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Abstract

The work covered in this project had the aimimaproving the electrical efficiency of a
submersible pump. The requirement for the pump manufacturing industry to move in this
direction has ineased recently with the introduction of new EU legislation making it a
requirement that new higher efficiency levels are met across the industry. In this work, the
use of the cooling jacket to keep the solenoid region of the pump cool was analysed and
improvements in design suggested. Specifically, the fluid flow and heat transfer in the
current pump cooling jacket was characterised. Improvement in the cooling jacket design
would give better heat transfen the moor region of the pump arttenceresult n a higher

efficiencypump, withreduced induction resistance.

For this work, a dry pit installation pump testing system was added to the sidaloéady
existing250 n? test tank facility. This enabled high speed camera tracking of flow fields
and tkermal imaging of the pump housing. The flow fields confirmed by CFD analysis
allowed alternate designs to be tried, tested and compared for maintaining as low an
operating temperature as possible. The original MGible pump design experienced a
maximum ump housing outside temperature of°dband a maximum stator temperature

of 90°C. A new cooling coil system investigated showed no improvement over the original
design. Increasing the number of impeller blades from four to eight reduced the running
tempeature, measured on the housing, by seven degrees Celsius.
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Chapter 1 Introduction

1.0 Historic Perspective

I n 1888 the induction motor was invented
commercial designs were being manufiaetl. By the end of the first quarter of thé"20
century it was firmly established as the principle drive unit for plant and machinery
replacing water wheels and steam engifigs F.W. Pleuger invented the submersible
motor in 1929, which were then combd with slim centrifugal pumps during the
construction of the Berlin underground network to lower the water level during the
construction. An engineer by the name of Sixten Englesson invented the first submersible
drainage pump in 1947 and by 1956 haceirted the first submersible sewage pump. After
this breakthrough, the submersible pumps were utilized in dewatering, water supply and
potable water distributiofi2]. In the majority of industrial installations, electric motors
consume more than 60% of diécty producedwith pump applications beingiore than

50% of this. The majority of motors aregpBase induction motors and because of this large
usage todayo0s inglgcokecerned with effieiencyncr ea s

1.1 General Efficiency and Market Focus

Due to environmental and economic pressute®s, d a y 6 sis |lookirrg Koecbnserve
energy Potentially, increasingmotor efficiency would cut therunning cost of plants.
Motor design hasn general beenrelated to a market which was more concerned weh th
initial cost of the motqrrather than the energy it consumétigh motor efficiency has
generally been only an incidental factor, with characteristics such as starting performance,
pull out torque and low noise level usually having higher priority asgdecriteria. The
motor size plays an important part, the larger the motor, generally the higher the efficiency.
Due to the size factor, efficiency improvement is more marked with the smaller size
motors. Generally within the range 1kW, higher motor efficies can be shown to
provide useful energy saving&fficiency of a motor is calculated by dividing the
mechanically delivered shaft powemecby the total electrical input pow&el [3].

n = Pmec /Pel

A typical curve of efficiency vs. load shows tledficiency increases according as the load

increaseseeFigure 1.
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Figurel-1 Efficiency vs.load

The operating cost of a motor over its lifetime is many times its purchase price. For
exampl e, a 75 kW AC induction motor may c
much as 027,700 worth of electricity in a
therefore generate significant savings in energy costs. By using high efficiency motors,
vendors can increase their margins and save customers' runningTtasts especially

true for low loading on the motor where from 50% to 100% load on a motor the isurv
virtually flat. Maximum efficiency on a motor occurs at 75%. Another characteristic of
motors is that efficiency increases with the size and the nominal power of the motor. Small
motors with low efficiencies generate rather high heat losses in ther ddt With

properly dimensioned and calibrated measuring equipment, one can determine the
efficiency of a motor within a tolerance of- . 5% by f ol |l owi ng st an
method B and IEC 32.

Five types of internal losses occur in a squirrekecagluction motor. Three of thekesses
depend mainly on the load and vary approximately with the square of the load or the load
current.

e [2Rlosses in the stator windinBcul

e [2Rlosses in the rotor cage (slip losBgu2

e Stray load losse®stray
The dher two losses are generally considered to be independent of the load

e Core or Iron losseffe

e Friction and windage lossdgfri
The difference between electrical input and the mechanical output is the sum of the losses
in the motor5].
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1.2 Aims of the project

The ains of this projectaresummarised in the following:

1-

To understand the working principles of the pump and in particular the squirrel
cage induction motor, the sources of heat generation and the flow though the pump
cooling jacket forhe submersibl&AFPKM60/4 pump.

To understand the efficiency standards, methods and procedure in determining the
efficiency ofthis asynchronouglectric motor To develop dinite volumemodel of

the currentoolingsystem and examine its characteristissig CFD analysis.

To obtain experimental results to validate thsults of the @ CFD model.

To develop a simple thermal model to examine the thermal field around the pump
housing.

To design and build a new cooling system and compare to current system.

Make suggestions for future design improvements.

14



Chapter 2 Literature survey
2.1 Magnetism

A permanent magnet will attract and hold metal objects when the object is near or in
contact with the magnet. The permanent magnet is able to dbeitasise of its inherent
magnetic force, which is refexd to as a "magnetic fieldi7] Another but similar type of
magnetic field is produced around an electrical conductor when an electric current is
passed ttough a conductorLines of flux define the agnetic field and are in the form of
concentric circles around the wire. The "Left Hand Rule" rule states that if you point the
thumb of your left hand in the direction of the current, your fingers will point in the

direction of the magnetic field].

When awire is shaped into a co#ll the individual flux lines produced by each section of
wire join together to form one large magnetic field around the coil. As with the permanent
magnet, these flux lines leave the north of the coil arehter the cdiat its south pole.

The magnetic field of a wire coil is much greater and more localized than the magnetic
field around the plain conductor before being formed into a coil. Placing a core of iron or
similar metal in the center of the core can strengthenrhagnetic field around the coil
even more. The metal core presents less resistance to the lines of flux than the air, thereby
causingthe field strength to increa [g. This is how a stator coil is made, a coil of wire
with a steel core. The advantagfea magnetic field that is produced by a current flowing

in a coil of wire is that when the current is reversed in direction the poles of the magnetic
field will switch positions since the lines of flux have changed direction. This phenomenon
is illustraied in Figure 2-1. Without this magnetic phenomenon existing, the AC motor as

we know it today would not exist.

2.2 Magnetic Propulsiowithin a Motor

The basic principle of all motors can easily be shown using two electromagnets and a

permanent magneC€urrent is passed through a coil in such a direction that a north pole is

established and through a second coil in such a direction that a south pole is established. A

permanent magnet with a north and south pole, is the moving part of this simple motor

[10]. In Figure 2-1 step 1, the north pole of the permanent magnet is attracted towards the
15



south pole of the electromagnet. Similarly the south of the permanent magnet is attracted

towards the north pole of the electromagnet.

In Figure 2-1 step 2 the norh and south poles are opposite each other. Like magnetic poles
repel each other, causing the movable permanent magnet to begin to turn. After it turns part
way around, the force of attraction between the unlike poles becomes strong enough to
keep the permreent magnet rotating. The rotating magnet continues to turn until the unlike
poles are lined up. At this point the rotor would normally stop because of the attraction

between the unlike poles.

