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ABSTRACT

Most of the industrial fields, especially oil and gas, involve the application of electrical submersible pump (ESP) for flow
transport. The pump performance will deteriorate depending on conditions of usage. The main parameters that affect or
influence the pump performance curve are pump types, fluid flow rates, gas fractions, the impellers’ geometry, rotational
speeds and fluid properties. In this work, the pump performance curve was studied as the governing parameters such
as flow rates, meshing elements and turbulence models were varied. A computational fluid dynamics simulation (CFD)
was applied and the findings were compared with the manufacturer’s data for single-phase flows. The main purpose
was focused on getting the right technique to investigate this problem. The various turbulence CFD models were
analysed and sources of errors were explained. The corresponding pump head losses were discussed and the main
improvement or the criteria to obtain the highest efficiency were suggested. The results show that the k-epsilon with
enhanced wall treatment is the best CFD technique since it produces the most accurate results and the least errors by

allowing flexibility in large pressure gradient and rapid changes in flow properties.
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INTRODUCTION

The electrical submersible pump (ESP) system is a
design variation of the centrifugal pump whereby the
fluid source is typically located below the discharge
datum. It is the second most widely used artificial lift
method in the oil and gas industry and the largest
(in volume) type of pump produced. In the oil and
gas industry, pumps are generally used to boost
pressure and to transfer fluids from underground to
ground level [1]. However, ESP consists of many parts
that are used especially for offshore oil production
and it was assembled in a series of stages as shown
in Figure 1 that each stage consists of an impeller
associated with a diffuser. The impeller connects
and rotates with a shaft, which is used to increase
the kinetic energy of the flow and then it leaves the
diffuser a stationary part used to change the kinetic
energy to potential energy and guide the flow to the
next stage. ESP is known for being highly efficient in
working under multi-phase flow, but the performance

curves are significantly degraded under the presence
of gas [2].

The production rate and the gas inside the pipes and
the viscosity of the oil play a huge role in the ESP
performance. If the ESP operates within the two-phase
flow, then the performance will decrease, and the surge
will cause a vibration in the pump which will lead to a
reduction in the service life. The bubble behaviour in
the pump is still unpredictable that becomes the main
characteristic that affects pump performance [4]. All
these problems can be considered as losses. The actual
head for ESP can be calculated as,

H= HE - H}“riction - Hshock - Hleakage —-H, recirculation
- Hdlfitser - Hdisk (1)

where is the Euler head, is the head loss due friction, is
the head loss due shock, is head loss due leakage, head
loss due to recirculation, is head loss inside the diffuser
and is head loss due to disk.
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Figure 1 Main parts of single stage ESP (a) multistage pump component (b) cutaway of pump (c) impeller & diffuser [3]

When the pump is rotating, the pumping fluids will
cause a difference in velocities between rotating
impeller, fluid intake as well as discharge. The velocities
occurring in the impeller is the main parameter that
can formulate the Euler Head as well as performance
curve. Figure 2 represents the velocity triangle at the
impeller inlet and outlet.

The Euler pump head, whichis shaping the performance
curve can be calculated as the following,

U,Copy— U C
H, = 2 2Ug 1C1u @)

where U is the impeller tangential velocity, Cy; is the
fluid tangential velocity at the impeller, and g is the
gravity acceleration [5].

The shock loss occurs at the entrance and the exit of
the impeller and the shock loss will consider zero at the
best efficiency point [BEP]. If the flow rate is different
from the designed flow rate, the shock loss will be
significant. According to Thin et al. [6], the shock loss
occurs because of the mismatching between the flow
and the metal angle and it is given by the flowing
equation;

Figure 2 Velocity triangles at impeller inlet and outlet

Hshock = K(Q - QBEP)2 (3)

where K is the empirical constant, and is the flow rate
at the best efficiency point.

The frictions losses will play a big role in high flow
rates but the leakage loss will be more effective at
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low flow rates. The leakage will be decreased by
increasing the liquid flow rates and the leakage mainly
happened between the stationary parts and the
rotating parts. According to the study done by Bing
etal [7], the leakage can be obtained by the following
equation,

_ OnUyU,

== "< 4
20%g “)

H, leakage

where Oy is the volume of leaked fluid, Uy is the
velocity of the fluid leaked out, and Q* is ideal flow
rate of the pump.

