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Abstract

The work covered in this project had the aim of improving the electrical efficiency of a
submersible pump. The requirement for the pump manufacturing industry to move in this
direction has increased 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 transfer in the motor region of the pump and hence result in a higher

efficiency pump, with reduced induction resistance.

For this work, a dry pit installation pump testing system was added to the side of an already
existing 250 m* test tank facility. This enabled high speed camera tracking of flow fields
and thermal 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 M60-4 pole pump design experienced a
maximum pump housing outside temperature of 45 °C and 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

temperature, measured on the housing, by seven degrees Celsius.
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Chapter 1 Introduction

1.0 Historic Perspective

In 1888 the induction motor was invented by Nikola Tesla, and by the mid 1890’s many
commercial designs were being manufactured. By the end of the first quarter of the 20"
century it was firmly established as the principle drive unit for plant and machinery
replacing water wheels and steam engines [1]. F.W. Pleuger invented the submersible
motor in 1929, which were then combined 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 had invented the first submersible sewage pump. After
this breakthrough, the submersible pumps were utilized in dewatering, water supply and
potable water distribution [2]. In the majority of industrial installations, electric motors
consume more than 60% of electricity produced with pump applications being more than
50% of this. The majority of motors are 3-phase induction motors and because of this large

usage today’s markets are increasingly concerned with efficiency.

1.1 General Efficiency and Market Focus

Due to environmental and economic pressures, today’s market is looking to conserve
energy. Potentially, increasing motor efficiency would cut the running cost of plants.
Motor design has, in general, been related to a market which was more concerned with the
initial cost of the motor, rather than the energy it consumed. High 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 as design criteria. 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 efficiencies can be shown to
provide useful energy savings. Efficiency of a motor is calculated by dividing the
mechanically delivered shaft power Pmec by the total electrical input power Pel [3].

1 = Pmec /Pel

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

increases, see Figure 1.
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Figure 1-1 Efficiency vs. load

The operating cost of a motor over its lifetime is many times its purchase price. For
example, a 75 kW AC induction motor may cost approximately €4,000, yet may use as
much as €27,700 worth of electricity in a year. Small improvements in efficiency can
therefore generate significant savings in energy costs. By using high efficiency motors,
vendors can increase their margins and save customers' running costs. This is especially
true for low loading on the motor where from 50% to 100% load on a motor the curve is
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 the motor [4]. With
properly dimensioned and calibrated measuring equipment, one can determine the
efficiency of a motor within a tolerance of +/- 0.5% by following standard’s IEEE 112,
method B and IEC 34-2.

Five types of internal losses occur in a squirrel cage induction motor. Three of these losses
depend mainly on the load and vary approximately with the square of the load or the load
current.

¢ I2R losses in the stator winding, Pcul

¢ I2R losses in the rotor cage (slip loss), Pcu2

e Stray load losses, Pstray
The other two losses are generally considered to be independent of the load

e Core or Iron losses, Pfe

e Friction and windage losses, Pfri
The difference between electrical input and the mechanical output is the sum of the losses

in the motor [5].
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1.2 Aims of the project

The aims of this project are summarised 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 for the submersible AFPKM60/4 pump.

To understand the efficiency standards, methods and procedure in determining the
efficiency of this asynchronous electric motor. To develop a finite volume model of
the current cooling system and examine its characteristics using CFD analysis.

To obtain experimental results to validate the results of the 3-D 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 do this because of its inherent
magnetic force, which is referred to as a "magnetic field".[7] Another but similar type of
magnetic field is produced around an electrical conductor when an electric current is
passed through a conductor. Lines of flux define the magnetic 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 [8].

When a wire is shaped into a coil, all 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 and re-enter the coil at 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 strengthen this magnetic field around the coil
even more. The metal core presents less resistance to the lines of flux than the air, thereby
causing the field strength to increase [9]. This is how a stator coil is made, a coil of wire
with a steel core. The advantage of a 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 illustrated in Figure 2-1. Without this magnetic phenomenon existing, the AC motor as

we know it today would not exist.

2.2 Magnetic Propulsion within a Motor

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

permanent magnet. Current 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 north 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 permanent 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

il =1 N 5 /—‘\
CED) me

L4

--l—l @ --l—l @

ep #4

AC molor operalion
St

Figure 2-1 Magnetic fields in a simple 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 to rotate. If the
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 complex than the simple

device shown above, but the principle is the same [11].
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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 periodically [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, it is possible to have a 5, 10 or 100 A. With pure DC, this means that the current
flow is actually 5, 10 or 100 A on a continuous basis. A straight line in Figure 2-2

demonstrates this [13].

100

CURRENT IN AMPERES

0 17120 1180

TIME IN SECONDS

Figure 2-2 Example of a DC current time graph

With AC it would be difficult for the current to be flowing at 100 A in 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 gradually builds up in the other direction. This
is shown in Figure 2-3. In this example a maximum current of 100 A was set on the power
supply however the circuit drew over 100 A [14]. Note that the maximum current flow, the
peaks of the line, in each direction is more than the specified value, 100 A. Therefore, 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 electro-magnetic coil increases and

decreases with the increase and decrease of this alternating current flow [14].
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Figure 2-3 Example of an AC current time graph

2.4 Basic AC Motor Operation

An AC motor has two basic electrical parts: a "stator" and a "rotor" as shown in Figure 2-4.
The stator is in the stationary electrical component. It consists of a group of individual
electro-magnets 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 stationary. The stator then is the stationary part of the motor [15]. The rotor is the
rotating electrical component. It also consists of a group of electro-magnets arranged
around a cylinder, with the poles facing toward the stator poles. The rotor, obviously, is
located inside the stator and is mounted on the motor's shaft. The term "rotor" is derived
from the word rotating. The rotor is the rotating part of the motor. The objective of these
motor components is to make the rotor rotate which in turn will rotate the 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 their combined magnetic field rotates, then
the rotor will follow and rotate with the magnetic field of the stator [16].
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Figure 2-4 Basic elements of an electric motor

The rotating magnetic fields of a stator can be better understood by examining Figure 2-5.
As shown, the stator has six magnetic poles and the rotor has two poles. At time 1, stator
poles A-1 and C-2 are north poles and the opposite poles, A-2 and C-1, are south poles.
The S-pole of the rotor is attracted by the two N-poles of the stator and the two south poles
of the stator attract the N-pole of the rotor. At time 2, the polarity of the stator poles is
changed so that now C-2 and B-1 and N-poles and C-1 and B-2 are S-poles. The rotor then
is forced to rotate 60 degrees to line up with the stator poles as shown. At time 3, B-1 and
A-2 are N. At time 4, A-2 and C-1 are N. As each change is made, the poles of the rotor are
attracted by the opposite poles on the stator. As the magnetic field of the stator rotates, the

rotor is forced to rotate with it [17].

Al Al

o ® qr (I : o o= % /B
1 =
L] Al a2 Al
TIME 1 N TIME 2 5
B2 ca B2 ] c2
g " A 8
(= k"’" _S N ei 1? ] Bi
== ——
Az Az
TIME 3 TIME 4

Figure 2-5 Rotating magnetic fields of the stator in 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 for the stator coils. Figure 2-6 depicts the current-time relation of
single-phase power [18]. 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 0 to time 3, current is flowing in the conductor in 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 direction. Some generators produce three separate current
flows called phases all superimposed on the same circuit. This is referred to as three-phase
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 illustrated in Figure 2-7. The three
separate phases are labeled A, B and C. At time 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 is positive, 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 complete revolution of the generator. Therefore, a complete cycle, is said to
have 360 electrical degrees. From examining Figure2-10, we see that each phase is

displaced 120 degrees from the other two phases or 120 degrees out of phase [19].

To produce a rotating magnetic field in the stator of a three-phase AC motor the stator coils
need to be wound and the power supply leads connected [20]. The connection for a 6-pole
stator is shown in Figure 2-7. Each phase of the three-phase power supply is connected to
opposite poles and the associated coils are wound in the same direction. The polarity of the
poles of an electro-magnet are determined by the direction of the current flow through the
coil. Therefore, if two opposite stator electro-magnets are wound in the same direction, the
polarity of the facing poles must be opposite. Therefore, when pole Al is N, pole A2 is S.
When pole Bl is N, B2 is S and so forth.