Step #1 Step #2

-
M =] M =]
(b e
- - - ’ @
ep #4

AC molor operalion
St

Figure2-1 Magnetic fields in aimple electric motor

If, however, the direction of currents in the electromagnetic coils were suddenly reversed,
thereby reversing the polarity of the two coils, then the poles would again be opposites and
repel each other. The movable permanent magnet would then continue ¢o Ifotae
current direction in the electromagnetic coils was changed every time the magnet turned
180 degrees or halfway around, then the magnet would continue to rotate. This simple
device is a motor in its simplest form. An actual motor is more compkax the simple

device shown above, but the principle is the sfifip

16



2.3 AC Current

The difference between DC and AC current is that with DC the current flows in only one
direction while with AC the direction of current flow changes gaigally [12. In the case

of 60Hz AC that is used throughout the US, the current flow changes direction 120 times
every second. Another characteristic of current flow is that it can vary in quantity, for
example, itis possible to have a 5, 10 or 1@0With pure DC, his means that the current
flow is actually 5,10 or 100A on a continuous basis. A straight line kigure 2-2

demonstratethis [13].

100

CURRENT IN AMPERES

0 17120 1180

TIME IN SECONDS

Figure2-2 Example of &DC currenttime graph

With AC it would be difficult for the current to be flowing at 180in a positive direction

at one moment and then at the next moment to be flowing at an equal intensity in the
negative direction. Instead, as the current is getting ready to change directions, it first
tapers off until it reaches zero flow and then gragualilds up in the other directiofhis

is shown inFigure 2-3. In this example a maximum current of 100 A was set on the power
supply however the circuit drew over 100 A [1Mpbte that the maximum current flow, the
peaks of the line, in each directimmore than the specified value, 180Therefore, the
specified value is given as an average. It is actually called a "root mean square" value. The
strength of the magnetic field produced by an AC elettagnetic coil increases and

decreases with thearease and decrease of this alternating current[ldjv

17
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Figure2-3 Example of arAC currenttime graph

2.4 Basic AC Motor Operation

An AC motor has two basic electrical parts: a "stator" and a "rotor" as shdviguire 2-4.

The stator is in thetationary electrical component. It consists of a group of individual
electremagnets arranged in such a way that they form a hollow cylinder, with one pole of
each magnet facing toward the center of the group. The term, "stator" is derived from the
word sationary. The stator then is the stationary part of the njatr The rotor is the
rotating electrical component. It also consists of a group of elewgnets arranged
around a cylinder, with the poles facing toward the stator poles. The rotor, dpyvieus
located inside the stator and is mounted on the motor's shaft. The term "rotor" is derived
from the word rotating. The rotas the rotating part of the motor. The objective of these
motor components is to make the rotor rotate which in turn wdtedhe motor shaft. This
rotation will occur because of the previously discussed magnetic phenomenon that unlike
magnetic poles attract each other and like poles repel. If we progressively change the
polarity of the stator poles in such a way that tiseimbined magnetic field rotates, then

the rotor will follow and rotate with the magnetic field of the st§i6f.
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Figure2-4 Basicelements of aelectric motor

Therotating magnetic fields o stator can be better understood by examirfiiggire 2-5.

As shown, the stator has six magnetic poles and the rotor has two poles. At time 1, stator
poles A1 and G2 are north poles and the opposite pole€ and G1, are south poles.

The Spole of the rotor is attracted by the tweplles of the stator arttie two south poles

of the stator attract the-pole of the rotor. At time 2, the polarity of the stator poles is
changed so that now-£and B1 and Npoles and €l and B2 are Spoles. The rotor then

is forced to rotate 60 degrees to line up with theostaoles as shown. At time 3;Band

A-2 are N. At time 4, A2 and G1 are N. As each change is made, the poles of the rotor are
attracted by the opposite poles on the st#terthe magnetic field of the stator rotates, the
rotor is forced to rotate whtit [17].

Al Al

o PR = I | of, & —— "% ;
1 i
L] Al a2 Al
TIME 1 s TIME 2 5 .
B2 ca B2 ] c2
g " A 8
(= k"’" _S N ei 1? ] Bi
== ——
Az Az
TIME 3 TIME 4

Figure2-5 Rotating magnetic fields dhe statorin a six pole motor
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One way to produce a rotating magnetic field in the stator of an AC motor is to use a three
phase power supply fohé stator coilsFigure 2-6 depictsthe currenttime rdation of
singlephase powel18]. The associated AC generator is producing just one flow of
electrical current whose direction and intensity varies as indicated by the single solid line
on the graph. From time O to time 3, current is flowing in the cdoduc the positive
direction. From time 3 to time 6, current is flowing in the negative. At any one time, the
current is only flowing in one directiolsome generators produce three separate current
flows called phases all superimposed on the same cifidug is referred to as thrgdase
power. At any one instant, however, the direction and intensity of each separate current
flow are not the same as the other phases. This is illustratEgyune 2-7. The three
separate phases are labeled A, B and Gin#d 1, phase A is at zero amps, phase B is near
its maximum amperage and flowing in the positive direction, and phase C is near to its
maximum amperage but flowing in the negative direction. At time 2, the amperage of
phase A is increasing and flow isgiive, the amperage of phase B is decreasing and its
flow is still negative, and phase C has dropped to zero amps. A complete cycle (from zero
to maximum in one direction, to zero and to maximum in the other direction, and back to
zero) takes one completevolution of the generator. Therefore, a complete cycle, is said to
have 360 electrical degreeBrom examining Figure2-10, we see that each phase is

displaced 120 degrees from the other two phas20 degrees out of phad].

To produce a rotatqnmagnetic field in the stator of a thrpease AC motor the stator coils
need to be wound and the power supply leads connected [20]. The connectiorpfdea 6
stator is shown ifrigure 2-7. Each phase of the thrpbase power supply is connected to
oppasite poles and the associated coils are wound in the same dir@tiopolarity of the
poles of an electrmmagnet are determined by the direction of the current flow through the
coil. Therefore, if two opposite stator eleectmagnets are wound in the samiirection, the
polarity of the facing poles must be opposite. Therefore, when pole Al is N, pole A2 is S.
When pole B1is N, B2 is S and so forth.

20
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Figure2-7 Method of connecting threghase power to a sigole stator

Figure 2.8 shows how the rotating magnetic field is produced. At timée current flow

in the phase "A" poles is positive and polelAs N. The current flow in the phase "C"

poles is negative, making-Za Npole and Gl is S. There is no current flow in phase "B",

so these poles are not magnetized. At time 2, the phases have shifted 60 degrees, making
poles G2 and B1 both N and €l and B2 both S. Thus, as the phases shift their current
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flow, the resultant N and S s move clockwise around the stator, producing a rotating
magnetic field. The rotor acts like a bar magnet, being pulled along by the rotating

magnetic field.
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Figure2-8 Rotating magnetic fielgproduced by ahreephase powesupply

