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Variable speed drives (VSD) improve operation and performance of
pumping system and allowing them to operate efficiently, match
fluctuations in the water demand and hence saving energy over the
required range of field operation. Variation of speed may considerably
lead to coinciding of stationary speed with the critical speed. For VSD
applications, the excitation frequencies become variable and the likelihood
of encountering a resonance condition within the continuous operating
speed range is greatly increased. Vibration tests were done to aobtain the
optimum Dynamic performance and its sensitivity due to speed variation.
The present work was done on a test rig of a centrifugal pump unit with a
variable speed drive. Forced vibration measurements were done at
different operating speed ranged from 25 Hz to 50 Hz to determine
vibration levels and exciting frequencies. Experimental modal testing was
done at different conditions to simulate the design and installation cases.
Operational modal analysis is done to simulate the actual operating
conditions. Dangerous frequencies are well determined to avoid operation
at resonance. Finite element model was done using ANSYS software to
obtain the dynamic characteristics of the pump model analytically.

KEYWORDS: variable speed pumps, vibration analysis, modal
analysis, resonance

1. INTRODUCTION

In most of water pumping stations, the speed ofpiln@ping system is approximately
constant with controllable flow rate to match tbad demand. This water load demand
is fulfilled by the traditional control methods $uas throttling valves or bypass
techniques to change the operating condition inptimaping system by increasing the
system’s backpressure or resistance of flow. Tiniselase in pressure head shifts the
pump’s operating point to the left along its penfiance curve, and, typically, away
from its best efficiency point. It is confirmed hever, that these methods rise energy
losses and hence bad efficiency performance oeerathge of operation [1]. It should
be admitted that a variety of approaches can bsidered to eliminate the traditional
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control losses and reduce the electrical energysuwoption of water pumps. It is
believed now that the most appropriate and moshawoix way for improving the
water pump performance is the Variable Speed Dr{#sDs) [2]. Pumping units
when driven by (VSDs), will have a flexible adjustint and monitoring of pressure
and flow over a very wide range of operation. ldiidn the VSD will improve the
performance of pumping unit and allow the pump perate as near as possible to its
maximum efficiency and hence saving energy over riaguired range of field
operation. (VSDs) adjust motor speeds driving theap to mach fluctuations in flow.
In addition to energy savings, (VSDs) offer precipeed control and a soft-starting
capability. Each control technique of course hasmerits and demerits, so (VSDs)
also have some potential drawbacks which can bielesdavith appropriate design and
application. Resonance problem is the most segiadrsiwback of the (VSDs) [3]. It
can cause excessive vibration levels, which in tare potentially harmful to
equipment and environment. For (VSDs) applicatioti® excitation frequencies
become variable and the likelihood of encountedngsonance condition within the
continuous operating speed range is greatly inece&®m a variety of sources they
may not have been excited by a constant speed f#jvelhe risk of the rotating
element encountering a lateral critical speed &s®e when using (VSDs) [5].
However, vibration level increases with increasspged of (VSDs) and amplitude of
vibration increases greatly with increasing exmtatforces. At normal operating
condition, vibration level increased 3.8% by inaieg running speed 66% [6]. It is
known that varying speed of the pump affects hdetharge and power according to
the affinity law relationships:

* Flow rate a speed @N
+ Head o (speedf : Hoo N
+ Powera (speedy - Pa N°

In centrifugal pump applications with no stati¢,|§ystem power requirements
vary with the cube of the pump speed. Small deeseas speed or flow rate can
significantly reduce the used energy. For examgéucing the speed (flow) by 20%
can reduce input power requirements by approxim&i@%o [7]. The objective of this
research is to obtain the optimum dynamic behaaiat its sensitivity due to speed
variation of the variable speed pumping unit. Thespnt work was done on a test rig
of a centrifugal pump unit with variable speed drim the hydraulic lab of Mechanical
& Electrical Research Institute (MERI) .

2. RESEARCH METHODOLOGY AND FACILITIES

The test rig consists of a centrifugal pump usedrf@ation purposes in the hydraulic
lab of Mechanical &Electrical Research InstituteER1). The pump is of type Epara
with power of 7.5 Hp, 9 A, 3000 rpm, flow rate o6 3r'/hr, and head of 7.5 m
connected with variable speed motor. The pumpirgjesy consists of motor, pump,
suction, and delivery pipelines.

