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Introduction

1.1. Introduction

Oil and gas reservoirs are found in the subsurface in various types of rock formations, which all have
different flow properties. Properties vary between different geological formations, but also within each
geological formation variations are found. These variations (heterogeneity) are caused by changes in
the depositional environment over geological time, causing the mineral composition of the rock mass
to vary in space. This difference in composition causes flow properties to vary over the reservoir which
complicates the recovery of hydrocarbons because fluids can flow easily in some parts of the reservoir,
while in other parts there could be no substantial flow. One of these issues is partial depletion of a
reservoir. A reservoir can roughly be subdivided into low and high permeable zones. Because the high
permeable zones allow for easier flow of hydrocarbons, these will often be depleted first, leaving the
low permeable zones saturated with oil. Another problem is that high pressure differences between the
wellbore and the reservoir cause fines to migrate towards the wellbore, settling in the pore space and
obscuring flow paths near the well bore. This causes local zones of decreased porosity and permeability
near the well. As all flow converges in this region, obstructions in flow-paths in the near-wellbore region
have more impact than they would have further away from the wellbore. The resulting decrease in
porosity reduces effective permeability, which lowers the flow rate and thus the productivity index of
the well. [12| This is also known as formation damage. In carbonate reservoirs this can also occur due
to mineral deposition of soluble minerals (CaC0; among others).

A technique frequently employed in carbonate reservoirs to increase the flow of fluids in these low-
permeability zones is acid stimulation. This is used both in hydrocarbon and geothermal reservoirs.
Matrix rock is dissolved during this process by injection of an acid blend which creates new wormholes
through which fluids can flow. [11] The problem with this however, is that injected fluid tends to enter
the parts of the reservoir that have high permeability and enlarge the permeability in these zones, while
the aim is to target low-permeability zones. One way to improve stimulation of low-permeability zones
is by using self-diverting acid blends, which contain a surfactant that increases the viscosity of the fluid
when the pH drops as a result of acid being spent in reaction. [6] Acid will flow into high permeability
regions first, where the viscosity will increase due to the spending of acid. This increase in viscosity
will block the flow of fluids so that the acid gets diverted into low-permeability zones.

The goal of this thesis is to develop a reservoir simulator to make initial analysis on matrix acidizing
with self-diverting acid systems in the region surrounding the wellbore. Through simulation we hope
to find answers to the following questions:

e Until what permeability difference is using self-diverting acids still effective, and at what point is
it necessary to switch to mechanical diversion methods?

e If wormholes exist from a previous acidizing job, will self-diverting acid still be successful at
diverting flow and creating wormholes in low-permeability zones?

The simulations are made in the Delft Advanced Research Terra Simulator (DARTS) framework devel-
oped at TU Delft.
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1.2. Self-diverting acid blends

In heterogeneous reservoirs with a large variety of pore structures or permeability, acid preferably enters
the region with the highest permeability, leaving the low-permeability zone untreated after injection.
As a result, the magnitude of permeability variance between layers continues to increase. [7]| This is
an unwanted result because stimulation of the low-permeability zones yields the biggest increase in oil
recovery. Preferably new flow paths are to be created in the low permeability region, to maximize
stimulation of hydrocarbon flow in these zones, and maximize zonal coverage. To achieve this, effective
fluid placement is needed to successfully treat heterogeneous reservoirs. Injection of self-diverting acid
achieves this by diversion of flow from the high permeability zone to the low permeability zone.

Flow diversion methods can be divided into either mechanical or chemical techniques. Mechanical
diversion methods mainly include coiled tubing-conveyed tools with mechanical packers that isolate an
interval and direct fluid into low-permeability layers, or by using ball-sealers that seal off the perfo-
ration of a high-permeability. [1] Chemical diversion methods can be classified into foam acid, in-situ
cross-linked acid and self-diverting acid [7]. This thesis focuses on simulating acid stimulation with
self-diverting acid blends. A self-diverting acid blend is a mixture that contains surfactants which in-
crease the fluids viscosity, based on the concentration of acid, surfactant and calcium ions. When the
mixture gets injected, the acid (typically hydrochloric acid, HCI) reacts with the rock matrix (typically
calciumcarbonate, CaC0s), which reduces the presence of H;0% ions and increases the presence of Ca?*
ions. Injected acid blend will follow the path of least resistance and flow into the high permeability zone
first, where this reaction will initially occur. Upon spending of the acid in the high-permeability zone,
the viscosity steeply increases due to the visco-elastic properties of the surfactant, forcing the acid to
find a different path through the reservoir by entering the low-permeability region and thus effectively
stimulating the target region. The exact mechanism that causes this will be discussed in the physics
section. Figure 1.1 shows a photo of visco-elastic diverting acid [9].

Figure 1.1: Visco-elastic diverting acid. [9]



Physics

This chapter describes the physics that will be implemented into the simulator.The first section describes
the governing equations needed for the simulation. The second section describes the viscosity-varying
mechanism and the viscosity model. The mechanism of visco-elastic acid blends is explained, after
which the individual parameters and their theoretical sensitivity will be evaluated. Visco-elastic sur-
factant containing fluids behaves like a non-Newtonian shear-thinning fluid, so a shear model will be
introduced. The individual parameters and shear model will be combined in section 2.2.4 to form the
full rheological model for apparent viscosity to be implemented. Next, the porosity and permeability
will be described. In the last four sections, the reaction rate and the parameters needed to determine
this, will be discussed.

