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1. Shaped Charge or Perforating Charge

2. Deep Penetrating, DP

3. Spacing

4. Phasing

5. Shot Density

6. Oriented Perforating

7. Selective Perforating

8. Skin

9. Partial Penetration

10. SchLumBerger (SLB)

11. Minimum Safe Deviation Angle, MSDA
12. Critical Perforation Orientation Angle, CPOA
13. Non-Staggered

14. High Shot Density, HSD

15. X-shape Staggered

16. Perforating Debris
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1. Single Helical (= Uniform Spiral) Pattern (Helix)
2. Crushed Zone or Compacted Zone, CZ

3. Weakened Zone, WZ

4. UnderBalanced Drilling, UBD

5. Cased, Cemented and Perforated, CCP

6. Charge Density

7. Perforation-to-Perforation Spacing, PPS
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1.Sandface
2. Bridge
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1.Gravel Pack, GP
2. Big Hole, BH
3. Scallop

4. Winding

5. Drag
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1. Equilateral Triangle Pattern, ETP
2. Isosceles Obtuse Triangle Pattern, IOTP
3. Wrap
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1. Total Wellbore Radius
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Introduction
The production of sand stands as a significant challenge

in hydrocarbon reservoir production, exerting
considerable influence on technical, economic,
safety, and time-to-maximum-production aspects

[1]. Strategies for addressing sand-prone sandstone
reservoirs can be broadly classified into preventive
and controlling methods. In simple terms, preventive
methods refer to wells that are completed with a
perforation job [2]. Since the invention of perforation
in the 1930s, numerous studies have been undertaken
to examine the influence and optimize the efficiency
of perforation operations [3]. Through well-designed
perforation job, the production volume from a well
completed using that is expected to surpass that of an
openhole completion method [4].

The relative positioning of perforation locations
significantly influences flow characteristics [5].
Excessive proximity between adjacent perforations,
particularly near the sandface, can lead to failure of the
reservoir rock between them, known as a 'bridge'. This
establishes connectivity between these perforations,
resulting in the production of detached sand particles
that impede fluid flow [6]. Conversely, an increase
in the flow path length, associated with higher
Perforation-to-Perforation Spacing (PPS), leads to a
reduction in production rates. Therefore, the optimal
choice of phasing, especially in weak sandstone
reservoirs, plays a pivotal role in both production

Accepted: May/14/2024

levels and safety considerations [5].

Phasing optimization proves advantageous in
mitigating overlaps within stressed regions surrounding
perforations, effectively delaying sand production and
enhancing overall productivity [ 7]. Compatibility exists
between higher shot densities, increasing production
capacity, and the reduction of overlap between
adjacent perforations. This synergy contributes
to optimizing phase angles based on perforation
overlaps for each shot density and well diameter, a
computationally achievable task [8]. The introduction
of perforations with a uniform PPS distribution in
various directions, with equal PPSs among each three
combinations of adjacent perforations (Equilateral
Triangle Pattern (ETP)) concurrently minimizes
the likelihood of merging adjacent perforations
while reducing the longest fluid flow path from the
reservoir to the wellbore [5]. In practice, achieving
the ideal pattern within a single helical perforation
pattern proves impractical. Consequently, the phasing
typically results in an equalization of the two shorter
PPSs (Isosceles Obtuse Triangle Pattern (IOTP)), with
the highest possible magnitude for the minimum PPS
considered the optimal solution [9].

Continuing from the study by Sheikholeslam et al. [7],
which proposed a method to prevent sand production
in the Asmari hydrocarbon reservoir of the Ahvaz
field in Iran, this study centers on optimizing phasing,
as similar as possible to ETP, with consideration for
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typical well diameters in hydrocarbon reservoirs and
possible shot densities in Iran. Specifically targeting
vertical well perforation operations employing a non-
staggered single helical perforation pattern, the study
offers operational guidelines designed to prevent sand
production, particularly in weak sandstone formations.

Materials and Methods

Given the paramount significance of attaining uniform
perforation sizes in reservoirs prone to sand issues
[10] and the prevalent practice of arranging charges in
a single helix, this study adopts a non-staggered single
helical perforation pattern for phasing optimization.
Employing advanced statistical and mathematical
concepts, the study introduces an innovative approach
to evaluating the degree of similarity in the arrangement
of each set of three points (perforation centers) with
respect to the ETP.

