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Introduction

Matrix acidizing is a technique for improving well
inflow performance. In the treatment, acid solution
is injected into the formation to dissolve some of
the minerals to retrieve permeability of sandstones
(removing skin) or increase permeability of carbonates
near the wellbore [1-4]. Removing near wellbore
damage is not the purpose of carbonate acidizing but
to create wormholes from which oil or gas will flow
after end of the stimulation [5]. Wormholes generation
and optimizing their length is one of the main goals of
treatment design [6]. Wormholes structure depends on
various parameters including: flow geometry, injection
rate, reaction kinetics and mass transfer rate [2, 7, 8].
Wormbhole creation was studied by many authors [9-
13]. Acid injection rate is one of the most important
parameters required to calculate wormhole propagation
in each of the models. For field scale simulation of
wormhole propagation which is the purpose of this
study, it is required to calculate acid injection rate in all
reservoir layers that depends on simultaneous solution
of flow equation in wellbore and formation.

Common acidizing treatments last for less than 6 hours
[5]. Thus, many researchers used unsteady state flow
equations to obtain pressure distribution in reservoir
[14-16]. In many cases, there exists an angle between
wellbore axis and perpendicular line to the formation.
These kinds of wells are known as “directional well”
[17] which are used for various purposes including:
mute-lateral wells, fault drilling, side-tracking,
bypassing salt domes, drilling multi-layers reservoirs,
drilling inaccessible locations and etc [18]. Study

Accepted: November/23/2021

of the unsteady-state pressure distribution created
by a directional well by Cinco et al has shown that
deviation of a wellbore fully penetrated into a layer
causes a negative skin factor which is a function of the
inclination and layer thickness [17].

Another important factor controlling acid injection rate
in each reservoir layer is pressure distribution inside
the wellbore. It is essential to know that features of
pipe flow with mass transfer are completely different
from channel or plate flow which has a term related to
wall inflow/outflow for calculating pressure gradient in
excess of the acceleration, frictional and gravitational
components [19].

In this study, we aim to calculate wormhole propagation
in a horizontal carbonate layer (bed dip=0) during a
directional well acidizing that is cased-hole or open-
hole and finally calculating skin factor evolution with
time. For this purpose, a semi empirical wormhole
propagation model in formation is coupled with a
model for unsteady-state pressure distribution in the
formation caused by a directionally drilled well and
a model for single phase Newtonian fluid flow inside
wellbore considering wellbore wall inflow/outflow.
Previous wormhole propagation studies considered
only a single horizontal layer without incorporating
the effect of fluid distribution across it (which is of
great importance for thick layers), and they are only
applicable to vertical wells in which gravitational
pressure drop is dominant. However, in directional
and horizontal wells, frictional pressure drop is very
significant and will affect wormhole propagation
greatly. Also, lots of the acidizing analysis of
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directional wells are based on the unsteady-state
pressure distribution caused by a vertical well which
in turn raise an error in interpretation of the acidizing
job performance. This subject is also investigated here
using a modified unsteady-state pressure distribution
model for deviated wells.

Materials and Methods
Unsteady-State Pressure distribution in the Formation
Caused by a Directionally Drilled Well

Consider the homogenous and anisotropic porous
medium shown in Figure 1 with the following
assumptions:
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Fig. 1 Reservoir and wellbore system for calculating

transient pressure distribution [17].

* Infinite in horizontal direction with thickness h,
porosity ¢, horizontal and vertical permeability k and
k, all of which are independent of time and pressure.
* Slightly compressible fluid with viscosity # and
compressibility C,
* Well productive length h , wellbore radius r,_ and the
angle between wellbore axis and perpendicular line to
the formation is @, . Constant production rate q  and
middle point of the productive section is at height z .
* No flow upper and lower boundaries
» Infinite acting reservoir with initial pressure P..
The solution to this problem is obtained using point
source solution [20] and integrating it along the
wellbore axis line. Finally, dimensionless average
pressure of a wellbore fully penetrated into a reservoir
layer at the dimensionless time tD is obtained as
follows:

tan® @' (z +0.3h,)° }
- 4r

1+ Zie o cos(0.8n ) cos (nﬂ [% - hz_Jj:l dzdt
(1

Dimensionless parameters in the above equation are
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Dimensionless parameters in the above equation are
defined as follows:
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Equation 1 is the equation that is used for calculating
acid injection rate in each of the reservoir layers in
coupling with wellbore flow model.
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Wellbore Flow Model

The model, which is used here, must be capable
of predicting pressure distribution for single phase
Newtonian fluid flow inside a cased-hole/open-
hole slanted well. For this purpose, the model that is
developed by Khalid Aziz et al is used here [19] in
which wellbore wall inflow/outflow pressure gradient
is considered in addition to acceleration, frictional and
gravitational pressure drop. This model is applicable in
different well completions, and it can be easily added
to reservoir simulators or well IPR models. Consider
the wellbore shown in Figure 2:

Fig. 2 Well schematic used for wellbore flow model [19].