20
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Figure 2-7 Method of connecting three-phase power to a six-pole stator

Figure 2.8 shows how the rotating magnetic field is produced. At time 1, the current flow
in the phase "A" poles is positive and pole A-1 is N. The current flow in the phase "C"
poles is negative, making C-2 a N-pole and C-1 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 C-2 and B-1 both N and C-1 and B-2 both S. Thus, as the phases shift their current
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flow, the resultant N and S poles 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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Figure 2-8 Rotating magnetic field produced by a three-phase power supply

Up to this point 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, so-called "induction" motors are the workhorses of industry. So how is an
induction motor different? The big difference is the manner in which current is supplied to
the rotor. There is no external power supply. As you might imagine from the motor's name,
an induction technique is used instead [21]. Induction is another characteristic of
magnetism. It is a natural phenomena which occurs when a conductor, which are aluminum
bars in the case of a rotor, see Figure 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. This is referred 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 across the lines of flux produced by the stator’s
magnetic fields. The induced current, which is produced in the rotor, results in a magnetic
field around the rotor conductors as shown in Figure 2.10. This magnetic field around each
rotor conductor will cause each rotor conductor to act like the permanent magnet in the
example shown. As 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 rotation. The rotor is connected to the motor shaft, so the shaft will rotate and

drive the connection load [23].
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Figure 2-9 Construction of an AC induction motor’s rotor

Rotor field created by
induced current flow
k& in rolor conductors
L
a4

4

b
:.p‘ft A
- . QR W+ >
- & :w a vy
=4 * o il
N - " i ot S
\ Ty
. bk N = S
. . i
] % B
\ I
. at L ~
Y ad &

.

Rotating magnetic field of
stator

Figure 2-10 Illustration of the current induced in the rotor
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2.5 Power Factor

Real power is defined as the ability of the circuit to perform work within a particular time.
Apparent power for a circuit is the product of the current and voltage measured in that
circuit. Power Factor is defined as the ratio of real power to apparent power. Power 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 take on arbitrary 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 contributing 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 resistive 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 real 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 important to have
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 current to get the power
to the load and it will take current to carry it back to the source [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 and sound 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 I12R loss
which is shaft load dependent. The iron loss is voltage dependent and so will reduce with
reducing voltage. If we consider for example, an induction motor with a full load 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 1-2% of the rated motor load. If 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 30% - 60% of the energy consumed under normal working load shaft
conditions. It must be reiterated however, that this is a saving of only about 1-2% 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 dependent only on the applied voltage. The magnetising current is at phase
quadrate 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 magnetising current causes a reduction in
the power 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 increase in
order to maintain the shaft output power (P = I x V). The increasing current resulting from
reducing voltage can in many instances result in an increasing 12R, which is in excess of
any iron loss reduction that may be achieved. For a large motor, the magnetising current
can be as low as 20% of the rated full load current of the motor. Three phase induction
motors have a high efficiency when operated at loads lower than 50% load. Experience
indicates that there is no large electrical cost saving by operating the motor well below

maximum rating.

Using silicon-controlled rectifiers (SCRs) 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 to provide 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 motor. The potential
to save energy 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 2 — 6% of the motor rating) and so the maximum achievable savings
are small relative to the motor rating. The losses found in any motor can be categorised
into fixed and variable losses.

2.6.1 Fixed Losses

The fixed losses as the name 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 stator. The 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 the core induced by the flux changes
[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 of the load I°R [25]. Variable losses can only be reduced
substantially by reducing the conductor resistances and this inevitably means larger
conductor cross-sectional areas. In turn this can result in a motor frame size increase,
which may also benefit the iron 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 response to a time-varying
magnetic field [27]. Since the motor housing material is resistive, ohmic power losses are

generated by the eddy current and appear as heat on the housing surface [28].
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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 and relative dimensions of the stator and rotor slots at
the air-gap surface. Using straight rotor slots as opposed to skewed rotor slots can also

reduce losses [29].

If all the above losses are reduced, then the heat to be removed from the motor is less, so
the coolant flow, which is often driven by an impeller in the close cooling system, can be
reduced with a further saving on fixed losses. AC motors typically feature rotors, which
consist of a laminated, cylindrical iron core with slots for receiving the conductors. The
most common type of rotor has cast-aluminum conductors and short-circuiting end rings.
This ac motor “squirrel cage” rotates when the moving magnetic field induces a current in
the shorted conductors. The speed at which the ac motor magnetic field 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 supply [30]:
ns = 120f / p,

where ns = synchronous speed, f = frequency, and p = the number of poles. Table 1 shows a
summary of the typical losses in a 2 and 4 pole motor. Figure 2.11 indicates 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 2-1 Summary of losses in 2 and 4 pole motors
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Figure 2-11 Picture of the location of losses typically found in an AC submersible motor

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

2.7 Synchronous Speed

Synchronous speed is the absolute upper limit of ac motor speed. If the ac motor’s rotor
turns exactly as fast as the rotating magnetic field, then no lines of force are cut by the
rotor conductors, and torque is zero [32]. When ac motors are running, the rotor always
rotates slower than the magnetic field. The ac motor’s rotor speed is just slow enough to
cause the proper amount of rotor current to flow, so that the resulting torque is sufficient to

overcome windage and friction losses as well as driving the load. The speed difference
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between the ac motor’s rotor and magnetic field, called slip, is normally referred to as a
percentage of synchronous speed [33]:
s =100 (ns — ny)/ng,

where s = slip, ns = synchronous speed, and n, = 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 usage many municipal 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 the equipment; Cin is the installation cost, commissioning
and training; Ce is the energy costs (including efficiency losses); Co is the operational
costs (normal operational/supervisory labour); Cm is the maintenance and repair cost; Cs is
the downtime cost (loss of production); Cenv is the environmental cost (contamination

from pumped liquid and auxiliary equipment); and Cd is the decommissioning cost.

When evaluating the total costs of a pumping system, it is important to consider all of the
above LCC analysis 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 higher efficiency piece of equipment [34]. It 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
deeper analysis of the operational efficiency details provides a more in depth view of the

“real life” issues that exist in today’s water and wastewater applications [35].
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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 standard stator has three windings, while a
single phase motor typically has two windings. The stator core is made up of a stack of
round pre-punched laminations pressed into a frame which may be made of aluminium or
cast iron, see Figure 2-14. The laminations are basically 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 arrangement of the windings or coils within the stator
determines the number of poles that the motor has [36]. 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 motor stator is essentially like one or more
electromagnets depending on the stator windings, it also has poles 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 dissipate the heat
generated by these losses. By introducing a larger wire gauge into the stator, this can
reduce the stator winding losses due to reduced resistance to current flow [37]. The stator
design determines the rated speed of the motor and largely other full load and full speed

characteristics such as power rating, current consumption and efficiency.

Figure 2-12 Schematic of plan view of a pressed lamination.
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2.10 Rotor Design

The rotor comprises of a cylinder made up of round laminations pressed onto the motor
shaft, and a number of short-circuited 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 by a shorting ring at each
end. The bars are usually made of aluminium or copper, but sometimes made of brass. The
position of the bars relative to the surface of the rotor, as well as their shape, cross
sectional area and material determine the rotor characteristics. Essentially, the rotor bars
exhibit inductance and resistance, and these characteristics can effectively be dependant on
the frequency of the current flowing in the rotor. A bar with a large cross sectional area
will exhibit a low resistance, while a bar of a small cross sectional area will exhibit a high
resistance. Likewise a copper bar will have a low resistance compared to a brass or

aluminium bar of equal proportions.

Positioning the bar deeper into the rotor, increases the amount of iron around the bar, 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 different ac impedance depending on their position relative to the 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 because the ac impedance 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 be lower and almost equal. The rotor design

determines the starting characteristics [38].

2.11 Equivalent Circuit

The induction motor can be treated essentially as a transformer for analysis. The induction
motor has stator leakage reactance, stator copper loss elements 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 elements. The
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transformer in the centre of the equivalent circuit can be eliminated by adjusting the values

of the rotor components in accordance with the effective turn’s ratio of the transformer.

From the equivalent circuit and a basic knowledge of the operation of the induction motor,
it can be seen 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
magnetising 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 voltage, the iron is typically near
saturation, so the iron loss and magnetising currents do not vary linearly with voltage as
saturation is approached. Within this operation region, small increases in voltage result in a
high increase in magnetising current and iron loss [39].

2.12 Starting 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 it to provide the acceleration torque [42].
Induction motors at rest, appear just like a short circuited transformer, and if connected to
the full supply voltage, draw a very high current known as the “Locked Rotor Current”.
They also produce torque which is known as the “Locked Rotor Torque” LRT. The LRT
and the LRC 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 maintained constant, see Figure 2-13.

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 induction motors 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 in the range of 550% to 750% FLC [43]. The
starting torque of an induction motor starting with a fixed voltage, will drop a little to the

minimum torque known as the pull up torque as the motor accelerates, and 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
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Figure 2-13 Typical torque — speed relationship for a synchronous motor

The LRT of an induction motor can vary from as low as 60% Full Load Torque (FLT) to as
high as 350% FLT. The pull-up torque can be as low as 40% FLT and the breakdown
torque can be as high as 350% FLT. Typical LRT’s for medium to large motors are in the
order of 120% FLT to 280% FLT [44]. The power factor of the motor at start is typically
0.1 — 0.25, rising to a maximum as the motor accelerates, and then falling again as the
motor approaches full speed. A motor which exhibits a high starting current, for example
850% of normal full load current, will generally produce a low starting torque, whereas a
motor which exhibits a low starting current will usually produce a high starting torque.