Up to this pont not much has been said about the rotor. In the previous examples, it has
been assumed the rotor poles were wound with coils, just as the stator poles, and supplied
with DC to create fixed polarity poles. This, by the way, is exactly how a synchronous AC
motor works. However, most AC motors being used today are not synchronous motors.
Instead, secalled "induction” motors are the workhorses of industry. So how is an
induction motor different? The big difference is the manner in which current is sugpplied t
the rotor. There is no external power supply. As you might imagine from the motor's name,
an induction technique is used instefll]. Induction is another characteristic of
magnetism. It is a natural phenomena which occurs when a conductor, whiadmareiai

bars in the case of a rotor, dagure 2.9, is moved through an existing magnetic field or
when a magnetic field is moved past a conductor. In either case, the relative motion of the

two causes an electric current to flow in the conductor. Thisfeaared to as "induced"
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current flow[22]. In other words, in an induction motor the current flow in the rotor is not
caused by any direct connection of the conductors to a voltage source, but rather by the
influence of the rotor conductors cutting acrossk e | i nes of fl ux prod
magnetic fields. The induced current, which is produced in the rotor, results in a magnetic
field around the rotor conductors as showifrigure 2.10 This magnetic field around each

rotor conductor will cause eh rotor conductor to act like the permanenagnet in the

example shownAs the magnetic field of the stator rotates, due to the effect of the three
phase AC power supply, the induced magnetic field of the rotor will be attracted and will
follow the rotaton. The rotor is connected to the motor shaft, so the shaft will rotate and

drive the connection log@3].
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Figure2-10 lllustration of the curreninduced in the rotor
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2.5Power Factor

Real power iglefined as the abilitgf the circuitto perform workwithin a particular time.
Apparent poweffor a circuit isthe product of the current and voltageeasured in that
circuit. Power Factor is defined as the ratio of real power to apparergrpBawer factor
is related to the phase angle between voltage and current when there is a clear linear
relationship. It can still be defined when there is no apparent phase relationship between

voltage and current, or when both voltage and current takebimary values.

Power factor is a simple way to describe how much of the current contributes to real power
in the load. A power factor of one "unity power factor" is the goal of any electric utility
company and indicates that 100% of the current is¢rikrting to power in the load. If the
power factor is less than one, they have to supply more current to the user for a given
amount of power use while a power factor of zero indicates that none of the current
contributes to power in the load. Purely sise loads such as heater elements have a
power factor of unity. The current through them is directly proportional to the voltage

applied to them [40].

The current in an ac line can be thought of as consisting of two components: real and
imaginary. The eal part results in power absorbed by the load while the imaginary part is
power being reflected back into the source, such as is the case when current and voltage are
of opposite polarity and their product, power, is negative. The reason it is importevet

a power factor as close as possible to unity is that once the power is delivered to the load,
we do not want any of it to be reflected back to the source. It took currenttteegeiwer

to the load and it will take current to carry it back to seerce [41].For more detail on

power factor correction in single phase motors and slip ring connections refer to Appendix
A.

2.6 Motor Losses

Induction motors have five major components of loss: iron loss, copper loss, frictional loss,
windage loss andound loss. All these losses add up to the total loss of the induction
motor. Frictional loss, windage loss and sound losses are constant, independent of shaft

load, and are typically very small. The major losses are iron loss and copper loss. The iron
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loss is essentially constant, independent of shaft load, while the copper loss is an I2R loss
which is shaft load dependent. The iron loss is voltage dependent and so will reduce with
reducing voltagelf we consider for example, an induction motor with & linhd efficiency

of 90%, then we could expect that the iron loss is between 2.5% and 4% of the motor
rating. If by reducing the voltage, we are able to halve the iron loss, then this would equate
to an iron loss saving of-2% of the rated motor load. the motor was operating under
open shaft condition, then the power consumed is primarily iron loss and we could expect
to achieve a saving of 30960% of the energy consumed under normal working load shaft
conditions. It must be reiterated however, theas is a saving of only about2% of the

rated motor load.

The current flowing into an induction motor comprises three major components,
magnetising current, loss current and load current. The magnetising current is essentially
constant, being dependeorily on the applied voltage. The magnetising current is at phase
guadrate to the supply voltage and so does not contribute to any KW loading except for the
contribution to the copper loss of the motor. The magngticurrent causes a reduction in

the pover factor seen by the supply. The loss current is essentially a KW loading, as is the
load current. For a given shaft load, the output KW must remain constant [31]. As the
terminal voltage of the motor is reduced, the work current component must ingrease |
order to maintain the shaft output power (P = | x M)e increasing current resulting from
reducing voltage can in many instances result in an increasing I2R, which is in excess of
any iron loss reduction that may be achieved. For a large motor, theetsag current

can be as low as 20% of the rated full load current of the motor. Three phase induction
motors have a high efficienayhen operated at loads lower tha@% load Experience
indicatesthat there is ndarge electrical cost saving by opengtithe motor well below

maximumrating

Using silicon-controlled rectifiers(SCR9 to reduce the voltage applied to an induction
motor operating at reduced load and a high efficiency will reduce the iron loss, but there
will be an increase in current farovide the work output. This increase in current will
increase copper loss by the current squared, offsetting and often exceeding the reduction in
iron loss. This will often result in an increase in the total losses of the .mb@potential

to save emgy with a solid state energy saving device, only becomes a reality when the

motor efficiency has fallen. This generally requires a considerable fall in power factor,
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typically down to below 0.4 under full voltage operating conditions. Large motors have
lower iron loss(often 21 6% of the motor ratingand so the maximum achievable savings
are small relative to the motor ratinghe losses found in any motor can be categorised
into fixed and variable losses.

2.6.1 Fixed Losses

Thefixed losses as the me implies are virtually independent of the load on the motor or
when the motor is running on no load. They consist of friction losses in the bearings, also
air friction and turbulence around the rotor surface and core losses occurring in the core
steel particularly in the statorThe core losses have two components, namely hysteresis
loss, representing the energy expended in reversing the direction of the flux, and the eddy
current losses caused by circulating currents within ¢ne induced by the fluxchanges

[24].

2.6.2 Variable Losses

Variable losses or load losses are those arising from currents within the stator and rotor
conductors which are related to the load applied to the shaft, generally these losses can be
taken as varying as the square loé toad 12R[25]. Variable losses can only be reduced
substantially by reducing the conductor resistances and this inevitably means larger
conductor crossectional areas. In turn this can result in a motor frame size increase,
which may also benefit thean losses if flux densities are correspondingly reduced with
size[26].

2.6.3 Eddy Currents

An eddy current is a swirling current set up in a conductor in a respo@asgnievarying
magnetic field27]. Since the motohousng material is resistive,honic power losses are

generated by the eddy current and appear as heat baukegsurface [3].
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2.6.4 Stray Losses

All motors have stray losses due to a variety of causes and by careful design some of these
can be reduced for example the form asldtive dimensions of the stator and rotor slots at

the airgap surface. Using straight rotor slots as opposed to skewed rotor slots can also
reduce losseR9].

If all the above losses are reduced, then the heat to be removed from the motoras less, s
the coolant flowwhich is often driven by aimpellerin the close cooling systernan be
reduced with a further saving on fixed loss&€. motors typically feature rotors, which
consist of a laminated, cylindrical iron core with slots for receivingctireductors. The
most common type of rotor has castiminum conductors and shaitcuiting end rings.
This ac motor #Asquirrel cageo rotates when
the shorted conductors. The speed at which the ac motor ntafjpkt rotates is the
synchronous speed of the ac motor and is determined by the number of poles in the stator
and the frequency of the power sup[39]:

ns= 120/ p,
wherens = synchronous spegfi= frequency andp = the number of poleJalde 1 shows a
summary of the typical losses in a 2 and 4 pole motor. Figurkindicates the typical

location of losses.

