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ABSTRACT

This thesis elaborates on a newly developed Fully Implicit (FIM) simulation model that captures
the full coupling of reaction kinetics and fluid dynamics during carbonate matrix acidizing at
an extensive (near wellbore) scale. The framework describes the physical processes at reservoir
scale, by accounting for upscaled pore-scale-based quantities for reaction rates and reservoir
flow properties (e.g. permeability and porosity). The coupled Darcy-Stokes system of equation, as
represented in a unified Brinkman formulation, is incorporated in the model to account for free
flow (wormholes) and flow trough porous media. The model is built to investigate the subsurface
behavior of the specific (Dissolvine® Stimwell) acid developed by AkzoNobel Co. Dissolvine
Stimwell includes chelating agents which have, under specific conditions, significant advantages
over conventional acids. Generally, carbonate acidizing treatment experiments are conducted
at the core scale. However, in Salt Lake City in Utah a carbonate acidizing experiment was
carried out at unprecedented (above core) scale. The corresponding results are compared with
the developed model to validate the dependency of the wormhole formation with the injection
rate. In addition, the reduction in the skin factor is briefly addressed. Apart from the FIM
simulation development for coupled reactive transport equation with Brinkman flow formula, the
other valuable contribution of this work lies on the validation with experimental results at the
unprecedented scale.
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CHAPTER

INTRODUCTION

Near wellbore! damage is generally inflicted during the completion or drilling phase of the field
development cycle. During these phases, a pressure differential causes fines to migrate in or
out of the formation. It is likely that these fines get trapped in the near wellbore formation.
These fines get trapped in the pores, near wellbore, which results in a reduction of the effective
permeability. Evidently, reduction in permeability results in a poor productivity of the wells.
Generally, well testing techniques provide the skin factor as an overall measure of formation

damage [29].

It is of importance to optimize techniques that treat these impairments. Not only for the
reason that formation damage occurs in almost every field operation but also for the significant
magnitude of damage inflicted on well productivity. The magnitude of formation damage is

sensible in the production performance of a well [28].

Matrix acidizing is a primary technique to remove these near wellbore impairments. It
is, unsurprisingly, a technique to dissolve the formation matrix by injecting the appropriate
acids. Several variables need to be taken into account for an optimal acidizing treatment (i.e.
temperature, injection rate and target formation type). Matrix acidizing can be distinguished
from other techniques by the pressure of the injected acid, since the pressure of the injected acid
is below the formation failure pressure. Consequently, the formation is not fractured due to the

injection of the acid [9].

1A wellbore is a hole drilled in the ground in order to look for or extract natural resources such as oil and gas.",
from Collins Dictionary.
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Figure 1.1: Over balanced (right) and under balanced drilling (left). Fines migrate from the
formation and into the formation, respectively [24].

In general the target formations are divided into (1) Sandstone and (2) Carbonate. Below, a

brief description for each type is provided.

¢ Sandstone: Classifying sandstone is not straightforward. There are multiple descriptive
classification proposals. The proposal offered by Mc Bride states a descriptive classification
of sandstones (exclusive of carbonate and volcaniclastic sandstones) based on the compo-
sition of framework grains [3]. Among others, this classification is of interest because it
is based on the composition of the grains that compose the framework. This provides the
possibility to target formations with effective acids. For instance, if a sandstone formation is
classified based on a dominance in quartz minerals, it is not effective to inject hydrochloric

acid for acidizing treatment purposes (see Table 1.1).

Referring to a paper published in 1970 [7], the sandstone and carbonate reserves in large
fields were approximated to be respectively 68% and 32%. Self evidently, it is of great
importance to study matrix acidizing in both sandstones and carbonates. However, the

scope of this thesis is solely focused on carbonate matrix acidizing.

¢ Carbonate: Similar to sandstone, descriptive classification proposals based on grain com-
position are favorable to determine potential effective acids. These classification models
state that carbonate is dominantly composed out of carbonate minerals [11]. Carbonate
minerals are those minerals containing the carbonate ion (CO%‘). As displayed in Table 1.1,
both hydrofluoric acid (HF) and hydrochloric acid (HCL) are reactive with the carbonate
matrix [22]. This reactivity can be beneficial to a certain extend. Reactivity of these acids
is increasing with increasing pressure and temperature [12]. If the reactivity of the acid

becomes too strong, several disadvantages can occur [2].
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In general, temperature and pressure increase with increasing vertical depth. The correspond-
ing increase in reactivity of conventional acids (e.g. HCL and HFL) can lead to highly accelerated
corrosion [16]. Apart from corrosion, high reactivity degrades the efficiency of the carbonate

matrix acidizing procedure. The principle behind the degradation will be addressed in this thesis.

AkzoNobel offers a solution for the summarized complications in the form of an unconventional
acid. This product, Dissolvine® Stimwell, consists out of chelating agents. The product is less
reactive at high pressure and temperature. Apart from reactivity benefits, the product consists
out of the GLDA chelating agent which is readily biodegradable and offers a high solubility over
a wide pH range [2].

