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Abstract. Electric submersible pumps (ESP) are widely used in agricultural fields, petroleum and various
other industries. These pumps are designed to operate under a wide range of head and discharge. Several failures
of ESP are due to vibration. Since the rotating components of ESP run at a high-speed, vibration of elements of
ESP is unavoidable. The scope of this present study is to conduct a modal analysis on a diffuser return channel
assembly of a five stage ESP which delivers 7 lps and produces a total head of 60 m (rated at 50 Hz) to determine
the eigen frequencies and eigen vectors using finite element technique. The diffuser casing has six vanes and six
return channel vanes with wall thickness, outer diameter and height values of 3.5 mm, 134 mm and 50 mm,
respectively. A three-dimensional model of the diffuser casing is generated using laser scanning technique. Two
different kind of constraints are applied and the modal characteristics of the diffuser casing were extracted by
applying two different boundary conditions. The results have shown that the eigen frequencies are different from
the pump operating speed by 76.91% and 96.10 % respectively in both of the two cases. The maximum value of
displacement vector sum in Case 1 is found to be 5.70 mm and it is 15.89 mm in Case 2. The results obtained
from the eigen frequency analysis can be used to evaluate the problems caused by structural as well as flow
induced vibration and to improve the operational reliability of pump casing.
Keywords.
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1. Introduction
Electric Submersible Pump (ESP) is used where fluids must
be pumped from deep wells having depths ranging from
few meters to several hundred meters. ESPs are multistage
centrifugal pumps with several tens or even hundreds of
stages which are stacked in series to incrementally increase
the pressure of the pumping fluid. The impellers of ESP are
of closed design, have single suction side, and self-priming
type with radial or mixed flow configurations. These pumps
generally operate with their shaft in vertical position. A
stage of an ESP consists of a rotating impeller and a stationary return channel-diffuser assembly. Generally, ESP
systems are designed to operate under a wide range of head
and output. Considerable amount of dynamic forces is
acting on the components of the ESP system when it is
working under off-design conditions. Fluctuating pressure
due to the pulsations may be the reason for the dynamic
force acting on the parts of ESP at off-design conditions.
The fluctuating pressure due to pressure pulsation can lead
to fatigue cracking. Damage can also occur if the
*For correspondence

excitations are amplified via acoustic resonance [1]. Fluctuating pressure causes hydraulically induced piping
vibration [2]. Due to high rotating speed of ESP components, vibration can easily occur and be conveyed to the
entire system leading to failure of any of the components.
In addition, an increase in hydraulically induced vibration
can take place in the ESP when it is operating outside its
permissible range of discharges and when it is pumping
gassy or highly viscous fluids.
When the impeller rotates, due to interaction between
rotating impeller vanes and stationary diffuser vanes,
pressure fluctuations are induced which can create periodical field of pressure and a non-uniformity in the velocity
field. These pressure fluctuations can be a source of
vibration in pumping systems. The pressure fluctuations are
composed of a base frequency corresponding to the vane
passing frequency of impeller and its harmonics. The
amplitude of pressure fluctuations is a form of disturbance.
If the natural frequency of the diffuser casing assembly
coincides with one of the frequencies of the disturbance,
resonant vibration will occur which lead to failure of diffuser casing [3].
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2. Problem definition
A thorough knowledge of mean and fluctuating pressures
will help to achieve an optimal pressure distribution inside
the pump. Better understanding of pressure fluctuations can
help the designers to improve the design process of an ESP
for a safe design of the ESP systems and to achieve reliable
operation. To investigate the characteristics of pressure
fluctuation at various operating condition an ESP having
five stages with similar type impellers of 121 mm diameter
and 14 mm width at outlet has been chosen which is shown
in figure 1.
The pump delivers 7 lps (litres per second) and develops
60 m total head (rated at 50 Hz). To operate this pump upto
20 % more than its rated speed, it was assembled with a
motor of higher rating. The speed (N) was varied using a
VFD of 18.5 kW (25 HP) power rating and output frequency upto 600 Hz. Speed variation of 80 to 120 % from
the rated speed was selected to study the characteristics
pressure pulsation for a wide range of operating speeds.
To measure the unsteady pressure five piezoresistive
pressure transducers of sensitivities 1.427, 0.435, 0.47,
0.379 and 0.352 mV/psi respectively were fixed at all the
five stages of the ESP. Holes of 3.8 mm diameter were
drilled between the centre of vane passage from the outer
wall casing of all the five stages of ESP. Unsteady pressure
signals were measured at five different speed settings
(N) from 40 to 60 Hz and at various flow rates from shut-off
to full open position of the valve. The unsteady pressure
signals from the transducers were amplified using a DC
differential amplifier and were captured using a dual
channel network signal analyser at a rate of 262 kHz.
The captured time domain signals were converted in to
frequency domain by using Fast Fourier Transformation
(FFT) to interpret the characteristics of pressure pulsation.
Figure 2 depicts a typical FFT spectra plot of unsteady
pressure signals computed from the time signals captured

