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Abstract

Background Bearing faults in centrifugal pumps usually result in periodically fluctuating torque, which leads to flow insta-
bilities, pressure pulsation, excessive heating, and even pump failure.

Purpose This paper presents a theoretical approach for modeling and analyzing the impact of some typical bearing faults
on the dynamic characteristics of a monoblock centrifugal pump.

Method The governing equations of the flow are solved by the method of characteristics, while the dynamic parameters of
the asynchronous motor are predicted by adopting the d-g axes theory. Bearing faults are modeled as periodic square-wave
pulses injected into the shaft of the pump.

Result The studies of the simulation results show that bearing fault has no significant impact on the pump H-Q curve but
it has a large negative effect on the efficiency curve. Additionally, bearing failure in centrifugal pumps can induce head
oscillation and flow rate fluctuation.

Conclusion In this work, the influence of bearing anomalies on the performance of centrifugal pumps was analyzed using a
numerical method. The model analysis indicated that bearing faults in centrifugal pumps can lead to remarkable performance
degradation, severe vibrations, and significant flow instabilities.

Keywords Bearing faults - Centrifugal pump - Induction motor - Time domain signals - Fast Fourier transform - Method of
characteristics

Introduction

Centrifugal pumps are the most commonly used devices for
energy conversion and fluid transport. Continuous moni-
toring of pump systems is critical to ensure safe operation,
prevent unexpected failures, reduce repair costs and avoid
downtime [1]. Bearings are important mechanical compo-
nents that have major impact on the pump performances.
They are properly dimensioned to withstand the hydraulic
loads on the impeller while minimizing friction losses. Bear-
ing failures in radial pumps can induce dangerous distresses,
namely the following: noise, overheating, high vibration
level and a significant drop in performances [2]. In general,
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the main causes of bearing failures are associated with con-
tamination, corrosion, inadequate lubrication, and misalign-
ment or overloading [3].

Over the years, condition monitoring and fault diagnos-
tics of rolling bearings has been the subject of extensive
research [4]. Various methods and techniques have been
developed, including vibration signal analysis, infrared
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thermography, motor speed and motor current analysis [5].
For radial pumps, bearing anomalies can also be detected by
continuously monitoring its operating parameters such as the
dynamic pressure, the flow rate, drive power and impeller
rotation speed [6].

In the mid-1990s, Greene and Casada [7] investigated
pump defect detection methods commonly used in nuclear
power plants in the United States. The authors compared
these methods with engineering diagnostic programs and
practices used in and by other industries. They concluded
that vibration spectral analysis is widely accepted as an
extremely powerful tool for detecting pump anomalies such
as bearing faults, misalignment, unbalance and looseness.
Later, Thomson & Orpin [8] proposed a combination of
vibration signal analysis and current signal analysis to iden-
tify potential problems in induction motor drives. It has been
shown that, in electrical drive systems, simultaneous analys-
ing of both electrical and mechanical signals works better in
identifying faults and determining their cause. Orhan et al.
[9] monitored vibration signals from a relatively large cen-
trifugal pump to investigate the possible defects in ball and
roller bearings. The authors used FFT algorithm techniques
for data analysis. In this study, it has been found that bear-
ing defects behave in an identical manner independently of
the rolling-element type. As noted in the above study, the
amplitudes of the high frequencies often decrease when a
bearing defect reaches an advanced stage, as the defects
become self-peening.