The product has already been tested extensively both at pore and core scales. However, the
behavior of the acid at a more extensional (i.e., reservoir and near wellbore) scale has not been
tested yet. This thesis provides a framework for building a fully coupled acidizing treatment
simulator at the “larger scale” i.e., (near wellbore). The term “larger scale” is introduced as an
intermediate scale between core and reservoir scale. The simulator is tailored for the characteris-

tics of the reaction kinetics corresponding to the Dissolvine® Stimwell acid.

Multiple challenges occur by moving from the core scale to a more extensional scale (i.e.
“larger scale”). The simulator —developed in this thesis from scratch— is developed in Matlab -
Mathworks®© . Discretization was performed according the local mass-conservative Tow-Point-
Flux-Approximation (TPFA) finite volume scheme along with first-order upwind scheme for

transport convection on equidistant structured Cartesian grids.

Table 1.1: Solubility of minerals in acid [22]

Mineral Acid
HF \ HCL
Quartz (sandstone) No | Very low

Calcite (Carbonate) | High High
Dolomite (Carbonate) | High High
Ankerite (Carbonate) | High High
Siderite (Carbonate) | High High




CHAPTER

CARBONATE ACIDIZING TREATMENT

Carbonate matrix acidizing is characterized by a specific physical phenomena. This phenomena
becomes visible if the reactivity of the acid and the injection rate (i.e. acid influx) pass a certain
threshold. At this point highly conductive flow channels start to grow. These flow channels
are known as wormbholes [21]. Wormhole efficiency curves are a convenient way to observe the

transition from uniform face dissolution to fingering phenomena (i.e. wormholes).

Face dissolution Conical wormhole

Pore Volumes to Breakthrough

optimal flux

Acid Flux

Figure 2.1: Wormhole Efficiency Curve for Quarried Carbonate (Dolomite) [15].



Figure 2.1 consists of an efficiency curve acquired from experiments performed at core scale
[15]. As a function of acid injection, multiple phases are visible. Initially, the dissolution occurs
uniformly. With increasing injection rates (keeping T = cte.), conical wormholes and subsequently
dominant/ramified wormholes start to form. The formation of Wormholes is favorable for well
stimulation purposes since the generated wormholes can function as highly conductive flow
channels [1]. An optimal scenario would be, to generate the thinnest wormholes with the deepest
penetration into the formation while spending a minimum amount of acid [23]. This scenario is
displayed in the efficiency curve (Figure 2.1) as the optimal influx. Also note that pore volume to
breakthrough on the y axis of the efficiency curve indicates the amount of injected fluid needed
for a wormhole to reach the outlet. This already provides a slight indication that matrix acidizing

experiments are predominantly performed at the core scale.

After a matrix acidizing experiment, the core is scanned using computed tomography (CT).
The results from the computed tomography give a clear visualization of the propagation of
wormbholes into the formation. Figure 2.2 shows the high resolution images of three acidized
Indiana Limestone cores along the worm holing efficiency curve at low, optimum and high acid

influx, respectively [15].

Figure 2.2: High-Resolution CT images of Acidized Core Plugs under Low (top), Optimum (middle),
and High (bottom) acid influx conditions. The core plugs consist of Indiana Limestone [15].
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2.1 Chemical reaction

The formation of wormholes originates from the chemical reactions at the pore scale. Capturing
the correct reaction kinetics at this scale is of importance for the developed simulator. The acid-
rock interaction can be limited by the mass transfer or by the reaction kinetics [17]. Experimental
research performed by AkzoNobel indicates that the reaction between the Dissolvine® Stimwell
product and the carbonate matrix occurs almost instantaneous. Which makes it reasonable to

assume that the reaction between Dissolvine® Stimwell and carbonate is mass transfer limited.

2.1.1 Conventional chemical reaction

The most frequently used conventional acids, during a carbonate matrix treatment, are hydrochlo-
ric (HC]) and hydrofluoric acid (HF). These acids posses a high reactivity with carbonate minerals
[16]. However, in a high temperature domain these acids become so reactive that they cause
corrosion and impair the wormhole growth process. Nearly all the acid is spent close to the
wellbore due to this high reactivity [19]. A higher injection rate is needed to proceed from the face
dissolution stage to the formation of wormholes (Figure 2.1). The reaction mechanisms between

the main carbonate minerals and the conventional HCl and HF acids are listed in Table 2.1.

Table 2.1: Reaction mechanisms carbonate minerals with conventional acids [8].

