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Abstract

This paper introduces both stray magnetic-field and thermal analyses of electric submersible pump (ESP) motors and cables under normal and
abnormal operating conditions. These abnormal operating conditions include running the electric submersible pump motor under imbalance and
single-phasing. Moreover, both concentric and eccentric electric submersible pump oil well models with flat and round cables were investigated.
Experimental tests were conducted on a reduced-scale electric submersible pump motor. In addition, theoretical simulations were performed using
a finite-element based software package for a reduced-scale electric submersible pump motor, and a full-scale electric submersible pump motor and
its power cable of flat and round types. Compared to the cases of running the motor under balanced or unbalanced conditions, the single-phasing
operation of eccentric wells gives the highest localized magnetic-flux and eddy current densities, hence the possibility of localized corrosion
increases. It has been found that there is a strong correlation between the eddy-current thermal effect and the severe localized corrosion of the
electric submersible pump system. Therefore, it is highly recommended to use round power cables and not to operate the electric submersible
pump system under single phasing conditions.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Corrosion is becoming an increasing threat to the integrity
of oil field structures including pipelines, well casing and tub-
ing world wide [1], where downhole logs of some well cas-
ings showed corrosion rates often higher than 2 mm/year. Ba-
sically, there are four types of corrosion that can occur [2–
6], namely, general corrosion (chemical in nature), concen-
tration cell corrosion (electrochemical cell caused by differ-
ences in the electrolyte), galvanic corrosion (electrochemical
cell caused by differences in the metal), and stray current
corrosion (electrochemical cell caused by external electrical
sources). Stray electrical currents (both AC and DC) were felt
to be a significant cause of corrosion in many industrial ap-
plications [2–5]. Stray current corrosion (SCC) is the most se-
vere form of corrosion because the metallic structure is forced
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to become an anode and the amount of current can be trans-
lated directly into metal loss. One ampere of DC current dis-
charge from a pipeline for one year may consume 10 kg of
steel [4].

During the last two decades, a modern pumping method us-
ing electrical submersible pump system has been developed in
the oil industry [7]. Basically, it consists of a pump driven by
an induction motor located downhole the oil well via a long
power cable with a length ranges from 1 km to 3 km. This sys-
tem doesn’t require any gas injection. The electric submersible
pump system is considered as an effective, economical and
environment-friendly mean of lifting large volumes of oil [7].
The excessive corrosion rate of such electric submersible pump
system has become a concern in recent years. Several fac-
tors contributed to electric submersible pump failures due to
corrosion. Fig. 1 illustrates a typical example of severe local-
ized corrosion of electric submersible pump motors in an oil
field. These failures have a very high cost because electric sub-
mersible pump’s failures result in oil production losses or what
is so-called “oil deferment” affecting revenue, and pulling out
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Nomenclature

�A complex magnetic vector potential
AC alternating current
Bx magnetic-flux density component in x-direction
By magnetic-flux density component in y-direction
Bz magnetic-flux density component in z-direction
Btot total magnetic flux density
cp specific heat
DC direct current
�Es power-source electric-field strength
ESP electric submersible pump
F1 the resultant mmf for single-phased case
F3 the resultant mmf for balanced case
FEM finite element method
ia , ib and ic phase currents
Im current amplitude
j complex notation
�J current density

�Jo supplied current density
k thermal conduction coefficient
N number of turns per phase
mmf magnetomotive force
rms root mean square
SCC stray current corrosion
μ permeability
σ electrical conductivity
ω power angular frequency
t time
T temperature in the material
ρm mass density
φ angle
φ electrical complex scalar potential
2D two dimensions
3D three dimensions
Fig. 1. Examples of severe localized corrosion of electric submersible pump
motor casing.

the motor from downhole requires mobilization of a rig, which
has very high renting cost.

This paper focuses on investigating the different possible
causes of corrosion-rate increase on the tubing, and the mo-
tor and well casings due to thermal effect of eddy currents and
high magnetic field density.