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 components 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, I°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 torque [45].
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Figures for the LRC and LRT are almost always quoted in motor data, and certainly are
readily available for induction motors. Some manufactures have 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 are developing motors for starting
applications, is the starting efficiency of the motor. The starting efficiency of the motor
refers to the ability of the motor to convert Amps into Newton-meters. This is a concept
not generally recognised within the trade, but one which is extremely useful when
comparing induction motors. The easiest means of developing a meaningful figure of merit
is to take the LRT 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 current) [46].

If the terminal voltage to the motor is reduced while it is starting, 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 reduction in starting torque. If the start voltage applied to a
motor is halved, the start torque will be reduced by a quarter, likewise a start voltage of one

third nominal value will result in a start torque reduced by one ninth.

2.13 Running 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 than 5%. The 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 and at 60 Hz a four pole machine has a
synchronous speed of 1800 RPM [47].

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 and 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 high-speed 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 magnetising current
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 losses. If the motor is operated at
minimum load, i.e. open shaft, 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 on 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 current remains 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 machine [49].

The losses of an induction motor comprise: iron 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 induction 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 data sheets [50].

2.14 Motor Slip

There must 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 cut, and no
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 the rotor to speed up or
decrease slip. Slip is expressed as a percentage and can be determined with the following
formula [51].
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% Slip = (Ns — Nr) x 100/Ns

where Ns is synchronous speed and Nr is rotor speed.

2.15 Frame Classification

Induction motors come in two major frame types, these being Totally Enclosed Forced air
Cooled (TEFC), and Drip proof. The 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 with 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 air 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 proof

motors are typically 1P22 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 class refers to the maximum allowable temperature
rise of the motor windings at a specified maximum coolant temperature. Class 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 120 degrees 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 degrees C. Operating 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 be de-rated to avoid premature failure. Note: Some Class F
motors are designed for a maximum coolant temperature of 60 degrees C, and so there is

no de-rating necessary up to this temperature.

Operating a motor beyond its maximum, will not cause an immediate failure, rather a
decrease in the life expectancy of 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 is halved. The power dissipated in the windings is the copper loss which is
proportional to the square of the 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 approximates 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.

2.17 Cooling Systems

Majority of motors today are fan cooled motors, attached externally to the rotor, on the
opposite end to the drive is a cooling fan. This acts as a heat exchanger through forced
convection, where cool air passing over 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 majority of pump manufacturers 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 housing and eliminates problems caused by thermal overloading.
But the open cooling system is very effective in clean water applications where there are
very little particles in the water. Sewage or other ambient liquids which may contain
particles or debris, can cause the chamber to fill with grit and other debris making the heat
exchange in the system less effective.

The distinctive ABS closed cooling system, Figure 2-14, uses a clean sealed self contains
glycol/water mixture is circulated around the motor, this 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 closed cooling 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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Figure 2-14 Cross section of closed cooling system

In ABS dry pit submersible pumps,. They thereby 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
system presents the maintenance staff with a more sanitary system that no longer requires
steam cleaning or pressure washing when 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 always flows from the
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

Convection refers to the movement of molecules within fluids whereby heat and mass are
transfer from one location to another. This can occur due to large scale molecular diffusion
and by large scale fluid motion. Fluid motion can occur naturally due to thermal difference
for example or can be forced due to impeller motion. Forced flow or transport in a fluid is
termed advection. Advection is an important mechanism of heat transfer and particularly
relevant in the current study. The pumps examined in this work were cooled with a closed
cooling system in which the cooling fluid flowed, enabled the heat to be extracted and

allowed a stabilised temperature to be maintained.

Radiation

Radiation heat transfer is energy transport due to emission of electromagnetic waves or
photons from a surface or volume. Radiation does not require a heat transfer medium, and
can occur in a vacuum. Heat transfer by radiation is proportional to the fourth power of the
absolute material temperature. The proportionality Stefan-Boltzman constant, o, is equal to
5.67 x 10® W/m?K®. The radiation heat transfer also depends on the material properties

represented by the emissivity of the material, .
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 equalisation 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 materials. Figure

2.15 shows a slab of material with a hotter region at T; and a colder region at T».
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Figure 2-15 Schematic of heat flux driven by thermal conduction.

The degree to which this energy transport between two areas occurs is defined by the
temperature difference between the locations (T;-T,), the distance between them (d) and
the thermal conductivity of the material (k). These are related in an empirical relation
called Fourier's Law for calculation of heat flux, Q:

Q =k (T-Ty)/d

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

Material W/mK
Copper 400
Stainless steel | 21.4
Cast Iron 80
water 0.61
air 0.026

Table 2-2 Thermal conductivity values of common materials.

2.18 Numerical Simulation of the cooling system

Computational fluid dynamics (CFD) is used to numerically simulate the behaviour of the
cooling fluid in motion. The volume filled by the fluid is called the continuum and it is
broken down into finite volumes for analysis. CFD solves the 3D Navier-Stokes equations
within the continuum for the transport of mass and momentum. These fundamental
principles can be expressed in terms of mathematical equations, which in their most

general form are usually differential equations

40



Mass conservation
d(pu) + 5(pv) +d(pw) = div(pu) = 0

OX oy oz

Momentum conservation
—0(p) + S(txx) +0(tyx) +(12x) =  div(puu)

OX OX dy oz

—3(p) + 6(txy) +3(tyy) +3(tzy) = div(pvu)
oy OX oy 0z
—0(p) + O(txz) + 8(ty2) +8(12z) =  div(pwu)

0z X oy oz

CFD is in part, the art of replacing the governing partial differential equations of fluid flow
with numbers, and advancing these numbers in space and/or time obtain a final numerical
description of the complete flow field of interest [63]. The problem was set as steady,
incompressible, viscous, subsonic and turbulent. Boundary conditions were set to be able
solved the transport equations. Turbulence was resolved using the K-epsilon equations.
Unstructured tetrahedral mesh was preferred for this problem and mesh size, skewness and
aspect ratio were controlled to minimize risk of numerical 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 Motor Efficiency

The motor under test in this work was tested to International Electrotechnical Commission,
to determine its motor performance curves, see Appendix H. Details of the different
standard organisations that various motor manufactures use are given in Appendix I.

Details of the International Electrotechnical Commission standard are given below.

2.19.1 International Electrotechnical Commission (IEC)

International Electrotechnical Commission standards are recognised around the world as a

bench mark for products such 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 resolution 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 performance. Examples of relevant standards from this organisation include the

following.

IEC 60034-30 is the latest International Standard, released 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 Efficiency (IE1)
e High Efficiency (IE2)
e Premium Efficiency (IE3)

IEC 34-2 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 as dimensions for rotating electrical
machines.

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

IEC specifies five classes of insulation with corresponding temperature rises by resistance.

e Class A: 105°C
e Class B: 130°C
e ClassF: 155°C
e Class H: 180°C
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Chapter 3 Experimental/model set-up

3.1 Set-up for current closed cooling system analysis

The system analysed in this work was an ABS closed cooling pump system. This was a
new cooling system introduced by ABS on its M1, M2 and ME3 type pumps in October
2005. A sub-category of the M2 motor type is called a M60/4 motor. This was 6kW four
pole motor that was examined in this work. A schematic of the experimental set-up
designed by ABS Production Wexford is shown in Figure 3.1. A 30% glycol to 70% water
mix coolant was circulated around the motor housing using an impeller attached to the
rotor shaft. Figure 3.2 shows that the returned coolant from the motor housing was
circulated over the heat exchange area at the bottom of the cooling system the opposite side
of which is in contact with the pumped medium. This area was in contact with the pumped
medium which has a maximum allowable temperature of 35 °C. Tests described below
were implemented to characterise the evolution 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 repeated at least once in order

to ensure confidence in the measured results.

M60/4 submersible pump

Figure 3-1 Picture of closed cooling experimental set-up with submersible pump
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Figure 3-2 Close up of heat exchange area

3.1.1 Determination of temperatures generated by the induction motor

For the first experiment the motor was run at full load without cooling jacket. The heat
generation was monitored at four different points around a housing, see Figure 3-3. Point
A, B, C and D indicate the points at which the probes were positioned in the motor
housing. The first probe (point A) was positioned at the top of the motor housing, the
second (point B) was positioned 30mm below this and at 90 degrees clockwise
circumferentially displaced. Points C and D were similarly place beneath this as shown in
Figure 3-4 (b). This gives temperature readings at different heights and different positions
around the housing. One thermocouple was also placed internally located at the upper
bearing, this was used to ensure that the correct temperature rated grease was used on the
bearings. Results were recorded using J-type thermocouples and Anville Instruments
software. The results from this gave exact values of temperature generated by the motor
but most importantly how much heat had to be removed from the system. The pumping
system was also monitored using a FLIR thermal imaging camera. Unlike temperature
probes that give temperature at a particular point, the thermal imaging camera can give an

overall picture as to where most of the heat is generated. The results from this indicated
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how long the motor can run for without cooling and showed how the heat would propagate

around the housing if no cooling system were in place. This showed the need for a cooling

system.

(b)
Figure 3-3 Pictures showing positions of thermocouples on motor housing
(a) positions A and B; (b) positions C and D

Experimental Procedure

Equipment: PC, Anville Instruments data acquisition unit, Roll of J-Type thermocouple,
PTFE tape. M60/4 pump.