2.1. Governing equations

2.1.1. Conservation of species
We start with the most general formulation of the mass balance for component ¢ as described by Voskov
[10]:

k=N q=Ngq
on, l _ 5
¥ +il.+q. = Verte + VeqTy (2.1)
k=1 q=1

Where the first term represents accumulation, the second term represents flux which consists of convec-
tive and diffusive flux, the third term represents the source term, fourth term are kinetic reactions and
the fifth term are equilibrium reactions. Nj and N are the number of kinetic and equilibrium reactions
that occur, respectively.

n. represents the overall mass of component c:

f=N¢
ne = Z (¢pf5fxcf) + ps(1 — P)xcs (2'2)
=1

Where N¢ denotes the total number of fluid phases, and thus the first term describes the total mass of
component ¢ in all the fluid phases, the second term describes the mass of component ¢ in solid phase.
l. represents the flux of component ¢ in the fluid phases:

l=Nf
.=V (pfxcfl_if — pfd)stchf) (2.3)
=1
The source term g, reads:
l=Nf
qc = z (PrXcrar) (2.4)
=1

5
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2.1.2. Single-phase flow
Simulating two-phase flow makes the simulation substantially more complex. As diversion of fluid flow
caused by self-diverting acids is predominantly based on fluid phase properties and chemical reaction
rate, it has been decided to simplify the physics by assuming full dissolving of gaseous phase minerals
components, leading to single-phase flow. Diffusion on a reservoir scale will also be neglected. The mass
balance equation (eq 2.1), will be simplified for single-phase flow without diffusion.
The expression for overall mass of the ¢* component (eq 2.2) for single-flow is given for liquid compo-
nents by:
Ne = PprSeXes (2.5)

And for solid phase components by:

ne = ps(1 — P)xcs (2.6)

If diffusion is neglected, equation 2.3 for single-phase flow reads:
L = Vpsxeu (2.7)
In single-phase flow, the source term becomes:

qc = Prxcq (2.8)

The general form of the mass balance for the ¢t fluid component in single-phase flow without diffusion,
considering only one kinetic reaction, now reads:

a(pprxc)
% +V (pfxcu) + prxcq = vty (2.9)

The solid species is dissolved into the liquid phase, such that the solid composition decay is [5]:

k=N

0x
a_ts = Z Us‘krk (210)
k=1

Where x5 is the solid composition Or if only one reaction is considered:

aXS
W = Ugr (211)

Substituting these into equation 2.1, gives the following equation for mass balance of component ¢ in
fluid phase:

4]
ad’(xcpfs) + V(xcpru) + xcprq = ver (2.12)
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2.2. Visco-elastic surfactant

Adding visco-elastic surfactant to the acid blend allows for the viscosity to vary depending on the
mixture’s chemical composition. Zwitterionic surfactants are the most commonly used surfactant for
self-diverting acid blends [4], which are surfactants that can carry different charge characteristics, de-
pending on the pH value. An example of the structural formula of a zwitterion is shown in figure 2.1.
This figure shows an example of a molecule that has a zwitterionic isomer. It has an equal number of
positive and negative charged groups, so the overall charge of the molecule is neutral. [3]

O _OH O _O°
T —
. NC)
: N

R™$ "NH R H
H 2 3

I I,

Figure 2.1: An example of a structural formula of a zwitterion.

To explain why at some conditions the molecule is zwitterionic, we first need to define the isoelectric
point. The isoelectric point is the pH at which a molecule carries no net electrical charge and is elec-
trically neutral. When the pH value is below the isoelectric point, its anion group ionization is weak
and it shows cationic (positively charged) characteristics. So when fresh acid is present the pH is below
the isoelectric point and the surfactant will have a positive charge. In this state the molecules are
distributed throughout the fluid in the form of monomers, and the fluid viscosity is low. When pH
increases past the isoelectric point the ionization degree of anionic groups increases. This means the
anionic properties increase, and the cationic properties decrease. When the pH increases enough to
reach the isoelectric point the charge will be neutral. The charge effect is weakened, and the surfac-
tant molecules are spherical/ short rod-like micelles. The reaction between the acid and rock matrix
causes Ca®*-ions to be present in the solution. The presence of these cations causes cross-linking of the
surfactant. The spherical/ rod-like micelles entangle with each-other to form wormlike micelles with
a spatial network structure. When this occurs, the viscosity of the system increases sharply and the
high-permeability zone is temporarily blocked, causing the subsequent acid to divert and enter the low-
permeability zone. When the barrier comes in contact with hydrocarbons, the shape of the micelles will
return to spherical geomoetry and the viscosity will decrease again. This makes well cleanup afterwards
easy [4]. This process is shown in figure 2.2

Oil and gas

Monomer Spiral micelle Spherical micelles

Figure 2.2: Visco-elastic mechanism of diverting acid
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2.2.1. Rheological model for apparent viscosity

The viscosity of the fluid is dependent on three variables: Visco-Elastic Surfactant (VES) concentration,
pH (acid concentration) and Calcium-ion concentration. When the viscosity changes, the fluid behaves
as a shear-thinning fluid, for which a power law equation is used. Isothermal conditions are assumed, so
temperature dependency is neglected in this work. The expression for the effective viscosity consists of
the fluid’s base viscosity plus a maximum viscosity value which is multiplied by three factors between
0 and 1, that each are dependent on one of the compositions. The rheological model used for viscosity
of In-Situ self-diverting acid as described by Liu et al [7], is:

ta WH, Coq2+, Cyps) = to + fmax X fi(PH) X f5(Ccaz+) X f3(Cyps)(2.13)

where FbxpH—c)+1
er —C
fi(pH) = ’;,1 (2.14)
Ceazs — Cmcazt \°
f(Ceqz+) = exp [— (%) l (2.15)
2
f3(Cyps) = exp [—0.5 (C"E%fmm) l (2.16)

The parameters Wy, W,, Ws, a, b and c represent scaling parameters, which vary based on the surfactants
used. G, is the concentration (weight percentage) at which apparent viscosity reaches a maximum value.
fi, > and f3 are plotted in the next section.

