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Abstract. A numerical study is carried out on the perforation pipes with phase angles of
180° and 90° in a horizontal wellbore. To understand the effect of the above two-phase
angles on the flow inside the wellbore, the CFD simulation of computational fluid
dynamics is used. ANSYS FLUENT's simulation of the flow in the well has been used to
calculate the pressure drop, friction factor, wall shear stress, productivity index, etc.
The standard (k — €) model has been used to predict the turbulent behavior of radial flow.
The conclusion showed that the overall pressure drop increase as the flow rate ratio increase
which leads to an increase in the radial flow through the perforations, thereby keeping the
axial flow through the pipe constant. Therefore, the percentage error of the total pressure
drops for the phasing of the 180° and 90° perforations in test 5 is about 5.4 %. In addition,
the main flow increases when the flow through the perforation increases, and this leads to
an increase in the average of wall shear stress.
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1 Introduction

Horizontal wells have become commonplace in the petroleum business. Due to the
pressure drop in the well, the productivity of horizontal wells will be limited. During flow from
the horizontal end (toe) to the end (heel) horizontal, the pressure drop in the well is imminent.
Therefore, the pressure drop in the well is important to compare to the storage tank, pulling the
tank along the length of the good changes, therefore production along the good length will also
change. Locke [1] proposed a new theoretical model to predict horizontal good productivity, by
building a very right simulation model, precise limit element methods were used to simulate
operations. These analyses confirmed previous results that the angle of the perforations 90
degrees is better than the test angles 0, 120, and 180 degrees, but it produces greater amounts
of inflow through the perforations. Subsequently, others [2-5] continued their research, and they
proposed different coupling models of well flow and perforation into the reservoir. However,
in some case studies, only the friction component is observed to study the pressure drops across
the wellbore.The most probable case: acceleration was considered when studying pressure drop,
and other effects such as flow, mixing, etc. were ignored.

The first study of fluid mixing between internal and main flow was raised flow provided by Su
and Gudmundsson [6] studied the effect of the overall pressure drop in a perforated horizontal
wellbore with fluid flow through the perforation where two fluids are mixed at junctions. Using
the experimental parameters on a perforated pipe has an inner diameter of 22.2 mm, length of
2 m, and a Perforation diameter of 3 mm, a perforation density of 12 spf, and a 60° phasing.
The results explain that the friction wall drop of pressure is about 80%, the flow mixing pressure
drop (including perforation roughness) is about 15% and the acceleration pressure drop is about
5% of the overall pressure drop. Novy [7] studied the effect of friction losses on the pressure
drop inside the horizontal wellbore, flow throughout the system is single phase and steady. The
results showed that the decrease in pressure is important for shrinkage (the pressure difference
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between the reservoir and the wellbore), so the pressure can approximately equal the pressure
in the reservoir. Asheim et al. [8] suggested a model for fluid resistance for a theoretically
horizontal perforated well. This model has one or two perforations with a diameter of 12.7 mm
and length are 200 mm and it is made from the experimental group of test section pipe (50, 100,
and 150 mm). The results showed that the proposed fluid flow resistance model gives excellent
compatibility compared to the experimental results.Campos et al.[9] a mathematical model is
developed based on conservation equations for mass and momentum. The experimental results
showed excellent compatibility with the proposed fluid flow resistance model. From this work,
the determined the effects of an acceleration and friction pressure drop on the total oil well
productivity index. Fayal and Lakhdar [10] proposed a research model for the established
pressure drop caused by friction and acceleration in a horizontal well with constant and single-
phase flow. ANSYS FLUENT and disordered (k-€) models were used to determine the entrance
length. The result showed that the pressure drop due to acceleration was significant and equal
to 30% of the total pressure and friction pressure drop due to perforation was neglected.
Abdulwahid et al. [11] provided a numerical simulation model of a pipeline flow with two
perforations, one on the upper and one on the lower surface. Using ANSYS to analyse the
overall pressure drops, the static pressure, and the average wall shear stress distribution of a
horizontal well with a diameter of 22 mm and a length of 1 m. There are two perforations with
perforation diameters of 0.006 m and 0.003 m. It is used the RNG (k-¢) model in the plane of
symmetry model. Their results showed that the total pressure drop increases as increasing the
axial velocity and vice versa.

The main objective of this paper is to analyse numerically the effect of pressure drop in
perforation of a horizontal wellbore. Which is including the wall friction, mixing, and
acceleration, that contribute to the total pressure drop in a perforated pipe. As well as study the
effect of the friction factor, productivity index, and the effect of the change in the quantities of
flow through the perforations and the axial flow in perforation a horizontal well of the angle of
180°, and 90°. It is noticed that the productivity index of the angle perforation 90° is higher
than the perforation angle of 180°. As a result of increasing the amount of flow through the
perforations for an angle of 90° greater than the angle of 180°.