Figure 1. Five stage ESP.
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from all the five stages of the ESP at BEP when the pump
was operated at the rated speed of 50 Hz. The FFT spectra
have shown some predominant peaks which starts at
6142.97 Hz and its harmonics from the signals captured at
all operating conditions of the pump. Therefore, the possible source of these peaks needs to be analysed [4].
The VFD used for controlling the speed of ESP is a Pulse
Width Modulation (PWM) type. Rapid switching of power
transistors inside the drive and pulse-width modulated
output of VFDs produce voltage swings at a faster rate
which can generate electrical noise or Electro Magnetic
Interference (EMI).
Several authors have addressed the electrical noise arising from the VFD. EMI is an unwanted electrical signal as
it produces undesirable effects in a control system. All AC
PWM drives have the potential to cause EMI [5]. Highfrequency switching may cause objectionable acoustic
noise in the motor [6]. Therefore, it is necessary to capture
the noise and disturbances in such measurements. Two
methods are considered for determining the noise in signals
which are as follows:

2.1 Excitations given to the sensors and no supply
is given to VFD
A 10 V DC excitation was given to the sensors which were
fixed at all the five stages of the ESP. No power supply was
given the VFD. The signals from the sensors were then
captured in signal analyzer separately at a sampling rate of
262 kHz for a period of 781 milliseconds. The captured
signals were converted into frequency domain. Figure 3
shows FFT spectra obtained for all the five stages of the
ESP without giving power supply to VFD.
Since there are no peaks at 6142.97 Hz in these FFT
spectra it is concluded that the disturbances obtained are
not insignificant and are not exhibiting prominent peaks at
around 6142.97 Hz or its harmonics.

Figure 2. FFT spectra of unsteady pressure signals for all five
stages of the ESP at BEP at 50 Hz.
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In this method, the excitation was given to the sensors
which were fixed at the five stages of the ESP. Power
supply was given to the VFD, but no speed was set and
similar to the first case signals were obtained for all the five
sensors. The captured time domain signals were converted
to frequency domain for further analysis. Figure 4 shows
FFT spectra obtained for all the five stages of the ESP by
giving power supply to VFD.
From the study of FFT spectra obtained for all the five
stages of the ESP by giving power supply to VFD it is
concluded that the disturbances obtained when power
supply given to VFD and ESP not operated are also not
correlated with the prominent peaks observed at 6142.97
Hz or its harmonics.
A study conducted to compare the FFT spectra obtained
from the experiments conducted at various operating conditions and from the disturbances discussed in the previous
sections have revealed that the signals obtained with and
without giving power supply to VFD did not show any
correlation with the unsteady pressure signals obtained
when the ESP was operated under various operating conditions. Further a study of order tracking analysis has
reported that the prominent peak of around 6142.97 Hz did
not arise from the fluid-structure interaction.
Mechanical resonance can be a problem for pumps.
Resonant vibration in pumps will occur when its natural
frequency is at or close to a forcing frequency such as vane
passing frequency. Such problems may develop when the
pump is operated at various speeds. Since, the sensors used
to measure the unsteady pressure signals were mounted on
the diffuser casings of the ESP, it is important to find out
the natural frequencies and mode shapes of diffuser casing
assembly at different boundary conditions to investigate
whether the prominent peaks which appeared in the FFT
spectra are due to free vibration of the diffuser casing.
Moreover, the components of ESP such as impeller and
diffuser do not have one natural frequency but an infinite
number of frequencies with each frequency has its own
characteristic shape or vibration pattern called the mode
shape. The natural frequency will be higher if the mode