1.

o g k~ w

Prepared thermocouples by stripping the wires at one end and crossing them. Insulated
the thermocouple with PTFE tape. Verified temperature readings across the
temperature range with an infrared non-contact laser Thermometer order code 814-020.
Drilled four 5mm holes 5mm deep into the four pre-defined locations around the motor
housing. See Figure 3-3 (a) and (b).

Placed thermocouple into each of these holes and secured into place using silicone.
Plugged each thermocouple into the data acquisition unit connected to the PC.

Started the temperature recording software and then started the motor under full load.
Recorded the temperature until it rose above 80 °C. The test was stopped at this stage to

ensure the protection of the motor winding insulation. This temperature was determined
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from a previous experiment where the motor burned out when a temperature of 100 °C

was reached.

3.1.2Determination of temperatures generated with closed cooling system

This experiment was run at full load according to a similar procedure as described in
section 3.1.1 but with the closed cooling system in place. The temperature rise of the motor
was recorded. The purpose of this experiment was to investigate the effect of the cooling
system to keep the temperature the system stabile and at as low a level as practicable.

Experimental Procedure
1. Prepared thermocouples by stripping the wires at one end and crossing them. Insulated

the thermocouple with PTFE tape.
2. Used the same motor from the previous experiment; disassembled motor housing and
placed one thermocouple on each of the 3 phases.
3. Drilled one 8mm hole at the power cable inlet to allow placement of thermocouples
wires through housing.
Re-assembled motor with closed cooling system attached and filled with glycol/water.
Plugged each thermocouple into the data acquisition unit connected to the PC.
Started the temperature recording software and then started the motor under full load.

N oo g &

Recorded the temperature until it the temperature of the system stabilised for a period

of at least 5 minutes.

3.1.3 Determination of temperatures 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 new design of cooling
system supplied for testing from the casting foundry, LOVINK, Poland, consisted of a
helical mild steel coil integrated into the cast iron motor housing. CAD drawings and
pictures of this design are shown in Figures 3-4 and Appendix G. The diameter of the coil
that could be used was 10 mm. Smaller diameter coils could not be incorporated into the

cast iron with the casting technique as the coil tubing melted in these cases. Given the 15
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mm housing thickness and potential casting porosity, a 10 mm outer coil diameter was the
largest that could safely be used in order to ensure the housing integrity. This experiment
was run at full load according to a similar procedure as described in section 3.1.1 to
examine the effects of this integrated cooling coil in the motor housing of the M60/4
submersible pump and investigate what effects this would have on the temperature

evolution.

Figure 3-4 SolidWorks model of the coil cooling system.
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3.1.4 Examination of coolant 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 experimental
work focused on examining the flow field around the jacket and the flow rate. In order to
determine this, four through slots each 32mm by 92mm were machined into the cooling
jacket and closed off with four corresponding Perspex windows, see figures 3-5 and 3-6.
Two windows were located in the general area above the inlet and the other two were
located at 180° to these in the general area above the outlet of the cooling jacket. These
windows were labelled A, B, C, and D. The glycol in the cooling system was replaced with
3 litres of water seeded with 10% of polypropylene particles (equivalent to 300g) with an
average diameter of 1000 micrometers and a density of 0.96g/cc which is close to that of
water. The motor housing was painted white for clearer visibility of the seeded fluid in the
cooling system. The pump was set to run at the normal operating speed (1490 rpm) and the
flow of the particles was recorded through the windows with a Citius C10 high speed
camera set to record at 330 frames per second. Motor performance curves are shown in
Appendix H. Direction and speed of the fluid flow was determined by analysing the
particle frame to frame movements. The 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 ms). The speed in each of the zones shown in figure 3-6 was

recorded by taking ten separate particle speed measurements and averaging these.

Figure 3-5 top down view of housing locations for windows A, B, C, and D.
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Figure 3-6 Pictures of Perspex windows A, B, C, and D, showing the
three zones examined for particle speeds.

3.1.5 Determination of flow rate from closed cooling impeller

This experiment determined the flow rate in and out of the cooling jacket. Typically,
stainless steel pipes connect the cooling jacket to the heat exchange area and the closed
cooling impeller. To examine the flow rate within this area, these pipes were replace with
transparent Perspex pipes, the high speed camera was focused on the particles in these
pipes and the images examined as mentioned in section 3.1.3 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.

3.1.6 Determination of power consumed by closed cooling system

This experiment was performed to determine power consumed by the cooling system. In
this experiment the pump was run under open shaft (i.e. no pumping load on motor)
conditions and again under open shaft conditions without the cooling impeller and
mechanical seals in place. For both of these tests, the power consumption was monitored
with a Norma D5255 power analyser. This test was designed to determine the power
consumed by the cooling impeller and seals under different speeds and motor types. It was

assumed that the power consumed would the same with impellers in the pump.
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3.2 Computational Fluid Dynamic (CFD) analysis

3.2.1 Set-up for CFD analysis

CFX (Ver 10.0) was used to model the fluid flow within the examined system. The goal of
this work was to generate a model which would verify the results gained from the
experimental work and then also allow new cooling system designs to be investigated for
potential improved cooling efficiencies. A steady flow set up was sought to provide an
average flow pattern inside the cooling jacket. Faster and more turbulent flows would be
expected to generate better cooling efficiencies. A trial 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 blades on the impeller. This showed that the speed of the
coolant flow was greatest for the twelve blade impeller compared to the eight blade
impeller (standard set-up) and was greater for the eight bladed impeller compared to the
four bladed impeller. The steady state housing temperatures measured for the four bladed
and eight bladed systems were 13 °C and 4 °C lower than for the twelve bladed systems

respectively.

A flowchart for the fluid modelling work is shown in Figure 3-8. 3D models of the four
main components of the coolant system were first generated in SolidWorks 2006. These
were exported as IGES files and then imported into ANSYS ICEM CFD where they were
mated, see figure 3-9. In ANSYS CFD, the software allows the user to create two types of
mesh structures, hexahedral meshes and tetrahedral meshes. Tetrahedral (unstructured
mesh) was used due to the complexity of the continuum. Figure 3-10 shows the meshed
upper cooling jacket. The initial modelling was conducted using the default mesh size set
up by ANSYS but this was then refined in order to have more complete mesh coverage of
the volume to be modelled. This was achieved by having a mesh size of 452,387 cells, a
maximum cell aspect ratio of 1:10, and a maximum skewness of cells of 20°. All walls
were set as stationary boundaries except for the impeller which was set as the input
boundary. The input boundary axial velocity, V,, was set to 0 m/s; the radial velocity, Vg,
to 0.1 m/s; and the Vy, was set to the product of the rotational speed (®) and the radius (r).

A diagram of this boundary is shown in Figure 3-9.
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Figure 3-7 Flow chart indicting the steps used for model set-up
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Figure 3-8 Screen shot of mated structures from ANSYS ICEM CFD
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Figure 3-9 Meshed continuum of upper cooling jacket
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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 stabilises the temperature
within the system. It is important to remember that for every 10 degrees centigrade rise in
the operating temperature of an induction motor its lifetime is halved. The second section
analyses the flow around the system, to see if the flow was 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 allowed close 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 of temperatures generated by the induction motor

In this experiment the heat generated when the dry installed motor was operated under full
load without the cooling system attached was investigated. From Figure 4-1 it can be seen
that after 45 minutes without any cooling system, the motor housing was locally at 85 °C
which if left uncooled would eventually lead to the motor burning out and failing. This
experiment was stopped when the motor had reached 108°C. From this result, it is clear
that this submersible pump would not be capable of operating dry installed for long periods
of time without a cooling system. Figure 4-2 shows a thermal image, taken after 1300
seconds, of the pump housing with the colour scale on the right hand side indicating the

level of heat represented by the various colours.
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Figure 4-1 Housing temperature profiles recorded over a 3500 second period at locations
A, B, C, and D for operation without a cooling system in place
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Figure 4-2 Thermal image of the pump housing, taken after 1300 seconds,
without cooling system in place
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4.1.2. Results of temperatures generated with closed cooling system

This experiment examined the temperature evolution under full load conditions in the
motor with the cooling system in operation. From Figure 4.3 it is clear that this system was
effective as it had stabilised the motor housing at a temperature of 45 °C. This is
approximately 40 °C less compared to the pump set-up without cooling, shown in section
4.1.1. Figure 4-5 displays the thermal image and temperature, taken after 3500 seconds, in
the different areas of the 6kW submersible motor housing. These results showed that the
main areas of heat build up in the system were at either end of the stator where there was a
large area of copper which caused the heat build up. The corresponding temperatures for
the phases, bearing, and pumped water for this system are shown in Appendix B.
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Figure 4-3 Housing temperature profiles recorded over a 4000 second period with a

cooling system in place at locations A, B, C, D
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Figure 4-4 Housing temperature profiles recorded over a 3720 seconds period with a

cooling system in place at locations on the bearing,
the three phase wirings, and the pumped water.
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Figure 4-5 Thermal image of the pump housing, taken after 3500 seconds,

with the cooling system in operation.
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4.1.3 Results for temperatures generated with coil cooling system

This experiment examined the temperature evolution under full load conditions in the
motor with the coil cooling system in operation. From figure 4-6 it is clear that this system
was as effective as the cooling jacket system as it had stabilised the motor housing at a
temperature of 38 °C. This is approximately 7 °C less compared to the pump set-up with
the closed cooling, shown in section 4.1.2. Figure 4-7 displays the thermal image and
temperature, taken after 3000 seconds, in the different areas of the 6kW submersible motor
housing. The aim was to find any hot spots. These results showed that the main areas of
heat build up in the system were at either end of the stator where there was a large area of
copper which caused the heat build up. The corresponding temperatures for the phases,
bearing, and pumped water for this system are shown in Appendix A.