2.2.2. Parameter range

The values for the three functions in the previous section vary between 0 and 1, resulting in the viscosity
equation being the base viscosity plus a fraction of the maximum obtainable viscosity, determined by
the three multiplication factors that these functions define. The functions are defined such that the
real-world physics get approximated, without making the equations too complex. The viscosity spikes
when acid is spent (pH increases), in the presence of VES and Ca?*. Figures 2.4 and 2.5, show the
viscosity’s dependency on acid concentration. The first shows the acid composition on the x-axis, the
latter the pH. Figures 2.5 and 2.6 show the influence of VES and Ca?* concentration, respectively.

acid composition vs viscosity

1.0

0.8

0.6 1

factor

0.4

0.2 A

0.0 4

T
0.00 0.05 0.10 0.15 0.20
H composition

Figure 2.3: acid composition vs multiplication factor
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pH vs viscosity

1.0

0.8

0.6

factor

0.4

0.2 A

0.0

Figure 2.4: pH vs multiplication factor

VES vs viscosity

1.0

0.8

0.6

factor

0.4

0.2 A

0.0

T
0.00 0.05 0.10
VES composition

Figure 2.5: VES vs multiplication factor
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Calcium ion conmposition vs viscosity

1.0

0.8

0.6

factor

0.4 4

0.2 4

0.0 4

T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
CA composition

Figure 2.6: Ca?* vs multiplication factor

2.2.3. Effective viscosity
Self-diverting acid is a non-Newtonian fluid and behaves as a shear-thinning fluid. For this reason, an
apparent viscosity model is used:

_H (g3 ' (150kqe) ™72 (2.17)
Herr = 12 n d .
Where H and n are the power-law parameters of consistency factor and power-law index, respectively.

Combining the effects of shear rate and the apparent viscosity model (equation 2.19 and 2.20), the
final expression for effective viscosity, based on shear rate, pH, Ca?t and VES concentrations, can be
derived:

3 1-n
bers (. k,pH, Ca?*, VES) = T2(9 + 2)"(150k) =

2
Umax(PH, Ca2+,VES) Cves — Cmyes
x|1 05| ————

( ’ ko P W (2.18)

Ceazs — Cmcazt |\ (erf(bpH —c) + 1)
Xexp| — T X A )
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2.2.4. Complete rheological model for apparent viscosity
Combining these three equations, the completely rheological model for viscosity of In-Situ self-diverting
acid is described as:

2
Cyes — C
ta (PH,Ca**,VES) = pio + timax X €Xp <_0_5 (w) )
1

2 (2.19)
X exp (- (M) ) , (erfbpH — ) +1)

W, Ws

2.2.5. Apparent viscosity

Self-diverting acid is a non-Newtonian fluid and behaves as a shear-thinning fluid. Shear-thinning fluids
are fluids whose viscosity decreases under shear strain. For this reason, an apparent viscosity model is
used as describes by Ratnakar [8]:

H 3\"
1— 2
Hapn = 13 (9 + Z) (150k,e) ™/ (2.20)

Where H and n are the consistency coefficient and power index, respectively.

Combining the effects of shear rate and the apparent viscosity model (equation 2.19 and 2.20), and
substituting the viscosity model into equation 2.20 as H, the final expression for effective viscosity,
based on shear rate, pH, Ca?* and VES concentrations, can be derived:

1-n
2

3
terr (¢,k,pH,Ca**,VES) = %(9 + —)"(150k¢)

H,Ca2*,VES Cyps — C 2
% (1 n Hmax (P ) exp <_0.5< VES m,VES) ) (2.21)

Ho Wy

Ceazs — Cmcazt |\ (erf(bpH —c) + 1)
Xexp| — T X W )

2.3. Porescale parameters
2.3.1. Porosity

In reactive flow the solid species dissolves into liquid species, leading to a change in pore volume and
thus a change in porosity. In this section the concept of reactive and fluid porosity is described.

The classic porosity, which represents the volume occupied by fluids, is considered the fluid porosity.
The part of the rock that is reactive and thus can dissolve into the fluid phase, is called reactive porosity.
Fluid porosity and reactive porosity combined give the total porosity of the grid cell. For non-reactive
systems porosity is only depended on pressure changes due to compressibility of the rock, however in
reactive flow the pore space also changes as a function of mineral (solid species) composition.