shape is complex. Although there is an infinite number of
mode shapes and natural frequencies, only a few are in the
range of strong excitation forcing frequencies which are
important to the designers and the trouble shooters. The
number of pulses per revolution is the order of the excitation force [7].
Therefore, it is necessary to analyse that a pump structure
has no natural frequency near an operating speed during the
design and preconstruction stage especially for variable
speed operations. In this present work a modal analysis was
conducted on the diffuser casing numerically to investigate
natural mode shapes and frequencies of free vibration. The
mode shapes are inherent dynamic property of pump
components in free vibration when there are no external
forces acting on it. Mode shapes represent the relative
displacement for that particular mode [8]. Two cases of
constraints one at the portion where the shaft guides and the
other at the outer surface of the casing are considered for
conducting the analysis on the diffuser casing. It may be
noted that, in practice when the stages of the pumps are
assembled, the inner portion of the stage casings are rigidly
fixed through shaft and keys and the outer portion is rigidly
held by sleeves, joints and frames which means that the
stage casing is constrained to displace in either side. The
case of shaft guidance is applicable if the pump is more
rigid than the supportive pipe line whereas the case of
fixing at the casing will be when the pipeline is more rigid.
The actual condition existing cannot be ascertained.
Therefore, to reflect this practical situation it is decided to
conduct the modal analysis by applying two types of constraints separately one at inner surface and the other at the
outer surface in determining the eigen frequencies and
eigen vectors. The commercial finite element code ANSYS
is used to conduct this study.
A large number of studies on centrifugal pump and its
components using finite element technique are found in the
literature. Singh et al [9] have investigated the finite element method for the analysis and design of pumps in order
to improve the reliability and performance. Richardet and
Ferro [10] have proposed a reduction method using finite
element for the dynamic analysis of submerged turbomachinery wheels for the efficient computation of eigen frequency mode shape and harmonic response of rotationally

Figure 3. FFT spectra for the five stages of the ESP without
giving power supply to VFD.

Figure 4. FFT spectra for all the five stages of the ESP giving
power supply to VFD.

2.2 Power supply given to VFD and ESP
not running
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periodic submerged structures like pumps and turbines.
Lemeš and Uzunović [11] have analyzed the mode shapes
of centrifugal pump impeller and found how impeller
vibration mode shapes could be classified for one type of
centrifugal pump. Ying and Lin [12] have performed finite
element analysis on the blade structure of centrifugal pump.
The stress distribution and concentration of single blade of
an impeller was analysed under different pressure fields.
From the literature survey it was found out that modal
analysis of diffuser casing of an ESP by applying two
different constraints has not been reported.

3. Numerical analysis
3.1 Modelling of diffuser casing

Sådhanå (2021)46:123
the 3-D model of the diffuser casing. The 3-D laser scanning is a non-contact and non-destructive technique which
digitally captures the shape of objects using a line of laser
light. This technique is suitable for the measurement of
contoured surfaces and complex geometries which are
otherwise impractical with the use of conventional measurement methods or by a probe. Figure 7 shows the 3-D
model of the diffuser casing generated from the laser
scanning process.
The scanned surfaces were then imported to SolidWorks
2011 and further rebuilt to create a 3-D water tight solid
geometry of the diffuser casing. The completed 3-D model
is shown in figure 8.
The 3-D model was imported into ANSYS 19.2 finite
element code and the modal analysis was carried out to
evaluate the natural frequencies and mode shapes.

