reduce
Paris Agreement, iy ”
) 4 4 emissions;  companies  respond  based  on local
(Global)| .
regulations
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Impact of International Sustainability Regulations on European vs. Non-European Oil & Gas Companies
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Key Benefits of Sustainability Compliance for Qil & Gas Companies

Cheaper Access to Finance

Preserving Export Markets

Stakeholder Trust & Reputation

Operational Efficiency & Cost Savings

Regulatory Readiness & Competitive Edge
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Package
e Less footprint
Sidica - e No additional flow
Weight Light and portable | Bulky and Heavy u'Jndmolner .
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e Easy mobilization
Separator, sets of e Cost saving
Piping 1 meter and 1 set of | piping, PUMPS, |o Fast rig up/down
pup joints surge tanks, Flaring, | Na i fpumpiiig
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neadd thon 1 coulg | 0700 numberof | Feduce_ apetaions
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GENERAL

Canfigurniions Spool-Piece Inline Permanent Installation, Skid-Mounted Relocatable/Mobile
MPEM, Truck-Mounted Service MPFM Package, Multi-size Venturi Option
Sour Service Specification | NACE MRO175/1S015156 | Wetted Parts
METER BODY and STRUCTURE

Inlet Pipe Size 2 fo b-inch
Interface Connections ANSI Flange/Wing union
Venturi Tube Comply with 150 5167-4
Venturi Beta Ratio 0410 0.6
Wetted Material §S316L

OPERATING RANGE
Design Pressure 0-3000 psi (5000 psi Option)
Design Temperature -20-120°C (Wider Range Option)
Ambient Temperature -20-55°C (Wider Range Option)
Water cut Measuring Range 0-100%
Gas Volume Fraction Range 0-98%
Liquid Flow Rate Refer to VG Operating Envelope
0il Viscosity 0.01-2000¢p

TRANSMITTERS
Transmitters Differential Pressure, Pressure and Temperature (MVT Option)
Connection Impulse Tubing/Capillary/Isolated Valve (Thermowell Coupled TT)
Communication 4-20 mA HART
Calibrated Range 0-5000 mbar DPT, 0-270 har PT,-20-150°C 1T
Wetted Material §S316L
Certification EEx ia 11C T4/T5/T6
GAMMA DENSITOMETER
Radiation Source (s-137 (<10 mCi)
Source Container GAMMSHIELD, Complies with 1EC 62598
RO S— GAMMEX-I, High Sensitivity & Temperature Controlled Scintillation
ATEX Ex-d (Explosion Proof according to EN60079-0 & EN60079-1)

Radiation Leakage <1 pSv/h @1m Distance (Class7, IEC 62598)

WATER CUT METER
Measuring Technique Impedance/Resonance Wide-band Spectroscopy
Water cut Probe Body Material §S316L
Certification ATEX Ex-ia (Infrinsic Safety according to EN60079-0 & EN60079-14)

COMMUNICATION
Local Field Display HMI Option
Operator PC to Meter MODBUS TCP (Wireless Option)
Remote Access to Meter MODBUS TCP/IP (Remote Access Option)

POWER SUPPLY

Supply Voltage 20-30 VDC (24VDC Nominal)
Power Consumption Max. 120 W
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CacCl, is highly soluble in water.
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Shale oil

Rank Country (billion barrels)
1 Russia 75
2 u.s.* 58 (48)
3 China 32
4 Argentina 27
5 Libya 26
6 Venezuela i3
7 Mexico iz
a8 Pakistan b=
El Canada =l
10 Iindonesia 8
World Total 34s (335)
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Table 6. Top 10 countries with technically recoverable shale gas resources

Shale gas

Rank Country (trillion cubic feet)
1 China 1,115
2 Argentina 802
3 Algeria 707
a u.s.* 665 (1.161)
s Canada 573
(=] Mexico 545
7 Australia A37
= South Africa 390
= Russia 285
i0 Brazil 245
world Total 7,299 (7.795)

! E1Aa estimates used for ranking order. ARI estimates in parentheses.
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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,
diffusion of acid into crack faces, chemical reaction of acid
with the formation rock, acid leak-off to the matrix, and fi-
nally long-term crack closure under in-situ closing stresses.
SW Iran and the adjacent offshore areas are rich hydrocar-
bon-producing regions containing 97% of oil and gas fields
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
in Iran carbonate oil fields.This paper after explaining the
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-
cal code based on Fortran language was verified against an
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
is no or minor need to enhance their oil recovery by artificial
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
are economically justified for unconventional reservoirs [1].
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-
ter or gelled-water to induce artificial fractures within the
matrix and facilitate flow of oil and gas towards the well.
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
structure, the induced heat usually affects both the reaction
rate and the oil viscosity [2].

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
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an acid fracturing job. Because of the inherent complexi-
ties of a THMC acid fracturing problem, different numeri-
cal techniques play a significant role in its analysis. In this
research an Element-Free Galerkin (EFG) method is em-
ployed to analyze the problem.