Mineral Reaction ‘
Dolomite | 4HCL + CaM g(CO3)s — CaClg + MgCly + 2CO9 + 2H50
Calcite 2HCL + CaCO3 — CaCly + COg + H2O
Dolomite 2HF + CaCOg3 — CaFy + CO9 + HyO
Calcite 2HF + CaMg(COg)e — CaF9 + MgFy + 2C0O9 + H20O

2.1.2 Dissolvine® Stimwell chemical reaction

The chelating agent GLDA in the Dissolvine® Stimwell product is responsible for the dissolution
of the metal containing carbonate minerals [2]. Chelating agents are widely employable, apart
from well stimulation purposes, they serve solutions for several problems. For instance, the
mitigation of scale forming in boilers, heater tubes and flow lines (i.e flow assurance) [13].

The GLDA chelating agent is a glutaminic diacetic acid. GLDA has four carboxylic acid groups
and combined with a centralized nitrogen atom these carboxylate groups provide strong multiple
bonds with di- and trivalent metal ions [14]. One of the unionized forms of the GLDA molecule is

the GLDA — Na4 molecule. The structure formula of this molecule is displayed in Figure 2.3.



2.1. CHEMICAL REACTION

Figure 2.3: Structure formula of the GLDA — Na4 molecule [2].

The Dissolvine® Stimwell product is readily biodegradable since the GLDA molecule is based
on the food-approved natural amino acid salt, mono sodium L-glutamate (MSG) [2]. More proper-
ties of the main component of the Dissolvine® Stimwell product (i.e. GLDA agent) can be found
in Table 2.2.

Aminopolycarboxylic acids, such as GLDA, undergo a stepwise loss of protons to reach their
fully ionized state [6]. GLDA dissociates in four steps since the molecule has four carboxylic acid

groups (Figure 2.3). The dissociation reactions are given by equations (2.1) to (2.4), respectively,

i.e.

(2.1) H,Y -~ HsY +H"
(2.2) HsY ™ < HoY?> +H*
(2.3) HoyY? < HY +HY
(2.4) HY3 oYY +H"

Here, H,,Y™ " represents the chelating agent molecule, and m hydrogens are those of
the carboxylic acid group [6]. The dissociation process of GLDA is depended on the pH. This

dependency is illustrated in Figure 2.4.

Table 2.2: Molecule details GLDA — Na4 molecule [2]

CAS No 51981-21-6
Chemical formula | CgHgNOgNA4
Molecular weight 3511.1 g/mol
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At a pH of 8, the GLDA molecules start to reach the fully ionized state. The protons that
are formed during the dissociation reactions (equations (2.1) to (2.4)), react with the carbonate

minerals/matrix. Three surface reactions occur simultaneously. The reactions are formulated as

(2.5) H*+CaCO3 — Ca®" + HCO3
(2.6) H3CO03+CaCO3 — Ca®* +2HCO;
2.7) H30 +CaCO3 — Ca®*" + HCO3 +OH".

One of these equations can be dominant. This dominance is depended on the pH (Figure 2.4) and

the partial pressure of CO3 [10].

Relative amount (%)

100 I

80

60

40 — B m

H3-
GLDA
20

pH

Figure 2.4: pH dependency of the GLDA dissociation process [2].
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SIMULATION STRATEGIES

3.1 Governing equations

The governing equations are used to simulate the injection of the Dissolvine® Stimwell acid at
the “Larger scale”. The larger scale is a newly introduced term, which refers to an intermediate
scale between the core and the reservoir scale (i.e., near-wellbore region). The reaction rate R(C)

is modeled as
(31) kc(Cf_Cs):R(Cs)y

where k.,Cr and C; are the local mass transfer coefficient, acid concentration in the fluid phase,
and the acid concentration at the solid-fluid interface, respectively [17]. The porosity evolution
can be also modeled [17] as a function of the reaction rate as

0p R(Cslaya

3.2
(3.2) = -

This equation consists out of the porosity (i.e. ¢), interfacial area per unit volume G.e. a,),
reaction rate (i.e. R(C)) and rock density (i.e. ps). An empirical relationship is used to determine

the change in interfacial surface area per unit volume [21], i.e.,

@_£¢(1—¢’0)_ﬁ

3.3 =
@2 a0 Po po(1=h)

Here, p is a constant representing the dependency on the pore structure. The continuity
equation is written for an incompressible single phase fluid with no additional source term, i.e.,
0¢

3.4 —+V-u=0.
(3.4) Py u
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A convection diffusion equation [17] is now solved for the concentration evolution in the

medium, i.e.,

a(pCr)
ot

(3.5) +V-(uCp) =D,V -($-VCp)—a, R(Cy),

where the dispersion tensor is denoted as D,. An empirical relationship is used to compute the

permeability change [1] as

£_£[¢(1—¢0)12ﬁ

3.6 =
3.6 Ko  ¢o ¢po(1-¢)

b

where the rock permeability is denoted as K.

It is important to be emphasized that due to the creation of the wormholes, here, the coupled
Darcy-Stokes equation —as described in the Brinkman equation— is used as the momentum

equation [18], i.e.,

H 2
3.7 Vp=—Eusuviy,
(3.7 p=—gutuVu

where p is the dynamic viscosity. In general, the viscosity in the Darcy term can be different than
the viscosity of the Stokes term; based on the coupling condition at the contact surface of the

free-flow and porous-medium flow; however, in this work they are taken as the same quantities.