Losses 2-Pole 4-Pole Factors Affecting Losses
Average |Average

Core Losses Wc 19% 21% Electrical steel, saturation

Friction and Windage 25% 10% Closed cooling impeller,

Losses (Wfw) lubrication, bearings

Stator I12R Losses (Ws) 26% 34% Conductor area, mean length
of turn, heat dissipation

Rotor I2R Losses (Wr) 19% 21% Bar and end ring area and material

Stray IR Losses (Wi) 11% 14% Manufacturing processes, slot
design, air gap

Table 21 Summary of losses in 2 and 4 pole motors
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STRAY LOAD (Wi) LOSSES

CORE (Wc) LOSSES

STATOR (Ws) LOSSES
ROTOR 2R (Wr) LOSSE

FRICTION AND
| > WINDAGE (Wfw)
LOSSES

Figure 211 Picture of the location obksegypically foundin an ACsubmersiblanotor

All losses that are a function mdsistance are reduced if the motor is able to operate at a
lower temperature.

2.7 Synchronous Speed

Synchronous speed is the absolute upper [
turns exactly as fast as the rotating magnetic field, thennes bf force are cut by the

rotor conductors, and torque is z¢B2]. When ac motors are running, the rotor always
rotates sl ower than the magnetic field. Th
cause the proper amount of rotor current to flswvthat the resulting torque is sufficient to

overcome windage and friction losses well asdriving the load. The speed difference
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bet ween the ac motordés rotor and magneti c
percentage of synchronous sp¢&gl:
s=100 6sT ny)/n,

wheres = slip, ns = synchronous spegdndn, = actual speed

2.8 Life Cycle Cost Analysis

As stated in Chapter 1, 30 percent of electricity consumed in the world today is by pumps.
As a result of this high usageamy muncipal and industrial users are now focusing on the
life cycle Cost (LCC) analysis. As defined in the handbook by Europump and the
Hydraulic Institute this is given by:

LCC=Cic+Cin+Ce+ Co+Cm+ Cs +Cenv + Cd

where:Cic is the initial cost of theqriipment Cin is the installation cost, commissioning
and training Ce is the energy costs (including efficiency loss€X) is the operational
costs (normal operational/supervisory labp@mn is the maintenance and repair cQ is
the downtime cost ¢kss of production)Cenv is the environmental cost (contamination

from pumped liquid and auxiliary equipmerandCd is the decommissioning cost.

When evaluating the total costs of a pumping system, it is important to consider all of the
above LCC analys components before making a final decision. Other pump equipment
may offer low initial cost but offer very poor efficiency and thus making energy costs more
expensive than would be with the case of a higffeciency piece of equipment [34lt is
important, therefore, to consider both purchase price and operational costs when
purchasing equipment to properly account for the true overall cost of the equipment. A
deeperanalysisof the operational efficiency details provides a moreepth view of the

Ne a l l i fedo i1 ssues dndveastewater application35t oday os wat
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2.9 Stator Design

The stator is the outer body of the motor which houses the driven windings on an iron core.
In a single speed three phase motor design, the standamdreta three windings, while a
single phase motor typically has two windings. The stator core is made up of a stack of
round prepunched laminations pressed into a frame which may be made of aluminium or
cast iron seeFigure 2-14. The laminations are biasally round with a round hole inside
through which the rotor is positioned. The inner surface of the stator is made up of a
number of deep slots or grooves right around the stator. It is into these slots that the
windings are positioned. The arrangemehttiee windings or coils within the stator
determines the number of poles that the motor[B&F A standard bar magnet has two
poles, generally known as North and South. Likewise, an electromagnet also has a North
and a South pole. As the induction motsiator is essentially like one or more
electromagnets depending on the stator windings, ithesgoles in multiples of two e.g.

2 pole, 4 pole, 6 pole etc.

The winding configuration, slot configuration and lamination steel all have an effect on the
performance of the motor. The voltage rating of the motor is determined by the number of
turns on the stator and the power rating of the motor is determined by the losses which
comprise copper loss and iron loss, and the ability of the motor to dissipateahe h
generated by these losses. By introducing a larger wingegato the statorthis can
reduce the stator winding losseise to reduced resistance to current f[@®]. The stator
design determines the rated speed of the motodaagdly otherfull load andfull speed

characteristicsuch as power rating, current consumption and efficiency

Figure2-12 Schematic of plan view of agssedamination
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2.10 Rotor Design

The rotor comprises of a cylinder made up of round laminations pressed ontaotbe

shaft, and a number of shaitcuited windings. The rotor windings are made up of rotor
bars passed through the rotor, from one end to the other, around the surface of the rotor.
The bars protrude beyond the rotor and are connected together bifiagshing at each

end. The bars are usually made of aluminium or copper, but sometimes made of brass. The
position of the barsrelative to the surface of the rotaas well as theirshape, cross
sectional area and material determine the rotor charaiderisissentially, the rotdrars

exhibit inductance and resistance, and these characteristics can effectively be dependant on
the frequency of the current flowing in the rotérbar with a large cross sectional area

will exhibit a low resistance, while lzar of a small cross sectional area will exhibit a high
resistance. Likewise a copper bar will have a low resistance compared to aotbrass

aluminiumbar of equal proportions.

Positioning the bar deeper into the rotor, increases the amount of iron aneupart and
consequently increases the inductance exhibited by the rotor. The impedance of the bar is
made up of both resistance and inductance, and so two bars of equal dimensions will
exhibit differentac impedance depending on their position relativehi surface of the

rotor. A thin bar which is inserted radially into the rotor, with one edge near the surface of
the rotor and the other edge towards the shaft, will effectively change in resistance as the
frequency of the current changes. This is beedhisacimpedance of the outer portion of

the bar is lower than the inner impedance at high frequencies lifting the effective
impedance of the bar relative to the impedance of the bar at low frequencies where the
impedance of both edges of the bar will loever and almost equallhe rotor design

determines the starting characterisi8].

2.11 Equivalent Cicuit

The induction motor can be treated essentially as a transformer for analysis. The induction
motor has stator leakage reactance, stator cdppgrelements as series components, and
iron loss and magnetising inductance as shunt elements. The rotor circuit likewise has rotor

leakage reactance, rotor copper (aluminium) loss and shaft power as series elEneents.
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transformer in the centre of tieguivalent circuit can be eliminated by adjusting the values

of the rotor components in accordance with

From the equivalent circuit and a basic knowledge of the operation of the induction motor,
it can be se® that the magnetising current component and the iron loss of the motor are
voltage dependant, and not load dependant. Additionally, the full voltage starting current of
a particular motor is voltage and speed dependant, but not load dependant. The
magnetsing current varies depending on the design of the motor. For small motors, the
magnetising current may be as high as 60%, but for large two pole motors, the magnetising
current is more typically 20 25%. At the design voltagehe iron is typically near
saturation, so the iron loss and magnetising currents do notinegyly with voltageas
saturation is approached/ithin this operation regionnsall increases in voltage resuita

high increase in magnetising current and iron [88.

2.12 Startng Characteristics

In order to perform useful work, the induction motor must be started from rest and both the
motor and load accelerated up to full speed. Typically, this is done by relying on the high

slip characteristics of the motor and enabling iptovide the acceleration torquy4?2].