In the context of this investigation, the assumption
has been made that the perforation tool is positioned
at the well center (co-centric) and along the smooth
wellbore wall. Additionally, the perforation lengths
and shapes have been considered uniformly, and
the perforation diameter aligns with the standard
diameter of DP charges, specifically set at 0.4 inches.
So, for well diameters of 4%, 6'%, and 8! inches, and
shot densities of 6, 9, and 12 SPF, the calculation of
Equilateral Likeness Score (ELS) values is obtained
from the following equation:

ELs=|L,- Lwl-i-TL:— R (1)
where L refers to side lengths of triangles.

By conducting a comparative analysis of the smallest
ELS values obtained for various phase angles, we
determine the most optimal angles for each well
diameter. The phase angles corresponding to the
minimum achievable ELS values are identified as the
optimal choices. Ultimately, the larger of the identified

angles is considered the most optimum one.

Results and Discussion

The quest for the closest approximation to the ETP with
the minimum ELS spans various phasing adjustments,
extending up to 180 degrees. The closest perforations
contribute to stress reduction and may vary in different
directions [11]. Subsequently, the computed PPS
for each phasing serves as an indicator of perforation
stability within the adopted arrangement (Fig. 1). The
peaks in the PPS  diagrams signify the manifestation
of the IOTP theory. Following the comprehensive
plotting of the ELS diagrams for the examined phase
angles in Fig. 2, the phasing associated with the
minimum ELS value is chosen as the optimal one for
the investigated well with the selected shot density.
Through a relative comparison of peaks in each of
the PPS_ diagrams in Fig. 1, the difference in their
values for each shot density can be expressed as less
than 0.5 inches. Moreover, the negligible difference in
PPS_ corresponding to the selected optimum phasing,
coupled with other peaks in the PPS = diagrams
confirming the validation of the chosen angles with
ETP via IOTP, underscores the insignificance of
variations in PPS _ values. Given the minimal disparity
among the peak values in the PPS_ diagrams, one
may consider utilizing phasing corresponding to other
peaks if necessary. In light of these considerations, the
primary criterion for selecting the optimal phasing,
especially in weak formations prone to potential
sanding issues, is the angle determined by ETP.
Following this, the angle corresponding to IOTP
with the highest PPS = assumes secondary priority.
The placement of PPS_ values corresponding to the
optimal phase angles determined by ETP and IOTP,
even for other non-maximum PPS_peaks, in the green
region indicates the non-overlapping areas of potential
damage around the boreholes.
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Fig. 1 PPS_ diagram for the optimal triangles corresponding to each phasing at selected shot densities.
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Fig. 2 ELS diagram for the optimal triangles corresponding to each phasing at selected shot densities.

Conclusions

This study focuses on optimizing perforation
phasing with respect to both perforation stability and
production aspects, employing a non-staggered single
helical perforation pattern. Given the predetermined
production requirements and the imposition of
corresponding shot densities, this study introduces
a novel approach to selecting the optimal phasing
for each shot density at any desired well diameter.
Drawing inspiration from two distinct perspectives—
primarily emphasizing the maximum PPS_~ and
secondarily prioritizing the maximum feasible phasing
magnitude—this method provides a fresh perspective
on optimizing phase angles. In order to mitigate the
negative impact of variations in flow path lengths
between perforations, the definition of ELS is employed
to select the optimal combination of three adjacent
perforations corresponding to different phase angles.
For each desired shot density, this selection is made in
a way that minimizes the distance difference between
these perforations. The proximity of the triangles
formed by these three perforations to an equilateral
triangle shape, coupled with the comparison of PPS_
results using IOTP, which relies solely on the equality
of two smaller sides of the triangle, demonstrates the
capability of ETP in satisfying the maximum possible
length of bridges between adjacent perforations while
preserving flow integrity. The presented solution
addresses the shortcomings of previous approaches
by considering optimal triangles formed in more
than three wraps, extending its applicability to
irregular and unconventional perforation patterns.
Through a comparison of the perforation arrangement
corresponding to the investigated characteristics, the
optimal phasing for three distinct well diameters—4!%,
6%, and 8" inches—has been determined using the
ETP. For shot densities of 6 SPF, these optimal angles
are 127, 130, and 97 degrees, respectively. In the case
of a shot density of 9 SPF, the estimated optimal angles
are 130, 97, and 143 degrees. Lastly, for a shot density
of 12 SPF, the optimal angles are estimated to be 97,
143, and 77 degrees, respectively.

Nomenclatures

ETP: Equilateral Triangle Pattern

IOTP: Isosceles Obtuse Triangle Pattern

PPS: Perforation-to-Perforation Spacing

PPS_: minimum PPS

ELS: Equilateral Likeness Score

L : side length of triangles

L, average of side lengths of triangles
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