Following the examination of the coil cooling system using the standard 8 blade impeller, a
second experiment was carried out using a 4 blade impeller. This would give an indication
on what effect a slower flow rate through the system would make on the temperature
gradient. From Figure 4-8 it shows that the lower flow rate through the coils caused less

cooling to take place in the system as a result caused the housing to increase by 7 °C.
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Figure 4-6 Temperature rise in cooling system using standard 8 blade impeller.
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Figure 4-7 Thermal image of the pump housing, taken after 3000 seconds,
with the coil cooling system in operation.

Figure 4-8 Temperature rise in cooling system using a 4 blade impeller
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4.1.4 Examination of coolant flow around the cooling jacket

After examining the thermal behaviour of the motor the next stage is to understanding the
flow of glycol within the cooling system and to examine whether or not it is functioning to
the optimum level. This is achieved using a high speed camera monitoring four machined
perspex holes machined at either side of the inlet and outlet and the closed cooling system
filled with water saturated with 10% polypropylene with a density of 0.96g/cc. The high
speed camera was used to monitor the flow of these particles within the fluid through each
window and in turn determine the flow at each section within the cooling jacket. The flow
velocity was calculated as the distance travelled by the particle to cross the window (32
mm) divided by the time taken. Appendix D shows the averages and ranges recorded for
flow velocities from analysis ten particles flowing in each window section. The flow field
found form this work is shown in Figure 4-8. The flow path was verified using CFD

analysis.

Inlet Qutlet

Figure 4-9 Schematic of the flow field around cooling jacket

59



4.1.5 Results for flow rate from closed cooling impeller

After examining the behaviour of flow around the motor housing the next stage was to
examine the flow into the jacket for both the standard 8 blade impeller and 4 blade
impeller. This was achieved using the high speed camera focused on 50 mm section of
Perspex pipes and capturing a small introduced air bubble passing through the system. This
experiment was carried out on the cooling coils system. The flow velocity was calculated
as the distance travelled by the air bubble to pass through a specified length of pipe
window (50 mm) divided by the time taken. Appendix E and F show the averages and
ranges recorded for flow velocities from the analysis over ten readings. The average fluid
flow speed for the four blade impeller was 176 mm/s and was 217 for the eight blade

impeller.

4.1.6 Results for power consumed by closed cooling system

After examining the behaviour of the cooling system and how the glycol is circulated it is
important to remember that this function comes at a cost, and in this instance its extra
power consumed by the motor. With this extra consumption of power this can affect the
overall efficiency of the electric motor. Table 4-10 shows the experimental pump
configurations and associated power losses. P; is the input power; P, is the shaft output
power; Pa is the input power with no seals, cooling impeller or collant; Pg is the input
power with seals and cooling impeller but with no glycol coolant; P¢ is same as Pg but with
glycol coolant include; Pseq is the power consumed by the seals; Pcooant IS the power
consumed by the coolant; Ps.c is the power consumed by seals and impeller; and %Ps,. is

the % power consumed by the seals and impeller.

Motor I:’A PB PC Pseall Pimpeller Ps+c %Ps+c
No Wij[h Wij[h
Power | Power | No. of Cartridge Cartridge | Cartridge
P, P, poles Seal No With
(kW) (kW) (W) Coolant | Coolant
(W) (W) w | W | W)
11.8 10 8 965 1030 1075 65 45 110 0.93%
12.7 11 6 915 1155 1220 240 65 305 2.40%
12.7 11 4 580 870 945 290 75 365 2.87%
22.3 20 2 840 1200 1680 360 480 840 3.77%
28.4 25 2 1050 1700 2086 650 386 1036 | 3.65%

Table 4-1 Experimental settings and power consumed by open shaft conditions with an
without cooling impeller and seals. (Voltage: 400V; Frequency: 50Hz). Note: the four pole
motor power here was higher than that used in this work; however the trends of efficiency
would be similar
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Figure 4-10 Graph of the power loss in the motor against the number of motor poles

4.2 Results from Computational Fluid Dynamic (CFD) analysis

CFD results were in agreement with the experimental results. The result shown in Figure 4-
11, that the majority of the flow is in one direction (anticlockwise looking from the top)
around the jacket. This was also proved in section 4.1.4, but what CFD shows us in more
detail is how the liquid behaves before entering the cooling jacket. It shows in detail that
there is a swirling effect in the water as it passes through the feeding pipe. This swirling
effect of the water as it enters the jacket can force the direction of flow in the cooling

jacket in one direction.

Another interesting point from these results is the flow around the heat exchange plate i.e.
flow at the bottom of the screen. It shows that most of the flow occurs around one half of
this plate. From these two findings, optimisation of the flow in the cooling jacket could
lead to a more evenly cooled motor housing with the possibility of hot spots developing
being eliminated. Optimisation around the closed cooling impeller and the heat exchange

plate could certainly result in lower operation temperature of the motor.
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Figure 4-11 Screen shot of the CFD solution for the closed cooling system

The results from the flow chart in Figure 4-12 show in detail how the fluid is behaving in
the system. The screen shot in the middle shows that there is a turbulent flow around the
cooling jacket. Also on the inlet pipe it shows that entrance to inlet pipe going to the jacket,
because of the sudden right angle bend that there is a turbulent flow in this region and in
turn putting unnecessary losses into the cooling system. The return pipe is less critical as
this is a suction line from the jacket. Figure 4-13 displays pressure build up in the system in
Pascal’s. One area for concern from this result is the entrance to the inlet pipe. Because of

the sharp right angle bend this is the area of maximum pressure in the system.
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Figure 4-12 Flow patterns around the cooling jacket as solved for in CFD
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Figure 4-13 Screen shot showing pressure in Pa in the closed cooling system
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4.3 Heat Transfer Calculations

4.3.1 No Cooling System

In this section the calculation of heat flux values, Q (measured in watts), between the
stator and the outer wall surface of the motor housing are presented. In section 2.17,
Chapter 2, the details of the heat conduction calculation were presented. Here the heat
conduction trough the copper, steel and cast iron was calculated [61]. Perfect heat
transfer at the interfaces was assumed. The heat transfer was driven by heat
conduction through the copper coils, steel laminations and the cast iron housing. Heat
was finally taken out of the system by heat transfer from the outside of the housing
into air. A heat transfer coefficient of 5 W/m?K was used for this [62]. The heat
transfer between the stator and the outer wall surface with the cooling jacket removed
is described by the following equation [62].

Q = (Ti - To) / ((IN(r2/r)/(2.pi k1)) + (In(ralr2)/(2.pi.ka.I)+

((In(ra/r3)/(2.pi.ks.1)) + ((1/(2.pi.ra.l.ho)))
Equation 4-1

where T; is the inside temperature at the stator, T, is the outside temperature of the
motor housing (°C); ki, k, and ks are the conductivities of the copper, steel, and cast
iron respectively in the system (W/mK); r; is the inside radius of the copper, r; is the
outside radius of the copper, rs is the outside radius of the stator block, r4 is outside

radius of the motor housing with | being the length of the stator.
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Figure 4-14 Figure showing the radii and length of the stator region used for the heat
flow calculations. Note this is the cross sectional side view plan view, the plan view
of which is shown in Figure 2-14.
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Using the calculation above, the heat transfer Q for the system was calculated. For
this calculation the temperature at the stator coils and the outside of the housing were
taken from the experimental results, see section 4.1.1. From these results, the stator
temperature reached 108°C and an average housing temperature of 85°C was found.

All model parameters are as follows.

T; =108 degC r; = 0.055m
T, =85degC r, =0.07m
k; =400 W/mK r; =0.08m
k, =200 W/mK r, =0.09m
ks = 80 W/mK 1=0.14m
ho =5 W/mk

Substituting these values into equation 4-1 gives the following result.

Q = 23/(((0.2412)/(351.68)) + ((0.1335)/(175.84)) + ((0.1178)/(70.336)) + ((1/(0.396)))
= Q = 23/((0.00068)+(0.00076)+(0.00167)+(2.528))
= Q=23/2.53

= Q=9.089W

4.3.2 With Cooling System
In this section the calculation of heat flux values for heat transfer between the stator

and the outer wall surface of the cooling jacket are presented, assuming that there is

cooling fluid in place.