Recently, the use of a combination of two or more tech-
niques to process vibration signal has grown significantly.
Wang and Chen [10] proposed an intelligent method for fault
diagnosis in a centrifugal pump that includes unbalance and
misalignment. The authors used partially linearized neural
networks (PNN), rough sets and wavelet transform (WT)
techniques to extract fault features from measured vibration
signals. They demonstrated that the PNN technique quickly
converges in learning and can accurately distinguish fault
types in diagnosis based on the probability distributions
of symptom parameters. Zhang et al. [11] developed an
approach to diagnose bearing faults based on the vibration
signals analysis using multi-scale entropy (MSE) and adap-
tive network fuzzy inference system (ANFIS). Experiments
were conducted on electrical motor bearings with three
different fault categories. A similar approach was adopted
by Farokhzad [12] to diagnose malfunctions in centrifugal
pumps. The pump test conditions were healthy, impeller
broken, impeller worn, leakage and/or cavitation. The most
important features were extracted from vibration signals
using the conventional FFT technique. Moreover, Yunlong
& Peng [13] introduced a new method based on Empirical
Mode Decomposition (EMD) and least square support vec-
tor machine (LS—SVM) for vibration signals analysis of a
centrifugal pump. The proposed technique has been shown
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to be effective in extracting non-linear features with non-
stationary characteristics when a misalignment fault is con-
sidered. In addition, the SVM algorithm was exploited later
by Xue et al. [14] to diagnose common faults in a centrifugal
pump at an early stage. The pump test conditions were as
follows: cavitation, impeller unbalance, and shaft misalign-
ment. It has been shown though practical and experimental
test examples that the method is suitable for the analysis
of vibration signals and that it is able to correctly identify
fault types.

More recently, Altobi et al. [15] have experimentally
investigated the performance of the fast Fourier transform
(FFT) as a frequency domain analysis tool for identifying
specific pump conditions. The FFT technique has proven
effective in identifying centrifugal pump conditions that pro-
duce stationary signals (i.e., misalignment, imbalance and
looseness). However, it is limited in its ability to detect pre-
cise significant frequencies of faults generating non-station-
ary signals (i.e., impeller faults...). A novel technique for the
detection of bearing faults has been proposed by Jamadar
et al. [16]. The authors successfully developed a theoretical
model for numerical calculation of the vibration response
parameters of damaged pump bearings. They concluded that
the frequency configuration of pump bearing vibration has
different components, namely the frequency of rotation of
the pump shaft and the frequency of bearing damage. Nasef
et al. [2] conducted an experimental study to evaluate the
condition of a centrifugal pump and diagnose faults, if any.
The study dealt with bearing faults and impeller defects.
The following three vibration methods were used: root-
mean-square (RMS), time-domain analysis (TDA) and data
envelop analysis (DEA). In addition, Gao et al. [17] pro-
posed an improved model to predict the vibration response
of hydraulic pipeline system under multiple and various
excitations. A numerical approach coupling the method of
characteristics (MOC) to the finite element method (FEM)
was adopted to solve fluid and pipe/structure equations. The
authors found that the fluid pressure signal contains sinusoi-
dal components, with the first three harmonics representing
the main energy. Furthermore, it was deduced that pipeline
vibration response at the base excitation frequency increases
linearly with the excitation amplitude. The condition of a
circulation pump with clogged impeller is investigated by
Becker et al. [18] using the motor current signature analysis
(MCSA) technique. It has been shown that the efficiency of
the pump can be reduced by 9-15% compared to the healthy
version. The authors also concluded that the largest increase
in amplitude at the fault frequency occurs when three and
four out of seven channels are clogged.

As an effective tool for detecting bearing anomalies, the
acoustic emission method (AE) was successfully applied by
Tabatabaei et al. [19] to an experimental case involving defects
in an angular contact bearing. The raw acoustic signals are
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extracted using AE sensors at different conditions and then
decomposed by empirical mode decomposition (EMD). For
a similar purpose, Aasi et al. [20] developed an experimental
test rig for condition monitoring of angular contact bearing by
using an acoustic emission sensor. Time-domain signals from
inner and outer ring bearing faults are analysed for different
loads, speeds, and sizes. It was found that the clearance, the
sixth central moment, the impulse, the kurtosis and the crest
factors are suitable characteristics for diagnosis.

Equally important is the research by Bek et al. [21], which
deals with vibrations. The authors used the nonlinear stabil-
ity analysis approach to investigate the effects of inviscid
fluid flow on the stability of a damped spring pendulum
motion. In addition, Amer et al. [22] studied the combined
effect of a viscous liquid and a moving mass on the dynami-
cal motion of a symmetric rigid body around a principal axe.
They concluded that in the presence of internal dissipation,
the motion of the system eventually approached stationary
rotation around the axis of greatest moment of inertia. The
importance of their work goes back to their direct appli-
cations in the submarine, turbomachinery and gyroscope
industries.

