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 
Abstract – This paper presents the prediction and measurement 
of the heat transfer coefficient (HTC) in a direct oil-cooled 
electrical machine with segmented stator. The measurements 
were done using the double-sided thin film heat flux gauges. 
While these are often used in transient measurements of the HTC 
on gas turbine components, the technique was adapted so that 
steady state measurements can be applied for oil-cooled 
machines. The Yokeless and Segmented Armature axial flux 
machine was used as a case study for applying this measurement 
technique. The paper explores the challenges linked with this 
technique when applied to this environment and develops 
empirical correlations for estimating the HTC. The experimental 
results were compared with CFD simulations and existing pipe 
flow correlations.  
 
Index Terms – electric machines, cooling, thermal modeling 
 

NOMENCLATURE 
 

   Temperature coefficient of resistivity  [1/K] 
    Hydraulic diameter        [m] 

h  Heat Transfer Coefficient (HTC)   [W/m2K] 
I  Current            [A] 
k  Thermal conductivity       [W/mK] 
L  Pipe length          [m] 

       Dynamic viscosity        [kg/mK] 
Nu  Nusselt number 

       Kinematic viscosity       [m2/s] 
p  Wetted perimeter        [m] 
P  Electrical Power         [W] 
Pr  Prandtl number 

  Heat flux           [W/m2] 
R  Electrical Resistance       [ ] 
Re  Reynolds number  
T  Temperature          [K] 

  Fluid velocity          [m/s] 
V  Voltage            [V] 
x  thickness           [m]  
 
 
 

I.  INTRODUCTION 
ECENT developments in axial flux permanent magnet 
machines enable higher torque densities and higher 

efficiencies making them suitable for applications such as road 
transportation or wind energy generation [1]-[3]. The quest to 
improve torque density requires that both the electromagnetic 
and thermal aspects of the machine are optimized. While there 
are numerous papers demonstrating improvement in 
electromagnetics, studies demonstrating improvements in the 
thermo-fluids aspects of electrical machines are fewer [4]. 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 
allowing high torque densities to be achieved. Thermal 
modelling is performed either through analytical methods such 
as lumped parameter (LP) models [5-8], or numerical 
techniques such as finite element analysis [9]-[13] and 
computational fluid dynamics (CFD) [14]-[17]. A review of 
the techniques used for electrical machine thermal modeling is 
provided in [18]. 
 
One of the critical parameters that are required for accurate 
thermal modelling of electrical machines is the heat transfer 
coefficient (HTC). This is difficult to determine and is 
obtained from experiments [17], [19], [20], empirical 
correlations of ideal geometries [21]-[23], or CFD simulations 
[14]-[17]. Geometrical differences from the ideal geometries 
of electrical machines may lead to inaccuracies when using 
HTC correlations for ideal geometries [24]. Moreover, CFD 
derived values require experimental validation. 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 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 organized in the following manner. Section II sets 
the boundary conditions to which this research is applied by 
presenting a description of the Yokeless and Segmented 
Armature (YASA) electrical machine [1] used as a test case 
study in the research. Section III presents prediction methods 
using analytical flow pipe correlations and CFD simulations. 
Section IV describes the measuring technique, gauge 
manufacturing and calibration and finally describes the 
experimental process on a quarter-motor test rig. The post 
processing techniques to derive the HTC from the experiment 
are shown in Section V, which also compares the correlations 
and CFD model to experimental results. Finally, Section VI 
provides a discussion of the work presented in this paper.  
 

II. THE YASA MACHINE: A TEST CASE STUDY 
The YASA machine, shown in Fig. 1, is derived from the NS 
Torus-S topology. By removing the stator yoke, enlarging the 
pitch of the teeth and wrapping a high fill factor short end 
winding coils around each of the individual stator poles, the 
iron in the stator is reduced by around 50%. This increases the 
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torque density by around 20% when compared to other axial 
flux machines. The peak efficiency can be maintained at over 
95% [1]. This architecture has recently received increasing 
attention and several variants can be found in the literature [2], 
[25]-[27]. Each stator pole piece of the YASA machine is 
made from concentrated windings of square cross section 
wire. Epoxy is typically injected in the windings to fill the air 
gaps, which also leaves the surfaces of the pole pieces smooth. 
In this machine, the stator is enclosed in a glass fiber casing 
allowing liquid coolant to be injected into the stator in direct 
contact with the windings. Flow stoppers are used to avoid the 
flow bypassing around the periphery, dividing the machine 
into four similar sections as shown in Fig. 2. 
 