Bing et al. [7] studied the recirculation loss and claim
that the recirculation loss happened due to the adverse
gradient pressure difference between the inletand the
outlet of the impeller. Moreover, this loss will increase
as the liquid flow rate decreases, because if the liquid
flow rate decreases then the adverse gradient pressure
will increase.

The diffuser loss mainly occurs in the diffuser walls and
itis mostly close to the friction loss and the formula was
given as the following,

FyFgfQ®  riay—raay
8gDHn'2bmzsin3ﬂm rldif * erif

)

H, diffuser

According to Amaral [8] the formula of the diffuser
loss mostly related to the difference in pressure and
the velocity in the diffuser, as shown in the following
equation,

(VZaV2 - Vlz) C V12

Hdi[ﬁtser = 2g — % E (6)
where Cp=Lp22, W= = Q and V;is fluid
0.5 Vl ”(FZdiﬁ'_ rld,ﬁ«')

velocity at the inlet. Zhu and Zhang [9] was studying
the mechanistic modelling of ESP boosting pressure
under gassy flow conditions and they mentioned three
types of losses namely, friction, turn, and leakage. The
turn losses occur when the flow enters the impeller or
gets out from the diffuser due to changes in direction
of the flow. The following equation represents the turn
losses in the diffuser,
Vp
Hdifuser _.fTD E (7)

where frp, is the local drag coefficients.

The disk loss is occurring due to contact between the
fluid and rotating disk, these contacts make the pump
required more power to rotate the disk that delayed by
the fluid viscous and shear forces. Some researchers
assume the disk losses to be flowing mechanical losses
group and others assume it as a separate group, but this
model still questioned to deduce the most appropriate
prediction. Thin et al. [6] state a model of disk losses,
the disk losses is proportional to the power fifth of the
disk radius and the friction coefficient () increases with
increasing the angle of the developed outlet section
of the disk,

fz‘l'iskp a)rZ

100 ®)

disk —
Computational fluid dynamics (CFD) is normally
used to model and simulate the ESP problems due to
the complexity of the set-up. Therefore, proper CFD
approach must be applied depending on the pump
operating conditions that are normally operated at the
fully turbulence mode. Many improvements have been
done on the turbulent models to improve accuracy and
computational time. The type of models that should
be decided carefully in order to get reasonable results
that could be meaningful for industry. Therefore,
this paper will focus more on studying the single-
phase performance curve behaviour and its effective
parameters. Source of errors will be discussed
accordingly.

METHODOLOGY

In this paper, the turbulence models of k-omega SST
and k-epsilon Standard, Standard with enhanced
wall treatments and realizable with enhanced
wall treatments are implemented with VOF and
Eulerian-Eulerian for single-phase flow by using
ANSYS Fluent. The dynamic mesh and the sliding
mesh were applied in the interface between the
stationary part and the rotary part. The geometry
combines the impeller and diffuser of ESP. The
number of mesh element used 3, 5, 8 and 13 Million.
The turbulence models are applied in the setup
option in ANSYS.
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Computational Model

Newton'’s second law state that any change in the
momentum in specific volume will be due to the flow
of the fluid and the external forces acting in the volume.
The conservation of momentum for single-phase that
used in ANSYS is given in the following formula,

0 -
E(pV)JrV-(pﬁ)=—Vp+V~(?)+p§+F 9

pis the static pressure, 7 is the stress tensor (described
below), and pg is gravitational body force. F is external
body force and also contains other model-dependent
source terms such as porous-media and nuser-defined
sources.

Foul(Vv+ VVT)—%VVI (10)

where 1 is the molecular viscosity, / is the unit tensor,
and the second term on the right-hand side is the effect
of volume dilation.