Bulk volume can be divided into three components, non-reactive volume, reactive volume and pore
volume. Non-reactive volume does not dissolve, so it remains constant. Reactive volume is the part of
the rock that reacts with the pore fluid and dissolves into the fluid phase. With these definitions the
bulk volume and total porosity can be expressed as:

Vp = Vor + Vo + ¥ (2.22)
V V,
T _ T ¢
=T 2.2
= (223)
¢ =" + PP (2.24)

Total porosity will always be constant, because when mineral is dissolving, reactive porosity will decrease
but fluid porosity will increase by the same amount. Mineral saturation is defined as:
m

o= Vi
AT

(2.25)
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Or, by substituting the definition of total porosity:

m_ Vi

5T BT,

(2.26)

The equation for fluid porosity can be written as a function of total porosity and mineral saturation:

Nm

b=, [1- Z s; (2.27)

i=1

Where n,, is the number of mineral species. In the case of only one reactive mineral, this equation
becomes:

¢ = ¢ (1—s5) (2.28)

If the total porosity and the initial porosity of a layer are known, the mineral saturation can be cal-
culated. Dissolution leads to change in mineral saturation and thus fluid porosity can be calculated in
each time-step. [5]

2.3.2. Permeability

As matrix rock continues to dissolve and fluid porosity increases, other pore properties change as well.
To update permeability the modified Kozeny-Carman model is used. [7]

P [p—0)]”
B0 | bo(T— )

Where B is an exponent determined from experimental data, if a value of 1 is assumed for 8, this
equation can be written as:

k = ko (2.29)

1-9¢0)°] ¢
k=ky|———|(—)3 2.30
0[(1—@2 @ (230
2.3.3. Pore structure
Pore radius is updated by:
ko
— 2.31
P poO k0¢ ( )
Interfacial area is updated by:
_ ¢7”p0
a, = ag dor, (2.32)

2.4. Reaction rate

This section describes the reaction rate and the parameters that influence the reaction rate when
introducing non-Newtonian, visco-elastic fluid.

When Hydrochloric acid (HCI) is introduced into a carbonate reservoir, different reactions can
occur depending on the specific mineral content of the reservoir. The most common minerals found
in carbonate reservoirs are calcium carbonate (calcite, CaC0s), dolomite (CaMg(C03),) and Siderite
(FeCO03), which each have their own primary chemical reaction in acidizing:

Calcite:
Dolomite:

4HCl+ CaMg(C0O3), = CaCl, + MgCl, +2C0O + 2H20 (2.34)
Siderite:

2HCL + FeCO; —» FeCl, + CO, + H,0 (2.35)
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In this work the reactive part of the reservoir is modeled to consist only of calcium carbonate, so only
the first reaction is modeled. CaCl, is assumed to dissolve fully into the water:

CaCl, - Ca?* +2Cl~ (2.36)

In Newtonian flow physics it is sufficient to have a reaction rate that is only acid concentration depen-
dent, because the flow of acid from the bulk fluid in the middle of the pore to the solid-fluid interface
can be considered instantaneous because it is much faster than the surface reaction rate. With non-
Newtonian fluids however, depending on the magnitude of the increase in viscosity, the flow rate of
fresh acid to the solid-fluid interface will decrease and eventually will become slower than the reaction
rate constant. At this point, the bottleneck in the reaction rate is the mass transfer. Acid propagation
from the pore to the solid-fluid interface where it reacts, is displayed in figure 2.7.

cf Bulk fluid

Kc

Cs

mm m

~
\ Reactants +CaCOz = Products §
A R

7

Figure 2.7: Acid propagation from the pore to the solid-fluid interface

To include this effect in the model, two parameters are needed: reaction rate constant (ks) to express the
rate of dissolution at the solid-liquid boundary, and the mass transfer coefficient (k.) which describes
the flow of fresh acid from the bulk fluid to the solid-liquid boundary.

Depending on the magnitude of the mass-transfer coefficient k., relative to the reaction rate constant
ks, 2 dissolution regimes can occur:

k. > kg: kinetically controlled regime: reaction at surface is slower than transport of acid from
bulk fluid to rock/liquid interface.

k. < kg: mass transfer controlled regime: reaction at surface is faster than transport of acid from
bulk fluid to rock/liquid interface.

The reaction rate constant is a fixed value for a given reaction. Because of this, the magnitude of the
kg/k.-ratio is determined by the local mass-transfer coefficient which is a function of the pore geometry
and fluid properties, the reaction rate and the local flow regime [2]. Heterogeneity, dissolution and
varying viscosity values cause this ratio to not be constant over the reservoir with space and time,
leading to different reaction mechanisms in different parts of the reservoir.
The amount of acid transported from bulk fluid to the fluid-solid interface is the same as the amount
that is getting consumed by the reaction. Thus it can be expressed as a flux balance between the
consumed and transported acid:

R (c5) = k¢ (Cf - Cs) (2.37)
Where Cy is the concentration injected and Cs is the concentration at the fluid-solid interface. R(Cy) is
the reaction rate [m?/s|. For simplicity first order kinetics are assumed, although in reality the reaction
may be highly non-linear and complex. The reaction rate can also be expressed as a function of reaction
rate constant and acid concentration at the interface:

R (cs) = kyC; (2.38)



14 2. Physics

Equating both equations yields the following expression for Cs:
ke

Cs = c 2.
ST ke¥ks T (2:39)
Which can then be substituted to give:
kskec
R(Cy) = *C 2.40
ket ks 7 (2.40)

Note that kg is a constant for the reaction, obtainable from literature. How to obtain k. will be discussed
in the next section.

2.5. Mass-transfer coefficient

The mass-transfer coefficient is used to quantify transport of acid species from the bulk fluid in the
center of the pore to the fluid-solid interface. The mass-transfer coefficient determines the reaction
regime so it plays an important role of describing the dissolution process. To obtain the mass-transfer
coeflicient, we first need to define the Sherwood number. The Sherwood number represents the ratio
of convective mass transfer to the rate of diffusive mass transport. For flow inside a straight pore of
arbitrary cross-section, a good approximation to the Sherwood number is:

2k, dp "
Sh=—""L =Sh,+035( =) Rep/*Sc'/3 (2.41)
Dy x ?