In this model it is assumed as before that conduction of heat occurs through the
copper coils, steel laminations and the cast iron motor housing. Heat transfer between
the motor housing and cooling water; conduction through the cooling liquid; and heat
transfer between the cooling fluid and the cast iron cooling jacket are also taken into
account. Finally conduction through the cooling jacket and heat transfer from the
outside of the housing into air are also incorporated in the model. This model is

represented as follows.
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Q = (T; - To) / (IN(ra/r)/2.piKel)) + (IN(ra/r2)/(2.pikal)) + ((IN(ralra)/(2.piks.D)) + ((1/(2.pi.ra.Lhy))
+ (In(rs/ra)/(2.pi-Kal) + ((L/(2.pi.rs.Lh) + (IN(re/rs)/(2.pika.l)) + (1/(2.pi.re.l.hg))

Equation 4-2

where T is the inside temperature at the stator and T, is the outside temperature of the
cooling jacket; ki, ko, k3 and k4 are the conductivity of the different materials in the
system in W/MK; h; and h, is the heat flux from cast iron to air and cast iron to water;
r; is the inside radius of the copper, r, is the outside radius of the copper, r3 is the
outside radius of the stator block, r4 is outside radius of the motor housing, rs is the
inside radius of the cooling jacket with rg is the outside radius of the cooling jacket
and | is the length of the stator.

Using the calculation above, the heat transfer Q for the system can be calculated in
watts. For this calculation the temperature at the stator coils and the outside of the
cooling jacket have to be defined using experimental results from 4.1.2. From these
results, the stator temperature reached 88°C and cooling housing temperature

averaging out at 29°C. All model parameters are as follows.

Ti =90 degC ho = 5 W/m2k rs = 0.102m
To =29 degC h; = 400 W/m?k rs = 0.112m
ki1 =400 W/mK r, = 0.055m 1=0.14m
ks = 200 W/mK r;=0.07m

ks = 80 W/mK r; = 0.08m

ks = 0.61 W/mK ry = 0.09m

Substituting these values into equation 4-2 gives the following result.

Q = 59 / ((0.000686) + (0.000759) + (0.00167) + (0.0316) + (0.2334) + (0.0279) +
(0.00133) + (2.03)

= Q=59/2.3284

= Q=25.33966 W
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4.3.3 With Coil Cooling System

This section calculates the Q value for heat transfer between the stator and the outer
wall surface of the motor housing/ cooling jacket. It solves for Q given that the system
is conducting heat through the copper coils, steel laminations and the cast iron motor
housing, convection between the motor housing and the coil cooling system,
conduction through the cooling liquid, convection between the coil cooling system
and the motor housing, conduction through the motor housing and finally convecting
the heat away from the outside of the housing into air. This model is represented as

follows.

Q = (T; - To) / (IN(r2/r)/(2.pike.l)) + ((IN(ra/r2)/(2.pikal)) + ((IN(re/ra)/(2.pi-ka.D)) + ((1/(2.pi.ra.l.hy))
+ (In(rs/ra)/(2.pi.Kal) + ((1/(2.pi.rs.Lhi)) + ((IN(re/ra)/(2.pi-Ks.)) + (1/(2.pi.rs.l.ho))

Equation 4-3

Where T; is the inside temperature at the stator and T, is the outside temperature of
the cooling jacket. k; ko, ks and k4 are the conductivity of the different materials in the
system in W/mK. h; and h, is the heat flux from cast iron to air and cast iron to water.
The dimension, r; is the inside radius of the copper, r, is the outside radius of the
copper, rs is the outside radius of the stator block, r, is outside radius of the motor
housing, rs is the inside of the cooling coils, rs is the outside radius of the cooling

coils and I is the length of the stator.

Using the calculation above, the heat transfer Q for the system can be calculated in
watts. For this calculation the temperature at the stator coils and the outside of the
cooling jacket have to be defined using experimental results from 4.1.3. From these
results, the stator temperature reached 105°C and cooling housing temperature

averaging out at 37°C. All model parameters are as follows.

Ti = 105 degC ho = 5 W/m2k rs = 0.095m
T, = 37 degC h; = 400 W/m?k re = 0.1m
ky = 400 W/mK r; = 0.055m | =0.14m
ko = 200 W/mK r, = 0.07m

ks = 80 W/mK r; = 0.08m

ks =0.6 W/mK r, =0.085m
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Substituting these values into equation 4-3 gives the following result.

Q = 68 / (0.000686) + (0.00076) + (0.00317) + (0.00335) + (0.2108) + (0.002993) +
(0.00317) + (2.27)

= Q=68/25

> Q=272W

4.3.4 Coil Cooling System with 4 Blade Impeller

This section calculates the Q value for the same cooling coil system as in 3.3.3 but
standard closed cooling 8 blade impeller was replaced with a 4 blade impeller in order
to slow down the flow rate around the jacket. The equation remains the same as the

physical components of the system remain the same.

Using the same calculation from 3.3.3 and the experimental results from 4.1.3 where
the stator temperature reached 114°C and cooling housing temperature averaging out

at 46°C. All model parameters are as follows.

Ti = 114 degC ho = 5 W/m?k rs = 0.095m
To = 46 degC h; = 400 W/m’k re = 0.1m
ki = 400 W/mK r; = 0.055m | =0.14m
ko = 200 W/mK r;=0.07m

ks = 80 W/mK r; = 0.08m

ks = 0.6 W/mK r, = 0.085m

The same equation as Equation 4-3 is used here with the above parameters used

instead.

Q = 68/ (0.000686) + (0.00076) + (0.00317) + (0.00335) + (0.2108) + (0.002993) +
(0.00317) + (2.27)

> Q=68/25

2 Q=272W
These two results for the coil cooling system show that the heat transfer from the
stator to the outer wall remained the same and that the key area from a cooling point
of view is the heat transfer plate which separates the pumped medium from the

cooling liquid.
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Chapter 5 Conclusion and Recommendations

5.1 Conclusions

In the present study, the analysis of the current closed cooling system showed that it is
capable of maintaining the system steady state operating temperature within the IEC
temperatures ranges as specified in section 2.21.1. It was found that all the closed
loop cooling systems in this work met the Class H insulation. However, examination
into the cooling systems showed that variations in efficiencies between different
systems. The results from section 4.1.1 and 4.2.1 show that the use of the cooling
jacket markedly reduced the external motor housing temperature, see Figure 4-1 and
Figure 4-3. On examination of fluid flow around the outer jacket, see section 4.1.4, it
was found that the flow occurred in one direction and that the closed cooling
effectively only occurred from three quarters of the motor housing. Results from
section 4.1.3, showed that elimination of this dormant area and creating a fluid flow
around the motor housing reduced the operational temperature of the motor by 7 °C ,

see Figure 4-3 and Figure 4-6.

The CFD results in Figure 4-11, show that the area around the heat exchange plate has
potential for optimization as the fluid flow is not uniformly distributed over the heat
exchange plate (housing body) and hence heat transfer is not maximised. The
introduction of a spiral or a baffle like shape into the casting could create a directional
flow over the entire area and prolong the cooling fluid contact with the heat exchange
plate. This could have an additional beneficial effect in the overall performance of the

cooling system by reducing the motor operational temperature.

Analysis of the power measurements taken in section 4.1.6, showed that for a 4 pole
motor the power consumed by the cooling impeller was 75 watts, which represents
1.25% of power consumed from a 6kW motor. Future work could investigate different
impeller designs in order to improve the flow around the heat exchange plate as well
as increasing impeller efficiency. From Table 4.1, it can be seen that the same
impeller which is used on a two pole and four pole motor consumes over six times
more power on the four pole motor even though the power rating is only twice that of
the two pole motor. This indicates that optimised impeller designs could be produced
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for different speed motors. Improvement in this area can lead to improved cooling

characteristics and reduction in the power consumed by the system.

This work has shown the potential for optimizing the cooling system. A more efficient
cooling system would yield a cooler motor, which in turn would give a better motor

efficiency and longer motor life also.

