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Measurement and CFD Prediction of Heat Transfer in
Air-Cooled Disc-Type Electrical Machines

David A. Howey, Member, IEEE, Andrew S. Holmes, Member, IEEE, and Keith R. Pullen

Abstract—Accurate thermal analysis of axial flux permanent
magnet (AFPM) machines is crucial in predicting maximum
power output. Stator convective heat transfer is one of the most
important and least investigated heat transfer mechanisms and
is the focus of this paper. Experimental measurements were un-
dertaken using a thin-film electrical heating method, providing
radially resolved steady state heat transfer data from an experi-
mental rotor-stator system designed as a geometric mockup of a
through-flow ventilated AFPM machine. The measurements are
compared with computational fluid dynamics (CFD) simulations
using both 2-D axisymmetric and 3-D models. These were found
to give a conservative estimate of heat transfer, with inaccuracies
near the edge and in the transitional flow regime. Predicted stator
heat transfer was found to be relatively insensitive to the choice of
turbulence model used in the CFD simulations.

Index Terms—Axial flux permanent magnet machine, compu-
tational fluid dynamics (CFD), disc type machine, stator heat
transfer, thermal analysis.

I. INTRODUCTION

ISC type electrical machines such as the axial flux perma-
nent magnet (AFPM) machine offer high torque density
and high efficiency in a compact package and are of great
interest for applications such as electric and hybrid vehicles
and portable generator sets [1]. Their electromagnetic design
is well understood, but far less research has been undertaken
on thermal aspects. This is despite the fact that torque density
is usually limited by maximum temperature. Since the stator
temperature that is achieved depends on the amount of specific
internal heat generation and the convection heat transfer from
the stator surface, an understanding of the latter is essential in
machine design.
Significant research, e.g., [2] has been undertaken on the
thermal modeling of radial flux (cylindrical) electrical ma-
chines. However, the air flow within a radial flux geometry is
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completely different to the air flow within a disc type machine,
and the convective heat transfer correlations which are relevant
to the former case cannot be applied to the latter. Recent work
on the thermal aspects of disc type machines [3]-[5] has tended
to focus on 1-D lumped parameter (LP) networks to represent
both the solid domain and the fluid domain. These are fast
to solve and widely used in electrical machine design. How-
ever, the LP method is only as good as the input correlations
used for thermal contact resistances, convective heat transfer
coefficients and air flow modeling and therefore CFD and
finite element analysis (FEA) are being increasingly applied to
investigate the thermal design of electrical machines in more
detail, combined with experimental validation.

For readers unfamiliar with the thermofluids analysis of elec-
trical machines, our recent review paper “Air-gap convection in
rotating electrical machines” [6] may be consulted for a general
overview of the subject and introduction to the nondimensional
analysis of heat transfer data. This includes worked examples
demonstrating the application of experimental heat transfer
correlations in machine design.

AFPM machines are inherently more 3-D in nature than
radial flux machines and the air flow in the rotor-stator gap sees
an expanding cross sectional area from inside to outside, unlike
in a radial flux geometry. All authors comment that suitable
stator convective heat transfer coefficients could not be found in
the literature, and therefore they either apply rotor correlations
(which are likely to lead to an over-optimistic assessment of
heat transfer), or use CFD simulations to predict heat transfer
coefficients. Few studies have applied CFD to AFPM machines.
Airoldi et al. [7], [8] undertook CFD modeling of the fluid flow
in an AFPM machine, finding good correspondence between
CFD and experiment for mass flow rates and temperatures,
although a limited experimental data set is presented.

We have recently reported direct experimental measurements
of stator heat transfer in a rotor-stator system, relevant to AFPM
machines, using a flat rotor and flat stator as an idealised
geometry [9], [10]. Heat transfer in the form of nondimensional
Nusselt number was measured at stator radii 0.6 < r/R < 1,
at three gap ratios relevant to disc type electrical machines.
Transition from laminar to turbulent flow was observed to begin
at rotational Reynolds numbers Rey > 3eb. It was also shown
that the ingress of ambient air at the periphery of the stator has
a significant effect on stator heat transfer.