Condition monitoring and fault diagnosis of centrifugal
pumps have been intensively studied in previous research.
Most of the known techniques are based on the vibration
signal, the acoustic emission method or the motor current
signal analysis. On the other hand, monitoring the bearing
condition in turbopumps remains complex and difficult to
decipher, due to numerous sources of noise and vibration,
such as impeller volute interaction, misalignment and cavi-
tation. In addition, it is worth noting that, for radial pumps,
the analysis of hydraulic parameters for detecting bear-
ings anomalies has not been well researched. Therefore,
the impact of such defects on the hydraulic performances
of a pump were not sufficiently analysed and there are still
many unknown issues related to the effect of these anomalies
on the efficiency and reliability of centrifugal pumps that
remain to be investigated.

The main focus of this research is to develop a simple
numerical tool to predict and analyse the effect of some
typical bearing faults on the operating parameters of radial
pumps. Consequently, this work proposes a new numerical
method that can provide useful information dealing with
bearing defects and their impact on the hydraulic perfor-
mance of motor pumps.

Methods
Dynamic Model of the Induction Motor

Most centrifugal pumps are currently manufactured as
electric monoblock units. The pump and the induction

motor are directly coupled to the same shaft. There-
fore, the pump dynamic behaviour depends on its drive
motor. In this study, the dynamic modelling of the induc-
tion motor is based on the d—q axis theory for electrical
machines. This method is well tested and proves to be
effective for approximating the motor response in static
and transient regimes.

In the stationary reference frame, the three—phase sta-
tor voltage equation can be expressed by using the stator
resistance (R,) and the instantaneous stator flux linkage
per phase () as follows:

Vsi Is1 d P51
Vo | = Rs lp |+ E Ps2 (D
Vs3 I3 Ps2

In a similar way the rotor voltage equation can be for-
mulated using the rotor resistance (Rr) and the instantane-
ous rotor flux linkage per phase ((pr) as follows:

0 irl d P

0f= Rr ir2 + —| ¢ (2)
; dt

0 I3 P2

The d—q model consists of converting the three wind-
ings of the induction motor into only two windings without
affecting the behaviour of the machine. As it is shown in
Fig. 1, For any arbitrary value of 6, the transformation of
the stator and the rotor variables from the three phases sta-
tionary coordinates (x;, x,, x3) to the (d, g) rotating coordi-
nates is carried out through Park transformation described
as follows [23]:

X xl
[xd] = P(O)| x, 3)

q X3

where,

Rotor
phase axis

Vas

| Stator
\ phase axis

Fig. 1 Stator voltage space vector in d—q plane
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P(8) = \/2[ cos(d) cos(@—2x/3) cos(0+2x/3)
3| —sin(0) —sin(0 —2x/3) —sin (0 +2x/3) |’
“
in which 6 is the angle between the real axis of the stator
and the real axis of the reference system rotating with the
rotor.
The stator voltage equations in the (d, g) planes are
expressed as follows:

v Vs
[V‘“] =PO)| v 5)
qs

Vg3

In the rotating frame of reference (d, ¢), the induction
motor current equations for the stator and rotor windings,
after transformations, can be written as [24] follows:

Vas | _ iy d d sigs Ml
R b e 4 R Y R g

(6)

o]l ol o] oo et
0 "Ligr Tdt] i, dr | iy L, +Mzd3
)
where, i,,, i, are the stator direct-axis and quadrature-axis
currents, iy, i, are the rotor direct-axis and quadrature-axis
currents, R, R, are the electrical resistances of the stator and
rotor, L,, L, are the cyclic inductances of the stator and rotor,

M is the mutual cyclic stator—rotor inductance.
The stator and rotor pulsation are given as follows:

Wy do
=(1l-9=2w ==
w, = ( ghij m (8)
where g is the sliding coefficient and p is the pole number
of the motor.
The stator current is expressed as follows:

i = \/g(ids cos (w,t) — i, sin (wyr)) ©)

The electromagnetic torque developed by the motor is
given as follows:

Tem = p'M(idriqs - iqrids) (10)

The motor characteristics are calculated by a simple inte-
gration of the previous Egs. (6) and (7) taking into account
the load torque of the pump.

Bearing Faults Modelling

In centrifugal pumps, bearings are used to support and guide
rotating parts (motion transmission), and reduce friction
between the components rotating relative to one another.