The presented formulations govern the coupled system of equations for the unknowns. The
simulation strategy should develop a coupling consideration in order to obtain all unknowns.
These coupling approaches are mainly classified into (1) sequential and (2) fully-implicit (simul-
taneous) coupling approached. Next, the description and implementation of the two approaches

are presented. Numerical results are then presented in the next Chapter.

3.2 Sequential simulation strategy

The initial approach for the newly developed simulator comprises a sequential strategy, i.e., a

“step-by-step” solution strategy for the unknowns near the wellbore domain.

Figure 3.1 illustrates the steps involved in such a sequential startegy. More precisely, such a
simulator would consist of five steps, which are chained within an outer iterative loop. Below,

each step is being described in more detail.

10



3.2. SEQUENTIAL SIMULATION STRATEGY

1. Update chemical
reaction

6. Update concentration | 2. Update porosity

3. Update interfacial are

5. Update velocity per unit volume

Fi

Figure 3.1: An overview of the sequential simulation strategy, where each unknown is being
solved in a separate stage and the blocks are coupled through an outer loop. The main loop
consists out of five steps.

Step 1: Update chemical reaction “R(Cy)”

The sequential loop starts with the reaction kinetics at the pore scale. Based on the conservation
of mass, as shown in Figure 3.2, the reaction kinetics balances the amount of acid transferred from
the fluid phase to the surface and the amount reacted at the surface [20]. The Dissolvine Stimwell
acid entails high reaction rates. Therefore, the reaction kinetics for this acid are assumed to occur

instantaneously. This means that the concentration of acid at the solid interface is approximately
0 (i.e. C5=0)[20], i.e.,

(3.8) ke Cp=R(Cy).

11
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cf Bulk fluid

Kc
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/7

m
\ Reactants + CaCO3z = Products
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7

Figure 3.2: Acid propagates from the pore to the solid-fluid interface where it reacts. Note that
for the Akzonobel acid (i.e., Dissolvine® Stimwell) it is assumed that Cs = 0. The figure is taken
from [23].

Step 2: Update porosity “}p”

The reaction kinetics are computed as a function of the local mass transfer coefficient and acid
concentration in the fluid phase for the initial time step (i.e. at t = 0). Subsequently, it becomes
possible to determine the porosity at the next time step. The porosity evolution is formulated as
Equation (3.2) [17]. The rock density (i.e. ps), acid dissolving power (i.e. &) and interfacial surface

area per unit volume (i.e. a;) must be predefined (i.e., they are input parameters of this stage).

Step 3: Update interfacial area “a.,”

The porosity starts to increase over time as result of ongoing chemical reactions. If carbonate
minerals start to dissolve, the interfacial surface area per unit volume starts to vary. The
interfacial surface area per unit volume for the succeeding time step is related with porosity

according to Equation (3.3) [17].

Step 4: Update velocity “u”

Mass conservation equation can be written as Equation (3.4). Since there is no source term, the

acid-brine mixture is incompressible and the porosity is changing over time.

12
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t=n
i ; Porous
Wormhole ; i medium
X X + 6x
t=n+1 i i Porous
‘ : medium

Wormbhole

X X + &x

Figure 3.3: The velocity field is directly coupled with the porosity evolution over time by mass
conservation.

Step 5: Update acid concentration “C;”

The acid is transported trough the domain by convection and diffusion. This convection-diffusion
problem is formulated as Equation (3.5) [17]. The reaction kinetics (i.e. R(Cy)) represent a sink
term. Porosity depends on the acid concentration as expressed in Equation (3.2). Hence, Equation
(3.5) is non linear. The equation is therefore linearized with a newton linearization scheme [4],
which then results in solving for concentration in a residual-form iterative procedure. Initially, a
guess is made for the concentration (i.e. C}Vc — C?). Subsequently, the residual is computed after
linearizing equation 3.5. Once the residual is computed the system J'§ Clvﬁl =—R" is solved for
6C;’+1. In the next step, the initial guess is updated with 6C}’+1. The system converges (i.e. Step
4 in Figure 3.1) if 5C;+1 is approximately zero (i.e. error margin of 107%). If this is not the case,
the loop is iterated until the system converges. After converging, the system succeeds to the next

time step. An overview of this iterative procedure is illustrated in Figure 3.4.

13
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0 - Initialize le,z‘ — C}L’i
v
—3P1 - Compute P = —[ayR(C.)]) =V - (0;Cr)” — QSVC?’iA_tqan?’i
v
2 - Solve ;—gf C;(SC;H = ¥
v
3 - Update C]’frl = 50}’+1 € Cj’j

e

4 - IF Converged ===l Next time step!