In this paper, measurements are compared with CFD sim-
ulations using both 2-D axisymmetric and 3-D models. The
heat transfer results have been nondimensionalised using var-
ious dimensionless groups. This means that they can be ap-
plied more universally, for example to machines with different
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diameters. The groups are as follows: rotational Reynolds num-
ber Rey, Nusselt number Nu, gap ratio G and nondimensional
air mass flow rate C,. These are defined as follows:

2
Reg =10 ()
12
hR kR
_ 9
G=1F 3)
Cp =2 (4)
"

where R is the rotor outside radius, w is the rotor speed,
v is the air kinematic viscosity at ambient temperature, h is the
convective heat transfer coefficient, k is the air conductivity at
ambient temperature, g is the axial gap distance between rotor
and stator surfaces, 2 is the air mass flow rate and p is the
dynamic viscosity. Also, radial position is nondimensionalised
to r/R.

An AFPM machine in the simplest configuration consists of
a rotor disc adjacent to a stator disc. The air flow in the gap
between such a rotating and a stationary disc can be divided into
two regimes (see [6]): Batchelor flow, where there is a rotating
core of fluid between separate laminar or turbulent boundary
layers; and Stewartson flow, where the tangential velocity drops
away from the rotor surface to nearly zero at the stator surface,
with no core rotation. The condition at the outside edge of the
machine determines the flow type. Batchelor flow is observed
in fully enclosed machine systems where a recirculation of fluid
from rotor to stator occurs at the periphery. In systems which
are open and through-flow ventilated, Stewartson flow may be
seen. There is a smooth transition from one flow type to the
other, as discussed by Poncet et al. [11], depending on the
amount of through-flow. This may vary from one type of AFPM
machine to another depending on whether the machine is fully
enclosed or through-flow ventilated.

Stator heat transfer has been investigated experimentally by
Owen et al. [12], Bunker et al. [13] and Yuan et al. [14],
as well as in CFD simulation by Iacovides and Chew [15].
However, to date only a very limited range of parameters have
been investigated. Generalised stator convective heat transfer
correlations that might be applied in the design of AFPM
machines are not available in the literature.

II. EXPERIMENTAL RIG

Given the wide variation in available geometries of AFPM
machines, it was decided in the present work to focus mainly
on a simplified through-flow ventilated system with a flat rotor
and a flat stator. Real electrical machines are more complex
than this, but studying this simpler system allows comparison
with historical work on rotor-stator systems and provides a
basic understanding of stator convective heat transfer, as well
as tending to give a conservative estimate of stator heat transfer.
A brief exploration of the effect of rotor protrusions, usually
permanent magnets, on the air flow has also been undertaken.
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Fig. 1. Exploded view drawing of experimental rig.

Fig. 2. Photograph of R2, aluminium rotor with protrusions.

An experimental rig was constructed to measure stator heat
transfer, consisting of a 471 mm diameter rotor driven by a
servo motor, and an adjacent heated stator surface allowing
direct measurement of stator heat transfer, with 14 channels of
spatial resolution and a measurement accuracy of about £8%.
The measurement technique used a thin-film electrical heating
method and is fully described in [9] and [10] including pho-
tographs and drawings. An exploded view of the experimental
system is shown in Fig. 1.

Two rotor configurations were tested: a flat rotor (R1), and
a rotor with 16 protrusions designed to mimic the magnets
on an AFPM machine (R2), shown in Fig. 2. The protrusions
act like crude fan blades on a centrifugal fan. The axial gap
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TABLE 1
CFD SCENARIOS

2D simulations 3D simulations

Gap ratio G = 0.0106,0.0212 G = 0.0106

Outer edge open open, partially blocked
Turbulence laminar, turbulent laminar, transitional, turbulent
Rotor R1 only R1 and R2

ratio G between rotor and stator was adjustable from 0.01
to 0.09 by insertion of accurately machined spacers. Air was
pumped by the spinning of the rotor, from an inlet at the stator
center to four exits at the edge. The air mass flow rate was
measured using a calibrated bellmouth entry.

III. CFD MODEL

Computational fluid dynamics is concerned with the applica-
tion of numerical methods to solve the partial differential equa-
tions governing fluid flow (conservation of mass, conservation
of momentum and conservation of energy). The commercial
CFD software Ansys CFX was used in the present study. Rotor-
stator flows such as those found in AFPM machines exhibit a
number of phenomena which are challenging for CFD simu-
lation, such as rotation, confinement, heat transfer, separation,
transition from laminar to turbulent flows, and turbulence.