2. Mathematical model of eddy currents

Eddy-current induced heating process of paramagnetic ma-
terial is a well known phenomenon [8–15]. Eddy-current in-
duced in a thin layer of a metallic surface gives rise to a heat
flux. If the penetration region for the current is small enough,
the heat flux may be assumed to be applied to the surface of the
metal [16].

The mathematical model for the sinusoidal quasi-static
eddy-current problem resulting from the Maxwell’s equations
is described by the complex magnetic vector potential �A and an
electrical complex scalar potential φ [10].

∇ ×
(

1

μ
∇ × �A

)
− ∇

(
1

μ
∇ · �A

)
+ σ(jω �A + ∇φ)

= �Jo = σ �Es (1)

where j is the complex notation, �Jo is the supplied current den-

sity, �Es is the electric field strength impressed by the power
source, μ is the permeability, σ is the electrical conductivity,
and ω is the power angular frequency. It is worth mention-
ing that for 2D analysis ∇ · �A = 0. The requirement of zero
divergence condition of current density must be fulfilled with
Coulomb gauge [10]:

∇ · (σ(jω �A + ∇φ)
) = 0 (2)

Eqs. (1) and (2) are also known as the �A − φ formulation. The
expression for current density is:

�J = σ �Es − σ( jω �A + ∇φ) (3)

It determines the heat source (joule heat or specific power loss)
distribution:

pv = | �J |2
σ

(4)

The time-dependent Fourier temperature equation gives tem-
perature field T in the material as a function of the eddy-current
density by [12,13]:

∂(cpρmT )

∂t
= pv + ∇ · (k∇T ) = | �J |2

σ
+ ∇ · (k∇T ) (5)

where cp is the specific heat, ρm is the mass density, and k is the
thermal conduction coefficient. As time progresses, the temper-
ature rises accumulate in localized spots where the eddy-current
density is very high. Therefore, the increased eddy-current den-
sities on the motor and well casings, resulting from motor ec-
centricity and/or phase imbalance, lead to thermal excursions
and localized excessive spike temperature rises at their sur-
faces. These thermal excursions and spikes are known to favor
and to accelerate steel corrosion [16–18]. In [18], it was shown
that even a couple of infrequent high-temperature thermal ex-
cursions, which can also lead to scale damage of carbon steel,
followed by long post spike exposure may lead to a higher cor-
rosion rate than its equivalent isothermal condition.
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Fig. 2. Location of temperature sensors fixed at the motor casing.

The resultant mmf waveform at any point in the air gap of a
3-phase wound rotating machine can be defined by an angle φ,
the number of turns per phase N , and the phase currents ia , ib
and ic . For a balanced case, the resultant mmf is as follows [19]

F3(φ) = Fa(φ) + Fb(φ) + Fc(φ)

= Nia cosφ + Nib cos(φ − 120◦)
+ Nic cos(φ + 120◦) (6)

The phase currents ia , ib and ic are functions of time thus

F3(φ) = NIm cosωt cosφ

+ NIm cos(ωt − 120◦) cos(φ − 120◦)
+ NIm cos(ωt + 120◦) cos(φ + 120◦)

= 1.5NIm cos(φ − ωt) (7)

where Im is the current amplitude. Therefore, the resultant mag-
netic field is a rotating one, while in the case of single-phase
operation, i.e. phase C is opened (ic = 0), then the current in
the other phases becomes

ia = −ib = √
3Im cos(ωt) (8)

The latter case leads to a pulsating and localized magnetic
filed which can cause significant mass transport, i.e. it acceler-
ates the corrosion on the motor casing and the well casing, too.
For the single-phase case, the resultant mmf waveform at any
point in the air gap yields

F1(φ) = 1.5NIm cos(ωt)
(√

3 cos(φ) − sin(φ)
)

(9)