L

Figure 3.4: Inner iteration loop for solving for the acid concentration. Note that convective terms
are solve using a first-order upwind scheme, and that diffusion is neglected (due to the grid sizes).
This loop is performed at Step 5 of the sequential simulation approach.

Once the outer-loop (consisting of the 5 mentioned steps) is converged; the secondary variables
are updated. The choice of having velocity or pressure as the primary variable depends on the
dimension of the domain. While for 1D domains one can use velocity as the primary variable (since
its vectorial space reduces to scalar u, unknown), for higher dimensional domains a pressure
equation needs to be derived to replace the continuity equation at Step 4. If the velocity is taken
as the primary unknown, pressure will be updated using Brinkman’s formula. An illustration
of the Brinkman’s formula is provided in Figure 3.5. Brinkman’s formula combines the Darcy
and Stokes formulations in a unified way to contribute to the total pressure drop in a porous
media which consists of sub-domains with channel-flow (i.e., Stokes regime). The left and right
sub-figures in Figure 3.5 illustrate the cases when the Brinkman’s formula reduces to Darcy
(when K is low) and Stokes (when K is very high) [18].

If the pressure is used as the primary unknown, one should substitute the Brinkamn’s
equation into the continuity (mass-balane) equation so that an equation for pressure is obtained.

Then this equation is solved for pressure at Step 4. In each outer-loop, the velocity is being

14



3.3. FIM SOLVER

updated, once the pressure is updated, in a post-processing stage using the Brinkamn’s formula.
This approach is more consistent with classical sequential reservoir simulation methods, in which
a pressure equation is obtained by substituting Darcy’s law into the mass balance (continuity)
equation.

It is known that the sequential strategy is stable when the coupling between the unknowns
is not strong. However, when the coupling terms (dependency of the unknowns) is strong, fully-
implicit (FIM) methods are more advantageous. Next, a FIM framework is developed in order
to allow for general coupling strength between the unknowns. Note that this FIM simulator is

being used as the reference of most studies performed in this thesis.

1.Porous medium

Wormhole

Wormhole

sz—Eu —pﬂ‘f“zu ?p:—%u — uVZu ?p=—-§.—_‘u —uVu
; :

4

Figure 3.5: The Darcy-Stokes equation captures the pressure calculation in both the wormholes
and the porous medium.

3.3 FIM solver

Simulation of acidizing treatment at the “larger scale” (i.e. intermediate scale between core and
reservoir scale) is complex. This complexity can be further enhanced by strong coupling between
the reaction kinetics and the fluid dynamics. A fully implicit (FIM) approach allows for more
stable and robust treatment of the coupling terms [5].

The governing equations that comprise the sequential solver are re-written into a residual form

as following, i.e.,

B o0(¢) 3 k.Craya

(3.9) R4 Y on
0
(3.10) R2=V-(u)+6—(f
o(pC
(3.11) R3= %+V~(u0f)+kca1,0f.

15
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Note that if pressure is taken as primary unknown, Equation (3.10) will be replaced by a
pressure equation. The interfacial area per unit volume is a function of porosity as formulated in
Equation (3.3). The local mass transfer coefficient is assumed to be constant. The convective term

on the RHS of Equation (3.11) is discretized according to a first order upwind scheme.

Convection causes the acid-brine mixture to propagate into the high permeable regions. For a
heterogeneous carbonate rock this results into fingering (i.e. wormhole formation). Please note
that the diffusive term is neglected in Equation (3.11), due to the time and grid-size scales and
the dominance of the convective term in the process of wormhole formation.

The reaction kinetics, represented by Equation (3.9), are rewritten as

_ o)

3.12 R
( ) 1=

_A(l_(P)Cf’

where the constant A is introduced as the acid tuning factor, i.e.

_ Kcocav,o
ps(l - (PO)

This factor makes it possible to implement the acid dissolving power.

(3.13)

For a one dimensional case, where velocity is taken as the primary unknown, the three derived
residuals are functions of all the three main unknowns. This makes it possible to solve for all
unknowns, i.e., Cr, ¢ and u simultaneously. The pressure and permeability can be computed in a

post processing phase, similar to the sequential approach.

However, as mentioned before, a different approach is required for 2 and 3 dimensional cases.
Since, in these cases the extra velocity components are additional unknowns (i.e., velocity is
a vector of unknown). Therefore, a pressure equation is derived such that the system is well
posed. In this case, the Brinkman equation is used to relate the velocity with the pressure. The
FIM system is then derived for p, Cr and ¢ as the main unknowns. Subsequently, the obtained
pressure is used (after each Newton loop) to compute the velocity in a post-processing stage. An

overview of this approach is provided in Figure 3.6.
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3.3. FIM SOLVER

RQ:%JFV-(—A.W)JFV'(W?U)

Ry = % (¢Cy) + V- (=ACy - Vp) + V - (CrkV?u) = kea,Cy

l

S
x(¢, Cfvp)

—>

v

Compute velocity (post-processing) using Brinkman equation

Figure 3.6: Pressure-dependent residual terms for the case where pressure is taken as the
primary unknown. Note that velocity is being updated inside the Newton loop, once the pressure
is being updated in the FIM system.