@ Springer

They are dimensioned to support radial and axial loads gen-
erated by the impeller. When the balls pass the point of fail-
ure of the bearing an additional load moment is applied to
the pump shaft. This affects the parameters of the bearing
structure and the speed of motor for a short period of time.
The length of that period of time depends on the size of the
fault area [25]. In this study, the periodic rectangular pulse
shown in Fig. 2 is considered to simulate the bearing fault
torque. The pulse width,z, denotes the fault impact duration
in the fault period,T’, and I indicates the fault amplitude.

The Fourier decomposition of the bearing fault signal can
be written in terms of the period 7T as follows:

o 27n 27n
Trpu = o + 21 <an cos (Tt) + b, sin (Tt>> (11

In the case of Fig. 2, the Fourier series coefficients are
expressed as follows:

T
%=F; (12)

2r . T
a, = p— sin (nzr;) (13)

Because of the parity of the signal Ty, the values of the
coefficients b, were set to zero. Thus, the bearing fault load
torque can finally be described as follows:

T o 2" . T
Ter =T + > —sin <nn?t) (14)

The bearing fault frequency (f = 1/T) is a function of the
motor speed and the bearing geometry. It can be calculated
using equations given in Table 1 as follows:

in which D is the pitch diameter, d is the ball diameter, n,
is the number of rolling elements, fy is the impeller rotation
frequency and @ is the ball contact angle.

Equations of Motion
The radial pump is directly coupled to a three-phase asyn-

chronous motor with the same shaft. To overcome the load
torque opposed by the rotating parts of the pump and the

Y
A

Fig.2 Time domain diagram of bearing fault load torque
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Table1 .Fault frequency Bearing fault types Frequency expressions

expressions and value

for bearing SKF 6205

(N=2890grpm) Inner race frequency fr = %fN(l n % cos ®> — 260.82Hz (15)
Outer race fault frequency for = %fzv(l _ %cos@) = 172.66Hz (16)
Fundamental train frequency for = %fN(l _ %cos@) — 19.86Hz a7
Ball spin frequency (18)

D d 2
fas = 2 (1= (4eosz) ") = 11237 1z

friction of the moving fluid, the motor develops an electro-
magnetic torque that can be expressed as follows:

Tem = (IM + IP)% + TLoad’ (19)

in which 7, is the inertia of the motor, I, is the inertia of
the impeller including the rotating water inertia and 7, is
the load torque of the centrifugal pump.

When bearing fault occurs, the load torque equation is
written as follows:

TLoad = Tr + Tfaull’ (20)

where 7, is the resistant torque generated by the hydrody-
namic and mechanical components. The resistant torque
depends on the impeller angular speed Q and the fluid flow
rate O [26]:

T, = k; Q% + k,QQ — k;O? (1)

The hydrodynamic torque coefficients k;, k, and k5 are
determined from the characteristic curves of the pump in
steady-state.

The substitution of Eq. 14 and Eq. 21 in Eq. 20 yields
the following:

T =TZ+ Y (% sin (nﬂ%t)) 41,9 4+ Q0 - k0
(22)

Model of the flow

The flow in the centrifugal impeller is modeled using the
one-dimensional approach described by Thanapandi and
Prasad [27], Chalghoum et al. [28] and Omri et al. [29].
The basic continuity and motion equations, in a rotating
reference frame associated with the impeller, are simplified
as follows:

2
oH  C*00 _

o TeAax 23)
100 oH 0l0| 2

— = 4g—+ A —6rQ? =0, 24
Aor Sox opaz " (24)

in which 7 is time, x is the space distance along the impeller
passage,A is the impeller cross-sectional area, Q is the flow
rate, H is the pressure head, C is the pressure wave velocity,
D is the hydraulic diameter of the section A, A is the friction
coefficient and Q is the impeller angular velocity.

In the momentum equation, the source term rQ? represents
the effect of the centrifugal force created by the rotation of the
impeller. The coefficient 6 in eq. (24) mimics the impeller slip
factor that depends on the vanes number, the blade exit angle
and the pump flow rate.

It is worth noting that the continuity equation (eq. 23) is
derived from the mass conservation law taking into considera-
tion the mass unsteadiness due to the compressibility of the
moving fluid and the elasticity of the passage material [27].

