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Abstract

This paper presents the measurement of the heat transfer coefficient (HTC) in an oil-cooled electrical
machine with a segmented stator using double layered heat flux gauges. While heat flux gauges have been used
for HTC measurements in applied to aecrospace components such a gas turbine blades, to the authors knowledge
the technique has never been applied to directly oil-cooled electrical machines. Therefore the paper explores the
challenges linked with this technique when applied to this setting. The paper develops a correlation for the HTC
on the sides of the pole pieces and compares the non-dimensional Nusselt number with existing correlations for
laminar flow in pipes.

Keywords: heat transfer coefficient, thin film gauges, directly oil-cooled electrical machine

Nomenclature

Roman Symbols

Dy, hydraulic diameter (m)

h heat transfer coefficient (W/m?K)

1 current (A)

k thermal conductivity (W/m K)

L length of pipe (m)

Nu Nusselt number

P Heat load (W)

q heat flux (W/ m?%)

R electrical resistance ()

Riso reference electrical resistance at isothermal temperature Tjg, (€2)

R, reference electrical resistance at Ty (R2)

T temperature (°C)

Tiso isothermal reference temperature (°C)

T, reference temperature at T, (typically 0 °C)

14 voltage (V)

u uncertainty

X substrate insulation thickness (m)

Greek Symbols

a temperature coefficient (K)

a, temperature coefficient of resistance, ¢ /R . (Q/K)
ref

Subscript

block substrate block value

sub b at the bottom of insulation substrate

sub_t at the top of insulation substrate

iso isothermal

ref fluid reference fluid temperature



INTRODUCTION

The quest to improve the current density in electrical machines requires both the electromagnetic and
thermal aspects of the machine to be optimized. As the winding insulation is rated to a maximum operating
temperature the hottest spot in the stator windings limits the machine life and torque ratings. Therefore accurate
thermal modelling of the machine allows proper choice of material, avoids unnecessary derating and reduces
safety factors thus ensuring that high torque densities are achieved. Thermal modelling is often performed using
lumped parameter models (Mellor et al., 1991, Boglietti et al., 2009). These are fast to solve but require input
parameters such as the heat transfer coefficient (HTC). The HTC is often found by CFD simulation (Howey,
2010, Airoldi, 2010, Wrobel et al., 2015) or experimental measurements (Howey et al, 2011, Hettegger et al,
2012). Despite the higher current density of liquid cooled electrical machines and the importance to produce
accurate thermal models, to the authors’ knowledge no experimental research that measures the heat transfer
coefficient in liquid cooled machines exist. This is therefore the subject of this paper, which fills this gap by
applying thin film heat flux gauges to measure the HTC in a direct oil-cooled electrical machine. The paper is
organised in the following manner: The geometrical boundary conditions for this problem is first described by
presenting the electrical machine used as a test case study. A brief overview of the measuring technique using
thin film gauges is then presented, after which the gauge manufacturing and calibration procedure is outlined.
Finally the experimental procedure undertaken is described, from which the HTC values are derived.

DIRECT LIQUID COOLED ELECTRICAL MACHINES

Air-cooled machines suffer from thermal limitations (Camilleri, et al., 2012). While the heat transfer in the
rotor-stator gap can be improved by introducing an evaporative cooling mechanism as shown in (Camilleri, et
al., 2015), the thermal path is still restricted by heat transfer from fins in the machine casing. This thermal limit
does not exist in liquid cooled machines because the heat transfer is augmented by the extended surfaces of an
external radiator. Therefore in high current density electrical machines such as those required in electric and
hybrid vehicles, liquid cooling is often preferred. This is often achieved by wrapping a cooling jacket around the
casing of the machine. Even higher current densities are however achieved by having the liquid oil in direct
contact with the windings. Fig. 1 shows an example of this cooling configuration for an axial flux machine. The
machine is made from a segmented stator through which the oil is distributed. Thermal modeling of this machine
requires that the heat transfer coefficient on the surface of each segment is known.

Thin film gauges: Application to an oil cooled electrical machine

Thin film heat flux gauges are a type of film resistance measuring device. The change in electrical resistance
of a platinum sensor that is sputtered onto an insulating substrate is measured. The electrical resistance of the
gauges, R, is dependent on temperature and can be described by the linear relationship:

R=R,+a.(T-T,) (1)

R, is a known reference resistance at a reference temperature T,, generally 0 °C. « is a temperature coefficient
describing the change in film resistance with temperature. The product of a and R,..f provides the temperature
coefficient of resistance, @, at temperature T,..r. The surface temperature is therefore inferred by the change in
electrical resistance and the gauge parameters, which are derived following an initial calibration process.