Induction motors at rest, appear just like a short circuited transformer, and if connected to

t he full supply voltage, draw a very high
They also produce torque whichiskkwn as t he ALocUREdheERIt or T
and theLRC are a function of the terminal voltage to the motor, and the motor design. As

the motor accelerates, both the torque and the current will tend to alter with rotor speed if

the voltage is maintainezbnstantseeFigure2-13.

The starting current of a motor, with a fixed voltage, will drop very slowly as the motor
accelerates and will only begin to fall significantly when the motor has reached at least
80% full speed. The actual curves for inductimotors can vary considerably between
designs, but the general trend is for a high current until the motor has almost reached full
speed. The LRC of a motor can range from 500% Full Load Current (FLC) to as high as
1400% FLC. Typically, good motors fall ithe range of 550% to 750% FLC [43]he
starting torque of an induction motor starting with a fixed voltage, will drop a little to the

minimum torque known as thaull up torque as the motor accelegtand then rise to a
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maximum torque known as the breakdown or pull out torque at almost full speed and then
drop to zero at synchronous speed. The curve of start torque against rotor speed is

dependant on the terminal voltage and the motor/rotor design.
My

Ms

Mn = norminal torque

FF

Ma = starting torque

Ms = stalling torque

3 N

n, M

instable arsa stable are

Figure2-13 Typical torque’ speed relationship for a synchronous motor

The LRT of an induction motor can vary from as low as 60% Full Load ToFju® ¢o as

high as 350% FLT. The pullp torque can be as low as 40% FLT and the breakdown
torquecanbas high as 350% FLT. Typical LRTO6s f
order of 120% FLT to 280% FL[4]. The power factor of the motor at start is typically

0.17 0.25, rising to a maximum as the motor accelerates, and then falling again as the
motor approaches full speed motor which exhibits a high starting currefdar example

850% of normal full load currentwill generally produce a low starting torque, whereas a
motor which exhibits a low starting current will usually produce a high starirgpe.

This is the reverse of what is generally expected.

The induction motor operates due to the torque developed by the interaction of the stator
field and the rotor field. Both of these fields are due to currents which have resistive or in
phase compants and reactive or out of phase components. The torque developed is
dependant on the interaction of the in phase components and consequently is related to the
power consumed?R, within the rotor. A low rotor resistance will result in the current
being controlled by the inductive component of the circuit, yielding a high out of phase

current and a low torqUé5].
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Figures for theLRC and LRT are almost always quoted in motor data, and certainly are
readily available for induction motors. Some manufeegunave been known to include
this information on the motor name plate. One additional parameter which would be of
tremendous use in data sheets for those who dasesloping motors for starting
applications, is the starting efficiency of the motbhe shrting efficiency of the motor
refers to the ability of the motor to conveAmps into Newtormeters. This is a concept

not generally recognised within the trade, but one which is extremely useful when
comparing induction motors. The easiest means of dpweg a meaningfuiigure of merit

is to take thd_.RT of the motor (as a percentage of the full load torque) and divide it by the
LRC of the motor (as a percentage of the full load curidi)

If the terminal voltage to the motor is reduced whiles istarting, the current drawn by the
motor will be reduced proportionally. The torque developed by the motor is proportional to
the current squared, and so a reduction in starting voltage will result in a reduction in
starting current and a greater redotin starting torque. If the start voltage applied to a
motor is halved, the start torque will teluced bya quarter, likewise a start voltage of one
third nominal valuewill result in a start torqueeduced by pe ninth.

2.13Running Characteristics

Once the motor is up to speed, it operates at low slip, at a speed determined by the number
of stator poles. The frequency of the current flowing in the rotor is very low. Typically, the
full load slip for a standard cage induction motor is less thanTs.actual full load slip

of a particular motor is dependant on the motor design with typical full load speeds of four
pole induction motor varying between 1420 and 1480 RPM at 50 Hz. The synchronous
speed of a four pole machine at 50 Hz is 1500 RPM 860 Ez a four pole machine has a
synchronous speed of 1800 RPAT].

The induction motor draws a magnetising current while it is operating. The magnetising
current is independent of the load on the machine, but is dependant on the design of the
stator ad the stator voltage. The actual magnetising current of an induction motor can vary
from as low as 20% FLC for large two pole motors to as high as 60% for small eight pole

motors. The tendency is for large motors and {sigped motors to exhibit a low
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magnetising current, while low speed motors and small motors exhibit a high magnetising
current. A typical medium sized four pole motor has a magnetising current of about 33%
FLC [48].

A low magnetising current indicates a low iron loss, while a high magngticurrent
indicates an increase in iron loss and a resultant reduction in operating efficiency.
The resistive component of the current drawn by the motor while operating, changes with
load, being primarily load current with a small current for losgglelmotor is operated at
minimum load, i.e. open shatft, the current drawn by the motor is primarily magnetising
current and is almost purely inductive. Being an inductive current, the power factor is very
low, typically as low as 0.1. As the shaft load the motor is increased, the resistive
component of the current begins to rise. The average current will noticeably begin to rise
when the load current approaches the magnetising current in magnitude. As the load
current increases, the magnetising currentains the same and so the power factor of the
motor will improve. The full load power factor of an induction motor can vary from 0.5 for

a small low speed motor up to 0.9 for a large high speed mddi®he

The losses of an induction motor compriseani loss, copper loss, windage loss and
frictional loss. The iron loss, windage loss and frictional losses are all essentially load
independent, but the copper loss is proportional to the square of the stator current.
Typically the efficiency of an induah motor is highest at 3/4 load and varies from less
than 60% for small low speed motors to greater than 92% for large high speed motors.

Operating power factor and efficiencies are generally quoted on the motor datd=f}eets

2.14Motor Slip

There nust be a relative difference in speed between the rotor and the rotating magnetic
field. If the rotor and the rotating magnetic field were turning at the same speed no relative
motion would exist between the two, therefore no lines of flux would be cdtnan
voltage would be induced in the rotor. The difference in speed is called slip. Slip is
necessary to produce torque. Slip is dependent on load. An increase in load will cause the
rotor to slow down or increase slip. A decrease in load will cause tivetoospeed up or
decrease slip. Slip is expressed as a percentage and can be determined with the following
formula[51].
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% Slip = (Nsi Nr) x 100/Ns

whereNsis synchronous speeahdNr is rotor speed

2.15Frame Classification

Induction motors come itwo major frame types, these being Totally Enclosed Forced air
Cooled (TEFC), and Drip proofThe TEFC motor is totally enclosed in either an
aluminium or cast iron frame with cooling fins running longitudinally on the frame. A fan

is fitted externally wih a cover to blow air along the fins and provide the cooling. These
motors are often installed outside in the elements with no additional protection and so are
typically designed to IP55 or better. Drip proof motors use internal cooling with the
cooling ar drawn through the windings. They are normally vented at both ends with an
internal fan. This can lead to more efficient cooling, but requires that the environment is
clean and dry to prevent insulation degradation from dust, dirt and moisture. Drip proo

motors are typically IP22 or IP23.