Over 75% of Iran South Western reservoirs have carbonate
structures where acid fracturing can exhibit its full efficien-
cy. In any acid fracturing job, two important goals must
be satisfied to achieve a successful yet economical job. (1)
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-
ductivity of the induced crack. The influencing parameters
on acid fracturing are demonstrated in Figure 1 [3].

| control factors of acid fracturing effect
I

| Ettective distance of live acid | [acid eched mlummmmﬂ
[Acid-rock reaction speed| | Acid fluid loss | Acid streng
e e Sy
[ || ] [ |
[ remperature |__|mm.“mh] Acid flow rate

—‘{ Closure stress

Figure 1. Governing parameters
on acid fracturing [3]

The first study of acid fracturing via numerical simulation
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
transport and leak off equations and provided some numeri-
cal examples in his study. In his model, for the first time, the
heat transfer physic was coupled with other mechanisms to
study the effect of heat on acid reaction rate [4]. Despite its
simplicity, 1D model had a number of limitations. The main
drawback of this model was determination of mass transfer
coefficient (Kg). This coefficient was related to some other
parameters such as effective diffusion coefficient (De) and
reaction constant (k) via dimensionless correlations using
some unrealistic assumptions. The correlations defining Kg
were discontinuous at the border of laminar and turbulent
flow regimes.

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
crack. In their 2D model, the necessity for Kg was eliminat-
ed by direct solving of The Partial Differential Equations
(PDESs) in the crack width. A comparison between the results
of an etched width of a crack between the field, 1D model and
2D model is shown in Figure 2(a). The Figure 2(a) indicates
that the 2D model better presents the variation of the etched

width compared to the 1D model [5].

Mou et al. (2010) studied the effect of material (mineralogy)
and permeability of discontinuities in a crack acidizing pro-
cedure using numerical Front Fixing Method (FFM). They
concluded that higher coefficient of permeability in the crack
height comparing to its length leads to fabrication of parallel
channels rather than isolated pores [6].

Lyons et al. (2013) studied the crack acidizing procedure in
pore scale via Lattice Boltzmann Method (LBM). They also
took the heat transfer effects in their model. Figure 2(b)
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
transfer in the model resulted in more etched width [7].

Evntancs o Wall, B

(a) (c)

(b

Figure 2. (a) comparison of Settari 1D and 2D
models with actual result [5], (b) acidized crack
geometry without heat effect, and (c) comparison
between isothermal and thermal models and more
etched width (red zone) in the thermal model [7]

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
in dolomite [8].

200

T

(2)
Figure 3. Simulation of acid concentration in rock
cross-sections for (a) Calcite and (b) Dolomite [8]

1.2 Iran Carbonate Reservoirs
Data from 115 Iran reservoirs at 60 oil and gas fields were



collected in order to study the characteristics of carbonate
reservoirs of South West Iran [9]. Since the discovery of
Masjid-Soleiman oil field in May 1908, more than 6000 ex-
ploration wells have been drilled leading to unearthing 124
oil and 57 gas fields in Iran. Most of oil and gas fields are
positioned in the Zagros fold belt and Persian Gulf. These
fields contain 97% of Iran’s hydrocarbon reservoirs. Nearly
90% of Iran initial oil in-place are situated in onshore fields,
while 70% of gas in-place are located in offshore areas. All
hydrocarbon producing fields are sorted into 4 main car-
bonate units: Dehram, Khami and Bangestan groups and
the Asmari formation. Each group has numerous oil and gas
fields which listed in [9].

1.2.1 Dehram Group

The Dehram group involves the Faraghan, Dalan and Kan-
gan formations. The fields related to Dehram group are lo-
cated in easter Zagros area and adjacent offshore and stored
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-
ervoirs related to this group decreases from offshore to on-
shore due to the increase in clay content [9].

1.2.2 Asmari Formation

Most of Iran oil (about 80%) is extracted from Asmari for-
mation. This formation contains 45% of Iran oil in-place re-
serves. Asmari limestone is an oil-rich rock with at least 57 oil
and gas fields. Asmari limestone is massive and dense with
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.
Average matrix porosity of Asmari formation is 10% [9]. In a
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-
ed to execute acid treatment to enhance oil recovery [10].

1.2.3 Bangestan Group

The Bangestan group accounts for 37% of Iran oil in-place
reserves and consists of Kazhdumi, Sarvak and Ilam forma-
tions. While this group reservoirs have flourishing initial oil
in-place, recovery of the reservoirs is low ranging from 20 to
30%. The mean porosity of the Sarvak formation is 13% with
low permeability of 14 md, on average. In Ilam formation,
the main tool for enhancing the reservoir quality is fractur-
ing because the average porosity of the formation is around
10% and the mean permeability is less than 10 md [9].

1.2.4 Khami Group

The Khami group stores 15% and 4% of Iran oil and gas in-
place volumes, respectively and consists of four formations
named: Surmeh, Fahlian, Gadvan and Dariyan. Khami re-
lated fields have considerable gas exploration potential and
more than 56 oil and gas fields have been found in Khami
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-
tion and fracturing [9].