It is important to re-iterate that the FIM system approximates the non-linear residual R**!

through iterative procedure based on the Newton’s lemma, i.e.,
OR v
(314) Rn+1:RV+Za_€| 6EV+1’

which can be stated as
OR OR 0

R
3.15 Rn+1=RV+1=RV+—v5 v+1+ V5CV+1+—V5 v+1
(3.15) 5! 09"+ 351"+ 5o

for our system. Finally, the linear system is obtained in the form of

oRyv ORiv ORp +1
o | 60f| op I 5¢V R‘{
ORy v ORy v ORg v v+l| — _ v
(3.16) oy Bap Sy eyt | - | Ry
OR3 v OR3\v OR3v v+1 v
3 | acf| ap | op Ry

Note that the convective terms in the transport equation are obtained using an upwind

scheme.
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CHAPTER

TEST CASES

4.1 2D Test Case

The fully implicit model is used to model a two dimensional (2D) test case. The Stimwell product
is injected under a constant horizontal velocity (i.e. uy, = cte.). The right boundary condition
comprises of the reservoir pressure (i.e. pr). There is assumed to be no flow trough the top and
bottom boundaries of the domain. In this test case the Dissolvine® Stimwell product is injected
into a 5 x 5 meter carbonate block. A heterogeneity is imposed by populating the carbonate block
with porosities drawn from a normal distribution with a mean of 0.12 and a standard deviation

of 0.01. The input data for this particular test case is presented in Table 4.1.

Table 4.1: Input data for 2D test case.

’ Input ‘ Value ‘
¢ 0.09-0.15 [-]
Lx 5 [m]
Ly 5[m]
PR 20 [Bar]

uy, 9E-4 [m/s]

ps | 2710 [kg/m?]
ke 1E-7 [m/s]

a 60 [g/mol]

ay 200 [m 1]

Ko | 10E-13 [m?]
U 1E-3 [Pa.s]
B 0.5[~]
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4.1. 2D TEST CASE

4.1.1 Concentration

The Dissolvine® Stimwell acid propagates trough the carbonate rock. A clear acid front is
visible at each time step (see Figures 4.1 and 4.2). More acid gets transported trough the highly
permeable wormholes. This preference in flow path is visible in Figure 4.3. The rate at which the
concentration front propagates depends on several factors among which the pressure differential

between the inlet and the set boundary, the acid tuning factor and the rock properties.

Concentration

mjecled]

o
=]
L

0.4

Concentration [C/C.

0.2 |

0.6 0.4

0.8 _,_,_,_,,_,_,_,_,
1
[x/Lx] . K

Figure 4.1: Surface plot of the concentration distribution at different time until 2 hours.
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Figure 4.2: Side-view of the concentration profile at different times.
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Figure 4.3: Top-view of the concentration distribution after 2 hours of injection.

4.1.2 Velocity and pressure

The horizontal velocity plot tends to reveal the presence of wormholes (see Figures 4.4 and 4.5).
Several wormholes become visible near the inlet where the horizontal velocity is relatively high.
Fingering and preferential flow paths are clearly visible in the top view plot (Figure 4.5). The
vertical velocity is plotted in Figure 4.6. Over time the damage near the well bore gets removed,

resulting in a pressure drop near the inlet (see Figure 4.7).
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2D TEST CASE

Velocity [u.'uL]
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Figure 4.4: Surface plot of the horizontal velocity u, at different times, until 2 hours of injection.
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Figure 4.5: Top-view of the horizontal velocity u, distribution after 2 hours of injection.
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Vertical velocity
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Figure 4.6: Surface plot of vertical velocity distribution u, after 2 hours of the injection of the
acid.
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Figure 4.7: Surface plot of pressure distribution P at different times, until 2 hours of injection.

4.1.3 Porosity and permeability

The upscaled porosity results are plotted in Figure 4.8. An increase in porosity is visible. The
upscaled porosity increase is felt most near the inlet. However, after approximately 40 minutes of

injection the upscaled porosity starts to increase at the right boundary. Indicating that wormholes

22



4.1. 2D TEST CASE

penetrated into the carbonate rock. The porosity increase is highly depended on the acid injection

rate and acid reactivity. The corresponding permeability increase is plotted in Figure 4.9.