Where k. is the mass-transfer coefficient [m/s], 7, is the pore radius [m|, Dy, the molecular diffusivity
coefficient [m,/day], She, is the asymptotic Sherwood number of the pore, dj is the pore hydraulic
diameter [m], x is the distance from pore inlet [m], and Sc is the dimensionless Schmidt number which
is defined as the ratio of momentum diffusivity (kinematic viscosity) and mass diffusivity. [? ]

Under the assumption that the length of a pore is typically a few pore diameters, the average mass-
transfer coefficient can be obtained by integrating this expression over a pore length [2], giving:

Sh = She, + bRey/* Sc/3 (2.42)
Where b is defined as: 0.7
b = m (243)

m is the pore length to diameter ratio. The first term of the equation represents the diffusive con-
tribution, while the second term in the equation represents the convective contribution. Asymptotic
Sherwood number depends on pore geometry. An assumed value of 3.0 is used for this thesis. A value
of 0.7 for b is used, as is done in [2]. A typical value for Schmidt number is 1000 for liquids. If these
values are assumed, then the convective part of the Sherwood number reads:

1/2
b = 7Rey/ (2.44)
Rewriting equation 2.41 for k., yields the following expression:
D D D
k. = 0.5—Sh,, = 1.5— + 3.5—Rel/? (2.45)
T Tp Tp

Reynolds number is a dimensionless number that signifies the ratio of the inertial forces and the viscous
forces. It is used to predict if flow will be laminar or turbulent. Reynolds number is defined as:
Py dporeE

u

Where py is the fluid density, u the Darcy velocity, dpore the pore diameter and u the dynamic viscosity.
Substituting this into our equation for mass-transfer coefficient yields:

Re = (2.46)

1/2 ;1/2_1/2
k, = 152m 4 35PmPr @ w
=1 .

- (2.47)

Tl
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Molecular diffusivity coefficient is given by Einstein-Stokes equation:

kgT

= 2.48
67T.uorparticle ( )

m

Where kg is the Boltzmann constant [m*kgs™2K™'| and Tqr¢icie is the radius of the diffusing particle
[m], po is the viscosity of the fluid without the particles. For simplicity it is assumed that py, = p.
Substituting this into our equation for mass-transfer coefficient yields:

= 2.49
¢ 4'7-[/47'17rpart:icle 6 7T.ug/zrprzf]article ( )
Which can be rewritten by grouping constants, as:
1/2 51/2,.1/2
kgT 1 3.5kgT p;'  dp’"u
. = CH (2.50)

= 3/2
47Trparticle ury 67Trparticle u3/ v






Numerical model

This chapter covers the numerical implementation of the governing equation and viscosity model de-
scribed in chapter 2. The model is programmed within the Delft Advanced Research Terra Simulator
(DARTS) simulation framework, developed at the Civil Engineering and Geoscience (CEG) Department
at the Civil Engineering faculty of TU Delft. This simulation framework uses a new approach called
Operator-Based Linearization (OBL) to discretize the physics. In the first section, the OBL-principle
will briefly be explained. The second section discusses the needed simplifications to the viscosity ex-
pression to use it in the DARTS-framework.The third section gives the formulations of the operators.

3.1. Operator-Based Linearization

Operator-based linearization is a new approach for the fully implicit linearization of governing equa-
tions that describe flow and transport in porous media, proposed by D.V. Voskov [10]. It is based
on an approximate representation of the physics, in a similar way as space and time are discretized
in conventional simulations. The governing equations are written as a combination of two types of
operators. The first are operators that contain spatially-altered parameters such as mesh geometry,
porosity and permeability, the second are operators that depend on the system’s thermodynamic state,
such as pressure, temperature and chemical composition. During the simulation the operator values are
linearly interpolated on a physics mesh of chosen accuracy.

3.2. Viscosity treatment

The expression for viscosity, equation 2.21, used for this model contains both spatially-dependent and
state-dependent parameters, in such a way that it can not be rewritten as a multiplication of spatially-
dependent (§) and state-dependent (w) parameters. As such, a simplification of either the reservoir or
the equation needs to be made. Because the viscosity is heavily dependent on the chemical composition
of the fluid, the choice has been made to simplify the reservoir.

Simulations are run on a 2D structured grid. To make the viscosity equation work within the
DARTS-framework, geological layers with different properties will be represented as horizontal layers
with homogeneous spatial properties. So we will have a layer-cake model where each horizontal layer
has constant spatially-dependent variables. With this, the viscosity equation per layer can be written
as only constants and state-dependent variables. Keeping the initial porosity and total porosity for a
horizontal layer constant, the change in porosity and permeability resulting from the chemical reaction
between the acid and the rock matrix can be modeled as a function of only state-dependent parameters:
fluid porosity will be a function of only solid composition, which means its only state-dependent.

Due to disappointing initial simulation results that will be shown and discussed in the results and
discussion section, several simplifications have been made to the viscosity model. In real-world physics,
presence of Ca?*-ions initiate the viscosifying process. In the simulated model this dependency has
been removed entirely as a way to reduce the amount of variables, to improve the numerical stability of
the simulator. Also for this reason the shear thinning effect has been removed because this leads to too
much rapid changes in the viscosity to simulate efficiently. The applied model only has a dependency
on the pH-value and concentration of surfactant.