Stator pole pieces 
Rotor iron 

Rotor magnets 

 
Fig. 1. Schematic of the YASA topology, reproduced from [1] 

 
Fig. 2. Schematic of the YASA direct liquid cooled stator. Highlighted: 
Quadrant replicated for testing in Section IV 
 
Throughout this work, the direct drive motor YASA-750 
motor and therefore the machine geometry and specifications 
as shown in [28] are considered.  
 

III. PREDICTION OF THE HTC  
A. Empirical laminar pipe flow correlations  

The Nusselt number Nu for laminar flow in short pipes and 
developing thermal and fluid boundary layer can be 
determined using the Seider Tate equation [29]: 
 

 
(1)  

 

Conversely, [30] defines the Nussel number for laminar flow 
of fluids with Prandtl no. > 5 and developing hydrothermal 
boundary layer as: 
 

 

(2)  

 
In which Re is the Reynolds number defined as: 
 

 
(3)  

 is the hydraulic diameter defined as 
 

 
(4)  

The ratio of dynamic viscosities is a corrective factor to 
account for the change in viscosity at the hot wall surface. 
 
B. CFD Modelling 

Following validation cases on channel flows, 2D and 3D CFD 
models were developed to predict the HTC on the pole piece 
surfaces. A 2D CAD model of the flow domain highlighted in 
Fig. 2 was developed. Details of the geometry and set 
boundary conditions are shown in Fig 3. 
 

 
Fig 3. Details of the CAD geometry and boundary conditions applied to the 
2D model 
 
The geometry within the stator channels was meshed at a 
higher density than the flow distribution rings. Triangular 
elements were set with an enhanced boundary mash made of 
15 layers with a factor of 1.05 and a gradation of 1.15. The 
final mesh size consisted of 0.37M elements and is shown in 
Fig 4. Due to the low Reynolds numbers across all channels, 
the simulation was run with a Laminar model. The author 
experimented with fixed and temperature dependent coolant 
properties, conjugate and segregated simulations and different 
advection schemes, which govern transport quantities such as 
velocities and temperature through the flow domain.  
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Fig. 4. Mesh setup for the 2D model with insert of the uniform mesh in the 
fluid channels and details of the boundary layer mesh.  
 
Advection schemes are described in [31]. The properties of the 
coolant are defined in Table I.  
 

TABLE I 
VARIATION OF COOLANT PROPERTIES WITH TEMPERATURE T [OC] 

Density,  [kg/m3]        (5) 
 

Dyn. visc.  [Pa.s]                                         (6) 
Heat Capacity,  
[J/kgK] 

           (7) 

Thermal conductivity,  
[W/mK] 

                   (8) 

 
A 3D CFD model of a quarter of the motor was also 
developed but found to require a mesh in the order of >10M 
elements. This proved to be very computationally intensive 
and time consuming. Hence the flow domain for the 3D model 
was reduced to a single channel between the pole pieces as 
shown in Fig 5, which also shows the boundary conditions set 
to the 3D CFD model.  
 

 
Fig 5. Details of the boundary conditions applied to the single channel 3D 
model 
 
The 3D mesh was formed from tetrahedral elements with a 
minimum refinement length set to 0.5 and the maximum size 
set to 1.8 at the surfaces. The boundary layer mesh was made 
of 15 layers with a factor of 0.75 and gradation of 1.15. A grid 
sensitivity analysis was performed with the final mesh 
resulting in a total of 4.3M elements, and is shown in Fig. 6  
 

 
Fig. 6. Highlighted portion of the liquid channel simulated in CFD 
 
Both 2D and 3D models were found to be most accurate with 
a conjugate, laminar model using ADV 4 and temperature 
dependent coolant properties. The simulation was repeated 
with tighter mesh settings until the temperature variation of 
the pole piece was < 2%. A solution of the 2D model is found 
in approximately 3 hours while the 3D model is solved in 
approximately 12 hours. The simulations were run for a 
number of inlet flow rates, oil inlet temperature and pole piece 
surface temperature to achieve a plot of HTC with Re.  
 