3. Experimental setup

A reduced-scale water electric submersible pump was used
which has the following [20]: 3-phase motor, 58 Hz, 3 kW,
415 V, 8.10 A (max), 0.73 power factor, 2875 rpm, 0.5 m ax-
ial length, 0.095 m diameter, and its pump has 0.83 m axial
length and 0.089 m diameter. Ten adhesive temperature sen-
sors (the overall accuracy with their data logger is ±1%) were
fixed to the motor casing vertically along the axial length (5 sen-
sors) and around its circumference (6 sensors) at an axial length
y = 0.24 m to measure the temperature profiles at the 10 points
simultaneously as shown in Fig. 2. The three-dimension (3-D)
magnetic flux density components (Bx “tangential”, By “axial”,
Bz “radial”) were measured by 3-D sensors having a sensitiv-
ity of 0.1 mT/V and with a measurement range of ±1 mT
Fig. 3. Schematic representation of the peripheral scan of the magnetic flux
densities.

Table 1
Input currents to the electric submersible pump motor

Operation Three-phase current rms values (A)

Phase A Phase B Phase C

Balance 6.6 6.6 6.6
Imbalance 7.9 6.6 5.2
1-Phasing 11.43 11.43 0

(with an offset error of ±50 nT and a calibration accuracy of
±0.5%) [21] under different operating conditions of the motor.
The electric submersible pump was submersed in a plastic tank
then an axial and a peripheral scans of the 3-D magnetic flux
density components were done under different operating con-
ditions of the motor. Fig. 3 illustrates the peripheral scan, and
Table 1 gives the input currents to the motor in rms and for var-
ious operating conditions. It can be noticed that phase C current
was reduced and interrupted during the imbalance and single-
phasing condition, respectively.

4. Experimental results and discussion

4.1. Temperature

An eddy current is a swirling current set up in a conductor
in response to a time-varying magnetic field. Since the motor
casing material is resistive, ohmic power losses are generated
by the eddy current and appear as a heat on the casing sur-
face. The main aim of this section is to measure the temperature
profiles under balance, imbalance and single-phase operating
conditions.

Fig. 4 shows that the temperature for the single-phase condi-
tion is the highest compared to the other two conditions that is
due to the following of high current in some of the motor wind-
ings which assists the increase of the eddy currents. Therefore,
more power loss will be converted into heat. Moreover, the tem-
perature in the imbalance case is higher than that in the balance.
The temperature profiles at height y = 0.24 m in Fig. 5 is also
the highest for the single-phasing condition.
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Fig. 4. Temperature profiles along the motor axial length for three operating
conditions for φ = 0◦ and at t = 960 s.

Fig. 5. Temperature profiles around the motor circumference for three operating
conditions for y = 0.24 m and at t = 960 s.

Fig. 6. Oscillograms of Bz under different operating conditions at y = 0.24 m
and φ = 144◦ .

4.2. Profiles of magnetic flux densities

4.2.1. Axial scan
The 3D components of the magnetic-flux density (Bx “tan-

gential”, By “axial”, Bz “radial”) were instantaneously mea-
sured for the aforementioned three operating conditions using
a 3D magnetic-flux density sensor [21]. Small portion of the
magnetic flux that is produced by flowing current through coils
is leaked around the motor casing.

Fig. 6 illustrates the oscillograms of the z-component (ra-
dial) magnetic-flux density for different operating conditions at
y = 0.24 m and φ = 144◦. It can be seen that the single-phase
and the balance conditions give the highest and the lowest peak
values, respectively.
Fig. 7. Profiles of magnetic flux-density components versus the motor axial
length for three operating conditions at φ = 144◦: (a) Bx , (b) By and (c) Bz .

Fig. 7(a) shows that the tangential magnetic-flux density in
x-direction (Bx ) has its peak in the middle of the motor axial
length (y = 0.24 m).