A diagram of permeability vs porosity for major reservoirs
is shown in Figure 4. According to this Figure, reservoirs of
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-
ble candidates for IOR by acid [9].
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Figure 4. Permeability vs porosity for major
reservoirs and fields [9]

Sanandaji et al. (2020) mentioned a case study of a success-
ful matrix acidizing job at an oil field in SW of Iran. The well
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
after acidizing, respectively [11].

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
solves the dominant partial differential equation (PDE) of
the problem is provided. Then, a simple single-solute trans-
port problem is solved via employing the newly-developed
EFG code.

2. METHODS

2.1 Governing Differential Equation and its Solution
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-
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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
boundary condition and Kronecker delta condition. To over-
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
partial differential equation (PDE) of a single-species solute
Advective-Dispersive-Decay (Transport) problem [12].

dc
'iRaan.Vc—DVchRﬂC: 0 (0

Where R is retardation, 9 is decay rate, ¢ is concentration,
v and D are flow velocity and dispersion coefficient, respec-
tively. The first term is showcasing concentration varia-
tions during time. The second term is related to variations
of concentration in space resulted from flow of the species
(advection). The third term is also related to variations of
concentration in space which is a combination of molecular
diffusion caused by concentration gradient and mechanical
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 (¥), the weak form of Eq. 1 (Eq. 2) is derived as:

d
j yT: (Recpdwd ) — f ¢ Vand(l + f e (D. Ve, )did
0 n n

(2)

+ J: l[".ﬂkv)ckmdﬂ + v dr + Lum Gadh=0
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., (¥=dc),
(Vo = §(Lc)) and (J, e, GdL =6 frj(c —&)Ta (c—&)dl) and
using partial integration and Gauss integral theorem, Eq. 3
is derived.

’ a
[ ST esWy, — (e)d - J S(LE)T. e qdf) + J S(LeYT. D, (Le)dn
Ja it fil 0

+J-ﬁc"(fs‘ﬁk-vj(c)dﬂ+JSCT[—H—UCR‘V}Q‘£1 (3)
n 1 n
+ f[-,,&? qu dr + 64[-,5(6 — & ay (c—a)dl =0
The terms of Eq. 3 are defined as follows.
- a a ay Pux
=Tl . Le= [5 el L™ =T By =11 [dsla 4)
[P

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

support domain, L is differential operator matrix and B is the
derivative of the shape function matrix. By expanding each
term of Eq. 3 and merging all relations, Eq. 5 is achieved.

8¢cTCs5¢ + (8cTkss + 8cTkd)c —6c"F, —6c"EF =0 (5)

Executing time discretization by generalized trapezoidal rule
intime , and employing a fully explicit approach (d=1), Eq.
6 is achieved.

n+i

[Cos + At(kss + k)™ [c]™* — [Css]"[c]™ = At[F. + F2] (6)

Eq. 6 matrixes are as follows.

Cssyy = fn @7 esR,¢p,dQ2,

ks =— In BT vep,dQ + fn Bl DBd0 + In ¢ Rpvydil,

Fo=—[ ¢lqudr, (7)
g‘j = -rl"( (fif ac!r‘f)}dr and

P8 = J, 9T apcdr

3. SIMULATION RESULTS

To examine the accuracy of the developed EFG code for solv-
ing the chemical equation, it was verified against the analyt-
ical solution of a single-species Advection-Dispersion-Decay
problem [12]. The problem is a column of a saturated homo-
geneous porous media in which a single-species solute in-
trudes with a constant flux (g=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.
The coefficients, and initial and boundary conditions are
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.

Quantity Symbol Value Unit
Column length L 100 m
Constant flux q 0.1 md™!
Porosity £ 0.2 1
Constant velocity veg/e 0.5 md™!
Retardation R 1.4 1
Decay rate v 2e-8 g!
Dispersion D 5.787e-7  m’s’
Initial (IC) and Boundary (BC) Conditions
Initial Condition of ¢ Co 0 mg !
Dirichlet-type BC at x =0 Cp 1 mg I'!
Natural BC at x = . e 0 em?d’!

Table 1. Properties of the single-species transport
problem

4. CONCLUSIONS
There are various techniques for increasing the permeability
of unconventional reservoirs and the acid fracturing tech-
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Figure 5. Results of numerical EFG vs analytical
distribution of a single-species transport [12]

nique is one of the most efficient methods. In this technique
the high-pressure acid is injected into the reservoir to create
artificial hydraulic cracks and etching their smooth surfaces
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),
Gadvan (Khami group) and Dariyan (Khami group) are
good candidates for acid fracturing. Also, the permeability
of some fields of the Asmari formation that contains high
amounts of asphalt can be improved by matrix acidizing to
facilitate the oil flow.

Lastly, a new EFG code was developed to solve the chem-
ical equation and was verified against a single-species sol-
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-
prove oil recovery. Numerical simulation of acid fracturing
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.

In this research first a review of numerical methods regard-
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