2.16 Temperature Classification

There are two main temperature classifications applied to induction motors. These being
Class B and Class F. The temperature classsrefehe maximum allowable temperature

rise of he motor windings at a specified maximum coolant tempera@iless B motors

are rated to operate with a maximum coolant temperature of 40 degrees C and a maximum
winding temperature rise of 80 degrees C. This leads to a maximum winding temperature
of 120degrees C. Class F motors are typically rated to operate with a maximum coolant
temperature of 40 degrees C and a maximum temperature rise of 100 degrees C resulting in
a potential maximum winding temperature of 140 degree9perating at rated load, but
reduced cooling temperatures give an improved safety margin and increased tolerance for
operation under an overload condition. If the coolant temperature is elevated above 40
degrees C then the motor must beraled to avoid premature failure. Note: So@Glass F

motors are designed for a maximum coolant temperature of 60 degrees C, and so there is

no derating necessary up to this temperature.

Operating a motor beyond its maximum, will not cause an immediate failure, rather a
decrease in the life expectgnof that motor. A common rule of thumb applied to

insulation degradation, is that for every ten degree C rise in temperature, the expected life
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span § halved. Tie power dissipated in the windings is the copper loss which is
proportional to the square tiie current, so an increase of 10% in the current drawn, will
give an increase of 21% in the copper loss, and therefore an increase of 21% in the
temperature rise which is 16.8 degrees C for a Class B motor, and 21 degrees C for a Class
F motor. This appramates to the life being reduced to a quarter of that expected if the
coolant is at 40 degrees C. Likewise operating the motor in an environment of 50 degrees
C at rated load will elevate the insulation temperature by 10 degrees C and halve the life
expectancy of the motor.

2.17Cooling Systemn

Majority of motors today are fan cooled motors, attackernallyto the rotor on the
opposite end to the drivie a cooling fanThis acts as a heat exchangemough forced
convection,where cool air passingver the motor housing keeps the motor temperature
within its rated condition. In general depending on the IP ratings these motors can be used
externally but are not rated to operate fully submersed in a liquid i.e. IP 68.

The majorityof pump manufacture use what is called an open cooling system on there
submersible motors. What this involves is an outer chamber over the motor housing which
is connected to the pumped medium via the pumps volute. This circulates the pumped
medium over the motor housingd eliminates problems caused by thermal overloading.
But the open cooling system is very effective in clean water applications whereatbere
very little particles in the wateiSewage or other ambient liquids which may contain
particles or debrissan @use the chamber to fill with grit and other debris making the heat
exchange in the system less effective.

The distinctive ABS closed cooling systeRigure 214, usesa clean sealed self contain
glycol/water mixture is circulated around the motibiis eliminates problems caused by
debris entrapment and frequent maintenance often associated with clogging of particles
when using pumped liquid cooled pumps, as has been a common occurrence in the
industry. In addition to eliminate those problems, the closealing system balances
motor, bearing and shaft seal temperatures and reduces vibration and noise, providing

efficient and maintenance free cooling regardless of the liquid being pumped.
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Cooling
Jacket

Motor
Housing

Figure2-14 Cross section of closed cooling system

In ABS dry pit submersible pumpsThey theeby avoid the problems associated with
sewage cooled motors, such as clogging and ineffective cooling channels, sludge build up
in the jacket and the inability to pump corrosive liquids. In addition the closed cooling
sydem presents the maintenance staff with a more sanitary system that no longer requires
steam cleaning or pressure washimgen maintenance is performed, since personnel no
longer come into direct contact with contaminated liquids from within the motor or
cooling-jacket area. The cooling system maximises performance uptime by reducing or

eliminating critical, expensive, labour intensive field maintenance [25]

Heat transfer

Heat is transferred as long as there is a temperature difference. Heat alwaysofiowse

high temperature region to the low temperature one. The three ways by which heat can
flows are: conduction, convection and radiation. Generally, heat flow (Q) can be expressed
as

Q = f(dT)

Where, dT is the temperature difference.
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Convection

Convectionrefers to the movement of molecules within fluidsereby heat and mass are
transfer from one location to anoth&his can occur due to large scale molecular diffusion
and by large scale fluid motion. Fluid motion can occur naturally dtieetonal difference
for example or can be forced due to impeller motion. Forced flanansport in a fluids
termed advectianAdvection is an important mechanism of heat tranafet particularly
relevantin the current studylhe pumpsxamined in thisvork werecooled with a closed
cooling system in which the cooling fluid fl@d, enable the heat to be extracted and

allowed astabilised temperature to be maintained.

Radiation

Radiation heat transfer is energy transport due to emission of electrdinagaees or
photons from a surface or voluniRadiation does not require a heat transfer medium, and
can occur in a vacuurieat transfer by radiation is proportional to the fourth power of the
absolute material temperature. The proportion&igfanBoltzmanconstanto, is equal to

5.67 x 10° W/m?K*. The radiation heat transfer also depends on the material properties

representetly theemissivity of the materiat.
OfA=soT

Conduction

The term conduction is used to describe the transfer of heat through material from a region
of higher temperature to a region of lower temperature. This transfer enables a stabilisation
or equalisabn of temperatures within the system. The thermal energy is transferred
through direct contact of the material regions within the system. This heat transfer is due to
the continuous motion of the atomic and molecular elements within the matEripise

2.15shows a slab of material with a hotter regioit gand a colder region ab.T
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Figure2-15 Schematic of heat fludriven by thermal conduction

The degree to which this energy transport between two a@assis defined by the
temperature diffience between the locatio§;-T,), the distance between thewf) @énd
the thermal conductivity of the materidt).( These are related ian empirical relation
calledFourier's Law forcalculation ofheatflux, Q:

Q=k(T1-To)/d

The thermal conductivity epends on the material. Table 3.1 shows the various materials
used in pumps have the following thermal conductivities.

Material W/mK
Copper 400
Stainlessteel| 21.4

Cast Iron 80
water 0.61
air 0.026

Table 22 Thermalconductivty valuesof commam materials

2.18 Numerical Simulation of the cooling system

Computational fluid dynamics (CFD) is used to numerically simulatééhaviourof the
cooling fluid in motion.The volume filled by the fluid is called the continuum and it is
broken down ito finite volumes for analysis. CFD solves the 3D NaBa&rkes equations
within the continuumfor the transport of mass and momentuihese fundamental
principles can be expressed in terms of mathematical equations, which in their most

general form are wslly differential equations
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Mass conservation
3(pu) + 5(pv) + d(pw)

1
o

divpu)

OX oy oz

Momentum conservation
—3(P) + 8(txx) *+8(tyx) +3(tx) =  divpuu)

OX OX dy Y4

—3(p) +06(txy) +3(tyy) +3(tzy) = divpvu)
oy OX oy 0z
=53(p) + 8(1x) +8(tyz) +8(1z) = divpwu)

0z X oy oz

CFD is in part, the art of replacing the governing partial differential emsaof fluid flow

with numbers, and advancing these numbers in space and/or time obtain a final numerical
description of the complete flow field of interd&3]. The problem was set ateady,
incompressibleyiscous,subsonic and turbulent. Boundary ddions were set to be able
solved the transport equations. Turbulence was resolved usinggpsilkn equation

Unstructured tetrahedral mesh was preferred for this problem and mesh size, skewness and
aspect ratio were controlled to minimize risk of reuiwal diffusion error.

The aim of applying CFD simulation to this problem was to provide an insight in the flow

behaviour, inside the cooling jacket and possibly indicate areas needing improvement.

2.19 Review of Test Standards for Mot&fficiency

Themotor under test in this work was tested to International Electrotechnical Commission,
to determine its motor performance curves, see AppendiDdiails of the different
standardorganisationsthat various motor manufages use are given in Appendix |

Detailsof the International Electrotechnical Commission standardyaren below.