Tests were done to evaluate dynamic performandéeopump unit. Forced
vibration test is done to determine vibration lsvehd exciting frequencies using a
dual channel (01dB Movipack analyzer) and a machioaitoring software package
(eDiag) for evaluating dynamic running conditiontloé pump unit.
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Experimental modal tests were conducted using atigpe analyzer (B&K
pulse 3560 hardware module 5 channels), Impact lertorexcite the pump unit with
an impulse, accelerometer, and modal analysis aoftwpackage (Modal Test
Consultant — Type 7758 The modal testing facility is capable of deterimg the
inherent dynamic characteristics of the pump unitluding natural frequencies,
damping factors, and mode shapes. Experimental Ihnsoddyses were done on the
pump unit in two boundary and supporting conditidassimulate the design and
installation conditions.

Operational modal analysis was conducted using LT¥St. Lab. Software
with the (B&K pulse 3560 hardware module 5 channelsalyzer. The system is
capable of determining natural frequencies, damgpactprs, and mode shapes which
are important in evaluating the dynamic behaviothefsystem. Configuration patterns
of the system at the resonant frequencies and gheating conditions were defined.
The natural frequencies of the pumping system wiefened and when the exciting
frequency approaches the natural frequency ofesieabject, the vibration level at the
resonance are rapidly approaches a sharp maximiua. vidhe pumping system and all
facilities are shown in Fig. 1.
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3. FORCED VIBRATION ANALYSIS

Forced vibration analysis was done on the variapleed centrifugal pump unit at
different speeds in the range (25, 30, 35, 40a48,50 Hz) to specify the sources of
vibration and define the exciting operational fregcies at different locations and
different boundary conditions. The measurementtiooavere done on the parts of the
pumping unit including the motor and the pump &dations in the axial, vertical, and
radial directions as shown in Fig. 2. The measya@dmeters at every location are
simple spectrum vibration velocity (FFT) in a fregqay range from 2 Hz to 1 kHz and
overall vibration velocity 10 Hz 2 kHz. The signdi®m the accelerometers are
directly fed into the 01dB movipack analyzer whipbssesses an internal signal
conditioning system comprising filters, integrat@splifiers, etc. The signals are then
transferred to the PC via USB connection to theagBoftware for signal analysis.

All these measurements were taken according tdSf8e1-10861 where the
root mean square (RMS) was measured for all pammdtecause it is the most
accommodate one for machine diagnosing where itresgps for the energy
consumption due to vibration. It also takes theetimstory of vibrations [8]. The
measurement locations are as follows:

e Point (1) motor non drive end in the radial direnti

e Point (2) motor non drive end in the vertical dtiea.

« Point (3) motor drive end in the radial direction.

< Point (4) motor drive end in the vertical direction

e Point (5) pump drive end in the radial direction.

e Point (6) pump drive end in the axial direction.

e Point (7) pump drive end in the vertical direction.

e Point (8) pump non drive end in the horizontal cliie@n.

Delivery pipe

Suction pipe

Fig. 2 Locations of vibration measurements
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The measurements showed that the maximum ovebatition level measured
was reached 1.58 mm/s on the motor and 1.28 mmikeopump at running speed 50
Hz, 1.1 mm/s on the motor and 1.06 mm/s on the patmpnning speed 45 Hz, 0.815
mm/s on the motor and 0.646 mm/s on the pump atimgrspeed 40 Hz, 0.646 mm/s
on the motor and 0.594 mm/s on the pump at runsyregd 35 Hz, and 0.393 mm/s on
the motor and 0.50 mm/s on the pump at runningcsgéeHz .

Vibration levels measured are good and safe acopridi ISO 1-10861 at all
tests speeds except at resonance speed frequéhejz)3the overall vibration level
reached value 2.91 mm/s while the spectra showshbavibration amplitude reached
a value of 3.07 mm/s at 30 Hz as shown in Fig.@tars value are dangerous and not
permissible. The results proved that operation egomant frequency generates
dangerous vibration level. The results showed\teation level increases slightly and
smoothly with increasing running speed as excitafrequencies may be excited at
higher speeds as shown in Fig. 4. The results atelic the importance of defining
resonant frequencies firstly to avoid operatiothase speeds or modifying structural
properties to change resonant frequency throughtahastlysis.
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4. EXPERIMENTAL MODAL ANALYSIS

Modal analysis is a process whereby we describiuatsre in terms of its natural
characteristics which are the frequency, damping, mode shapes which are called
the dynamic properties. These properties are usddrin the model of the dynamic
behavior of structure system. Modal analysis istam the fact that the response of a
linear dynamic system can be expressed as the loo@abination of a set of a simple
harmonic motion called the natural modes of vilomati

Modal testing measurements were done on the wholepmg system at
different boundary conditions at the laboratoryff@ent tests were done using
different excitation and response locations to gdtable and applicable data.
Experimental modal analysis was done at differémsps of the pumping system
representing design and installation stages. Mting was done by impacting the
structure with the hammer to excite the systemiadf location and moving the
response accelerometer around the whole structdre lacations as shown in Fig. 5.