The main reason behind this is the concentration of the mag-
netic flux produced by the parallel conductors “coil sides”. The
magnetic-flux density of the balanced condition is the highest,
because this tangential component (Bx ) mainly results from
the currents in the coil sides in z-direction, where these coils
mainly exist in the y–z plane. The trend of these results is also
attributed to the fact that phase C current is reduced and in-
terrupted during the imbalance and single-phasing condition,
respectively (see Table 1). Fig. 7(b) shows that the magnetic
flux density in y-direction (By ) increases near the top and the
bottom ends of the motor. This is due to the configuration of
the winding “overhang effect”. Both the Bx and the Bz com-
ponents (shown in Figs. 7(a) and 6(c), respectively) have peak
values at the middle of the motor length, where the radial com-
ponent (Bz) is the highest. This component assists the mass
transport significantly because it is perpendicular to the mo-
tor casing, and hence the higher this component the faster is
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Fig. 8. Profiles of total magnetic flux-density versus the motor axial length for
three operating conditions φ = 144◦ .

Fig. 9. Oscillograms of the x- and z-components of the magnetic flux density
for single-phase operation at y = 0.24 m: (a) Bx and (b) Bz .

the corrosion rate. Operating the motor under imbalance or
single-phase condition leads to a reduction in the current flow-
ing through these coils or even no current as for the case of
single-phase condition. Since the total magnetic flux amplitude

is Btotal =
√

B2
x + B2

y + B2
z ≈ Bz, the total magnetic flux den-

sity curve takes the shape of the magnetic flux density in the
z-direction as can be seen in Fig. 8.

4.2.2. Peripheral scan
The magnetic-flux density components around the electric

submersible pump motor (peripheral scan) at a radius of 0.36 m
and an axial length y = 0.24 m (middle of the motor height)
were measured. Figs. 9(a) and 9(b) illustrate the recorded os-
cillograms of the Bx and the Bz components, respectively, for
Fig. 10. Profiles of magnetic flux-density around the circumference at
y = 0.24 m: (a) Bx and (b) Btotal.

the single-phase operation at y = 0.24 m. At φ = 216◦, the Bx

component is the highest, while the Bz component is the lowest.
The former is attributed to the fact that the coils which are

perpendicular to the x-direction have a higher currents by
√

3.
On the other hand, these coils which are exactly perpendicular
to the z-direction have no currents (phase C), but the inclination
of the coils of the other phase gives low Bz. It is worth mention-
ing that the y-component (parallel to the motor’s axial length)
was found very small.

The magnetic flux densities around the circumference can
be obtained by making peripheral scan at the axial point y =
0.24 m. It can be seen from Fig. 10(a) that the x-component of
the magnetic flux density reaches its maximum at two points.
This is due to the variations of stator magnetic-flux density
strength around its circumference as a result of high localized
magnetic-flux density generated by the high current (

√
3 times

the normal current for balanced case). This trend interprets the
severe localized corrosion of electric submersible pump motors
as shown in Fig. 1. Fig. 10(b) shows two minima and two max-
ima points which appear in the profiles of magnetic flux density
around the circumference. This is because the stator of the mo-
tor consists of a 2-pole winding that split into two parts where
the points of maxima appear. On the other hand, the points of
minima appear in the gap between these windings. The results
has also revealed that the Btotal ≈ Bz which is consistent with
those shown in Figs. 7 and 8.
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Fig. 11. Comparison between the measured (symbols) and computed (lines)
profiles of magnetic flux-density component (Bz) around the circumference at
y = 0.24 m.

In such magnetic-flux density measurements, there are many
interference sources, e.g. the background magnetic field “the
earth’s magnetic field”, the motor leads and the limited length
of the motor (0.5 m). Therefore, the comparison between the
measured and the computed magnetic flux-density was done in
a normalized way to eliminate such errors as can be seen in
Fig. 11. Notice that, for the different operating conditions, a
good agreement has been obtained between the measured and
the computed normalized magnetic flux-density component in
z-direction “radial”, i.e. Bz.

5. 2D finite-element modeling

Several 2D finite-element models of the electric submersible
pump system are needed for the analysis of the electric sub-
mersible pump system design and operation under different
possible conditions. The VectorField™ Opera-2D software
package [22] is used for modeling and simulating the 2D elec-
tric submersible pump system.

Figs. 4 and 8 show that the profiles of the motor surface tem-
perature and the total magnetic-flux density decrease near to the
motor ends. Hence, it is not worth to calculate the eddy currents
in axial direction using 3D FEM.