2.191 International Electrotechnical Commissi@iC)

International Electrotechnical Commission standards are recognised around the world as a

bench mark for products slu as industrial electric motors. These standards help ensure
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that customers will receive consistent product performance and mounting dimensions no
matter where products are applied around the world. The IEC was founded in 1906 as the
result of a resolutio passed at the International Electrical Congress held in St. Louis,
Missouri USA in 1904. The purpose of this organisation is to set up consistent standards
for product performancé&xamples of relevant standards from this organisation include the

following.

IEC 6003430 is the latesinternational Standardeleased in November 2008, which
defines the efficiency classes of single speed, three phase, cage induction motors. Within

this standard the Nominal efficiency limits are defined for

e Standard Effieency (IE1)
e High Efficiency (IE2)
¢ Premium Efficiency (IE3)

IEC 342 is an Electrical Standard, which defines methods for determining losses and
efficiency of Rotating Electrical Machinery from tests.

IEC 72 defines Mechanical Design Properties such asrdimes for rotating electrical
machines.

IEC 61972 is an Electrical Standard, which defines methods for determining losses and
efficiency of thregphase cage induction motors.

IEC specifies five classes of insulation with corresponding temperature risesigignce.

e Class A: 105°C
e Class B: 130°C
e ClassF: 155°C
e ClassH: 180°C
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Chapter 3 Experimental/model setup

3.1 Setup for current closed cooling system analysis

The system analysed in this wonkas an ABS closed coolingoump systemThis was a

new cooling system introduced by ABS on its M1, M2 g3 type pumps in October
2005 A sub-categoy of the M2 motor type is called M60/4 motor This was 6kW four

pole motor thatwas examined in this workA schematic of the experimental sgi
desgned by ABS Production Wexforid shown in Figure 3.1A 30%glycol to 70%water

mix coolantwas circulated around the motor housing using an impeller attached to the
rotor shaft. Figure 3.2 shows that the returned coolant from the motor housiwwgs
circulated over the heat exchange area at the bottom obtiieg system the opposite side

of which is in contact with the pumped mediufhis areavas in contact with the pumped
medium which has a maximuallowable temperature of 38C. Tests described below
were implemented to characterise #helution of the temperature profiles in the pump
environment and in order to examine the effectiveness of the coolant fluid flow through the
pump housing. Unless otherwise indicated, these tests were repelai@st@icein order

to ensure confidence in the measured results.

Feeder pipe for 2560 watertank

Figure 31 Picture of closed cooling experimergakup with submersible pump
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Figure 32 Close up of heat exchange area

3.1.1Determiration oftemperatures generdtéy the induction motor

For the first experiment the motaras run at full load without cooling jackefhe heat
generationwas monitoredat four different pointsaround ahousing seeFigure 33. Point

A, B, C and D indicate the points at which the probese positionedn the motor
housing.The first probe (poinfA) was positioned at the top of the motor housitige
second (point B)was positioned 30mm below thisand at 90 degreesclockwise
circumferenially displacedPoints C and D were similarly plabeneath this ashown in
Figure 34 (b). This gives temperature readings at different heights and different positions
around the housingOne thermocouple waslso placednternally located at the upper
bearing this was usedto ensurethat the correct taperature rated greases usedon the
bearings Resultswere recorded using-type thermocouples and Anville Instruments
software.The results from thisaye exact values of temperatugenerated by the motor
but mast importantly how much heat had be emoved from the system. Tipeimping
systemwas also monitored using BLIR thermal imaging cameradJnlike temperature
probes that give temperature at a particular ptiat thermal imaging camera can give an

overall pictureasto where most of the heat generatedThe results§rom thisindicated
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how long the mair can run for without cooling and showed how the heat would propagate

around the housing if ncooling systenwerein place This showed the need for a cooling

system.

()
Figure 33 Pictures showingasitions of thermocouplseon motor housing
(a) positions A and B; (b) positions C and D

Experimental Procedure

Equipment: PC, Anville Instruments data acquisition unit, Roll-@fyde thermocouple,
PTFE tape. M60/4 pump.

1.

o g bk~ w

Prepare thermocouple by stripping the wires at one end and crossing tHesulatel

the thermocouple with PTFE tapeVerified temperature readings across the
temperature range witmanfrarednon-contact laserhermometer order code 80D20.
Drilledfour 5mm holes 5mm deep inthe four predefinedlocations around the motor
housing.See Figure 3 (a)and(b).

Placed thermocouplento each of these holes and sedur¢o place using silicone.
Pluggedeach thermocouple into the data acquisition unit cdedeo thePC.

Staredthe temperature recording software dmehstaredthe motor undefull load.
Recoredthe temperature until ibseabove 8(°C. The test was stopped at this stage to

ensure the protection of the motor winding insulatitims temgrature was determined
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from a previous experiment where tmetor burned out whentamperature of 108C

was reached.

3.12Determination otemperature generatewith closedcooling system

This experimentwas runat full load according ta similar procedure a described in
section3.11 but with the closed coolingystemin place Thetemperature rise of the motor
wasrecorded The purpose of this experimenss to investigateéhe effect of thecooling
systemto keep theemperaturéhe systenstabike and at as low a level as practicable

Experimental Procedure
1. Prepard thermocouple by stripping the wires at one end and crossing them. Indulate

the thermocouple with PTFE tape
2. Usedthe same motor from the previous experimeligassembld motor housg and
placed onethermocouple on each of the 3 phases.
3. Drilled one 8mm hole at thgoower cable inlet to allowplacement othermocouples
wires throughousing.
Re-assembld motor with closed cooling system attached anddilith glycol/water.
Pluggedeach thermocouple into the data acquisition unit connected #Ghe
Staredthe temperature recording software éimehstaredthe motor under full load

N o o k&

Recorakd the temperature until it the temperature of the system stabfbisea period

of at leasts minutes.

3.1.3 Determination demperatures generated with coil cooling system

In the conventional cooling system design, coolant was circulated around the motor
housing. The coolant was forced around using the impeller. The heat was then transferred
out through the heat transfer plate to the medium being pumped through the volute. After
the test described above, it was found that the cooling system did not efficiently extract the
heat or maintain a low temperature within the induction unit. A newgdesi cooling
system supplied for testing from the casting foundry, LOVINK, Poland, consisted of a
helical mild steelcoil integrated into the cast iron motor housi@AD drawings and
pictures of this desigare shown in Figures-8and Appendix GThe dameter of the coil

that could be used was 10 mm. Smaller diameter coils could not be incorporated into the

cast iron with the casting technigue as the coil tubing melted in these cases. Given the 15

46



mm housing thickness and potential casting porosity, mrbOouter coil diameter was the
largest that could safely be used in order to enth@diousing integrityThis experiment

was run at full load according to a similar procedure @gescribed in section 311 to
examine the effects of this integrated coglicoil in the motor housing of the M60/4
submersible pump and investigate what effects this would have on the temperature

evolution.

Figure 34 SolidWorks modelof the coil cooling system
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3.14 Examiration ofcoolant flow around cooling jacket

For this experiment the motor was run under the same conditions as the previous two
experiments. Unlike the previous two where temperature was examined this exp@riment
work focuseal on examining thdlow field around the jacket and the flow rate. In order to
determine thisfour through slotseach 32m by 92mm were machined into the cooling
jacketand closed off with four corresponding Perspex windasee figure 35 and 36.