17
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3.2.1. Reaction rate
The physical description of the reaction rate obtained from literature research is a highly complex pore
scale model. Our purpose is to create a simulator on near-wellbore scale, so instead of simulating
these pore-scale phenomena, approximations will be made. In this section our main model, and two
simplifications for k. will be discussed. As described in section 2.4, reaction rate is according to the
equation:
kske

ke + kg

R(Cs) = *Cy (3.1)

To get a value for R(C;), the equation for the masstransfer-coefficient (eq 3.3) that has been derived
in section 2.5 needs to be filled in. Constants can be obtained from literature values and reservoir
data. Pore radius and pore diameter is estimated and kept constant for simplicity in early stages of
simulation. Due to numerical errors in the simulation, further simplifications have been made by keeping
fluid density constant as well. In future work this must be a function of pressure, compressibility and
mineral mole fractions. The pore radius and pore diameter have been written as a function of porosity,
but have so far not been used.

Filling in the following parameters:

kp = 1.38064852¢-23 m2kgs2K™!
T =318K
ps = 1000 [kg/m?]
Toarticle — 1.2 X 1071%m
r, = 107>m (estimated)
dpore = 2% 107°m (estimated)

Into the expression for mass-transfer coefficient:

_ kT 3skeTp ) w” (32)
¢ AU Tparticle 6 7T.u3/2rprparticle .
Which can be rewritten by grouping constants, as:
__keT 1 35ksT oy u'? (3.3)
¢ 47Trparticle ury 67Trparticle /,13/2Tp .
Yields the following equation:
1 pl/2y1/2
kc:a*[_l+b*ﬂ3—72 (3.4)

Where a and b are the constants:

a = 2.917975597310749 x 10~
b = 4.306142887336391 x 10710

In the results section it will be shown that this model had proven to be too complex to work for our
purposes, so two simplifications of the real physics have been used. The first simplified model neglects
the velocity-dependency but keeps the viscosity-dependency of the reaction rate:

a b
ke=—-+ =5 (3.5)
uou

Simplified model two sets a constant k., resulting in a constant reaction rate.

3.2.2. Molar composition to weight percent conversion

DARTS is a compositional simulator, so it uses chemical composition of components in its simula-
tions.The viscosity model that is applied here uses weight percentage to specify concentration. To
determine the viscosity with this model, a conversion has to be made between mass percentage and
molar composition. The equation used for this can be derived from the following equations.
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wt%, me R (3.6)
w, = = m.=w,-m .
c 100 Meotal c c total
mc Xc ' Mtotal
m,=n,-MW, > n, = = 3.7
(4 (4 c (4 MVVC MVI/C ( )
These two equations lead to the equation implemented for the conversion:
n we/M,
x, = c /M (3.8)

Ntotal X Wj/Mj

3.3. Operators

The governing equation is written in operator form so that it can be used in the DARTS-framework.
To define the operators used, the mass-balance equation needs to be discretized. A wo-Point Flux
Approximation (TPFA) is used with upstream weighting and a backward Euler approximation in time.
Capillarity and gravity are neglected. The finite-volume fully implicit discretization of the mass balance
equation reads:

Ny Ny Ny N
14 q.’)Zxcjpjsj - ¢Zxcjpjsj —Atz Zxéjp}T}Apl - VAthckrk =0 (3.9
j=1 j=1 leL \'j k=1

In case of one-phase flow, the discretized conservation of species equation for component ¢ reads:

14 (((j»ccpfs)n+1 - (¢xcpfs)n) - Atz (xép}TlApl) —V(Aty,r) =0 (3.10)

LEL

Where V is the volume of a control volume, The flux is summed over all interfaces L between the control
volume and other grid blocks. T is the transmissibility. The porosity can be split up into a product
of the spatially distributed initial porosity, and a state-dependent expression, using the equation for
compressibility that relates the change of porosity to the change in pressure:

¢ =¢0(1+Cr(p_pref)) (3'11)

The operator form is defined as:
a(§) (ac(w) — ac (wp)) + Z b(&, w)Be(w) — c(§)yc(w) =0 (3.12)
1

Where operators a, b and ¢ contain spatially dependent variables (), and operators a, f and y contain
state-dependent variables (w). w indicates a state-dependent parameter and & indicates a spatially-
dependent parameter. a(w,) signifies the current time-step and a(w) signifies the previous time-step.

The parameters can be described as either functions of spatial coordinate ¢ or physical state w. State-
dependent, and both state- and spatially-dependent parameters are:

¢ (&, w) : porosity

k(¢, w) : permeability

u(é, w) : viscosity

1. (§w) : reaction rate

X.(w) : mole fraction of component ¢
P(w) : pressure
s(w) : fluid saturation

ps(w) : fluid molar density

u(éw) : fluid velocity
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If we assume constant total porosity, initial porosity and initial permeability over each horizontal layer,
the porosity, permeability and viscosity terms simplify to being only state (w)-dependent in the specific
layer. The operators are given by the following expressions: Spatially altered operators:

a(§) = $o(HHV(S) (3.13)
b(§,w) = AT (p — p') (3.14)
c($) = AtV ($) (3.15)
State-dependent operators are:
ac(w) = (1 + ¢ (p - pref)) XcPrS (3.16)

l

k
elw) = xtp}-(317)

Ye(w) = v.r (3.18)



Results

This chapter shows and discusses the results obtained from the simulation. The first sections show the
functionality of the model itself, first in 1D, then in 2D. Results of the full model are shown in section
the main viscosity model results, as well as results after applying the various simplifications that were
mentioned in chapter 3. Motivation for further simplifications will be given and elaborated on.