IV. EXPERIMENTAL WORK  
A. Thin Film gauges: application to oil-cooling 
The convective heat transfer coefficient h is defined as: 
 

 

(9)  

 
The fluid reference temperature Tref should theoretically be the 
local fluid temperature above the surface. However, this is 
difficult to measure and is often replaced by an alternative 
fluid temperature which is characteristic of the heat transfer 
driving temperature, for example the inlet temperature [17, 
32]. This is hence applied for defining CFD and experimental 
HTC values. Thin film heat flux gauges are a type of film 
resistance measuring device that are used to establish the heat 
flux perpendicular to the surface of the object measured. 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: 
 

 (10)  
 
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, [33]. Test times are typically 10 s to 1s, 
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during which a pulse of hot air is passed over the test piece 
and the change in voltage across the gauge, 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 [34]. Finally, the convective 
heat transfer coefficient (HTC) and adiabatic wall temperature 
(allowing for compressibility effects) is determined from a 
linear regression of heat flux and driving temperature.  

 
In this research, the double-layered thin film gauge 

shown in Fig. 7 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 of the 
pole piece. These measurements agreed to within 0.5 K 
showing the block was isothermal during testing. 

 
 
Fig. 7. Schematic of a double-sided thin film heat flux gauge.  
 
Steady state heat flux was determined using the one-
dimensional Fourier conduction equation across the insulating 
substrate: 
 

 
(11)  

 

In which the temperatures  and  are derived from 
the measured resistances of the thin film gauges on top and 
below the insulation substrate. 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 II. 
 

TABLE II 
SUBSTRATE MATERIAL PROPERTIES  

Thermal conductivity k [W/mK] 0.46  
Substrate thickness x [m] 

Product k/x [W/m2k] 
1.05e-6 

4380 
 

B. Manufacturing and Calibration of Thin Film gauges  
The gauges were manufactured at the Southwell Thermo-
fluids Laboratory at the University of Oxford. Details of the 
fabrication process of thin film gauges are found in [35]. 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. 8. 

Aluminium was chosen due to its high conductivity, which 
aids uniform heating of the segmented pole pieces, and ease of 
manufacturing.  
 

 
Fig. 8. Aluminium test piece with mounted direct heat flux gauges. 
 
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. It was shown in 
equation (2) that calculating the gauge temperature requires 
the values of  and . 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: 
 

 (12)  
 
The calibration process was also performed at the Southwell 
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 oC to 45 oC in steps of 5 oC. 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  for each 
gauge. An example of a typical calibration chart for one thin 
film heat flux gauge is shown in Fig. 9.  
 
While for platinum  is found to experience very little 
variation with temperature and is considered constant,  
sometimes experiences a drift [35]. 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 oC), steady state experiments take longer to settle. 
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Fig. 9. Example of a calibration chart for a thin film gauge, from which the 
values of temperature coefficient  and reference resistance  (y-intersect at 
T=0 oC) for each gauge is determined. 
 
The complete set of tests presented here, were performed over 
a few days. Therefore to counter for any possible drift in  
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,  and : 
 

 
(13)  

 
C. Assessment of the 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. 
An estimated convective heat transfer coefficient of 200 
W/m2K was prescribed on the solid-fluid surface. The external 
temperature of the aluminium block is presented in Fig. 10.  
 

 
Fig. 10. Simulation of the segmented pole piece to assess the heating system 
of the pole piece. 
 

It can be seen that a surface temperature of 85 oC is reached 
with a variation of less then 1 oC 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. 
 
D. Experimental Setup  
A representative experiment of a quadrant of the stator 
highlighted in Fig. 2 was set up. Six pole piece replicas were 
machined in aluminium and used to replace the segmented 
stator pole pieces. This setup satisfies the scope of this work: 
to produce a means for measuring the HTC on the surface of 
an oil cooled pole piece.  
 
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 fitted with two additional 
thermocouples in 1mm holes 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. 11. The plastic base 
acts as a thermal insulator and limits the heat transfer to the 
test box.  
 