The high frequency response (100 kHz) of the thin film gauges has made them suitable for transient
techniques in gas turbine applications, (Jones et al. 1995). Test times are typically 10 us to 1s, during which a
pulse of hot air is passed over the test piece and the change in voltage across the gaige whilst supplied with a
constant current, is recorded. The time history of voltage is then used to determine the change is gauge
resistance, and hence temperature, with respect to time. The calculation of heat flux from the temperature history
can be performed in a number of methods, for example the impulse response method documented by Oldfield,
2008. Finally, the convective heat transfer coeficient (HTC) and adiabatic wall temperature (allowing for
compressibility effects) is determined from a linear regeression of heat flux and driving temperature. In this
research, the double-layered thin film gauge shown in Fig. 2 is used to determine the HTC. In the context of an
oil-cooled component, the large thermal capacity of the oil cooling system makes the transient impulse response
unsuitable. The technique presented here is modified from the transient method in that the metal substrate is
heated until a steady state condition is reached. The metal substrate temperature was measured by two k-type
bare-bead thermocouples located on the upper and lower walls.
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Fig. 1. Schematic of a direct liquid cooled segmented stator for an axial flux machine. (Highlighted) quarter segment
replicated in experiments

These measurements agreed to within 0.5K showing the block was isothermal during testing. Steady state heat
flux was determined using the one-dimensional Fourier conduction equation across the insulating substrate:

q= (k/ x) (Tsubs_b - subs_t) 2

in which q is the heat flux through the sensor, x is the thickness of the polyimide insulating layer separating the
two gauges, k is the thermal conductivity of polyimide, Tg,,;s » and T, , are the temperatures at the top and
bottom surfaces of the polyimide insulating layer respectively. Test were conducted over a range of substrate
temperatures and a linear regression of heat flux against (Tyjocx — Tjnia re) performed to determine the convective
heat transfer coefficient. Ty iq rep is @ fluid temperature to which the HTC is referenced. The heat transfer
coefficient is therefore found from:

q =h= (Tblock - Tfluid ref) 3)

To determine the heat flux and hence the heat transfer coefficient, the thermal properties of the heat flux
gauges are also required. The thermal properties of the polyimide and glue layers used are well documented by
the manufacturers and have very similar properties, and such can be regarded as one material. The thermal
properties of the substrate between the heat flux gauges are shown in Table 1. The fluid reference temperature
used to define the heat transfer coefficient should theoretically be the local bulk fluid temperature. However, the
difficulty in measuring the local fluid temperature often results in the heat transfer coefficient being defined
using an alternative reference fluid temperature. On measuring the HTC on the stator of an air cooled machine,
Howey, 2010, and Wrobel et al., 2015, chose the bulk air inlet temperature in a the rotor-stator gap as their
reference temperature. Airoldi et al., 2008, used the temperature at the centre of the rotor-stator gap. This paper
uses the oil inlet temperature as the reference. The oil inlet temperature is measured by two thermocouples.

KEY
== Platinum resistive thin film gauge (< 0.04 micron)
=== Copper leads (18 micron)
[ Polyimide insulating layer (50 micron)
Adhesive (55 micron)
@ Thermocouple
Metal substrate

Fig. 2. Schematic showing a) Direct Heat Flux Gauge, b) Double sided Direct Heat Flux Gauge



Table 1: Measured substrate material properties

Property Thermal Thickness, x (k /x)
conductivity, k (m)
(W/m K)
0.46 1.05e-6 4380

MANUFACTURING AND CALIBRATION OF THIN FILM HEAT FLUX GAUGES

The temperatures Tg,p,s ¢ and Ty, p are derived from the measured resistances of the thin film gauges on
top and below the insulation substrate. It was shown in eqn. (1) how calculating each of these temperatures
requires the values of R, and a. These values are found by calibrating the gauges at isothermal conditions for a
range of working temperatures. A reference temperature sensor that gives a calibrated temperature measurement
is used, thus:

Rcalib = Ro +a. Tcalib (4)