2 Numerical Simulations

The rapid advancement of computer technologies and software enables the solution of
theoretical simulations for complex applications. This paper investigates a Numerical analysis
of a single-phase flow through a horizontal wellbore. The mathematical simulation with a 3D
model with turbulent flow in the horizontal wellbore is performed. Using CFD ANSYS
FLUENT. The horizontal wellbore simulation is carried out using the conservation law (mass,
momentum) in conjunction with the perturbation (k-g) model.

The numerical analysis of the fluid flow field is solved using ANSYS FLUENT. The ANSYS
FLUENT is used to solve the numerical analysis of the fluid flow field. The cell-vertex finite
volume method is used by ANSYS FLUENT solvers. A fixed number of the control volumes
are created from the fluid region.

3 Description of the Models

In the current study, the numerical analysis is made with ANSYS FLUENT. It is used the
stander k-¢ model. The physical models are developed in the two PVC pipes with a perforations
surface roughness of 0.03mm. The first pipe is 18 perforations divided into two lines with 180°
perforation phasing. Each line has 9 perforations. The second pipe has 20 perforations divided
into four lines with perforation phasing 90° each line has 4 perforations. The length of the pipe
that drawing in ANSYS is 2 m, 44 mm inner diameter, and 4 mm perforation diameter. The
pipe is divided into three sections. The first section in length 0.250 m is blank, and the second



is part of the pipe of 1 m of the perforation phasing 180°and 90°. The third section in length
0.75 mis blank, As shown in Fig.1 the model of the perforation pipe.
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Fig.1. The physical model for 180° and 90° perforation phasing.

4 Assumptions and Simulation Parameters

The water density of 1000 kg/m3, the dynamic viscosity of 0.00103 kg/ms, and water at
25° of the water (isothermal) are applied in our work. It is analysed the pressure, friction, and
productivity index.

The present work is based on single-phase, turbulent flow, steady-state flow, Newtonian fluid,
incompressible flow, and no heat transfer related the system to surroundings.

4.1 Boundary Condition

The solving of the management equations system of a CFD can only be used if the solution
meets certain boundary constraints. As a result, we must supply boundary conditions to a CFD
solver. Boundary inputs can be utilized to convert a CFD model counterpart to a real situation
in a variety of ways. In ANSYS fluent, there are numerous techniques for describing fluid
limitations.

Inlet B.C
The inlet boundary condition is used where the flow is directed mainly to the domain, the

normal velocity is specified directly at the inlet. This process occurs during the Fluent-Solver
process.Axial flow through the main horizontal wellbore

Q=U,*4 @
Q = axial flow rate of the main pipe m?3/s

Radial flow through a perforation in the pipe

q= n%d2 U, 2
g =inflow through perforation flow rate m3/s

Tests are performed at different flow rates of the axial flow through the main pipe and radial
flow through the perforations in all these tests are shown in Table 1. In the case of turbulent

flow, the flow rates are selected based on the values of Reynolds number, which is greater than
4000.

Q

90 perforation phasing



Table 1. Details of the flow.

Flow Test Axial flow (lit/min) Radial flow rate (lit/min)
Test 1 40 0-80
Test 2 60 0-80
Test 3 80 0-80
Test 4 120 0-80
Test5 160 0-80

Outlet B.C

The outlet boundary condition can be used where the flow is known to be out of the domain. In
the present cases, the present relative static pressure (Ps) at the output is zero. The inlet pressure
required to sustain the specified flow will be determined using ANSYSS fluent.

P=Ps=0 (3)
4.2 Governing Equations

Pressure variations owing to friction losses in the horizontal pipe and perforations, perforation
roughness, mixing effect, acceleration, and changes in the volume of flow between the
perforations and the main pipe all affect fluid flow in a horizontal perforated wellbore.
Therefore, the two main equations for fluid flow (the equations for mass and momentum) are
required to properly describe these physical changes [12].

Conservation of mass

The equation for conservation of mass is described as follows:

P 9 () =0 (%)
ax; - L

Conservation of Momentum

In Cartesian coordinates, the momentum conservation equation is represented as follows:

9 ou. Olpw) _ 0P 9 .
at(pu1)+u1 ax; axi+ax]-(rﬂ)+Fl (®)

The strain rate tensor can be used to rewrite the viscous stress tensor.

ou; ou;
Tjp =4 (6_xj + %) = 2uSj; (6)

Substitute Eq. (5) into Eq. (4), This produces;

In turbulent flow, the instantaneous quantities can be broken up into mean and fluctuating
components.



ul=ﬁ1+u{u]=ﬁ]+uj P=P+P’ (8)
S}l=§+S]’L

Substituting Eq. (7) into Eq. (6) and taking the time-averaged, called Reynolds-averaged
Navier-Stokes.