Top View (.2) Side View (+%)

e
—-

Side View (+Y) 3D View

{
Fig. 5 Top and side views of the pumping systenwag measurement locations

The experimental modal analysis was done on theppumit in two boundary
and supporting conditions to simulate the desighiastallation cases conditions. The
pumping unit was first free support in air, anda@&twas grounded support with pipe
lines in water. Testing the structure in free ctindi determines the rigid body modes
and thus the mass and inertia properties andecsmmended to always test structures
in a freely supported conditiolso, testing the pump when it was grounded suppor
in water with the pipe lines is to simulate theuatbperation and installing conditions.
Frequency Response Functions (FRFs) were measurdkef pump unit free support
in air, and for grounded support in water are showiig.6 and 7.
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Fig. 7 FRF measured for the pump unit grounded cupp water

Modal parameters extracted from FRFs measuremeat®eated in Table 1.
The results confirmed that there is a distinct coience between the natural frequency
and the pump speed at 30 Hz, which indicated tmatspeed of 30 Hz is a critical
speed. So, operation at resonant frequency gesetatgerous vibration level.

The results indicated that the modal frequenciesddferent for the two cases
as shown in Fig. 8. Some modes disappeared oeghift other values. This is due to
the different nature of each case, different fixati different components, and
complexity of the system. Also pumping system cstssof many different items of
different materials and properties when connectegether or joined to other
components will result in different dynamic behavidhe excitation at the pump
casing will not have the same FRFs characteristicthe pump casing as well as the
pipe lines for the above reason. The different comepts of the system have its
separate modal properties called local modes tkavhen the system is integrated, the
modal characteristics will be different from eachgée item forming global modes
which may contain local modes of separate compasnent
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Table 1 Modal parameters measured from experimental modal testing

Pump unit freely support in air Pump unit groungsrted in water
Mode No. Natural frequency (Hz) Natural frequency (Hz)
1 4.9 15.24
2 23.80 30.0
3 37.70 68.40
4 130.12 81.20
5 260.60 86.0
6 307.22 122.40
7 833.51 130.0
8 858.57 200.0
9 867.54 248.50
10 900.18 265.36
1000

%0 o
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300 -
200 ~
100 -
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Fig. 8 Measured modal frequency changes for difitev@o cases

Doing modal tests during design phase are veryiitapbto make sure that the
harmonic and sub- harmonics of the exciting comptmef the pumping system (
impeller, blades, bearings, rotating speed, edce)far from the natural frequencies of
the pumping unit. Modal tests in installation pheseery important to make sure that
pumping system at this stage is not affected byrerby machines or facilities to
avoid any structural weakness of the pumping umdt supporting foundation.
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5. OPERATIONAL MODAL ANALYSIS

Operational modal analysis has a significant acagabver classical modal analysis.
Higher estimation accuracy can be obtained bynigttihe better, spatially distributed,
natural load exciting the structure. classical nadwlysis using hammer, shaker or
multiple shaker excitation, and operational modahlgsis based on output-only
measurements [9]. For a good simulation, the puggiystem is represented by 36
node, 56 line, and 34 surfaces as shown in Fig#@e measurements were done at
speed of 30 Hz (60% of rating speed) becausdhieisnost serious speed of the system
that can cause resonance problem.

PR XX YoRPP) WY, cooor)| LS Test Lab

Fig. 9 Pump unit represented as nodes, lines, anfigces

Table 2 shows the first 7 modes obtained from 8a60 Hz. According to
these results it is indicated that the most sennode shape is at 30.62 Hz (66 %) so, it
is very important to modify this mode to avoid tpeoblem of resonance. The
measured frequency response function FRF is showigi 10.
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Table2 Modal parameters measured from operational modal analysis

1

Damping Ratio
Mode No Frequency [Hz]
(%)
1 3062 0.405
2 86.47 0.7202
3 89.32 0.3155
4 547.1 0.5435
5 562.8 0.1471
6 879.8 0.4224
7 1070 0.08212
IBIC Eieselsgrs Do ey
Arerace e bermalzed S Yahesof
Sperk lexstybisbicss f A0 s

40

0 m

1]
g ]

%0

10

Fig. 10 Frequency response function of the pumpysgem at 60% of rating speed

Figure 11 indicates that the natural modes areemdly different from the
natural modes obtained from case of the pump fuppated in air and the case of
pump grounded in water because of changing of tumdbary condition (the pump is
operating at speed 30 Hz) except at the resonaaqedncy. The presence of water
reduces the natural frequencies and enhances dan§ome modes disappeared and
other shifted to other values due to effect of wéiting the pumping system. Water
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worked as a natural dashpot which affects the madelsincrease damping. Modal
tests at actual operation conditions help to saxisting structural problems and
modify any future dynamic behavior based on actyadrational and fundamental
modes.