As the gauge parameters are affected by the manufacturing and mounting process, calibration is performed
after the thin film gauges are mounted on the test piece. The gauges were manufactured at the fabrication facility
of thin film gauges at the Osney Thermo-fluids Laboratory at the University of Oxford. Details of the fabrication
process of thin film gauges are found in (Collins et al., 2015). A pole piece replica was manufactured in
aluminium and instrumented with eight double-layered thin film gauges on each side of the oil flow channel, as
shown in Fig. 3. Aluminium was chosen due to its high conductivity, which aids uniform heating of the
segmented pole pieces, and ease of manufacturing. The calibration process was also performed at the Osney
Thermo-Fluids Laboratory using a bespoke calibration facility. The facility uses a measurement system based on
National Instruments PXI systems with a thermostatically controlled water bath. The water bath temperature is
interfaced through a serial interface and a relay switch module is controlled by a Labview script and allows to
measure up to 96 resistances simultaneously. During the calibration process, the instrumented test piece was
sealed in a plastic bag and placed in a water bath. The water bath temperature was increased from 20 °C to 45 °C
in steps of 5 °C. The pole piece temperature and water bath temperature were monitored to ensure isothermal
conditions. These temperatures and resistances of the thin film gauges were recorded. The linear relationship of
each gauge resistance was plotted against the known set of temperatures. This allows the extraction of the
temperature coefficient @ and reference resistance R, for each gauge. An example of a typical calibration chart
for one thin film heat flux gauge is shown in Fig. 4.

While for platinum « is found to experience very little variation with temperature and is considered
constant, R, sometimes experiences a drift (Collins et al, 2015). This is mainly in high temperature
environments synonymous with aerospace components, and is likely due to induced stresses and relaxation of
the gauge connections. However, although the measurements presented in this research are low temperature
(<100 °C), steady state experiments take longer to settle. The complete set of tests presented here, were
performed over a few days. Therefore to counter for any possible drift in R, during the course of the testing
period, an isothermal test was performed at the start of each measured data set. Hence, during the experiment,
temperature of the each gauge was determined as a function of the calibration parameter @ and measured

parameters R, Riso and Iiso:
R — R; 5
T ( a lSO) ’Iiso ( )

EXPERIMENTAL WORK
Assessment of the pole piece heating system

The steady state experiment required the aluminium test piece to be heated. To assess this, the heating
system was simulated in Autodesk CFD Simulation. A three-dimensional model of the aluminium block with
heater was designed and meshed. The cartridge heater was set to be stainless steel and was set to produce a heat
generation of 80 W. A thermal contact resistance of 0.3 K/W was applied between the heater and the aluminium
block to represent the thermal grease. The presence of the polyamide layer on the heat flux gauges was simulated
through an additional resistance at the solid-fluid boundary.
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Fig. 3. Aluminium test piece with mounted direct heat flux gauges.
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Fig. 4. Example of a calibration chart for a thin film gauge, from which the values of temperature coefficient & and reference resistance R,
(y-intersect at T=0 °C) for each gauge is determined.

An estimated convective heat transfer coefficient of 200 W/m’K was prescribed on the solid-fluid surface. The
external temperature of the aluminium block is presented in Fig. 2. It can be seen that a surface temperature of
85 °C is reached with a variation of less then 1 °C on the instrumented surface. The model sensitivity to the
thermal resistance presented by the polyamide layer was also checked in the simulation. The temperature
distribution remains unchanged and therefore this heating method was deemed suitable.

(6) Temperature - Celsius
87

86.8
86.6
86.4
86.2
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85.8
85.6
85.4
85.2

85
84.8
84.6

84,3382
Heater (80W)

fffffff Surface of interest
Fig. 5. Simulation of the segmented pole piece to assess the heating system of the pole piece.



Experimental setup

Segmented stators offer the benefit of undertaking thermal analysis on single pole pieces rather than the
whole machine stator (Wrobel et al, 2011). This significantly simplifies thermal experiments speeding up the
thermal design of the machine. In this work, a representative experiment of a quadrant of the stator highlighted
in Fig. 1. was set up. Six pole piece replicas were machined in aluminium and used to replace the segmented
stator pole pieces. Each pole piece was fitted with a 230 V, 150 W cartridge heater of dimensions 10 mm
diameter x 50 mm length. The heater simulates the total internal heat generation in each pole piece. Silicone
based thermal interface material was applied to improve the heat transfer between the heater and the pole pieces.
Each pole piece was drilled with two 1mm holes and fitted with two thermocouples. These were used to monitor
the temperature variation in the metal body. The pole pieces were carefully assembled on a plastic base in a test
box, recreating the flow channels between them as shown in Fig. 6. The plastic base acts as a thermal insulator
and limits the heat transfer to the test box.