T2 (i 9P 2 S _
Y, a_x]-(ul) = _6_xl- + a_x] (Z#Sﬂ — U Y ) +F (9)

To calculate the Reynolds stresses, we employ the well-known Boussinesq relationship.

T = 2kS — o (T2 4 0
pu = 3k‘5u U (Bxi + Mj) (10)
Where:
the Kronecker delta, §;; = 1ifi =jand §;; = 0
ifi #j

4.3 Turbulence models (Stander k — € model)

The standard (k — €) model is a type of two-equation model that deals with two different
transport equations. The following transport equations of k are used in the regular k-model.
the following transport equations are used for k;

ok _ ok pey 9k
Yoy, = E((ﬂ + U—;) a_x,) + 2ueSi5. Sij — pe (11)
and €;

a a a 2
Py g = 9= (U + 29 25) + Coc SiSiy- Sy = Cacd 5 (12

The values for these constants were determined by fitting extensive data to the standard k — €
model. The values are [13]:

Cu O Oc Cle CZe
0.09 1.00 1.30 1.44 1.92

5 Theoretical Model

The total pressure drop of the perforated pipe can be calculated from.
AP = APy + APyeyr + APpjy + APyec. (13)

5.1 Friction Pressure Drop

This is caused by wall friction resulting from the sum of (wall friction pressure drop and
perforations roughness). According to most researchers [3, 6, 8, 14]. For all types of fully
developed flows in wellbore internal flows (laminar and turbulent flow) and rough or smooth
surfaces, the pressure drop due to pipe wall friction is calculated using the Darcy Weisbach
1986 equation for all types of fully developed flows in wellbore internal flows (laminar and
turbulent flow).



= fLev®
APy = fi5% 14)
fi: represents the total friction factor for pipe (dimensionless).

L: total length of the pipe, D inner diameter of the pipe

The total friction factor quantifies the force produced by the fluid on the wall in a turbulent
flow. The equation can be used to compute the friction factor.

fe=/fo+ fp (15)
The friction factor in turbulent pipe flow is Haaland (1983) equation [15].

1 6.91 e \t11
Vo —18log (E + (3.7D) ) (16)

A mathematical model to calculate the friction factor is presented in [9], in which this gives
- 4, 9D 4y2
fp =4D Q+2n(0) @an

5.2 Acceleration Pressure Drop

The acceleration pressure drop is caused by axial velocity change (momentum change). It
depends on the density of the liquid and the average velocity at the end of the outlet pipe.

APy, = p(ugut - ulzn) (13)

Where uin, Uou the average velocity of the fluid at inlet and outlet of the pipe, respectively.

5.3 Mixing Pressure Drop

Pressure drops owing to passage through perforations causing mixing. It is caused by the
complicated interplay of perforation and wellbore flow, which causes disruptions in the
boundary layer and hence impacts the pressure drop. When liquid fluid enters the wellbore
through a perforation, it mixes with the mainstream and adds to the well's bulk. Su and
Gudmundsson [16] created formulae that can be used to determine the mixing pressure drop
when the flow rate is larger than 0.0025, this equation is applied.

AP, = 760 (%) (19)

% : The total flow rate ratio (q) is the total perforation flow rate divided by the total flow rate at
the pipe outlet.

5.4 Productivity Index (PI)
The productivity index is defined based on the mathematical equation resulting from dividing

the outflow from the main pipe on the total pressure drop.

Pl =-% (20)

APT

5.5 Average wall shear stress

The distribution of wall shear stress is altered by changes in the velocity gradient at the wall.
The velocity gradient at the wall and the local effective viscosity, which is the sum of molecular
and turbulent viscosity, determine wall shear stress in turbulent flow [17].



d
T = () (21)

6 Grid Independence Test

To verify the results of the numerical solution using the ANSYS FLUENT program. The
maximum mesh size is determined to obtain the correct values in the first phase of the numerical
simulation. In this study, the mesh is constructed using a CFD tetrahedron with different
maximum mesh sizes. The maximum mesh changing is used to show the best mesh properties
that can be used for a simulation for all cases in this simulation. Three boundary layers are used
on the wall of the pipe, representing the type of mesh methods in Fig.2, and represent the mesh
properties in Table 2.
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Fig. 2. Cross geometry of the test pipe in the 180° and 90° perforation phasing.