The diffuser casing has six diffuser vanes and six return
channel vanes. The wall of diffuser casing, outer diameter
of the casing and the height of the casing are 3.5 mm, 134
mm and 50 mm, respectively. Figure 5 shows the diffuser
casing of the ESP.
From the geometrical data available, an attempt was
made to create the three-dimensional model (3-D) of the
casing by measuring the coordinates of casing with the help
of Coordinate Measuring Machine (CMM). The coordinates of the vane profile of the return channels were measured. Then a portion of the diffuser casing wall was
removed to enable the probe of the CMM to measure the
vane profile of the diffuser casing. The portion of the casing
wall which was removed is shown in figure 6.
While taking measurement, it was found that the probe of
the CMM could not reach the inner portion of the diffuser
vane where it meets the return channel vane even after
removing certain portion of the casing wall. Therefore, to
capture all the geometric details of the diffuser casing it
was decided to use 3-D laser scanning technique to generate

This is the general form of the eigensystems encountered
in structural engineering using the finite element method.

Figure 5. Diffuser casing of ESP.

Figure 6. Diffuser vanes for CMM measurement.

3.2 Mathematical model
The theory of elastic dynamics is used for obtaining the
eigen frequencies and the corresponding eigen vectors of an
undamped system. Governing equation of motion for free
vibration can be expressed as,
½M fu€g þ ½C fu_g þ ½K fug ¼ fF ðtÞg

ð1Þ

Where,
½M —mass matrix, kg; fu€g-acceleration, m/s2; ½C—
damping matrix, N-s/m; fu_g—velocity, m/s; ½K —stiffness
matrix, N/m; fug - displacement, m; F- force vector, N; ttime, s
Assuming free vibrations and when the damping is
ignored
½M fu€g þ ½K fug ¼ 0

ð2Þ
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element has a quadratic displacement behaviour and is well
suited to model produced from various computer aided
design and computer aided manufacturing systems. This
element can handle irregular shapes without loss of accuracy. The element is defined by ten nodes having three
degrees of freedom at each node: translations in the nodal x,
y and z directions. The 3-D 10-node structural solid element SOLID 92 was used for meshing in the modal analysis
similar to that of Zhang et al [13] for high power variable
speed hydrodynamic coupling impeller.
The entire numerical calculation was carried out on a
computer which has Intel core i5 processor and 16 Giga Bytes
of Random-access memory capacity. This available memory
capacity poses a limit on the central processing unit for the
generation of mesh and simulation time. So, the total number
of tetrahedral elements created for this analysis was based on
the computational time taken by the computer to solve the
problem. The quality of the mesh was checked to maintain a
proper connectivity between the nodes.

Figure 7. Diffuser casing after scanning.

3.4 Mesh convergence study

Figure 8. Final diffuser casing after rebuilt.

To represent the free-vibration solutions of the structure
harmonic motion is assumed. Assuming harmonic motion
i.e., u ¼ U sinðxtÞ

½K   x2 ½M  fug ¼ f0g
ð3Þ
The roots of this equation are xi2, the eigenvalues, where
i ranges from 1 to number of Degree of Freedom (DOF).
Corresponding vectors are {u}i, the eigenvectors. The
square roots of the eigenvalues are xi, the structure’s natural circular frequencies (rad/sec). Natural frequencies fi
are then calculated as,
fi ¼

xi
Hz
2p

ð4Þ

fi is the natural frequencies. The eigenvectors {u}i represent
the mode shapes.

Convergent solutions are as near accurate and approximate to analytical solutions as numerically possible.
Therefore, it is important that in a finite element analysis,
the solution must be independent of the size of mesh
[14]. Usually in the numerical simulation, coarse mesh is
used to start the analysis. Subsequently the mesh
refinement studies are carried out with different mesh
densities to obtain the solution within the acceptable accuracy. Therefore, it becomes important to have a good
initial mesh density to obtain converged results with less
computational efforts.
Since the accuracy of the numerical simulation is directly
related to the finite element mesh that is used so, mesh
refinement study is a key step in validating the finite element results. In this present study the numerical simulation
was started with 54963 elements. The analysis was then
carried with different elements of 60003, 72431, 80287,
83683 and 86845 till the convergence is achieved in the
first natural frequency in both of the two cases. Figure 9
shows the convergence plot of first natural frequency for
the both of the two cases with different mesh densities.
From the convergence study it has been concluded that
the convergence is achieved at 83683 elements with 157624
nodes and the difference in first natural frequency between
any two successive iterations is within the acceptable range
for both cases. Figure 10 shows the diffuser casing model
after meshing.