 
Fig. 11. Test piece representing the first quarter of the motor, mounted with 
instrumented pole piece 
 
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: 
 

 (14)  
 

The coolant 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 coolant heater was also 
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regulated through a transformer. The flow rate was regulated 
using a globe valve and measured using a variable area flow 
meter, as shown in Fig. 12. A test matrix shown in Table III 
was performed for flow rates between 1 lpm and 6 lpm. Oil 
inlet temperatures were varied between 25 oC and 45 oC and 
pole piece surface temperature between 30 oC to 80 oC, in 
steps of 10 oC. 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 
gauge resistances were measured from which the temperature 
difference across the Upilex substrate were determined. 

 
TABLE III 

TEST MATRIX FOR OIL FLOW RATES BETWEEN 1 AND 6 LPM 
Oil inlet 

temperature [oC] 
 

Pole piece temperature [oC] 
25 30 40 50 60 70 80 
35  40 50 60 70 80 
45   50 60 70 80 

 

 
Fig. 12. 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 powering fluid heater, 10) variable 
transformer powering pole piece heaters. 
 

V.  TEST RESULTS   
A. CFD Post Processing Results 
3D CFD models provide insight into the distribution of the 
heat flux along the entire pole piece surface. An example is 
shown in Fig. 13 
 

 
Fig. 13. Heat flux distribution on the pole piece surface at Re=150;  
(Left) Side 1, (Right) Side 2 
 

B. Post Processing of Experimental 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 gauge and one test is shown in Fig 14.  
 

 
Fig. 14. Variation of gauge resistances with pole piece block temperature 
 
The analysis was repeated for upper and lower gauges on sides 
A and B, for multiple flowrates and inlet temperatures. 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. 15.  

 
Fig. 15. (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 variation of the heat flux 
across the gauges with block temperature. 
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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. (3)-(5) are 
solved to determine the local heat flux and local HTC values. 
An example of the local HTC values is shown in Fig. 16. The 
reference to side A and side B is indicated in Fig. 11. 
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Fig. 16. Example of the local HTC values on sides A and B of the pole piece. 
Locations 1-8 are referenced to Fig. 8. Sides A and B referenced to Fig. 11. 
 
C. Comparison of prediction to measured 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. 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 described 
in [36]. 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 17. 
The non-dimensional Nusselt number Nu, was defined as: 
 

 
(15)  

 
This was calculated to compare the measurements with 
existing correlations. A plot of Nu vs Re is also superimposed 
in Fig. 17. The Nusselt number Nu was linearly correlated 
with Reynolds number as:  
 

Nu = a.Re +b (16)  
 
and applies for the range 20<Re<180. Values for a and b for 
each surface are listed in Table IV. 
 

TABLE IV 
COEFFICIENTS FOR CORRELATING NU WITH RE  

Pole Piece Side  Coefficient a Coefficient b 
A 0.015 28.89 
B 0.033 23.37 

 
Fig. 17. Example of the mean HTC (on left y-axis) for the two sides of the 
pole piece with channel Reynolds number. Comparison of the measured non-
dimensional Nusselt number (on right y-axis) to existing correlations and CFD 
simulations. Sides A and B are referenced to Fig. 11. 
 

VI. DISCUSSION AND CONCLUSION 
The HTC is often an unknown but required parameter for 
accurate thermal modelling of electrical machines. To the 
authors’ knowledge no HTC measurements of direct oil 
cooled electrical machines have been reported in the literature. 
Hence this paper addresses this gap by presenting a method 
for measuring the HTC in a directly oil cooled electrical 
machines with segmented stator by using double layered heat 
flux gauges. The measrement were correlated with the 
Reynolds number along the adjacent flow channel and 
compared with empirical correlations and CFD predictions. 
Prediction methods were found to underpredict the HTC by 
10-30%. However the authors are aware of minor differences 
between the experiment and simulations which may have in 
part contributed to this discrepancy, namely: despite the gauge 
thickness is only 246µm, this was not taken into consideration 
in CFD models and hence the channel flow area is 6% bigger. 
Heating cables were not taken into consideration. These may 
have been a cause to promote turbulence. Likewise, minimal 
steps in pole surfaces due to the thickness of the Kapton layers 
may have led to an enhancement in HTC. Both measurements 
and CFD simulations show that the HTC on each side of the 
pole piece do not coincide on a single correlation. It is 
therefore likely that side A experience an added enhancement 
in the HTC due to the impinging oil on that surface. Non – 
dimensional correlations for each side of the pole piece were 
hence presented. 
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