It is also to note that, for flows in a stationary frame asso-
ciated with the volute and pipes, the effect of centrifugal
force is disregarded from eq. (24).

Numerical Method

In order to analyse the pump characteristics in the case
of bearing faults, the unsteady flow equations are solved
numerically using the method of characteristics (MOC).
The method consists of reducing the simplified equation of
motion and continuity (Egs. 23 and 24) to a system of ordi-
nary differential equations (Eqgs. 25 and 26) valid only along
characteristic lines C* and C~ as shown in Fig. 3.

o { LdH + dQ + gJAdt — 6rQ*Adt = 0

E_yic (25)
dt
—$44H + dQ + gJAdt — 5rQ*Adt = 0
c” ¢ dx (26)
E = V - C

The friction head loss by unit of the impeller passage
length is expressed as follows:

Q19|

J=4
2DA?

@7

To simplify the numerical calculations and to reduce the
computational efforts, the impeller geometry is simplified
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Fig. 3 Characteristic lines and computational grid

into two-dimensional straight-blades (Fig. 4). Furthermore,
it is assumed that the blade height is constant along the
meridional flow path.

The flow through the impeller is calculated according to
a one-dimensional discretization approach under considera-
tion of the MOC convergence condition. Assuming a time
interval At (discretization step within the time axis), the
length of flow path L (see Fig. 4) is divided into N equal
sections (N = L/Ax). The calculation process starts att =
with known steady-state conditions in all N sections of the
grid (Fig. 3). Integration of equations Eq. (25) and Eq. (26)
along the characteristic lines results in a set of finite-differ-
ence equations as follows:
ct: 8Ai 2Af —

F0pi— Qi T(HPi —Hi_)+A (Ui =1 6Q9A1 =0

(28)

Fig.4 Simplified impeller geometry and space grid
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8Ain
C

(Hp; = Hip) + A1 Giay = 71416QD)A1 =0
(29)
Equations (28) and (29) are solved simultaneously, for
each time step At¢, to calculate the unknowns Hp; and Qp,
at each grid point P;. Similarly, the flows within the cas-
ing volute and the pipes were analysed following the same
process without consideration of the centrifugal force term.
Since the dynamic head and discharge of the pump depend
on the impeller speed, Eqgs. (6) and (7) are solved simultane-
ously with Eq. (22) for each time step At. In this way, the
hydraulic variables of the pump, the motor speed and the
rate of change of the motor torque under bearing defects
can be determined.

C 1 0p— Qi —

Result and discussion

The numerical model developed above is applied to analyse
the hydraulic characteristics of the centrifugal pump under
bearing fault conditions.

Model Validation

The experimental studies of Zhou et al. [30] were used
to validate the proposed model. The test pump was a sin-
gle stage, volute type with vertical shaft and driven by a
three-phase asynchronous motor (7500 W). The length of
the suction pipe and discharge pipe are 1.2 m and 3.2 m,
respectively. The main parameters of the tested pump are
summarized in Table 2.

To follow the actual operating conditions, the pump spec-
ifications listed in Table 2 were introduced to the numerical
code. At this stage, a series of simulations were carried out
under healthy conditions. The pump performances curves
were determined considering different flow rate. A compari-
son between simulated and measured results is presented in
Fig. 5. It can be seen that the simulated performances curves
agree well with experimental data. A small shift between
experiments and simulations can be observed in Fig. 5. This
can be caused by the approximation of the hydraulic losses

Table 2 Main parameters of the radial pump

Description Parameter value
Design flow rate (m’/h) (0] 40
Pressure head (m) H 30
Impeller speed (rpm) N 2850
Impeller outlet diameter (mm) D, 168
Impeller blade exit angle (°) b, 12
Impeller outer width (mm) b, 11
Impeller blade number (—) Z 6
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£ 140 ~
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3 =
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20 / o Experiment head
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"' Simulation head
15 ," ¢ Experiment efficiency 10
1
’/ ------ Simulation efficiency
I/
10 ! : 0
0 20 40 60

Flow rate (m3h)

Fig.5 Comparison of experimental [30] and numerical pump exter-
nal characteristics

in the pump and the simplification of the impeller geometry
(negligence of the curvature).