Two windows were locateth the general areabove theinlet andthe other two were
located at 180° to these in the general area above the aiuthet cooling jacketThese
windows were labelled A, B, C, and Dheglycol in the cooling system was replaced with

3 litres of water seeded with 10% @blypropyleneparticles (equivalent t800g)with an
averagadiameter of 1000 micrometeand adensity of 0.96g/cevhich is close toHhat of

water The motor housing was painted white for clearer visiboityhe seeded fluid in the
cooling systemThe pump was set to run at the normal opespeed (1490 rpm) and the
flow of the particleswas recorded through thavindows with aCitius C10 high speed
cameraset to recorcat 330 frames per secontWotor performance curves are shown in
Appendix H Direction and speedf the fluid flow was detenined by analysing the
particle frame to frame movemenibBhe speed of flow was recorded by measuring the
distance of particle displacement between frames and dividing by the time period between
frames (= 1/330 = 3.03 msJhe speed in eacbf the zones ®wn in figure 36 was

recorded by taking ten separate particle speed measurements and averaging these

Figure 35 top down view of busing locatios for windows A, B, C, and D
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Figure 36 Pictures of Perspex windows A, B, C, and D, showing the
three zones examined for particle speeds.

3.15 Determiration offlow rate from closed cooling impeller

This experimentdeterminedthe flow rate in and out of theooling jacket Typically,
stainless steel pipesnnect the cooling jacket to the hexichange area and the closed
cooling impeller.To examine the flow rate within iharea, thes pipeswere replace with
transparenPerspexpipes the high speed camenraas focused onthe particles in these

pipes andhe images examined as mentioned ictem 3.13 to calculate the flow rates.

This gives the exact flow rate in the system as the cooling system remains closed and static

head remains the same.

3.16 Determiration ofpower caomsumed by closed cooling system

This experimentivas performedto determine power consumed by the cooling system

this experiment the pump was run under open shaft (i.eoumaping load on motoj
conditions and again under open shaft conditions without the cooling impeller and
mechanical seals in place. For both ofsthé¢ests, the power consumptiwas monitored

with a Norma D52550wer analyserThis test wasdesignedto determine the power
consumed by the cooling impellend sealsinder different speeds and motor typgésvas

assumed that the power consumed wolidgame with impellers in the pump.
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3.2 Computational Fluid DynamidcJFD) analysis

3.2.1Setup for CFD analysis

CFX (Ver 10.0) wasused to model the fluid flow within thexaminedsystem.The goal of

this work was to generate a model which wouleify the results gained from the
experimental work and then also allow new cooling system designs to be investigated for
potential improved cooling efficiencieé steady flow set up was sought to provide an
average flow pattern inside the cooling jack&ister and more turbulent flows would be
expected to generate better cooling efficiendtesial investigation was conducted during

this work to investigate the effect on average coolant speed in the inlet and outlet pipes
with twelve, eight and four bBHes on the impeller. This showed that the speed of the
coolant flow wa greatest for the twelve bladepeler compared to the eight blade
impeller (standard setip) and was greater for the eight bladed impeller compared to the
four bladed impeller. Theteady state housingmperature measured for the four bladed

and eight bladedystens were13 °C and 4 °C lower than for the twelve bladed systems

respectively.

A flowchart for the fluid moddéing work is shown in Figure-8. 3D mode$ of the four

man components of theoolant system wre firstgenerated in SolidWorks 200Bhese
wereexported asGES files and then imported tim ANSYSICEM CFD wherethey were

mated see figure ®. In ANSYS CFD, the software allows the user to create two types of
mesh structures, hexahedral meshes and tetrahedral mésteshedral (unstructured
mesh) was used due to the complexity of the contindtigure 310 shows the meshed
upper cooling jacketThe initial modelling was conducted using the default mesh size set
up by ANSYS but this was then refined in order to hansge complete mesh coveragie

the volume to be modelled@his was achieved by haviragmeshsize of 452387 cells a
maximum cell aspectatio of 1:10 and a maximum skewness of cells of 28M. walls

were set as stationary boundaries except for the impeller which was set as the input
boundary. The input boundary axial velocity, Was set to 0 m/s; the radial velocityg,V

to 0.1 m/s;andtheyy was set to the product of t he r

A diagram of the boundary is shown in Figured3
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Figure 37 Flow chart indictinghe steps used for model 21
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Figure 38 Screen shot of matedructues from ANSYS ICEM CFD
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Figure3-9 Meshed continuum of upper coolingcket
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Chapter 4 Results

4.1 Introduction

This chapter focuses on the experiments that were carried out on the system to analyse the
strengths and weaknesses of the current closed cooling system. The chapter can be divided
into 3 different sections. The first section presented the current system, the heat build up in
the stator coils and how efficiently the closed cooling system sebilhe temperature

within the system. It is important to remember that for every 10 degrees centigeade

the operating temperatura an inductionmotor its lifetime is halved. The second section
analyseghe flow around the system, to see if th@nflwas turbulent and uniform around

the motor housing. This was also modelled using CFD software and compared with the
experimental results. This CFD model would allow alternate designs of the cooling system
to be investigated. The CFD model also allowkde examination of the flow around the

heat exchange area. The third and final section examined how the cooling impeller effects
the overall efficiency of the system and how this varies with different motor powers and

poles.

4.1.1 Results otemperaturegenerated by the inductionotor

In this experiment théeat generatedhen thedry installedmotorwasoperated under full

load without the cooling system attachedsinvestigatedFrom Fgure 41 it can beseen
thatafter 45 minutesvithout any coolg systemthe motor housing wdscally at 85 °C
which if left uncooled would eventually lead to the mabairning out and failingThis
experiment was stopped when the motor had reached 1B883@. this result,tiis clear
thatthis submersible pump ewld notbe capable obperaing dry installed for long periods

of time without a cooling systenkigure 42 shows a thermamage taken after 1300
secondsof the pump housing with the colour scale on the right hand side indicating the

level of heat represeed by the various colours.
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Figure4-1 Housing emperature profilesecordedover a 3500 secormkriod at locations
A, B, C, and D for operation withoatcooling systenin place
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Figure4-2 Thermal image ofthe pump housingtaken after 180 secords
without cooling systenin place
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4.1.2.Results otemperaturegenersed withclosedcooling system

This experimentexaminedthe temperature evolutioander full load conditionsn the
motor withthe cooling systenn operationFromFigure4.3 it is clear that tis systemwas
effective as it hadstabilised the motor housingat a temperature of 45C. This is
approximately 40 °C less compared to the pumpupawithout cooling, shown in section
4.1.1 Figure4-5 displaysthe thermal image anémpeature takenafter 3500 secondm
the different areas othe 6kW submersible mtor housing These results showed thaeth
main areas of heduild up inthe systenwereat either end of the stator where thexs a
large area of coppevhich caused thheat build up.The correspondingemperatures for
the phases, bearing, and pumped wtethis system are shown AppendixB.
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Figure4-3 Housing tempetare profiles recorded over a 400&asndperiod with a

cooling system in plze at locations AB, C, D
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Figure4-4 Housing temperature giiles recorded over a 3720 secopésiod with a
cooling system in place at locatioosthe bearing,
the three phase wirings, and the pumped water.

Figure4-5 Thermal image of the pummpusingtaken afte 3500seconds
with the cooling systenin operation.
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