The pole piece heaters were connected to a variable transformer, which was used to regulate the heat input to
the pole piece, thus varying the surface temperature of the pole pieces. Current meters and a differential voltage
probe were used to measure the current and voltage supplied to the heaters using a PicoScope 3000 series
oscilloscope recording at 1 Hz. The heat input P was calculated as:

P=1LV (6)

I is the d.c. measured current and V the and V the d.c. voltage supplied to the heaters. This was used to double-
check the energy balance across the test piece. Pico data loggers were used to record pole piece temperatures at 1
Hz. The oil was re-circulated from a reservoir into the test rig and then pumped through a heat exchanger,
expelling heat to ambient. The reservoir was also fitted with a heating element to control the inlet temperature of
the fluid into the test section. The power input to the oil reservoir heater was also regulated through a
transformer. The flow rate was regulated using a globe valve and measured using a variable area flow meter. A
Schematic of the test rig is shown in Fig. 7. A test matrix shown in Table 2 was performed for flow rates
between 1 Ipm and 6 Ipm. Oil inlet temperatures were varied between 25 °C and 45 °C and pole piece surface
temperature between 30 °C to 80 °C, in steps of 10 °C. Each experiment was run for 1-3 hours, until steady state
conditions were achieved. The steady state values across the final hour were then averaged to determine the oil
inlet temperature and the pole piece body temperatures. The gauges resistances were measured from which the
temperature difference across the Upilex substrate were determined.

Instrumented pole piece

Additional thermocouples
Heating element mounted on mounted on every block

every block

—~y

Silicone to seal the
Flow out Inner stator ring flow path on the

outer stator ring

Flow stopper
Fig. 6. Test box showing a section of the stator machine and instrumented pole piece



Table 2: Test Matrix for oil flow rates of between 1 and 6 Ipm

Oil inlet Pole piece temperature °C
temperature °C
25 30 40 50 60 70 80
35 40 50 60 70 80
45 50 60 70 80

l N

3*

G

\

— 1UHIN())($) &+
“mmm L )H0N®&H
Fig. 7. Test setup with 1) oil reservoir, 2) temperature sensors, 3) test box, 4) pump, 5) heat exchanger, 6) variable area flow
meter, 7) globe valve, 8) ac power supply, 9) variable transformer to power fluid heater, 10) variable transformer to power
pole piece heaters.

Calibration of the temperature sensors

The thermocouples measuring the metal and fluid temperature were also calibrated in a water bath. The
thermocouples and data acquisition system were calibrated against a reference PT100 temperature sensor with a
known absolute calibration accuracy of +/- 0.05 K, for a range of temperatures from 20 °C to 180 °C. The oven
hysteresis was measured at 0.1 K, while the thermocouple offset was measured at 0.33 K.

Calibration of the flow meter

The flow rate in the experiment was measured using a variable area flow meter. These are calibrated for
water. Therefore a recalibration process to account for the density and viscosity of oil at various operating
temperatures was required. The calibration by weight method shown in standards APTI435 and ISA-RPI16.6-
1961 was used. The setup is shown in Fig. 8. With the position of the flow meter noted, the mass of fluid
collected was measured and timed. The calibration process was repeated for a number of oil inlet temperatures.
A relationship for the flow rate with float position at different temperatures was derived.

Uncertainty Analysis

The temperature sensor uncertainty u(7) was calculated using:

wW(T) = Tu(Tr)? + (T + [W(Ton)]2 Q)

In which the u(Tr¢) is the thermocouple offset, u(Try) is the reference temperature accuracy and u(Tgy) is the
oven hysteresis. The temperature uncertainty was calculated to be 0.35 K. The uncertainty in the voltage meter
u(V) was 0.2 V while the uncertainty in the current meter u(/) was £0.01 mA. The uncertainty of the heat load
u(P) was calculated as:
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Fig. 8. Schematic showing flow meter calibration by mass using 1) gate valve, 2) pump, 3) heat exchanger, 4) thermometer, 5) flow meter,
6) 3-way valve, 7) reservoir, 8) collecting beaker, 9) scales, 10) video camera
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The uncertainty of heat input was found to be 4 mW at low heat flux and 33 mW at the high heat flux. The
uncertainty of the calibration scales was 1mg with a reading error of 0.01g. The stopwatch used in the flow
calibration has an uncertainty 1(!) of ¥ !l The uncertainty in the flow meter 111,..1 was 0.1 Ipm. Hence the
uncertainty in flow rate measurement (1) was calculated at:

AOR J[!(!)!!]’ NTORI NS ©)