3.3 Mesh generation

3.5 Mode extraction and material property

The diffuser casing was meshed with SOLID 92 (3-D
10-Node Tetrahedral Structural Solid) element. This

Mode extraction is the term used to describe the calculation
of eigenvalues and eigenvectors. Several mode extraction
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Figure 9. Convergence plot for Case 1 and Case 2.

Figure 12. All degrees of freedom arrested at outer surface of the
casing (Case 2).

methods are used for the modal analysis. The proper
selection of a particular method depends primarily on the
model size and the type of application. Among the various
available mode extraction methods, the Block Lanczos
mode extraction method was selected due to the capability
of extracting large number of modes efficiently and faster
convergence ability. It will handle rigid-body modes well
[15]. The casing is made of stainless steel. Its properties
viz. density, Young’s modulus and Poisson’s ratio are 8000
kg/m3, 180 GPa and 0.3 respectively. As explained earlier,

two types of constraints were given separately for the
modal analysis. In the first case all the degrees of freedoms
were constrained at the inner surface where the shaft is
guided which is shown in figure 11.
In the second case, analysis was done by constraining all
the degrees of freedom at the outer surface of the diffuser
casing which is shown in figure 12. For each case the
analysis is carried out separately.

4. Results and discussion
An object can vibrate at different frequencies. There is a
lowest frequency, the ground mode, but higher frequencies
are also possible. So, the need to explore higher modes of
vibration is important. It was found that Rad [16] has
Table 1. Natural frequencies and displacement vector sum for
Case 1.
Mode

Figure 10. Meshed model of diffuser casing.

Figure 11. All degrees of freedom arrested at the inner surface of
casing (Case 1).

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Frequency in Hz

Displacement vector sum in mm

259.88
260.03
397.00
1431.10
1431.40
1950.70
3386.00
3497.50
3499.70
3611.10
4021.20
4059.60
4109.30
5035.80
5275.90
5281.40
5288.50
5292.70
5619.80
6181.00

1.60
1.57
1.07
2.25
2.23
1.09
2.81
1.73
1.67
2.89
3.20
2.09
3.15
4.93
4.91
3.61
4.34
5.70
2.64
5.40
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Figure 13. Mode shapes of the diffuser casing for Case 1 (modes 1–20).
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Table 2. Natural frequencies and displacement vector sum for
Case 2.
Mode
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Frequency in Hz

Displacement vector sum in mm

1540.10
2787.40
2788.80
5117.80
5121.40
6116.30
6715.50
6800.00
6802.50
7804.80
7807.20
8226.10
9293.90
9530.60
9557.00
9625.70
9838.40
9849.40
10174.00
10236.00

3.99
4.76
5.28
5.34
5.84
6.50
5.54
10.86
10.70
14.48
13.25
10.37
10.07
12.13
10.98
11.11
12.95
12.55
15.89
10.90

extracted first 100 natural frequencies and mode shapes of
the impeller model in finite element based modal testing
and modal analysis of a radial flow impeller. However, in
this case, the number of modes to be extracted is twenty
since it is considered adequate.

4.1 Case 1: constraints given where the shaft is
guided
The natural frequencies and displacement vector sum for
the diffuser casing for Case 1 is shown in Table 1. The
typical deformed shapes and frequencies obtained at all the
twenty modes are shown in figure 13.
Figure 13 represents the bending modes of diffuser casing. The displacement vector sum fields are wall of diffuser
casing, diffuser vanes and return channel vanes. From figure 13 it can be observed that at first order and second order
modes the eigen frequencies are 259.88 Hz and 260.03 Hz,
respectively. The walls of casing are subjected to more
displacement vector sum when compared to vanes and at
the inner part of the casing. No change in shape in the
diffuser casing is observed. At third order mode where the
eigen frequency was 397 Hz, the diffuser vanes are subjected to more displacement vector sum along with casing
wall without change in shape. It may be noted that, at these
modes the eigen frequencies are also having lower values.
From fourth order mode where the eigen frequency is
1431.10 Hz to twentieth order mode where the eigen frequency is 6181 Hz it can be observed that as the mode
number is higher the displacement vector sum occurred