4.1. Results and discussion 1D

To test if the simulation is working properly, the model has first been made in 1D. Plot results of
non-reactive-, and reactive flow are shown in figure 4.1 and figure 4.1, respectively. table 4.1 shows the
injection and reservoir conditions. Other simulation parameter are arbitrary, as this graph is just for .
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Figure 4.1: 1D non-reactive simulation results.
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Figure 4.2: 1D reactive simulation results.
- H* VES CA** | CO, H,0 CaCO04
Injection conditions 1D | 0.3803 | 0.0522 | 1e-8 | 1le-8 | 0.5675 n/a
Initial conditions 1D le-8 le-8 le-8 | 1e-8 0.5 0.5

Table 4.1: 1D 6-component simulation injection and initial conditions

These plots have been made to confirm that 1D reactive and non-reactive 6-component flow is

working appropriately. Note that injection conditions have been scaled to the reservoir, as the reactive
rock formation is part of the composition. Pressure drop across the reservoir, flow and reaction rate is

as expected.

4.2. Initial results 2D

This section shows initial simulation results. figures 4.3 and 4.4 show results for 2D reactive flow with
constant reaction rate, in homogeneous and heterogeneous reservoir, respectively. Figure 4.3 shows
results for three different types of viscosity. The first row shows propagation with constant viscosity,
second row shows propagation with state-dependent viscosity, third row shows propagation with state-
and shear dependent viscosity.
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Figure 4.3: 2D simulation results for homogeneous reservoir with constant viscosity and constant reaction rate.
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Figure 4.5: 2D simulation results for viscosity variations. First row is results for constant viscosity. Second row is results
for state-dependent viscosity. Third row is results for state- and shear-dependent viscosity.

What we can conclude from these plots is that 6-component flow and constant reaction rate is
working as expected. No diversion can yet be observed, only an overall increase of viscosity over all the
injected fluid, leading to a reduction in flow velocity.

4.3. Results full-complexity 2D model
Figures 4.6 and 4.7 show the simulation results for the full model, as described in the physics section,
without further simplifications.
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Figure 4.6: 2D simulation results for full viscosity model, as described in Physics section.
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Figure 4.7: 2D flow lines results for full viscosity model, as described in Physics section.

The full-complexity model shows barely any signs of diversion. Further increases of parameters such
as reaction rate induce numerical instability, which will be discussed in the next section. Because of the
diversion not functioning in its current state, it was decided to simplify the model. The assumption has
been made that Ca?*-ions are freely available through-out the reservoir. This does not describe the real-
world physics accurately because where reaction has occurred Ca?*-concentration will be significantly
higher. However, it is a reasonable assumption to made because at any time when the injected fluid is
inside the carbonate reservoir, there will be a reaction occurring at the solid/liquid-interface, and the
brine inside the reservoir is likely to have some calcium-ions inside, possibly from pressure-solution of
CaCO0z. Furthermore the dependency on acid concentration and VES concentration have been made
linear. The acid concentration is not a very realistic simplification as in the real-world physics the
viscosity shoots up drastically when all acid is spent, but it is a necessary one to improve stability of
the simulator. In future research the instability should be resolved, and the original exponential relation
can be used.
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4.4. Results simplified 2D model

Figures 4.8 and 4.9 show the results and flow lines for the simulation with linear increase in viscosity
and constant reaction rate dependent on acid concentration.
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Fresh acid and visco-elastic surfactant seem to accumulate in the bottom part of the upper (high-
permeability) layer, creating a low viscosity pathway for most of that layer, which is not the desired
effect of the simulation. Looking at the flowlines, it seems that flow gets diverted around the tip of the
wormhole in the bottom of the upper layer. Being able to run the simulation for a longer time and
with a faster reaction-rate is desired to see how the model would progress and react, however due to
numerical instabilities this was not possible.

4.4.1. Numerical instabilities

The exact reason why the code is unstable has not been discovered, numerous runs of the simulation
suggest that numerical instability occurs depending on the combination of values for viscosity, run time,
and to a lesser extend reaction rate. The following cases cause instability in the model:

e Steep changes in viscosity.

The viscosity expression is a base viscosity value plus a multiplication of the maximum attainable
viscosity and a multiplier value between 0 and 1 which depends on the concentrations. If the
multiplication factor’s dependency on acid concentration is defined as a linear dependency, it will
yield the best results numerically. With a quadratic dependecy the code would crash after a run
time of 5 days, wheras with a linear dependency code will be for 40 days run time. However if
with the same value range of between 0 and 1, the dependency is quadratic or of high exponent,
the code will be unstable after a run time of 3 days.

e Reaction rate too high.
If the reaction rate is too high, the code becomes unstable. This is not caused by acid or rock
not being present in the cell, as a warning and correction has been coded to warn and correct the
reaction rate if solid composition were to fall below zero, which did not occur yet. The problem
could potentially be caused by the change in porosity as a result of the change in solid composition,
though this will have to be looked into in future research.

e Run time too long or max time-step too high.
If the code is run for too long, the code crashes without any indications of outliers in viscosity,
reaction rate, compositions, porosity or permeability. Increasing the max time-step too much will
also cause the code to become unstable for numerical reasons.