Analysis of the pump performance under bearing
defects

Numerical analysis of the pump system response to bearing
failure is performed when the pump is operating at its rated
speed. The effect of the bearing fault was simulated as a
small periodic rectangular pulse with 7 = 0.27 injected into
the load torque. As shown in Table 3, three typical bearing
defects were considered in this study which are fundamental
train defect (Case.1), ball spin defect (Case.2) and outer race
defect (Case.3).

A numerical study of the effect of the bearing faults on
the steady-state characteristics of the pump from cases1 and
2 are shown in Fig. 6. A small drop of 0.5 m can be seen in
the H-Q curves between the healthy and faulty cases. This
effect decreases with the increase of the discharge flow rate.
However, the influence of the bearing defects on the effi-
ciency curves is remarkable. Near the best operating point
(Q =40 m>/h), the efficiency drops from 60.91% to 52.3%
and thus the power consumed by the pump increases con-
siderably. Since the same amplitude of the faulty torque is
applied in cases 1 and 2, it is important to recognize that the

Table 3 Test condition for bearing faults

Caseno Fault type Frequency (Hz)  Average fault
torque (Nm)

Case.1 Fundamental train (FT) fFT=19.86 3.129

Case.2 Ball spin (BS) fBS=112.37 3.129

Case.3 Outer race (OR) fOR=172.66 3.129

bearing faults have approximately the same effect on the
steady-state performance of the pump in both cases. It can be
seen from Fig. 6 that the fault frequency has no significant
effect on the pump's steady-state characteristics.

Hydraulic signal analysis under bearing defects

In all cases, the average flow rate is 39.767 m*/ h when
the pump is running at 2869.5 rpm and the average head
is 28.459 m. The calculated results of the hydraulic signals
are presented in time and frequency domains. The sampling
rate is 10000, while the number of collected data is 5000.
In the time domain representation, the DC component is
abstracted from the original signal. Then, the fast Fourier
transform (FFT) algorithm is applied to convert the signals
to the frequency domain.

Fundamental train defect analysis

The time history of the calculated head developed by the
pump in the event of a fault in the basic bearing train is
shown in Fig. 7a. A regular low-frequency waveform with
an amplitude of 0.5 m is observed. This can lead to serious
vibration in the discharge pipe. In Fig. 7b, the fundamental
train defect frequency f pp=19.86 Hz and its multiples are
clearly visible in the head spectrum. The amplitude of the
harmonics decreases with increasing frequency, while the
maximum peak value corresponds to the fundamental fre-
quency of the fault. Figure 8a, on the other hand, shows the
time signals of the pump flow rate with bearing fundamental
train defect. A small periodic fluctuation at the fault fre-
quency (f pp) is clearly seen in time domain representation.
The FFT analysis of the flow rate signal is shown in Fig. 8b.
The frequency of the bearing fault and its harmonics can be

40 70

H (m)

— . — Healthy case

—— FT_Defect

<& BS_Defect

0 20 40 60
Q (m¥h)

Fig.6 Effect of the bearing faults on the pump performance curves
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seen in the flow spectrum, which clearly shows the relation-
ship between the torque of the bearing fault and its effects
on the hydraulic parameters of the pump. This confirms the
theoretical approach of the flow modeling and the robustness
of the motor torque model in the presence of bearing defects.

Ball spin defect analysis

The time signal of the simulated pump head with a bearing
ball spin defect is shown in Fig. 9a. The head oscillations
are relatively small and faster than in case.l. As can be seen
in Fig. 9b, the head spectrum peaks at f 3g=112.37 Hz and
its multiples confirm the effects of the bearing damage on
the pump pressure. The numerically determined pump flow
rate time signal is plotted in Fig. 10a. The flow rate signal
oscillates at twice the frequency of the ball rotation fault (2xf

gs) With regular amplitude. In the spectrum of the flow rate
shown in Fig. 10b, the first harmonic is dominant, while the
fundamental is smoothed probably due to the inertia effect.