Table 2. Mesh properties.

Number of perforation nodes element Mesh metric
perforation Phasing
19 180° 254372 974705 Skewness
20 90° 275394 1063960 Skewness

7 Model Validation

The numerical models for the validity of the solution must be validated by comparing the
results acquired by other researchers. The validation is carried out by comparing the CFD
FLUENT findings to the experimental results of Ref [7]. A partially perforated 3-D horizontal
pipe length of 1300 mm and 22mm inner dim, perforation phasing of 60°, and a perforation
density of 12 SPF. This validation's boundary conditions are as follows in Table 3.

Table 3. Details of the flow in Ref [7].

Test Axial Flow (lit/hr) Radial Flow
(lit/hr)
Test1 5618- 5157 0-854

Test 2 3836- 3361 0- 841



Fig. 3 shows the pressure drop of the present work and [7]. The figure explains that the
maximum error is 14.2% for the first flow test at zero flow rate ratio and decrease to 4.4% at
total flow rate ratio equal to 0.13391, for flow test 2 the maximum error is 14.8% at total flow
rate ratio equal to zero and decrease to 4.5 % at total flow rate ratio equal to 0.1865. It also
demonstrates that there is a difference across all tests. This is due to a different range of
Reynolds number values and higher than experimental experiments. As well as the difference
between the experimental values calculated from the device and the values calculated from the

Ansys program.
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Fig. 3. Comparison of the present work with Ref [7].

8 Results and Discussion

A numerical study by using ANSYS Fluent and equations conducted on the perforated
pipe at an angle of 180° and 90° to calculate pressure drop, friction, acceleration, and mixing.
As well as, the study of the apparent friction factor, productivity index, velocity profile, and
wall shear stress. The study is conducted for several flow rates as illustrated in Table 1.

8.1 Total Pressure Drop

Figs 4 and 5 represent the variations of pressure and flow rate ratio. It is shown that the total
pressure drop increase as the flow rate ratio increase (an increase in radial flow for keeping the
axial flow through the pipe constant). It is noticed this increase in the overall pressure drop is
due to an increase in acceleration pressure drop. The tests line for the axial flow is 40, 60,
80,120, and 160 lit/min and constant radial flow from 0 - 80 lit/min. The Percentage error
between 180° and 90° degrees for the five tests are 4.5%,3.2%,2.4%,4.2%, and 5.4%,

respectively.
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8.2 Pressure Drop in Perforation Pipe

Figs 6 and 7 represent the variations of pressure drop and the total flow rate ratio. It is found
that the total pressure drops increases with increasing the total flow rate ratio. This effect was
caused by a larger decrease in wall frictional pressure as flow velocity increased. The
proportion of the flow rate increases as the rate of the flow-through perforations increases, and
increased the pressure drop. The main reason is that the perforations results in a greater decrease
in the acceleration pressure caused by the flow through the perforations, thus increasing the
mixing effect. It is observed that the acceleration values are lower in the wellbore pressure drop
than the frictional pressure drops in resulting (wall friction and perforation roughness). For the
results in the 180° perforations angle, the wall friction pressure reduced to 65.9% of the whole
pressure rate, along with 31.6% acceleration pressure and 2.5% of mixing pressure. While for
results in the 90° perforations phasing, the friction pressure drop is about 68.7%, and 28.5%
acceleration pressure drop, and 2.8% drop of mixing pressure. The percentage error between
180° and 90° of test 5 is 5.4%.

12 12 -
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Fig. 6. Pressure Drop in 9 spm and Fig. 7. Pressure Drop in 10 spm

180° phasing and 90° phasing



8.3  Static Pressure Drop

Figs.8 and 9 represent distribution pressure contour for the perforated pipe at 160 lit/min axial
flow and 80 lit/min of radial flow. It is noticed from the results of the pressure decreases
gradually, because of higher density and viscosity in this area. The maximum percentage error
of pressure contour between 180° and 90° perforation phasing is 3.94%.

Pressure [Pa]
Contour 1

Fig. 8. Pressure at the perforated pipe in the 180° perforation phasing
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Fig 9. Pressure at the perforated pipe in the 90° perforation phasing.
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Fig. 10. Static pressure drops along the pipe length.