along with a severe change in the shape of the casing. This
change in shape occurred at the outer wall of the casing in
all these seventeen modes. One possible reason for this
severity in shape change may be due to dramatic vibration
of diffuser casing at these higher modes. The eigen frequency values are also higher at these modes. So when the
ESP is operated at these frequencies, the thickness of the
casing can be increased to increase the stiffness value and
to avoid the failures associated at these modes. Increasing
the thickness of the casing wall will retain the rigidity of the
casing when there is a shift in the operating frequency of
ESP. The maximum displacement vector sum value is 5.70
mm which occurred at eighteenth order mode.

4.2 Case 2: Constraints given at the outer surface
of casing
The results obtained for Case 2 is shown in Table 2. The
typical deformed shapes and frequencies obtained at all the
twenty modes are shown in figure 14.
Figure 14 shows the bending modes of diffuser casing.
The displacement vector sum fields are inner surface of the
diffuser casing and vanes of the return channel. It is
observed that at first order mode to seventh order mode the
inner surfaces of the diffuser casing are subjected to higher
displacement vector sum compared to the walls. The
maximum values of displacement vector sum occurred at
leading edges of the return channel vanes. So, return
channel vanes vibrate more when compared to casing wall.
Further, it is also observed that no appreciable change in the
shape has occurred at these modes either at the wall of
casing or vanes of the return channel. The displacement
vector sum at sixth order mode has a value of 6.50 mm.
From eighth order mode to twentieth order mode where
the frequency range is 6800 Hz to 10236 Hz the inner
surface and the wall of the casing is exhibiting lesser displacement vector sum. The magnitude of displacement
vector sum is more at return channel vanes. Therefore, the
return channel vanes vibrate more at these modes. The
displacement vector sum patterns have shown that there is
no appreciable change in shape at these modes even though
the magnitudes of displacement vector sum were higher
when compared to the magnitudes of displacement vector
sum obtained at Case 1. It may be noted that displacement
vector sum is higher in return channel vanes at several
higher modes at Case 2. If resonance occurred at any of
these frequencies when the pump is operated at variable
speeds the return channel vanes may fail quickly and lead
to failure of the diffuser casing. This can be avoided by
increasing its thickness to provide sufficient stiffening
effect to the resist the deformation as well as to shift the
natural frequency to a higher value [17] and [18]. The
displacement vector sum is maximum at nineteenth mode
with a value of 15.89 mm. In the above two cases the
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Figure 14. Mode shapes of the diffuser casing for Case 2 (modes 1–20).
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From figure 15 it is observed that the frequencies
obtained are higher at all modes when the constraint is
given at the outer surface of casing. In both the cases as the
mode is increased the natural frequency of the casing is also
increased. This result is consistent with the results obtained
by Ashri et al [19] in the study of the modal analysis of a
centrifugal pump impeller.

4.4 Variation of displacement vector sum
with mode

Figure 15. Variation of eigen frequency with mode number for
both constraints.

The displacement vector sum values obtained in the Case 1
and Case 2 were plotted with respect to mode number and
is shown in figures 16(a) and (b). In general, as the natural
frequencies are increased the displacement vector sum are
also increased in both of the two cases.
From figure 16(a), it is observed that when the constraint
is given at the inner surface where the shaft is guided, the
displacement vector sum values are mostly high at higher
modes and is severe at 18th, 20th, 14th and 15th modes
respectively. From figure 16(b) it is found that the displacement vector sum values are higher at all modes than
the values obtained at Case 1 and the displacement vector
sum is the highest at 19th mode. It may be noted that, when
the constraint is given at the outer surface of the diffuser
casing, the wall of the casing is rigidly supported but the
inner portion of the casing, especially the vanes of the
return channels where no constraint is given are free to
displace more than casing wall which is manifested in the
higher values of displacement vector sum in the return
channel vanes in Case 2 even though it appears to be more
constrained than Case 1.

4.5 Validation of results

Figure 16. Displacement vector sum of casing obtained at Case
1 and Case 2 at various modes.

displacement vector sum field increases with increasing in
frequency.