Outer race defect analysis

The transient performances of the pump when the outer
bearing ring is defective are shown in Fig. 11 and Fig. 12.
An irregularly oscillating head with amplitude of 0.05 m is
clearly visible in the time domain representation (Fig. 11a).
Compared to case.l and case.2, a significant decrease in the
amplitude of the head oscillation can be seen. The signature
of the outer race fault is clearly shown in the FFT of the
pressure head (Fig. 11b). The fundamental frequency (f og)
is the strongest, the third and fourth harmonics exist but the
second (3xfyR) is smoothed. As can be seen in Fig. 12a, the

Fig.7 Simulation of fluid pres- 05 0.25
sure signals under fundamental 02 F frr
train defect: a pump head 025 3
signal in time domain and b T g 0157
pump head signal in frequency =t ot 2 0.1 2X fer
domain 2
E o5t I\ 3xfer
-0.25 o /\ N
05 A A A 005 . . . . .
0 0.05 0.1 0.15 0.2 0 20 40 60 80 100 120
t(s) Frequency (Hz)
(a) (b)
Fig.8 Simulation of fluid flow 0.06 3
. [=3
rate signals under fundamental S 25 f o
train defect: a flow rate signal 003 F = 5
in time domain and b flow rate = 'TE
signal in frequency domain £ ot o 15T
T
o £ 1 2xfer
0.03 | g 057 3xfer
< | A
0
-0.06 1 1 L 05 . . . . .
0 0.05 0.1 0.15 0.2 0 20 40 60 80 100 120
t(s) Frequency (Hz)
(@) (b)
Fig.9 Simulation of fluid 0.2 0.05
pressure signals under ball spin 0.04 2xf gs
defect: a pressure signal in time 01 | E f s
domain and b pressure signal in - g 003
frequency domain E 0 2
I > 0.02
£
o1 < 001 [ 3xfps
o . [ R
-0.2 L -0.01 L L L
0 0.01 0.02 0.03 0 200 400 600 800
t(s) Frequency (Hz)
@ (b)
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Fig. 10 Simulation of fluid 8
flow rate signals under ball spin
defect: a flow rate signal in time
domain and b flow rate signal in
frequency domain
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flow rate signal oscillates with irregular amplitude at the
fault frequency (f gr). In Fig. 12b, the fundamental (f o)
and its harmonic appear in the spectrum of the flow rate.
Beyond the third harmonic, no important information can
be detected in the FFT of the flow rate.

Influence of bearing fault frequency

The analysis of the effect of frequency on the fluctuation of
pump flow at different fault amplitudes is shown in Fig. 13.
In the low-frequency range, the bearing anomalies produce
strong oscillations in the signals for head and flow. From
Fig. 13a, it can be seen that fluctuation level in head sig-
nal decreases with increasing frequency. Furthermore, in

Fig. 13b, the oscillation of flow rate becomes insignificant
beyond the frequency of 100 Hz. This could be due to the
effect of flow inertia, especially when the pump is running
at high flow rate.

Conclusion

In this work, the influence of bearing anomalies on the per-
formance of centrifugal pumps was analysed using a numeri-
cal method. Three typical bearing faults have been consid-
ered: fundamental train defect, ball spin defect and outer race
defect. The studies of the simulation results show the following
conclusions:
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Fig. 13 Peak to peak value of
(a) pressure fluctuation and b

1.5

flow rate fluctuation for differ- 2 —e —T=8Nm —e —T=8Nm
ent bearing fault frequency ceee-T=4Nm —-4--T=4Nm
15 —t— [ =2Nm 1 —+— [ =2Nm

Frequency (Hz)
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From the steady-state performance analysis, the bearing
fault has no significant impact in the pump H-Q curve but
a large negative effect can be found in the efficiency curve.
Bearing failure in centrifugal pumps leads not only to a
remarkable efficiency degradation but also to an oscillating
pressure head and fluctuating flow rate.

The frequency of the bearing failure and its harmonics can
be detected in the FFT plot in both the pressure head and
flow rate signals.

The amplitude of the fluctuations in the time domain is
more significant in the evolution of the pressure head than
in the flow rate.

The inertia of the flow reduces the fluctuations in pressure
head and flow rate, especially for high-frequency bearing
defects.

With reasonable accuracy and easy implementation, the

proposed method helps engineers and researchers to predict
the behaviour of radial pumps under bearing fault conditions.
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