Porosity
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Figure 4.9: Top-view of the permeability distribution K after 2 hours of injection
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CHAPTER

VALIDATION

5.1 Validation with experimental results at unprecedented

scale

Several acidizing experiments are performed at the core scale. However, larger-scale systems
must be considered if 3D wormhole characteristics are to be understood [15]. The costs of acidizing
experiments at this scale are significantly high [25]. Hence, only a few experiments are conducted
at this particular scale. Large scale in this context refers to an intermediate scale between the
reservoir and the core scale. One of these experiments was carried out at TerraTek in Salt Lake
City. This experiment was conducted using a large rock sample of up to 14ft3 (see Figure 5.1).
The rock sample, weighing nearly 1 ton, was placed under stress levels comparable to actual
subsurface conditions [15]. Subsequently, the rock was injected with a conventional HCI acid.
Only the top and bottom of the large block are sealed, allowing the injected fluid to exit via
the lateral boundaries of the Acidizing cell. The injection rate is adjusted to find the optimal
flux, similar to the discussed efficiency curve in Chapter 2. Upon completion of the acidizing

experiment, the large block is scanned using a CT system.
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5.1. VALIDATION WITH EXPERIMENTAL RESULTS AT UNPRECEDENTED SCALE

Core Plug
~0.006 ft*

Large Block
~14 13

Figure 5.1: The large block is 2000 times the volume of the core plug and placed in an acidizing
test cell. [15].

It is almost impossible to validate the experimental results in details of the exact configuration
of the wormholes, as for the several uncertainties including the unknown heterogeneity of that
specific rock sample. However, one can investigate the trend of the wormhole creation length
depending on the injection rate. This would be a valuable contribution of the simulator developed
in this project, as this dependency can provide important operational information for field
applications.

Figure 5.2 illustrated the experimental wormhole creation dependency on the pump injection

rate.

ratio of longest/average wormhole

Pump rate

Figure 5.2: The ratio of longest to average wormhole as a function of the injection influx/pump
rate regarding the large block experiment in Salt Lake City, Utah [15].

In our simulator, the porosity distribution is used to estimate the length and distribution of
the wormholes. As shown in Figure 5.1, the average and longest wormholes are set to be located

at Adgverage = 0.6 and Ajopgest = 0.25, respectively.
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0.8 T T T T T T T

0.7 1

0.6 === .

average

04

Porosity [-]

03

o0z | ?\longest

Figure 5.3: Determination of the longest and the average wormhole length based on the averaged
porosity plot.

Using this approach to calculate the wormhole geometrical characteristics, and the data
provided in Table 5.1, similar trend of the wormhole creation dependency on the injection flow

rate is found with the developed simulator (see Figure 5.4).

Table 5.1: Input data used for validation with the experiment of [15].

’ Input \ Value ‘
¢ 0.09-0.15 [-]
Lx 7 [m]
Ly 1[m]
Lz 1[m]
PR 50 [Bar]

Qr | 1.5E-4 [mP/s]
ps | 2710 [kg/m®]
ke 1E-7 [m/s]
a 100 [g/mol]
ay 200 [m~1]
K, 10E-13 [m?]
u 1E-3 [Pa.s]
B 0.5[-]
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5.2. VALIDATION WITH EXPERIMENTAL RESULTS AT CORE SCALE
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Figure 5.4: The ratio of the longest to average wormhole length as a function of the acid injection
flow rate. Results obtained from the developed simulator

5.2 Validation with experimental results at core scale

At the core scale, the pore volume to breakthrough (i.e. PVBT) is an important quantity. It allows
to compute the efficiency curve, which is used to identify the optimal injection rate for a particular
acidizing treatment. The efficiency curve is plotted at the “larger scale” based on simulation
results. The fully implicit model is used to stack the result of 50 simulations on top of each
other (so as to consider the uncertainty within the initial porosity and permeability distribution).
These simulations are performed on a 1D structured Cartesian grid with input data as presented
in Table 5.1. The left and right boundaries are subject to Dirichlet acid influx and pressure,

respectively.

If wormholes breakthrough, a highly conductive tunnel between the left and the right bound-
ary is formed. This conductive tunnel causes the pressure at the inlet to decay significantly. A

breakthrough is considered to occur if

AP
(5.1) —end 10
APinitial
is satisfied. Under this condition the pressure difference at the inlet and the outlet is so small
that the carbonate block is assumed to have tunnel-like behavior. Hence, wormhole(s) are broken

through.
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CHAPTER 5. VALIDATION

The initial pore volume is computed by multiplication of the porosity with the volume of the
carbonate block, i.e.,

(5.2) PVinitial =V - .

Here, V is the volume of the Carbonate block. The pore volume used to reach breakthrough is
computed by multiplication of the breakthrough time, injection velocity and area, i.e.,
(5.3)

PVbreakthrough =u-A- tbreakthrough-

Subsequently, the pore volume to breakthrough is computed as

PV,
(5.4) PVBT = - breakthrough
PVinitial
The dissolution regimes are visible in the obtained acid efficiency curve from the simulator, as

shown in Figure 5.5. At low flow rates, face dissolution is visible. Increasing the flow rate leads to

conical wormholes and dominant wormholes. Additionally, Figure 5.5 provides an approximation
of the optimal flux indicated by the red circle.