Figs10 and 11 represent the pressure drop along the centreline of the horizontal wellbore at
various flow rates. The gradient has arrived at a fixed value as the pressure drop increased at
the pipe's entry because entrance approximately 0.2 m downstream, and a sharp dropping of
pressure at the horizontal pipe flow equalize the radial perforations flow. The static pressure at
the pipe exit is going to be constant. When the axial-flow are 40,60,80,120,160 lit/min and the
constant radial flow is 80 lit/min.
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Fig 11. Static pressure drops along pipe length in the 180° perforation phasing in the 90° perforation

phasing.

8.4 Friction Factor

Figs12 and 13 represent the relation between the total Friction factor and the total flow rate
ratio. This is increased with increasing flow ratio rate, due to the change in the velocity field
resulting from the flow through the perforations. The axial and radial flow rates were selected

from Table 1.
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8.5 Productivity Index
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Fig.13. Total friction factor in the 90°

Fig.14 and Fig. 15 represent the relationship of the productivity index with the total flow rate
ratio. It is observed that the productivity index lowered with increasing the flow rate ratio, the
reason for the decrease in the productivity index is due to the increases in the total pressure drop
along the pipe. Also, the increase of the overall pressure drop is greater than the flow rate of
the main pipe through the perforations, which leads to decreases in the productivity index. The
axial and radial flow rates were selected from Table 1.
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8.6 Average velocity in the centre-line of perforation pipe

Figsl16 and 17 represent the variations of velocity of planes along the pipe length. It is observed
the flow in the perforation disrupts the axial flow in the pipe. and this increases the velocity in
the wellbore pierced due to the radial flow entering through the perforation. Also, because of
the reduction in the velocity of fluid flow near the wall. The test line for the flow of constant of
radial flow 80 lit/min, and change of axial flow from range 40, 60,80,120,160 lit/min. It is noted
from the figure that the distribution of the perforations has an angle of 90° better than 180°, and
this leads to that the velocity out main of the pipe 90° is more stable than 180°.

6

Average Velocity (m/s)

3
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Fig 16. Average velocity along pipe length
in the 180° perforation phasing
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Fig 17. Average velocity along the pipe length

in the 90° perforation phasing

Figs 18 and 19 represent the velocity distribution contour for the test pipe along the good pipe
with flow 160 lit/min, and radial 80 lit/min. It is noticed that the axial/radial flow at the junction
causes the flow velocity to increase in the perforation section of the pipe. It is observed that
there is a pressure drop and rises the perforated rate.
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8.7 Velocity Profile

Figs 20 and 21 represent the velocity profiles in the direction of changing cross-section in exit
perforation section for plane x=1.35 m for a perforated phasing 180° and 90° with at change the
axial flow 40,60,80.120.160 lit/min and constant radial flow through the perforations of 80
litymin. It is noted that axial flow rate increases with constant perforations, the change in
velocity become higher with the direction of the change of cross-section.
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Fig 20. Distribution of velocity profile at Fig 21. Distribution of velocity profile at the
the exit perforation section in the 90° exit perforation section in the 180° perforation
perforation phasing phasing

8.8 Average wall shear stress

The link between the average wall shear stress and the overall flow rate ratio is depicted in
Figures 22 and 23. Because of the interplay between the axial flow and the inflow through the
perforation, the average wall shear stress increases as the total flow rate ratio rises. As a result,
inflow elevates and expands the turbulent boundary layer, increasing axial velocity beyond the
layer while lowering velocity within it, as the mass conservation equation dictates.. The



maximum percentage error of average wall shear between 180° and 90° perforation phasing of

test 5 is 10%.
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Fig. 23. Average well shear stress

in the 90° perforation phasing

9 Conclusions

Numerical simulations of pipe flow, a numerical study has been conducted on the
perforated pipe in 180°and 90° perforation angle of the flow horizontally wellbore. Simulation
conducted using the ANSYS and stander k — e model. The study shows the following
conclusions:

1- The total pressure reduced linearly with increasing the total flow rate ratio. The total pressure
drop has the angle of the perforations 90° greater than the angle of the perforations 180° because
the distribution of the perforations at the angle 90° is better than 180°

2-1t is noticed that the greater the flow through perforations increase pressure drop and vice
Versa.

3- Field velocity at the entrance is completed as the flow increases up to the perforations. Axial
direction collides with each other with radial flows, the fluid velocity in the downstream
wellbore wall is less than the velocity from the inlet pipe wall to the upstream, but the velocity
behaviour throughout the centre from the whole pipe does not change.

4- 1t is concluded that the flow rate increased, which leads total pressure drop and lower the
productivity index. The productivity index of the angle perforation 90° is more productive than
the perforation angle of 180°. Flow-through wellbore with an angle of 90 ° greater than 180 °
increases.

5- Increasing the flow rate through the perforations increases the wall shear stress.
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