The uncertainty of the measured flow rate is ¥ HIT"II"#,

TEST RESULTS AND DISCUSSION
Post Processing the Gauge Data

For each flow rate and oil inlet temperature, the gauge resistances vs. pole piece block temperature was
plotted, thus ensuring that the thin film gauges behaved as expected with their resistance increasing with
temperature. An example for one test is shown in Fig 9. By plotting the linear relationship of the temperature
difference across the insulation substrate against the block temperature, the consistency of the gauges was
checked. It was generally noted that at a low temperature difference between the oil and the block temperature
the gauge readings do not follow the linear trend. An example of this is shown in Fig. 10 These points were
discarded in the calculation of the heat transfer coefficient as they may result in a high uncertainty. A MATLAB
script was developed in which eqns. (2)-(7) are solved to determine the local heat flux and local HTC values. An
example of the local HTC values is shown in Fig. 11. The reference to side A and side B is indicated in Fig. 6.

Correlation of the Mean HTC Values

While the experiment provides a map of the local heat transfer coefficient along the pole piece sides for
various oil inlet flow rates and temperatures, an average value for each side of the pole piece was calculated.
This was used to derive a correlation of the HTC with Reynolds number. Fig 12 shows a correlation of the HTC
on pole pieces sides A and B with inlet Reynolds number. It can be noted how side A experience higher HTC
values than side B. To establish a correlation with the properties of the flow in the channels adjacent to the
instrumented sides, the flow distribution within the stator quarter was established using a flow network model for
the segmented stator topology. The flow model was presented in (Camilleri et al., 2015). The Reynolds number
for each flow channel adjacent to sides A and B was therefore calculated and correlated to the measured HTC for
each respective side as shown in Fig 13. To compare the measurements with existing correlations, the non-
dimensional Nusselt number Nu, was defined as:

ey 2 (10)
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Fig. 9. Variation of gauge resistances with pole piece block temperature

N >16/0@0. ,-./A1/23/4,1-4/A
\' > T T T T
=t
S |
<
A
=
N 4
™
N
N i
<
I
aon I I I I I I
+ " #" $" %" &" - @ »™ x
8  %6/.7
9:;<=
)

60856/ .7

ST
$

T
O D;<,I;E07

#H

G/, H-Fm12*

1 1 1 1 1 1
_!!.. #m $" o 8" e « ) e
8. . %es.7
9:;<=
Fig. 10. (Top) Variation of the gauge temperature with pole piece temperature, (Middle) Linear variation of the temperature difference across
the insulation substrate with block temperature. The offset temperature in red is ignored during the processing of the gauges. (Bottom) Linear
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Fig. 11. Example of the local HTC values on sides A and B of the pole piece

The Nu was correlated with the channel Reynolds number such that ' ¥ 111! as shown in Fig 14. In which
the coefficients a is 25.12 for side A and 15.407 for side B respectively and b is 0.042 for side A and 0.1212 for
side B respectively. The Nu for laminar flow in short pipes and developing thermal and fluid boundary layer can
be determined using the Seider Tate equation:

e
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Or for laminar flow of fluids with Prandtl no. > 5 and developing hydrothermal boundary layer:
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Fig. 12. Example of the mean HTC for the two sides of the pole piece with inlet Reynolds number
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Fig. 13. Example of the mean HTC for the two sides of the pole piece with channel Reynolds number

351

301

N
a1
T

HTC [W/m2K]
N
o
T

151
10+ ‘ : R R O sideA
© sideB
L NuST
NuPr>5
5 | | | | | | | | T |
0 20 40 60 80 100 120 140 160 180 200

channel Reynolds Number

Fig. 14. Comparison of the measured non-dimensional Nusselt number to existing correlations

CONCLUSION

This paper presents a method for measuring the heat transfer coefficient in a directly oil cooled electrical
machine with segmented stator using the double layered heat flux gauges. The measrement were correlated with
the Reynolds number along the adjacent flow channel. It can be noted that despite accounting for the flow
distribution, the HTC on each sides do not coincide on a single correlation. It is therefore likely that side A
experience an added enhances in the HTC due to the impinging oil on that surface. This effect is likened to that
experienced on the pressure and suction sides of gas turbine blades. Non — dimensional correlations for the
pressure side (Side A) and suction side (Side B) of the pole pieces was presented and compared to existing
correlations for laminar flow in pipes. It was shown that existing laminar correlations under-predict the values of
the heat transfer coefficient when applied to the settings of a directly oil cooled electrical machine.
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