5.1. Oil well with electric submersible pump motor

The basic model of the electric submersible pump well sys-
tem, including the motor, oil and well casing, is shown in
Fig. 12. From the central part and moving out radially, there
are the: rotor shaft, rotor core, rotor cage, airgap, stator wind-
ings (coils), stator core, motor casing, oil (fluid) mixture, well
casing, and cement.

For the present 2D finite-element modeling, the numbers of
elements, nodes and regions were set as 31 291, 16 244 and 22,
respectively. Firstly, the meshes were automatically refined.
Then, in order to increase the computation accuracy, the meshes
were manually refined for the motor and the well casings.

All boundary conditions were set to fixed derivative type by
OPERA-2D. The currents in the rotor are calculated and taken
Fig. 12. Electric submersible pump well system basic model (dimensions are
in m).

Table 2
Electric submersible pump system typical parameters

Part Material Conductivity Relative
(σ ) MS/m permeability (μr )

Rotor bars Aluminum 38.2 1
Stator winding Copper 57.0 1
Rotor shaft Steel 2.58 602
Rotor core Electric steel 1.61 5000
Stator core Electric steel 1.61 5000
Airgap Air 0 1
Motor casing Steel 2.58 602
Well casing Steel 2.58 602
Oil (fluid mixture) Oil, gas, sand and

water
1 1

into account automatically. Calculations were done at standstill
condition. The value of the stator currents frequency is 50 Hz,
and the number of iterations was 749.

Because of confidentiality problems it is not possible for
the authors to acquire actual accurate and detailed parame-
ters of a typical electric submersible pump system design
and construction from any electric submersible pump vendor.
Typical topology and dimensions can only be approximated
from the available literature and in consultation with some
oil companies. This approximation can be considered suffi-
ciently accurate to build a basic typical model for the electric
submersible pump system using the Opera-2D software pre-
processor.

The typical parameters were taken from the literature [23]
and are listed in Table 2. Note that the data used were chosen
arbitrary as a sample only. Note also that the oil was consid-
ered as a mixture of salted water, gas, and sand which gives it
a slightly conducting property. The selected typical well casing
diameter is 0.21 m and the motor casing diameter is 0.14 m.

It is well known that the electric submersible pump motors
are normally operated near to the saturation zone of their B–
H curve; hence 1% voltage imbalance results in up to 10%
current imbalance [24]. Several cases of stator current imbal-
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Fig. 13. Profile of eddy-current density on well casing as a function of current
imbalance.

ance were investigated, namely, 10%, 15%, 20% and 100%
(single-phasing). Fig. 13 shows the eddy-current density vari-
ation along the inner circumference of the well casing for the
balanced, 10% and 20%, and 100% imbalance (single-phase)
operations. From Fig. 13, one can notice that the higher the cur-
rent imbalance, the higher is the eddy-current density in some
localized places around the well casing.

For the three unbalanced conditions, the peaks do not coin-
cide because the higher the current imbalance, the higher are
the induced magnetic field and the eddy-current density and
the more is the shift in the axis of the total magnetic-flux den-
sity. On the other hand, the current of the severest imbalance
condition (single-phasing case) goes to zero in one phase on
the expense of increasing the current in the other two phases
by

√
3 for driving a constant power load. Therefore, the eddy-

current densities opposite to this phase decay to zero at angles
of 150◦ and 330◦. The severest case is obtained for single-phase
operation for which the maximum eddy current is about

√
3

times that of normal operation (balanced case), and so does the
eddy-current density as shown in Fig. 13. The quasi-sinusoidal
nature of variation for unbalance cases are also attributed to the
same trend, where the current imbalance means the increase
of the current in one or two phase and decrease it in the third
one.