Geometry

The type of the pump simulated in this paper will
be GDIWA-15T ESP and the geometry will have the
combination of casing, impeller, and diffuser, as
shown in Figure 3. The geometry will be divided into
three Fluid Zones because it is necessary to focus on
the critical area, which is called Vaneless area and this
area is located between the impeller and the diffuser.
The impeller will be specified as a rotary part and the
diffuser as a stationary part. The number of blades
in the impeller will be 4 blades while 4 outlets in the
diffuser. A research was done by Abo Elyamin et al. [10]
and they found that the best number of blades is 7.
As the number of blades is increased, the friction loss
increases due to the increased surface area.

The inlet diameter in the Vaneless area is different
than the Outlet diameter as seen in the figure above.
In the geometry part, all faces will be selected and
be named including the interfaces. After selecting all
the faces and dividing the fluid Zone to three parts,
the number of the bodies will be 8 (impeller, Diffuser,
4 Fluid Zone in diffuser, Fluid zone 1, Fluid Zone 2).
The following Table 1 shows the main dimensions for
ESP geometry.

Diffuser
Fluid
Zone

Figure 3 ESP geometry

Table 1 ESP geometry dimensions

Parts Size
Shaft radius 3.4 mm
Fluid inlet 22.5 mm
Impeller inlet diameter 44 mm
Impeller outlet diameter 144 mm
Blade height 10 mm
Blade thickness 2 mm

Mesh

As the number of elements is increased, the accuracy
of the results will also increase, so the number of
elements in the impeller and the diffuser will be
studied on 3, 5,8 and 13 million elements and then the
proper number of elements will be selected for future
work [11]. The element type will be 3D Tetrahedrons
and the advantages of this type will be reducing the
number of elements to solve the problems that acquire
in skewness, increase the convergence rate and give
accurate results when complex geometry used [12].
The mesh will be concentrated in main areas by using
face sizing. Mostly the gap between the impeller and
the diffuser (Vaneless area) is critical so the meshing
will be focused more on this area and the type of the
mesh is sliding mesh. The following Figure 4 shows the
meshing shapes:
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Figure 4 Meshing shapes (a) Final Meshing (b) Impeller mesh

In the meshing part, it is necessary to give names to
all the Selection faces to specify the type of each faces
later in the setup part.

Setup

In the setup part, the turbulence models chosen in
this study are k-omega SST and k-epsilon Standard,
Standard with enhanced wall treatments and
realizable with enhanced wall treatments [13].
The impeller will be specified as a rotary part with
a rotational speed of 2850 rpm in the boundary
conditions; while the other parts will be specified as
stationary. It is important to specify the interfaces
between the fluid zones. The fluid chosen in this study
is water and the parameters should be changed to SI

units. The number of iterations reaches 500 to get a
good result. The flow rate will be from 20 to 420 m?/s.
The inlet face will be changed to velocity inlet and the
outlet faces will be as pressure-outlet.

RESULTS AND DISCUSSION

It is important to ensure that the trend of the pump
performance curve of the single-phase using CFD
is similar to the manufacturer performance curve,
so CFD simulation was done in single-phase flow at
10 different flow rates. Figure 5 shows the trend of
the curve was almost similar to the manufacturer’s
curve. As noticed the head decreases when the flow
rate increases. Moreover, it is obvious that the error
decreased as the flow rate increases and according

4 CFD Curve
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Figure 5 Single-phase performance curve comparison
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to [11] the explanation for this deviation, can be
attributed to the lack of leakage flow inside ESPs in
CFD simulations. The analysis was discussed before in
the literature review and it says that as the flow rate
decreases the leakage loss increases and therefore
decrease the efficiency. Since the leakage flow is not
considered at the interfaces, the results will be slightly
different from the manufacturer’s curve and affinity
law predictions.

Mainly the other losses occur in the pump at a high
flow rate as mentioned in the literature review but the
leakage loss occurs at a low flow rate, and this is the
reason for the errors occur at a low flow rate in CFD
simulation [14]-[15]. Another source of the error is
when the blade curves of the impeller and the diffuser
were drawn, the blades were not exactly similar to
the actual curve due to the geometry complexity.
Similar things were done for the diffuser and because
of that, the results would be affected since the angle
of the flow at the exit changed thus modifying the
flow patterns.