It has been found [16] that 2-D axisymmetric CFD simula-
tions are able to capture the important characteristics of rotor-
stator flow. Since 2-D models are substantially faster to solve,
but give useful results, their use in the present work allowed
a number of air flow speeds and gap sizes to be investigated.
Subsequent 3-D CFD modeling was then informed by the 2-D
results but only one gap size was investigated. To predict the
air mass flow rate correctly, modeling of the air inlet geometry
could not be neglected, and this was only possible using the 2-D
model. Because the inlet geometry was not modeled in 3-D, the
inlet total pressure boundary condition used in the 3-D model
had to be derived from the 2-D model results. (Total pressure,
sometimes called stagnation pressure, is the sum of the static
pressure and the dynamic pressure in the fluid.)

Table I gives a brief summary of the various CFD simulations
that were undertaken.

The shear stress transport (SST) turbulence model was cho-
sen for modeling turbulent fluid flow. This is an improved two-
equation model available in CFX, developed by Menter [17].
Near a wall (i.e., any solid surface), two-equation turbulence
models need to be modified to account for molecular viscosity
w. This is achieved either by using a wall function, which does
not require a fine mesh by the wall, or by using a fine mesh and
adding additional terms in the near wall region and integrating
directly through the viscous sub-layer, which is more accurate
for rotating flows such as those found in AFPM machines. The
CFX software includes algorithms that automatically select the
latter formulation near the wall if the numerical grid is fine
enough. In the current work this was the preferred approach,
although in the case of rotor R2 simulations, a coarser mesh
and therefore wall functions had to be used due to memory
limitations.

Whether the flow is laminar or turbulent has a large influence
on the stator heat transfer and therefore assumptions must be
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made about transition from laminar to turbulent flow. A key
challenge is that in this type of system, both laminar and
turbulent flows may co-exist in one simulation and this is very
difficult to model numerically. Based on work that has been
undertaken on “free rotor” flows [18], it was decided initially
to assume the air was completely laminar for simulations below
600 rpm and fully turbulent for speeds of 1800 rpm and above.
Between these speeds, both fully turbulent SST modeling and
transition modeling were attempted using the Langtry and
Menter v — @ transition model [19] which is incorporated into
CFX. Transition modeling allows laminar and turbulent flows
to co-exist in a simulation, and was attempted for rotor R1.

In all simulations it was assumed that air was an ideal
gas with constant viscosity, thermal conductivity and specific
heat capacity. At the temperatures and speeds of interest these
properties do not vary considerably and do not have a large
affect on the parameters of interest.

Fig. 3 shows the simulated 2-D fluid domain, superimposed
on a drawing of the experimental rig. The air inlet geometry
was modeled excluding the bellmouth itself (which is expected
to have low losses).

One quarter of the entire rotor-stator domain was modeled in
3-D for rotor R1, since there are four air exits in the experimen-
tal rig. The inlet geometry was not modeled, instead the domain
begins at a radius of 38.1 mm; this radius was chosen since it
is the point where the curved inlet from the bellmouth and pipe
comes to an end. Fig. 4 shows the 3-D modeled fluid domain in
the context of the experimental rig.

In addition to the simplified geometry with a flat rotor (R1), a
brief CFD study was also carried out on a rotor with protrusions
(R2), mimicking the permanent magnets of an AFPM machine
with gap ratio 0.0106.
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Fig. 5. Close-up of ICEM CFD hexahedral mesh showing inflation to resolve
boundary layers in the air gap.

TABLE 1I
BOUNDARY CONDITIONS USED FOR R1 SIMULATIONS
Boundary  Condition
Inlet Ptotal = 0 Pa, T'=293 K
Outlet Pstatic = 0 Pa
Rotor No-slip rotating wall
Stator No-slip stationary adiabatic wall
Heater No-slip stationary isothermal wall (333 K)

CFX-mesh was used for the meshing of the 2-D geometries.
There were approximately 40 elements across the gap in the
axial z-direction and approximately 100000 elements in total.
Meshing for the 3-D geometry with rotor R1 was accomplished
using Ansys ICEM to produce a fan-shaped regular hexahedral
mesh with inflated layers on the rotor and stator with approxi-
mately 500 000 elements. Fig. 5 shows a close-up of a part of
this mesh and it can be seen how the mesh becomes very fine
near the top and bottom surfaces where the rotor and stator are
located. Meshing for R2 was accomplished using Ansys v12
meshing software to produce an irregular mesh with inflated
boundary layers with approximately 425 000 elements.