Similar trend of the eddy-current density has been observed
on the motor casing as can be seen in Fig. 14. The effect of slots
and teeth can be also noticed on these profiles, where the eddy-
current density profile is so much pulsating on motor casing as
compared to that on the well casing, and is much higher at the
motor casing by about 11 times. Compared to the balanced con-
dition, the peak value of the eddy-current density increases for
the 10% and 20%, and 100% imbalance (single-phase) opera-
tions by 6%, 12% and 73%, respectively. In addition, it is worth
mentioning that single-phase operation generates a pulsating
magnetic field according to Eq. (9) and hence higher localized
corrosion on the motor casing, see Fig. 1.
Fig. 14. Profiles of eddy-current density on motor casing as a function of current
imbalance.

Fig. 15. Oil well cross-sectional view for concentric case including the electric
submersible pump flat power cable (dimensions are in m).

Table 3
Configurations of the simulated cross-section of the well

Region Inner radius Outer radius
(m) (m)

Tubing (steel casing) 0.0635 0.07
Oil layer 0.07 0.102
Well casing 0.102 0.11
Soil layer 0.11 0.14

5.2. Oil well with electric submersible pump power cable
models

OPERA-2D is also used to simulate an oil well cross-section
with an electric submersible pump cable touching its tubing.
This cross-section consists of several layers with different ma-
terials which are shown in Fig. 15 and the dimensions are sum-
marized in Table 3.

The used electric submersible pump flat power cable is a
3-phase flat cable with the shown configurations in Fig. 16. The
different motor operating conditions are shown in Table 4 with
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Fig. 16. Configuration and parameters of the electric submersible pump flat
power cable.

Table 4
Simulated line currents in A (rms)

Conductor No. Balanced case Single phasing

1 100� 0◦ 0
2 100� 120◦ 173.2� 0
3 100� 240◦ −173.2� 0

Fig. 17. Configuration of the oil well with power flat cable.

their operating current flowing in the cable for each condition.
These results describe the distribution of the magnetic-flux den-
sity (B) and the current-density (J ) at the well casing and its
tubing.

Different oil well models have been simulated and studied.
They include the simulations of a concentric oil well model
and another eccentric well all with the same flat power cable.
Also, the simulations included the concentric oil well model
but with a round cable. The magnetic-flux density profiles and
the current density profiles are plotted and discussed along the
following sections.

Figs. 15 and 17 show the concentric case of oil well model.
In the concentric case tubing and casing have been centered at
the origin. For the eccentric case, the well casing is shifted by
0.015 m to the left.

Figs. 18(a) and 18(b) illustrate the current density profiles
along the arcs on the tubing and well casing (see Fig. 17), re-
spectively. The current density has its minimum values near the
middle of the cable, i.e. at zero angle. This is due to the cancel-
Fig. 18. Eddy-current density profiles for flat cable under balanced and sin-
gle-phase operations on: (a) tubing outer surface and (b) casing inner surface.

Fig. 19. Configurations of the oil well with power round cables.

lation of the magnetic flux generated by the other conductors.
Due to the closer casing (by 0.015 m), in the eccentric case,
the magnetic-flux density at the casing has higher values than
that of the concentric case. In addition, the eddy-current den-
sity at the tubing in the eccentric case is higher than that of
the concentric case due the same aforementioned reason. For
the single-phase case and referring to the concentric case, the
peak value of the eddy-current density increases by 36% and
125% at the tubing and the well-casing surfaces, respectively.
The corresponding values for the balanced case are 25% and
92%, respectively. On the other hand, the peak value of the
eddy-current density under single-phasing and eccentric case
is higher at the tubing surface by 18% compared to that at the
well casing.
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Fig. 20. Eddy-current density profiles on tubing outer surface and casing inner
surface for balanced and single-phase operations for round cable model 1.

It can be observed from Fig. 18(a) that the single phase op-
erating condition has the highest value at the well tubing in the
eccentric case and considered to be the worst case among the
others. On the other hand, the balanced operating condition is
the case of the lowest effect. The other type of cables used for
electric submersible pump motors is the round cable shown in
Fig. 19.