The previous Figure 5 simulation was done at 8 million
meshing elements with using k-omega SST model so
itis good to see what s the effect of the number of the
elements on the accuracy of the results. The following
Figure 6 is the performance curve results for various
meshing elements.

As seen in Figure 6, as the number of the elements
is increased, the accuracy will increase especially in
the low flow rates. On the other hand, using 8 million
elements on the high flow rate will be the same
as using 13 million and that may be saving more
computational time.

According to Salehi [4] the k-epsilon standard is giving
more error percentages than k-omega but both are
close to each other and that was demonstrated in
this result in which k-epsilon standard has more
error percentage but close to k-omega, as shown
in Figure 7. On the other hand, k-epsilon with using
enhanced wall treatment is the best choice to be
used in single-phase flow [16]-[17]. Both k-epsilon
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Figure 6 Meshing elements performance comparison

VOLUME 4 NUMBER 4 2020 e-ISSN: 26369877 PLATFORM H



PLATFORM - A Journal of Engineering

22
20
18 [ R
16 . ‘
14 s
12

o N B O ®

0 50 100 150 200
k-epsilon standard standard (m)
k-omega (m)

Real Head (m)

--------- Poly. (k-omega (m))

Poly. (k-epsilon realize Enhanced (m))

Turbulence Models Comparsion at 8 Million elements

-------- Poly. ( k-epsilon standard standard (m)) «-««-<««« Poly. ( K-epsilon standard Enhanced(m))

......... Poly. (Real Head (m))

250 300 350 400 450

o K-epsilon standard Enhanced(m)

® k-epsilon realize Enhanced (m)

Poly. (k-epsilon realize Enhanced (m))

Figure 7 Comparison of the Turbulence models

Figure 8 Side view of the velocity streamline

standard enhanced and realizable enhanced are very
close to each other as seen in the figure. The reason
that the Enhanced Wall treatment is the best choice is
because the enhanced wall function allows the fully
turbulent law to be easily modified and extended
to take into account other effects such as pressure
gradients or variable properties, also guarantees the
correct asymptotic behaviour for large and small

values of and reasonable representation of velocity
profiles [18]-[20].

The flow profile is more presented in the form of
streamline starts from the inlet until it reaches the
outlet. Figures below show the streamline contour at
20 L/min flow rate and 2850 rpm rotation speed,
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Figure 9 Isometric view of the streamline

The flow path shown in the streamline takes a circular
motion due to the forces applied from the impeller
rotation. The rotational direction of the impeller is
counterclockwise. However, once it leaves the impeller
zone, it decelerates the diffuser to change the kinetic
energy to potential (pressure). The flow path will be
clearerin figure 10.The observed results show that less
fluid concentration occurs between the blades due to
stall phenomena occurring [21-22].

Figure 10 Flow path inside the pump at 20 L/min flow
rate

CONCLUSION

CFD simulations of the single-phase flow were
conducted to check the suitability of the models in ESP
flow problems. The velocity and the pressure inside the
impeller and the diffuser were the main parameters
analyzed in this study. Different size of mesh elements
was studied and compared with the manufacturer’s
data. The results in this paper can be summarized as
the following,

1. CFD is a reliable useful tool for studying and
analysing the pump performance.

2. As the mesh elements increase the numerical
accuracy increased until it reaches a certain limit
then it will remain constant.

3. The number of mesh elements used in this study
was 3, 5, 8 and 13 Million elements and the best
choice is to use the 13 million elements for single-
phase flow.

4. Single-phase simulation results at low flow rates
are lower than the manufacturer’s data and that
due to the leakage flow was not taken in count in
the interfaces in the CFD simulation while at high
flow rates are almost similar to each other because
there will be no leakage in high flow rate in the
actual pump.

5. K-epsilon with the Enhanced Wall treatment gives
the best result compared with other models
because the enhanced wall function allows the fully
turbulent law to be easily modified and extended
to take into account other effects such as pressure
gradients variable properties.
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