5.2 Recommendations for Future Work

The results in the present study are significant; however the future work in relation to
the present study can be listed as follows:
e Baffles
The heat transfer plate situated between the pumped medium and cooling fluid
could be looked at further by optimising the design to include spiral ribs or baffles
on the cooling fluid side. This could optimise flow around this plate and also
increase the surface area to transfer heat away.
e Inlet/Outlet pipes
Sharp right angle bends from the inlet pipe could be removed to improve coolant
speed and promote flow direction. Sharp bends add losses to the system and
reducing the flow rate into the cooling jacket. Results from section 4.1.3 show that
as the flow rate in the system reduces the temperature of the stator housing
increases.
e Motor Speed
Further investigation of the effect of motor speeds on the efficiencies and capacity
of the cooling system could be investigated.
e Deflector plate
The closed cooling deflector plate could be optimised to direct the flow into the
closed cooling impeller and to direct flow around the heat exchange plate. in
order to reduce power consumed by the motor, reduce the running temperature

motor and increase the overall running efficiency of the motor.
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Appendix - A

Performance of the closed cooling impeller

Average Flow speed

Head (m) | Flow (I/s) (m/s)
0 0.09 0.114
0.2 0.075 0.095
0.4 0.06 0.076
0.6 0.045 0.057
0.8 0.023 0.029

1 0 0

Appendix - B

Temperautres of the the bearing, water and phases
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Appendix - C

Theraml image temperature profiles for coil cooling system
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Appendix-D

Particle Speeds for Windows Al to C3

WINDOW Al
Start Finish Duration
Sample | Milliseconds | Milliseconds | Milliseconds | Speed

1 992.44 1136.36 143.92 | 222.3457

2 1244.3 1373.23 128.93 | 248.1967

3 1798.99 1996.88 197.89 [ 161.706

4 3268.16 3442.06 173.9 | 184.0138

5 4110.69 4308.58 197.89 [ 161.706

6 5363.98 5519.89 155.91 | 205.2466

7 6311.45 6470.36 158.91 | 201.3718

8 9348.74 9525.64 176.9 | 180.8932

9 10994.81 11159.72 164.91 | 194.0452

10 11973.32 12122.18 148.86 | 214.9671
Total 1974.492

Average 197.4492

Midrange 204.9513

Range 86.4907

WINDOW A2
Start Finish Duration
Sample | Milliseconds | Milliseconds | Milliseconds | Speed

1 698.61 899.49 200.88 | 159.2991

2 1463.18 1691.05 227.87 | 140.4309

3 2269.72 2485.6 215.88 | 148.2305

4 2575.55 2791.43 215.88 | 148.2305

5 3001.31 3268.16 266.85 | 119.9176

6 3505.03 3696.92 191.89 | 166.7622

7 3768.88 3999.75 230.87 | 138.6061

8 4437.5 4599.41 161.91 | 197.6407

9 5223.06 5429.94 206.88 | 154.679

10 5735.77 5924.67 188.9 | 169.4018
Total 1543.198

Average 154.3198

Midrange 158.7791

Range 77.72311
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WINDOW A3

Start Finish Duration
Sample [ Milliseconds | Milliseconds | Milliseconds | Speed

1 1529.14 1819.98 290.84 | 110.0261
2 2254.73 2470.61 215.88 | 148.2305
3 2398.65 2695.48 296.83 | 107.8058
4 2860.39 3223.19 362.8 | 88.20287
5 324417 3564.99 320.82 | 99.7444
6 3636.95 3837.84 200.89 | 159.2912
7 3936.78 4293.58 356.8 [ 89.6861
8 4218.63 4569.43 350.8 [ 91.22007
9 4863.26 5247.05 383.79 | 83.37893
10 5181.08 5504.9 323.82 | 98.82033
Total 1076.406

Average 107.6406

Midrange 121.335

Range 75.91222

WINDOW B1
Start Finish Duration
Sample | Milliseconds | Milliseconds | Milliseconds | Speed

1 140.92 326.82 185.9 | 172.1356
2 575.68 779.56 203.88 | 156.9551
3 1229.31 1412.21 182.9 | 174.959
4 1891.94 1984.88 92.94 | 344.3082
5 2194.76 2395.65 200.89 | 159.2912
6 6599.29 6773.19 173.9 | 184.0138
7 6785.18 6974.07 188.89 | 169.4108
8 6938.1 7141.98 203.88 | 156.9551
9 7204.94 7381.85 176.91 | 180.8829
10 7468.84 7600.72 131.88 | 242.6448
Total 1941.556

Average 194.1556

Midrange 250.6316

Range 85.68976

79




WINDOW B2

Start Finish Duration
Sample [ Milliseconds | Milliseconds | Milliseconds | Speed

1 860.52 1142.36 281.84 | 113.5396
2 2035.85 2284.71 248.86 | 128.5864
3 3729.9 3942.78 212.88 | 150.3194
4 4650.38 5001.59 351.21 | 91.11358
5 5765.75 5969.64 203.89 | 156.9474
6 6200 6365.42 165.42 | 193.447
7 8242.36 8392.28 149.92 | 213.4472
8 8431.25 8584.17 152.92 | 209.2597
9 8728.09 8869.01 140.92 | 227.0792
10 11024.8 11141.73 116.93 | 273.668
Total 1757.407

Average 175.7407

Midrange 182.3908

Range 182.5544

WINDOW B3
Start Finish Duration
Sample [ Milliseconds | Milliseconds | Milliseconds | Speed

1 2107.81 2494.6 386.79 | 82.73223
2 3022.3 3343.12 320.82 | 99.7444
3 5711.79 5960.65 248.86 | 128.5864
4 6845.15 7273.91 428.76 | 74.63383
5 7627.71 7846.58 218.87 | 146.2055
6 9240.8 9498.65 257.85 | 124.1032
7 9822.47 10242.24 419.77 | 76.23222
8 10338.18 10662 323.82 | 98.82033
9 13219.56 13450.43 230.87 | 138.6061
10 13684.3 13945.15 260.85 | 122.6759
Total 1092.34

Average 109.234

Midrange 106.62

Range 69.97329
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WINDOW
Cl Start Finish Duration
Sample Milliseconds | Milliseconds | Milliseconds | Speed
1 491.72 680.62 188.9 | 169.4018
2 1166.34 1352.24 185.9 | 172.1356
3 1247.3 1445.19 197.89 [ 161.706
4 1789.99 2023.86 233.87 | 136.8282
5 2266.72 2449.62 182.9 | 174.959
6 2416.64 2590.54 173.9 | 184.0138
7 2620.53 2791.43 170.9 | 187.244
8 2926.35 3103.25 176.9 | 180.8932
9 3993.75 4149.66 155.91 | 205.2466
10 4710.35 4947.22 236.87 | 135.0952
Total 1707.523
Average 170.7523
Midrange 170.1709
Range 70.15142
WINDOW C2
Start Finish Duration
Sample | Milliseconds | Milliseconds | Milliseconds | Speed
1 167.91 344.81 176.9 | 180.8932
2 1163.35 1337.25 173.9 | 184.0138
3 2041.85 2209.76 167.91 | 190.5783
4 2494.6 2773.44 278.84 | 114.7612
5 4380.53 4575.42 194.89 | 164.1952
6 4710.35 4917.23 206.88 | 154.679
7 5097.13 5345.99 248.86 | 128.5864
8 6044.6 6275.47 230.87 | 138.6061
9 7480.79 7669.68 188.89 | 169.4108
10 7801.61 8029.48 227.87 | 140.4309
Total 1566.155
Average 156.6155
Midrange 159.5823
Range 61.99193
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WINDOW C3
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Start Finish Duration
Sample [ Milliseconds | Milliseconds | Milliseconds | Speed

1 422.76 638.64 215.88 | 148.2305
2 1873.95 2170.78 296.83 | 107.8058
3 2569.55 2836.4 266.85 | 119.9176
4 2809.42 3067.27 257.85 | 124.1032
5 3169.22 3514.02 344.8 | 92.80742
6 3585.98 3933.79 347.81 | 92.00426
7 4071.71 4374.54 302.83 | 105.6698
8 4434.5 4716.35 281.85 | 113.5356
9 5133.11 5507.9 374.79 | 85.38115
10 6254.48 6546.37 291.89 | 109.6303
Total 1099.086

Average 109.9086

Midrange 116.8058

Range 62.84935




Appendix - E

Fluid Velocity Through Inlet Pipe Using 8 Blade Impeller

Start Finish Duration
Sample [ Milliseconds | Milliseconds | Milliseconds | Speed

1 612.66 844.28 231.62 | 215.8708

2 260.73 485.32 224.59 | 222.6279

3 235.74 466.68 230.94 | 216.5065

4 1058.35 1291.43 233.08 | 214.5186

5 604.46 831.85 227.39 | 219.8865

6 160.92 390.89 229.97 | 217.4197

7 311.54 542.32 230.78 | 216.6566

8 843.47 1071.46 227.99 | 219.3079

9 499.18 729.27 230.09 | 217.3063

10 379.23 608.08 228.85 | 218.4837
Total 2178.584

Average 217.8584

Midrange 218.5733

Range 8.10928

Appendix - F
Fluid Velocity Through Inlet Pipe Using 4 Blade Impeller
Start Finish Duration
Sample | Milliseconds | Milliseconds | Milliseconds | Speed

1 163.53 444.23 280.7 | 178.1261

2 401.85 685.88 284.03 | 176.0377

3 494.79 776.72 281.93 | 177.349

4 970.31 1254.26 283.95 | 176.0873

5 411.52 691.37 279.85 | 178.6671

6 107.61 390.68 283.07 | 176.6348

7 240.47 525.83 285.36 | 175.2173

8 434.61 718.53 283.92 | 176.1059

9 254.84 535.31 280.47 | 178.2722

10 576.13 858.35 282.22 | 177.1667
Total 1769.664

Average 176.9664

Midrange 176.9422

Range 3.449874
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Appendix - G

Schematics of Coil Cooling System

Casting
GG 25

Cooling Caoil
Mild Steel
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Appendix - G

Schematics of Coil Cooling System
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Appendix - H