The boundary conditions for rotor R1 (flat) are given in
Table II. In the case of the 3-D simulations, the inlet total
pressure was decreased to a negative value to reflect losses in
the inlet. In the simulations using rotor R2, the inlet mass flow
rate was specified directly from experimental results, instead
of specifying inlet total pressure. Additionally, R2 simulations
used a rotating reference frame for the fluid domain, with
boundary conditions specified in relation to this.

Grid independence tests were undertaken at Reg = 9.6e5 to
investigate the effect of grid size on Nu(r) by comparing 2-D
meshes both with 89 000, 105 000 and 141 000 nodes in the case
of G = 0.0106, and 103 000, 118 000 and 154 000 nodes in the
G = 0.0212 case, respectively. There was negligible variation
in Nu(r) with respect to grid size in both cases.

Solver controls were specified as 1) a convergence criterion
and 2) a domain balance criterion. The convergence criterion
was that the maximum residual should be less than le-4. A
domain imbalance (of momentum and enthalpy) of less than
1% was also specified as a requirement. In general, 2-D and 3-D
simulations converged well to these conditions in both laminar
and turbulent cases, with the maximum residuals usually less
than le-5 and sometimes approaching 1e-6.
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Fig. 6. Average heat transfer coefficients and Nusselt numbers, rotor R1.

TABLE III
AVERAGE HEAT TRANSFER TURBULENT CORRELATIONS
G A B
0.0106  0.0790 0.640
0.0127  0.0888 0.633
0.0170  0.0406 0.682
0.0212  0.0315 0.691
0.0297  0.0347 0.679
0.0467  0.0234 0.712

IV. EXPERIMENTAL RESULTS

Fig. 6 shows measured average stator heat transfer versus
rotational Reynolds number for various gap sizes using R1 (flat
rotor). Both graphs show the same data, with the top graph
showing convective heat transfer coefficient whereas the bottom
graph shows nonimensionalised data (Nusselt number). Higher
speed tests were conducted at two gap sizes G = 0.0106,
0.0212 as shown.

The average heat transfer results can be correlated in the
turbulent regime according to a power law:

Nugyry, = ARef. (5)

The constants A and B are given in Table III; these are valid
in the range Rey > 5.19¢5 for the data shown. All values of B
are similar, B = 0.673 4+ 0.028. Values of A differ according
to gap size G.

In the laminar regime (Rey < 3eb), the correlation is ex-
pected to have the same functional form i.e., Nujq,, = AReS.
However, there were a limited number of measured data points
in this regime (only four per gap ratio) and additionally the
situation is complicated by the non-adiabatic rotor condition
(discussed below). Nonetheless, the results are approximately
correlated according to Table I'V.

The measured heat transfer results for rotor R2, shown in
Fig. 7, may be correlated by a linear equation in the range
7.4e4 < Reg < 5.9€5 as follows:

Nu = 0.00067Reg + 118} for G = 0.0212 (6)

Nu = 0.00062Rep + 110} for G = 0.0106. (7
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TABLE 1V
AVERAGE HEAT TRANSFER LAMINAR CORRELATIONS
G A B
0.0106-0.0127  14.02  0.204
0.0170 7249  0.252
0.0212-0.0297 2359  0.336
0.0467 0.739  0.434

60 ) ! ; ; !

—0— G =0.0212
| —O0— G =0.0106

600 T ! ! ! !
500 : : : . .
400
= 300
200

100

Regy X lO5
Fig. 7. Average heat transfer coefficients and Nusselt numbers, rotor R2.

Note that these results must be applied with great caution
since they are only valid in the range of Reynolds numbers
and gap ratios described, and exclusively for through-flow
ventilated machines having geometrically similar rotors to R2,
viz. 16 magnet poles (eight pole pairs) with magnet inner to
outer radius ratio of 0.66. Adjacent magnets are separated by
radial slots which are 3.5° in size.