0,00E+00 5,00E-06 1,00E-05 1,50E-05 2,00E-05 2,50E-05 3,00E-05 3,50E-05
3
Influx m-
Q]

Figure 5.5: The pore volume to breakthrough as a function of acid influx. The red circle indicates
the optimal flow rate. Result is obtained from the developed simulator.
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CHAPTER

SENSITIVITY STUDY

6.1 SKkin as a function of acid power

Even brief, it is still of great interest to identify the efficiency of the acidizing treatment in the
productivity of the well. As such, in this chapter, this important aspect is being investigated.
A practical measure to quantify the efficiency of the acid treatment is the Skin reduction. The
Skin causes an additional pressure drop (i.e. Apszi,) near the wellbore region. The difference
between the initial and final pressure drop is analysed; and being related to the acid treatment.
For sensitivity purposes, the difference in Apgp;, is plotted in Figure 6.2 as a function of the
acid dissolving power. For which the 1D FIM model is used with the injection rate and reservoir
pressure as the left and right boundary condition, respectively. The corresponding input data is
presented in Table 5.1.

An example, for an acid dissolving power of 200g/mol, is displayed in Figure 6.1. The initial
pressure at the left boundary is approximately 270bar. After completion of the acidizing treat-
ment the pressure dropped to approximately 200bar. Consequently, the difference in Apgp;, is

approximately 70bar.
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Figure 6.1: Pressure drop due to reaction kinetics. The acid dissolving is set to 200g/mol. Addi-
tional input data is stored in Table 5.1
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Figure 6.2: Sensitivity study of the Apgr;n 1nitial-APskin,final after 2 hours of injection as a
function of the acid dissolving power. Additional input data can be found in Table 5.1
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CHAPTER

CONCLUSION AND FUTURE WORK

Two approaches were developed to simulate carbonate matrix acidizing at the “larger scale”. The
initial approach comprises of a sequential strategy. For stability reasons, a second model was
developed. This fully implicit model (i.e. FIM) allowed for a more stable and robust treatment of
the coupling between the reaction kinetics and fluid dynamics. As such, it formed the core of the

delivered simulator to Akzonobel co.

The developed model is tailored for the reaction kinetics of the Dissolvine® Stimwell product.
Based on the reaction kinetics of this product, the reaction rate was assumed to be instantaneous.
The model incorporates both flow trough porous medium and free flow (i.e. flow trough worm-
holes). Achieved by implementation of the Darcy-Stokes relationship.

The simulation results were compared with experimental results at unprecedented [15] and
core scales. These studies were performed to validate the trend of the wormhole configurations
(and creations) depending on the injection flow rate.

At both scales, the trends were in good agreement with the expected ones from the experi-
ments. This provides a valuable confirmation that a simplified Brinkman-based simulator with
the upscaled reaction properties can capture the dependencies at near wellbore region. This study
has never been done in the community, and casts the core of the novelty of this thesis work.

Finally, as for the important operational knowledge about the efficiency of the acid treatment,
the improvement in the productivity of the well —measured in terms of reduction of Skin factor—
was also studied briefly in this work.

It is important to emphasize that many interesting challenges remain for future work:

¢ It is interesting to develop a simulator on a cylindrical coordinate system, to include the
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CHAPTER 7. CONCLUSION AND FUTURE WORK

radial behavior of the flow pattern around the well.

¢ In addition, consideration of multiphase flow around the well (with capillary pressure
consideration) seems quite important as the existence of other phases may influence the

penetration of the acid in the reservoir.

¢ Additional studies concerning the empirical dependency of the permeability to the porosity
and the interfacial area per unit volume are necessary, specially for domains with a

combination of free flow (i.e. wormholes) and porous medium.

¢ The possibilities of enhancing the computational efficiency of the FIM model by integrating
it with the Algebraic Dynamic Multiscale (i.e. ADM) [5, 26] method using monotone multi-
scale formulation [27] allows for an increase of computational efficiency while maintaining

the fine scale accuracy.
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NOMENCLATURE

Quantity | Unit Meaning

a g/mol dissolving power of acid

ay m~1 Interfacial area per unit volume of medium
u m/s Horizontal velocity

K m? Permeability

Ky m? Initial permeability

Cr mol/L Concentration of acid in the fluid phase

p Pa Pressure

Q m3/s Flow rate

7 Pa.s Fluid viscosity

Pskin Pa Additional pressure drop caused by formation damage
S - Skin factor

PV m3 Pore volume

PVBT - Pore volume to breakthrough (PV¢inai/PVinitial)
o - Porosity

A" m3 Volume

A m? Area

ke m/s Local mass transfer coefficient

B - pore structure relation constant

PR Pa Pressure at the right boundary

L, m Length in the x direction

L, m Length in the y direction

Qs kg/m?® density of the carbonate rock

Nx - Grid cells in the x direction

Ny - Grid cells in the y direction

De m?/s Effective dispersion tensor
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