Motor Performance curve
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Appendix — I Motor Test Standards

British Standard BS EN 60034-1:1998

Rotating electrical machines — Part 1: Rating and performance

Section 2. Definitions

Rated Value:

A value assigned usually by the manufacturer for a specified operating condition of a

machine

Rating:

The set of rated values and operating conditions

Rated Output:

The value of the output included in the rating

Load:

All the values of the electrical and mechanical quantities that signify the demand

made on a rotating machine by an electrical circuit or a mechanism at a given instant

No-Load:

The state of a machine rotating with zero output power

Full Load:

The load which causes a machine to operate at its rating

Full Load Value:

A quantity value for a machine operating at full load

Rest and de-energise:

The complete absence of all movement and of all electrical supply or mechanical

drive
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Duty:

The statement of the load to which the machine is subjected

Duty Type:
One or more loads remaining constant for the duration specified within the

permissible operating range

Cyclic duration factor:

Ratio between period of loading and the duration of the duty cycle

Locked Rotor Torque:

The smallest measured torque the motor develops at its shaft with the rotor locked
Locked Rotor Current:

The greatest steady-state r.m.s. current taken from the line with the motor held at rest

Pull up torque:

The smallest value of torque which the motor develops between zero speed and the
speed which corresponds to the breakdown torque when the motor is supplied at the

rated voltage and frequency

Breakdown torgue:

The maximum value of the steady state torque which the motor develops without an

abrupt drop in speed

Pull out torque:

The maximum torque which the motor develops at operating temperature and at

synchronous speed

Cooling:
A procedure by means of which heat resulting from losses occuring in a machine is

given up to a primary coolant

Primary coolant:

A medium being at a lower temperature than a part of a machine and in contact with

it, removes heat from the part
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Secondary coolant:

Removes the heat given up by the primary coolant by means of a heat exchanger or

through the external surface of the machine

Direct cooled winding:

A winding mainly cooled by the coolant flowing in direct contact with the cooled part
through hollow conductors, form an integral part of the winding inside the main

insulator

Indirect cooled winding:

Any winding other than the direct cooled winding

Supplementary insulator:

An independent insulation applied in addition to the main insulation in order to insure
protection against electric shock in the event of failure of the main insulation

Moment of inertia:

The sum of the products of the mass elements of a body and the squares of their

distances from a given axis

Thermal equilibrium:

The state reached when the temperature rises of the several parts of the machine do

not vary by more than a gradient of 2 K per hour.

Thermal equivalent time constant:

The time constant which determines approximately the temperature course in a

winding after a step wise current change

Encapsulated winding:

A winding, which is completely enclosed or sealed by moulded insulation.

Section 4. Rating

Assignment of Rating:

The manufacturer shall assign the rating, the designation of the class of rating shall be

written after the rated output.
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International Standard IEC 34-2

Rotating electrical machines — Methods for determining losses and efficiency of
rotating electrical machinery from tests (excluding machines for traction

vehicles)

Determination of Efficiency:

Total loss measurement:

Electrical back to back tests:

When identical machines are run at essentially the same rated conditions, the losses
supplied from the electrical system are assumed to be equally distributed and the
efficiency is calculated from half the total losses and the electrical input. This test is
carried out as near as possible at the temperature attained in operation. This is so no

winding temperature correction shall be made.

Direct measurement of efficiency:

Braking Test:

When the machine is run at rated conditions of speed, voltage and current, the
efficiency is then taken as the ratio of output to input. The test shall be made as nearly
as possible at the temperature attained in operation at the end of the time specified in

the rating. No winding temperature correction shall be made.

Calibrated Machine Test:
When the machine is run at rated conditions of speed, voltage and current, the

efficiency is taken as the ratio of output to input

Mechanical back to back test:
When identical machines are run at essentially the same rated conditions, the losses
are assumed to be equally distributed and the efficiency is calculated from half the

total losses and electrical input.

Zero Power Factor Test
When the machine is run at rated conditions of speed, voltage and current, the total
losses are equivalent to the absorbed power during the test, corrected for the

difference between actual and the full-load exciting current losses.
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Retardation Method:

This method can be used for determining the separate losses of rotating electrical
machines.

Sum of the friction loss and windage loss in machines of all types.

Sum of losses in active iron and additional open-circuit losses in D.C. and
synchronous machines.

Sum of IR losses in an operating winding and additional load loss in synchronous

machines.

Losses:
Losses can be measured using all of the test methods mentioned previously.

Load Losses:

These consist of I2R losses in primary windings. The I2R losses in the primary
winding are normally measured during the short-circuit test. The losses are calculated
from the rated current and the resistance of the windings corrected to the reference

temperature.
Additional Load Losses:

Unless otherwise specified, it is assumed that the additional load losses vary as the

square of the armature current.
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IEEE 112 Standard Test Procedure for Polyphase Induction Motors and

Generators

This standard provides the basic test procedure for evaluating the performance of a

polyphase induction motor or generator of any size

Tests with Load:

Tests with load are made for the determination of efficiency, power factor, speed,
current and temperature rise. Some of the miscellaneous tests outlined in clause 9 are
also made with load. For all tests with load, the machine shall be properly aligned and

securely fastened.

Tests with Rotor Locked:

Testing of induction motors under locked-rotor conditions involves high mechanical
stresses and high rates of heating. Locked rotor gives you the starting voltage and
current of a motor. The direction of rotation should be established before the test and

readings should be taken as quickly as possible to avoid motor burn out.

Mechanical Power Test:

Power is calculated using the following formula

Power (in W) = oT = (T*n)/k

T is torque

n is the rotational speed in r/min
k 1$9.549,if TisinN *m

k is 7.043, if Tis in 1bf * ft

A dynamometer is used to determine torque and speed of the test machine shaft.

Bearing Loss Stabilisation:
Some motors may experience a change in friction loss until the bearings reach a
stabilized operating condition. Stabilisation will not occur until there is no excess

grease present in the path of the moving parts.
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Types of Losses:

Stator Loss:
Stator I2R loss in watts is equal to 1.5 I2R for three phase motors.

I is the measured or calculated rms current per line terminal at the specified load

R is the dc resistance between any two line terminals corrected to the specified
temperature
Rotor Loss:

Rotor I2R loss should be determined from the per unit slip, whenever the slip is
accurately determinable using the following equation.

Motor rotor I2R loss = (measured stator input power — stator I2R loss — core loss) * s

Core, Friction and Windage Loss:

These values are calculated by the no load test as outlined in section 5.3

Determination of Efficiency:

Efficiency is the ratio of output power to total input power. Output power is equal to
input power minus the losses. If two of the three variables are known, the efficiency
can be determined by one of the following equations

Efficiency = output power / input power

Efficiency = (input power — losses) / input power

Efficiency = output power / (output power + losses)

Test Method for Efficiency:

Test Method B — Input — output with loss segregation:

This method is made up of several tests. The apparent total loss is segregated into its
various components with stray —load loss defined as the difference between the
apparent total loss and the sum of the conventional losses, i.e. the stator and rotor loss,
core loss, friction and windage loss. The value of stray-load loss is plotted vs. torque
squared and a linear regression is used to reduce the effect of random errors in the test
measurement. The smoothed stray-load loss data is used to calculate the final value of
total loss and the efficiency.

Refer to test procedure 6.4
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International Standard IEC 61972

Method for determining losses and efficiency of three-phase cage induction motors.

This standard applies to three-phase cage induction motors and establishes two

methods for determination of efficiency.

Method 1: For motors tested by using a torque measurement device, with

additional load losses derived from measurements.

Method 2: For motors tested without torque measurement, with assigned
additional load losses

Refer to section 5 for test procedure, which consists of a Rated load thermal test, load

test and No load test at variable voltage.

Determination of Efficiency:
Constant Losses:
Input power is the total of the losses in the no load test. Subtracting the no load stator
winding losses from the no load input power gives the constant losses Pk which are
the sum of the friction, windage and core losses. For each value of voltage recorded,
subtract the no-load stator winding loss (I12R)o from the input power Po to obtain the
constant losses PK.

Pk = Po - (I?R)o = PF + PFE

Windage and Friction Losses:

For each of the values of voltage recorded with 50% or less of rated voltage during
the no-load test, plot the constant losses Pk against the voltage squared. Plotting a
straight line to zero voltage, the intercept with zero voltage axis is the windage and

friction losses PF.

Core Losses:
For each of the voltage values between 60% and 125%, determine the constant losses
Pk and plot the values in a curve against voltage Uo. To compensate for the influence

of the voltage drop in the resistance of the primary windings, the core losses at each
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load point shall be based on the reduced voltage Ur, which is obtained by the

following approximation:

Ur = V((U - ¥3/2 IR cosg)? + (N3/2 IR sing)?)
Stator Winding Losses:
The stator winding losses (I1?R)s at each point measured is calculated using the
following equation.

(I2R)s = 1.512R

Rotor Winding Losses:
The rotor winding losses (I2R)r at each point measured is calculated using the
following equation

(I2R)r = (P1 — (I2R)s - PFE)
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