V. COMPARISON AND DISCUSSION
A. Flat Rotor (RI)

CFD simulations using the R1 geometry showed a
Stewartson flow profile in the laminar regime, but a Batchelor
profile with core rotation in the fully turbulent regime. At low
speeds a radially inbound flow recirculation at the stator was
observed in all simulated configurations, but at higher speeds
this is only prevalent at G > 0.0212. The simulated temperature
profiles in general show the fluid temperature increasing with
radius as the fluid is pumped across the heated region. The
turbulent thermal boundary layers are much thinner than the
laminar layers. The influence of ambient temperature air at
the periphery can be seen at both gap ratios, particularly near
the edge where there is a drop in fluid temperature near the
stator. This is much more prevalent at the larger gap ratio, in
both laminar and turbulent results. Some features of the velocity
profiles are illustrated in Fig. 8. This figure shows the nondi-
mensional radial component of fluid velocity on the left, and
the tangential component on the right, versus nondimensional
axial position across the gap. Referring to the left hand figure,
it can be seen that near the rotor the fluid is flowing outwards,
whereas near the stator it is actually flowing inwards. The right
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Fig. 8. Velocity profiles at r/R = 0.99, G = 0.0212; z* gives the nondi-

mensional axial position, equalling zero at the rotor and one at the stator.

hand figure shows that there are separate boundary layers in the
fluid near the rotor and stator, respectively, with a rotating core
of fluid in the middle. In general, there is a distinct difference
between the laminar and turbulent regimes, but the nondimen-
sionalised turbulent profiles are all quite similar across different
speeds.

Radially resolved heat transfer simulations and measure-
ments for R1 exhibited certain common features for both gap
sizes in the 2-D and 3-D cases. First, Nusselt number increases
with increasing Rey (i.e., heat transfer increases with disc
speed). At the outer radii the Nusselt number increases due
to ingress of ambient temperature air. Average measured heat
transfer decreases with increased gap size, although there is
a small increase from G = 0.0106 to G = 0.0127 due to the
slightly greater ingress of ambient temperature air at the pe-
riphery. Transition from laminar to turbulent flow is observed at
Reg > 3eb, but this is only pronounced at gap ratios G < 0.02
as shown in Fig. 6.

The correspondence between radially resolved heat transfer
measurements versus CFD is good at low speeds (laminar) and
G = 0.0212. At gap ratio G = 0.0106 low speed correspon-
dence is less good and most of the experimental heat transfer
results are higher than the CFD predictions by approximately
50%. This is probably because the CFD boundary condition
assumption of an adiabatic (no heat transfer) rotor becomes
invalid at low rotational speeds and small gap sizes, where in
experiments there is significant heat transfer into the aluminium
rotor resulting in higher measured heat transfer.

It was found that the fully turbulent regime CFD simulations
tended to always over-predict the air mass flow rate through
the system compared with experimental measurements. This is
probably because the total pressure loss from ambient condi-
tions through the bellmouth and entry into the rotor-stator gap
in the experimental rig is higher than predicted using CFD. As
a result of this, a number of fully turbulent CFD simulations
were re-run using the experimentally measured mass flow rates
as inlet boundary conditions so that heat transfer could be
compared in a like-for-like manner. Fig. 9 shows the resulting
comparison. As can be seen, the simulated results are now
further from the measurements. The reason for the discrepancy
is due to edge effects as will now be discussed.

Fig. 10 shows a comparison of the radially resolved predic-
tions at G = 0.0106 and Rey = 9.6e5 with the experimentally
determined inlet mass flow, using the baseline Reynolds stress
model (BSLRSM), SST model with and without curvature
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Fig. 10. G = 0.0106 comparison CFD & experiment at Reg = 9.6¢5.

correction (SST curv. corr.) and k — ¢ model, in both 2-D
and 3-D (blocked periphery) cases. As can be seen, choice
of turbulence model does not have a significant influence on
heat transfer predictions. In the region 0.6 < r/R < 0.85 the
match between CFD and experiment is quite close. In the
region 0.85 < /R < 1 all results deviate substantially from
the experimental measurements and this is the cause of the
deviation seen in the average results. It is generally accepted
that modeling of edge effects is difficult; this deviation is
probably caused by the differences in geometry at the boundary
in the CFD model compared with the experimental rig.

The radially resolved comparison results for G = 0.0212 at
this speed showed a closer correspondence to experiment than
the smaller gap ratio particularly in the region 0.85 < r/R < 1.
In the transitional regime, the correspondence between CFD
and experiment is not as good as in the fully turbulent regime.
Transition modeling does not conclusively provide a better fit.