1000 -
900 A
800 -
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600 -
500 -
400 -
300 -
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——e—casel —m—case?2
—A—case 3

Frequeny (Hz)

1 2 3 4 5 6 7 8 9 10
Mode No.

Fig. 11 Measured modal frequencies change forréfffiethree cases

6. FINITE ELEMENT ANALYSIS

A 3D finite element (FE) model of the pump unit wasilt to predict the natural
frequencies and mode shapes for the pump unitstrgport in air, and for the pump is
immersed support in water using ANSYS software hewa in Fig.12, 13. The
proposed model geometry is in exact dimensions usélte experimental setup. The
proposed material models used for the pump moeedlefined as an isotropic material
with young’s modulus and poison’s ratio value alh@dfthem acts as structural, linear,
and elastic materials as shown in Table 3. A freshrhas been used with the element
type of SOLID 95. Block lanczos eigenvalue solverused for solving the model.
Results of experimental and analytical modal ansige shown in Table 4.

Table3 Material properties

properties Cast iron Stainless steel antimony
Young’s modulus, (GPa) 2.1 E+011 2.1 E+011 6.9 B+01
Poisson ratio 0.3 0.3 0.3

Density (kg/n) 7860 8100 2710
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1
andiniine

Fig.12 FE model of the pump unit free support n arig.13 FE model of the pump

Table4 Correlation between analytical and experimental modal

BLENENTS

HAT JUK

unit grounded support in water

frequencies
Pump unit free support Pump unit grounded support
Mode inair in Water
analytical | experimental | analytical experimental
1 5.0665 4.9 15.69 15.24
2 24.405 23.80 31.802 30.0
3 38.729 37.70 70.165 68.40
4 133.13 130.12 84.241 81.20
5 267.04 260.60 87.505 86.0
6 314.81 307.22 125.05 122.40
7 854.09 833.51 134.75 130.0
8 886.95 865.57 207.54 200.0
9 870.39 858.54 251.37 248.50
10 907.62 882.68 268.545 265.36

The results showed good correlation between bqgter@xental and analytical
analyses for the two cases. Deviation in the oodl&.0 % for the modes of the model
free support in air, however, deviation of the il @xperimental results for the pump
unit model immersed support in water, is in theeomaf 3.2 %. This minor error is due
to nonlinearity of the system, approximation ofgraeters, and real physical models
can not be matched 100% as shown in Fig. 14. Tadtseshow a greet accordance
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between the experimental and analytical modelscamdbe used for further analysis
damage detection and structural modification. Bothlytical and experimental models
were carried out on a pumping system to define dainmodel describing the dynamic
characteristics of the system. The models are @ednderstanding of structural

characteristics, operating conditions, and perfoigeacriteria that enables to design of
optimum dynamic behavior or solving structural dyi@problems of the system. The
results indicate the importance of doing modalingsin the actual operation and
boundary conditions. The dangerous rotating speedswell determined to avoid

operation at resonance condition. The proposed BHemcan be used to predict
vibration characteristics of variable speed pumtagions under different operating
and environmental conditions.

300 - . .
O analytical case 0O experimental case

250 f - - —-1 [}

200 - - [ F-1 [}

150 - L LT

Frequency (Hz)

100 - L E-L L E- L L

50 f ———---———- I 1 T [ O O S O B

Mode No.

Fig. 14 Correlation between analytical and expentalemodal frequencies

7. CONCLUSION

» Vibration level increases slightly with increasitige running speed as long as the
running speeds are not at resonant frequency.

» It is necessary to do modal analysis at differemtditions to predict the dynamic
behavior.

» Operating at resonance frequency affects perforenand increase vibration level
in obviously way.

* The results indicate that resonance is a majorl@mobhat can be encountered in
variable speed pumps.

* Natural frequencies obtained from experimental rhagating are extremely
different from that obtained from operational modaalysis.

* It is important to evaluate the dynamic behaviorvafiable speed pumps and
determine the dangerous operating frequencies @@ accurring of mechanical
problems such as resonance.

* Yet, while variable speed drives clearly offer \adilgy to the pumping industry
and cost savings to the consumer, they also presane difficult engineering
challenges for both suppliers and users partigularthe area of vibration.
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