However, due to the limited space inside the well casings,
flat cables normally represent up to 99% of the total electric
submersible pump power cable length, while the rest (top side)
is of the round-cable type. The same concentric oil well model
is built but this time with a round cable. This round cable is sim-
ilar to the flat cable in terms of conductors’ sizes and insulation
types.

Fig. 20 shows the profiles of the eddy-current density at the
well tubing and casing of the concentric well type for operat-
ing conditions, balance and single phasing for cable model 1,
see Fig. 19(a). For the single phasing case, the faulty phase
was conductor number 1. As expected the current density has a
higher peak value than that of the balanced operation.

Comparing the results shown in Fig. 20 with the previous
current-density profiles in the case of the concentric oil well
with flat cable (shown in Fig. 18), it has been found that the
use of round cable reduces the current density on both the
well tubing and the well casing. This is attributed to magnetic
field cancellation for round cable as a result of the symmetrical
arrangement “equilateral triangle”. Due to the decrease of the
magnetic-flux density with the distance, the current density is
lower at the casing compared to that at the tubing. The profiles
of the current density at the well tubing opposite to conductor
#3 have peaks due to the very narrow separation between that
conductor and the tubing.

The other possibility for the round cable to be attached to
the well tubing is to have two conductors close the tubing and
the third one away as shown in Fig. 19(b). For the single-phase
case, the peak value of the eddy-current density at the tubing for
model 1 is higher than that for model 2 by 44%. Therefore, the
arrangement of the cores of the round cable with respect to the
tubing plays an important role in controlling the heating effect.
Fig. 21. Eddy-current density profiles on tubing outer surface and casing inner
surface for balanced and single-phase operations for round cable model 2.

The current density at the well casing for the round cable
is shown in Fig. 21 for the normal (balanced) and the single-
phasing operating conditions.

The current density profile of the balanced operation tends
to be symmetric and that is because the equal current ampli-
tudes in the three phases in addition to symmetric construction
of the cable. On the other hand, the single-phase case records
the highest value.

Generally, the round cable can be used instead of the flat
cable in the oil wells in supplying the electric submersible pump
motor to minimize the effects of the eddy-current density and
the heating at the well tubing and well casing.

6. Conclusions

Heating tests were performed on a reduced-scale electric
submersible pump motor casing to measure its surface tempera-
ture profiles due to the ohmic losses caused by the copper losses
and the circulation of eddy currents under balanced, unbal-
anced and single-phasing conditions. The results showed that
the single-phasing operation gives the highest temperature rise
with time.

The magnetic-flux density test was also conducted on the
reduced-scale electric submersible pump motor to measure the
magnetic-flux density components generated by the motor un-
der the above-mentioned three conditions at different locations
around the motor. It was found that the highest magnetic-flux
density appeared in the z-direction (radial). In addition, the re-
sults revealed that the magnetic-flux density for single-phase
condition is the highest, i.e. higher localized magnetic-flux den-
sity or heating and hence higher corrosion rate.

Simulation results for a full-scale electric submersible pump
oil well showed that the eccentric case of the motor casing or
the well tubing with respect to the well casing gives higher
magnetic-flux density at well tubing and casing compared to
those for the concentric case. Moreover, the current density and
magnetic flux densities at well tubing are higher than those at
the well casing. Round cables can be used instead of the flat
ones to minimize the magnetic-flux density at the well tubing
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and casing, i.e. the heating effect. Moreover, the normalized
simulation results of the magnetic flux-density component for
the reduced-scale motor were compared by those measured un-
der the same operating conditions and good agreement was
obtained.

Finally, it can be concluded that the long-term abnormal
operation of the electric submersible pump system, especially
with eccentricity, can result in localized heating effects by
means of eddy currents. Where the single-phasing with ec-
centricity operation gives the severest case. There is a strong
correlation between the eddy-current thermal effect and the se-
vere localized corrosion of electric submersible pump system.
Since corrosion is a multi-factor phenomenon, it is not possible
to provide a clear indication about the acceptable levels of im-
balance to mitigate it. However, it is highly recommended to use
round power cables and not to operate the electric submersible
pump system under single-phase condition.
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