The primary focus of this paper is stator heat transfer.
However, it is informative to compare the stator heat transfer
results with the expected heat transfer on the flat surface of
the rotor R1. Rotor heat transfer is a well-researched subject
and a number of correlations have been published, generally in
the form of a power law Nu = AReQB relating average rotor
heat transfer to rotational Reynolds number. The correlations
that are most relevant here are those of Boutarfa and Harmand
[20]. If these are compared against the stator heat transfer
results given here, it may be seen that in general the stator
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heat transfer is lower than the rotor heat transfer. The reason
is as follows: the heat transfer is dominated by the temperature
gradient in the air adjacent to the rotor or stator surface, which
in turn is dominated by 0Vj/dz, the velocity gradient of the
tangential velocity component in the axial direction. In the case
of through-flow ventilated machines, the subject of this paper,
this is higher at the rotor surface compared to the stator surface,
because angular momentum is imparted by the machine to the
air, which is then expelled from the machine.

B. Rotor With Protrusions (R2)

The CFD simulated nondimensional velocity and tempera-
ture profiles in the gap for rotor R2 were found to be similar
in some respects to the profiles obtained for R1. For example,
the turbulent tangential velocity profiles exhibited core rotation
in the gap, but the laminar profiles showed no core rotation.
However, the radial velocity profiles showed a very different
flow pattern to R1. It was found that the main route for radial
outflow of fluid was in the slot between protrusions and only
a small amount of fluid flows out near the rotor underneath
the protrusions; this agrees well with the simulation results
of Airoldi ef al. [8]. The streamlines, Fig. 11, show that fluid
is entrained into the channel between magnets/protrusions and
flung outwards.

The experimentally measured results for R2 show that the
gap ratio seems to have much less effect on the heat transfer
than for R1. Additionally, the clear regime change from laminar
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to turbulent flow at Rey > 3eb that occurs with R1 cannot
be seen for R2; transition probably occurs at a much lower
rotational speed.

A comparison between measured results for R1 and R2
shows that at a comparable speed, average heat transfer with
R2 is about 20-30% higher than R1. This result is similar to the
CFD comparison but slightly less marked, Fig. 12.

Comparison of radially resolved simulated and measured
heat transfer for rotor R2 show significant differences at all
radial locations. The most likely cause is that the assumption
of an open periphery in the case of R2 is completely invalid; in
the experimental rig the air in fact “pulses” through the radial
slots in R2 as the rotor moves past consecutive open and closed
sections of the periphery. This could be heard during testing
as an audible hum at sixteen times the rotor frequency. To
resolve this more accurately in CFD, a transient simulation with
a moving mesh would be required, since there is interference
between the slots in R2 and the open and blocked areas of the
periphery in much the same way as the nozzle guide vanes and
rotor blades interact in a turbine. This was outside the scope of
the present work but is a worthwhile area of future work.

VI. CONCLUSION

This work has compared CFD simulations with experimen-
tal measurements of stator heat transfer in a rotor-stator disc
system relevant to AFPM machines, with two rotor types. It
was found in general that stator heat transfer is always lower
than rotor heat transfer. It was also found that CFD modeling
is relatively insensitive to the choice of turbulence model for
this problem, but accuracy in modeling boundary conditions
is very important. There is some comfort to be gained in the
result that the CFD is generally conservative. Investigation of
the effects of outlet geometry and magnet geometries in the
form of rotor protrusions is an area where further research is
needed. Correlations have been given for average stator heat
transfer in a range of conditions; these should be useful to
AFPM machine designers in providing conservative estimates
of stator heat transfer.

Finally, it is suggested that cooling might be enhanced
through: increased surface roughness, increase air throughflow
rate, use of a small gap size (G < 0.02), using protruding
magnets and evaporative cooling or water cooling. At high
speeds however many of these approaches will lead to increased
aerodynamic drag (windage) on the machine which may result
in a significant efficiency decrease.

ACKNOWLEDGMENT

The authors would like to thank Mr. J. Ford and Mr. G. Austin
at City University for their assistance with construction of the
experimental rig.

REFERENCES

[1] J. Gieras, R. Wang, and M. Kamper, Axial Flux Permanent Magnet Brush-
less Machines, 2nd ed. New York: Springer-Verlag, 2008.

[2] P. Mellor, D. Roberts, and D. Turner, “Lumped parameter thermal model
for electrical machines of TEFC design,” Proc. Inst. Elect. Eng. —Elect.
Power Appl., vol. 138, no. 5, pp. 205-218, Sep. 1991.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 47, NO. 4, JULY/AUGUST 2011

[3] S. Scowby, R. Dobson, and M. Kamper, “Thermal modelling of an axial
flux permanent magnet machine,” Appl. Thermal Eng., vol. 24, no. 2/3,
pp- 193-207, Feb. 2004.