4.3 Variation of eigen frequency with mode
The eigen frequencies obtained at both constraints were
plotted with respect to modes and is shown in figure 15.

The eigen frequency values obtained from the numerical
analysis is compared with the prominent frequency value of
6142.97 Hz obtained from the spectral analysis of the stage
wise pressure fluctuation measurement conducted on a
multistage centrifugal type submersible pump at various
operating conditions. The results of validation considering
the two different types of numerical simulation i.e., Case 1
and Case 2 are given in Table 3.
From the comparison it has been found that the percentage of difference obtained is less than 1%. Similar kind
of observations are made in the modal analysis of a turbopump shaft conducted by Sadeghi et al [20] where the
differences obtained are ranges from 0.96 to 17.26 %.
Therefore, it is established that the prominent peaks
obtained in the FFT spectral analysis of pressure pulsation
study is due to free vibration of the diffuser casing.
From the modal analysis conducted on the diffuser casing it is found that the first eigen frequency of the diffuser
return channel assembly lay outside the operating rotational
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Table 3. Comparison of results obtained from experiments and numerical analysis.

SI. No

Boundary
condition

1
2

Case 1
Case 2

Frequency value obtained from FFT spectra Frequency value obtained in numerical analysis Error (%)
6142.97

frequencies of the ESP. Eigen frequencies of the diffuser
return channel assembly are higher than the highest rotational frequency under which the ESP operates.
The first natural frequency of the diffuser return channel
assembly is 259.88 Hz when the constraint is given at inner
surface where the shaft is guided and 1540.10 Hz when the
constraint was given at the outer surface of casing. These
frequencies are higher than the pump operating speed by
76.91% and 96.10 % respectively. According to the
Hydraulic Institute Standard the first natural frequency
should be 10% above or below operating speed of the pump
[21]. Therefore, the diffuser return channel assembly can be
operated at a speed range of 80 to 120% of its rated speed
without encountering any critical displacement and resonant in the diffuser return channel assembly. A similar
observation can be made by Farokhzad et al [22] in the
eigen frequency analysis of semi closed impeller of a
centrifugal pump. Since the diffuser casing vibrates in
different modes, its analysis is quite complicated especially
the calculation of any kind of analytical solution could be
impossible. Hence, the eigen frequency analysis using finite
element method can be relied on for conducting free
vibration analysis of the pump casings.

5. Conclusion
A modal analysis of diffuser casing of the five stage ESP
was conducted by applying two different types of boundary
condition. The eigen frequencies and the eigen vectors of
diffuser casing due to free vibration for twenty modes are
extracted. The natural frequencies obtained in both of two
types of constraints are found to be more than the pump
operating speed by 76.91% and 96.10 %, respectively.
These values are well within the recommended range of
Hydraulic Institute Standard.The maximum value of displacement vector sum in Case 1 is found to be 5.70 mm and
it is 15.89 mm in Case 2. The natural frequencies obtained
are higher than the recommended values. From the
numerical analysis results it is also concluded that the
predominant peaks observed in the FFT spectra at 6142.97
Hz and its harmonics are due to the natural vibration of the
diffuser casing either at 20th mode assuming constraint of
shaft or at 6th mode assuming constraint on outer surface of
the diffuser casing.
Since pressure pulsations are generated at vane passing
frequencies inside the ESP when it is running at various
operating conditions, the eigen frequencies obtained

6181.00
6116.30

0.62
0.43

from model analysis can be compared with the vane
passing frequencies to evaluate the failures of ESP due to
resonant vibration. Such a kind of analysis will help the
designers to conduct fatigue failure-based stress analysis
and to improve the design process for the reliable operation of ESP systems. Information obtained from modal
analysis will be useful in analyzing the ESP structure’s
compliance with the dynamic conditions faced at the
final installation.
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List of symbols
C [N-s/m] Damping matrix
F [N]
Force vector
f [Hz]
Natural frequency
K [N/m]
Stiffness matrix
M [kg]
Mass matrix
T [s]
Time
u, U [m]
Displacement
u_ [m/s]
Velocity
u€ [m/s2]
Acceleration
x [rad/s]
Eigen value
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