If momentum balance is written for this well schematic
(considering positive sign for injection rate) [21] and
simplifying it, the following equation is obtained for
pressure gradient inside wellbore:
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In Equation 8, s is perforation shot density, p is
the injection fluid density, Aperf is perforation cross
sectional area, A is the wellbore cross sectional area,
v and Vo A1e velocity inside wellbore and perforating
respectively, f is fanning friction factor (based on
[19]), d is wellbore inner diameter, y is well inflow/
outflow angle, and is the change in true vertical depth

along the length dI.

Semi-Empirical Wormhole Propagation Model
Modeling wormhole creation process is a difficult and
complicated procedure. Lots of the published models,
starts with basic chemistry and physics [22-24].
These models are commonly complex and thus could
not be applied in field scale studies and are suitable
for regenerating laboratory acid flood tests. In this
study, a semi-empirical model developed by Buijse
and Glasbergen [6] is used to calculate wormhole
propagation. This model is almost a simple model in
which wormhole propagation is obtained as a function
of the acid injection rate or more precise, interstitial
acid velocity. In this semi-empirical model, parameters
such as: temperature, permeability, acid concentration
and mineralogy, are not entered explicitly but contribute
to the model with two matching parameters , Weff and
WB. This model can be used in open-hole and cased-
hole condition. In cased-hole condition, available area
for flow is so lower than the open-hole condition. As
a result, acid interstitial velocity is much higher in
cased-hole wells which affects wormhole propagation
significantly. For modeling this phenomenon, it is
assumed that perforations effect exists in the distance
R ; to 2R . in which effective wellbore radius (Rem is
calculated based on [25].

Now, by coupling reservoir and wellbore flow
models and simultaneous solution of their equations,
acid injection rate could be calculated in each of the
reservoir layers and finally, these injection rates are
used to calculate wormhole propagation model in all
layers.

Results and Discussion

In this section, wormhole propagation and skin
factor evolution with time is obtained for a cased
hole directional well. For this purpose, consider the
reservoir layer and vertical vie of the wellbore shown
in Figure 3.

Wormhole propagation and skin factor results can be
observed in Figure 4 and 5.
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Fig. 3 Vertical view of the wellbore next to the reservoir
layer.
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Fig. 5 Reservoir layer skin factor versus time for cased-hole
completion.

Due to the presence of the perforations, flow velocity
increases very much near the wellbore which will
affect wormhole propagation profile and skin factor
evolution significantly. For cased-hole completion,
wormhole propagation is about 7.1 cm larger than
open-hole one. As a result, skin factor has been
reduced to a value of -0.5 for cased-hole completion in
comparison with the 0.5 value for the open-hole case.
This means that after a 6-hour acidizing treatment,
which is a common time for acidizing operations,
wormhole breakthrough has not been occurred though
the damaged zone. Thus, satisfactory results have not
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been obtained for open-hole conditions while it has
been reached for cased-hole one, and well-reservoir
connection is being obtained.

Conclusions

In this study, wormhole propagation in carbonate
reservoirs during acidizing a cased-hole/open-hole
directional well has been modeled. Theis model is the
result of simultaneous solution of the unsteady-state
flow equations in a reservoir containing a directional
well and wellbore flow equations which will results in
acid injection flow rate in each of the reservoir layers.
Calculated flow rates are used to calculate wormhole
propagation using a semi-empirical model and thus
skin factor evolution with time. Based on the obtained
results, wormhole propagation will reduce with depth
and cased-hole completion, due to the presence of the
perforation and severe increasing the velocity near
the wellbore, causes deeper wormhole propagation
and thus improving carbonate reservoirs acidizing
treatment in comparison with open-hole one. It is
necessary to use optimum number of the sublayers
in the simulation to have a reasonable runtime and
good accuracy. Although wormhole propagation will
increase with well inclination to a specific depth, but
minimum skin factor occurs in a specific inclination
(not the maximum one) which must be considered
during planning of the directional wells that their
reservoir will require acidizing certainly.
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