4.5. Sensitivity analysis
A meaningful sensitivity analysis can not be made at the current state of the simulator due to the code
crashing at different times, depending on the combination of viscosity expression, reaction rate and
run time. If parameters are increased or decreased by too much the code will become unstable and
a working combination of before-mentioned parameters has to be found by trial-and-error. Individual
parameter sensitivity will be given for the acid and VES compositions. The focus of this section is on
analysing the sensitivity of the diversion process and flow lines, to variation in simulation conditions.
Simulation parameters have been kept similar on each sensitivity analysis run, but this was not always
possible. On the low viscosity increase runs the run time had to be shortened to ensure stability.If
the viscosity increase due to the viscosifying mechanism is multiplied by a scalar, the propagation of
injected fluid decreases all over the reservoir, and run time had to be drastically increased to be able
to make a visual comparison of the plot results.

Sensitivity to the main composition parameters has been given in section 2.2.1. However due to
stability issues the linear viscosity model has been used.

Sensitivity to acid and VES composition for the multiplication factor for the simplified model is
shown in figure 4.10. The quadratic relation however is very unstable.
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Figure 4.10: Sensitivity of multiplication factor to acid and VES composition.
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streamlines
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Figure 4.12: flowlines for kypperiayer = 400mD, run time = 1000d, dt = 5d, Wmax = 10500cP
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Figure 4.13: plot results for kypperiayer = 20000mD, run time = 10d, dt = 0.2d, Uyqax = 10500cP
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Figure 4.14: flowlines for kypperiayer = 20000mD, run time = 10d, dt = 0.2d, Upqx = 10500cP
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Figure 4.15: plot results for kypperiayer =4000mD, run time = 1.7d, dt = 0.2d, fiymax = 350cP
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Figure 4.16: flowlines for kypperiayer = 4000mD, run time = 1.7d, dt = 0.2d, Umqx = 350cP
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Figure 4.17: plot results for kypperiayer = 4000mD, run time = 1500d, dt = 5d, Upmqy = 21000cP
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Figure 4.18: flowlines for kypperiayer = 4000mD, run time = 1500d, dt = 5d, Upmqx = 21000cP

fig 4.8, 4.9 fig 4.11, 4.12 | fig 4.13, 4.14 | fig 4.15, 4.16 | figure 4.17, 4.18
nx [-] 60 60 60 60 60
ny [-] 10 10 10 10 10
Xr [ 1 1 1 1 1
T [K] 318 318 318 318 318
k; ypper [mD] 4000 400 20000 4000 4000
ki jower [mD] 40 k 40 40 40 40
thicknessypper [m] 5 5 5 ) 5
thickness;gwer[m] 5 5 5 ) )
dtmaxld] 1 5 0.2 0.2 5
run time |[d] 60 1000 10 1.7 1500
Umax [cP] 10500 10500 10500 350 21000
Reaction rate constant, constant, constant, constant, constant,
x.-dependent rate | x.-dependent | x.-dependent | x.-dependent | x.-dependent

Table 4.2: Simulation parameters for results and sensitivity analysis

Table 4.2 shows an overview of the simulation parameters used for the results and sensitivity analysis.

Figures 4.11 to 4.14 compare the results for a decreased and increased initial permeability of the

upper layer. Figure 4.11 with k;ypper = 400mD shows a more homogeneous propagation of injected
fluids compared to figure 4.13, due to the permeability of the two layers having only a factor 10 difference
instead of a factor 500. Figure 4.11 does seem to have a start of a wormhole in the lower layer, although
propagation is still the deepest in the high permeability layer. Due to numerical instability this can
not be ran for a longer time to investigate how this will develop. Figure 4.13 with a higher initial
permeability for the upper layer seems to divert flow to the lower part of the upper layer. similarly to
the original results from figure 4.8.

Figures 4.15 to 4.18 compare the results for a decreased and increased maximum viscosity. Figure
4.15 shows a similar pattern in viscosity as fig 4.8 in the results section. The plot penetrates less deep
into the reservoir due to the drastically decreased run time which is necessary to keep the code stable.
Based on this result it is reasonable to assume that lowering the maximum viscosity from 10500 cP to
350 cP does not affect the diversion process. Figure 4.17 shows the results for increasing the maximum
viscosity to 21000 cP. This slowed down the overall propagation of injected fluid drastically, making it
difficult to compare it with the main results. Dissolution is only occurring uniformly near the injection
well.
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4.6. Conclusion and recommendations

What can firstly be concluded is that the process of diversion of acid with self-diverted acid systems
is very complex and difficult to model. Besides the complexity of the physics, unexpected numerical
instability issues impede further analysis of the results and thus further improvements of the model.
However, some preliminary conclusions can be made based on the results from the current state of
the simulator. From the results with a simplified viscosity and reaction rate it can be concluded that
application of the simplified model affects flow patterns and creates barriers to flow along which injected
fluid is diverted, although simulation of the desired effect of diverting flow to low-permeability zone has
not been achieved. From the current results it seems that big permeability difference are needed to
observe the effects of diversion in the composition values. With a factor 10 permeability difference
between layers the flow pattern resembles uniform dissolution, whereas a factor 100 difference shows
wormhole formation.

For future continuation of this project it is very important to look into the cause for the numerical
instability of the simulation. The first priority should be to find out why the simulator crashes when
increase of viscosity value occurs more steeply. The biggest benefit of being able to vary the parameters
more freely and run the code for a longer time is that it will improve analysis of the model, allowing
for more certainty about if the diversion process is captured properly in the model. This is because
of two reasons, firstly because porosity increase from dissolution can then be increased more, secondly
because being able to increase run time would show us the behaviour of the model over a longer time
period. When numerical stability has been accomplished, the full viscosity model can be reintroduced
and analyse can be made to see if it behaves as expected.
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