[4] R. Wang, M. Kamper, and R. Dobson, “Development of a thermofluid
model for axial field permanent-magnet machines,” IEEE Trans. Energy
Convers., vol. 20, no. 1, pp. 80-87, Mar. 2005.

[5] C. Lim, J. Bumby, R. Dominy, G. Ingram, K. Mahkamov, N. Brown,
A. Mebarki, and M. Shanel, “2-D lumped-parameter thermal modelling of
axial flux permanent magnet generator,” in Proc. Int. Conf. Elect. Mach.,
2008, pp. 1-6.

[6] D. Howey, P. Childs, and A. Holmes,

rotating electrical machines,” IEEE Trans.

DOI: 10.1109/TIE.2010.2100337.

G. Airoldi, G. Ingram, K. Mahkamov, J. Bumby, R. Dominy, N. Brown,

A. Mebarki, and M. Shanel, “Computations on heat transfer in axial flux

permanent magnet machines,” in Proc. Int. Conf. Elect. Mach., 2008,

pp. 1-6.

G. Airoldi, J. Bumby, C. Dominy, G. Ingram, C. Lim, K. Mahkamoyv,

N. Brown, A. Mebarki, and M. Shanel, “Air flow and heat transfer model-

ing of an axial flux permanent magnet generator,” World Acad. Sci., Eng.

Technol., vol. 58, pp. 809-813, 2009.

[9] D.Howey, A. Holmes, and K. Pullen, “Measurement of stator heat transfer
in air-cooled axial flux permanent magnet machines,” in Proc. 35th Annu.
Conf. IEEE IECON, 2009, pp. 1197-1202.

[10] D. Howey, A. Holmes, and K. Pullen, “Radially resolved measurement
of stator heat transfer in a rotor—stator disc system,” Int. J. Heat Mass
Transf., vol. 53, no. 1-3, pp. 491-501, Jan. 2010.

[11] S. Poncet, M. Chauve, and R. Schiestel, “Batchelor versus Stewartson
flow structures in a rotor—stator cavity with throughflow,” Phys. Fluids,
vol. 17, no. 7, pp. 075 110-1-075 110-15, Jul. 2005.

[12] J. Owen, C. Haynes, and F. Bayley, “Heat transfer from an air-cooled
rotating disk,” Proc. R. Soc. Lond. A, Math. Phys. Sci., vol. 336, no. 1607,
pp. 453473, Feb. 1974.

[13] R. Bunker, D. Metzger, and S. Wittig, “Local heat transfer in turbine disk
cavities: Part I, rotor and stator cooling with hub injection of coolant,”
Trans. ASME J. Turbomach., vol. 114, no. 1, pp. 211-220, Jan. 1992.

[14] Z. Yuan, N. Saniei, and X. Yan, “Turbulent heat transfer on the stationary
disk in a rotor—stator system,” Int. J. Heat Mass Transf., vol. 46, no. 12,
pp- 2207-2218, Jun. 2003.

[15] H. Iacovides and J. Chew, “The computation of convective heat transfer
in rotating cavities,” Int. J. Heat Fluid Flow, vol. 14, no. 2, pp. 146-154,
Jun. 1993.

[16] R.Jacques, P. Le Quere, and O. Daube, “Axisymmetric numerical simula-
tions of turbulent flow in rotor stator enclosures,” Int. J. Heat Fluid Flow,
vol. 23, no. 4, pp. 381-397, Aug. 2002.

[17] E. Menter, “Two-equation eddy-viscosity turbulence models for engineer-
ing applications,” AIAA J., vol. 32, no. 8, pp. 1598-1605, Aug. 1994.

[18] N. Gregory, J. Stuart, and W. Walker, “On the stability of three-
dimensional boundary layers with application to the flow due to a rotating
disk,” Philos. Trans. Roy. Soc. London A, Math. Phys. Sci., vol. 248,
no. 943 , pp. 155-199, Jul. 1955.

[19] E. Menter, R. Langtry, S. Likki, Y. Suzen, P. Huang, and S. Voélker, “A
correlation-based transition model using local variables part I: Model
formulation,” J. Turbomach., vol. 128, no. 3, pp. 413-422, Jul. 2006.

[20] R. Boutarfa and S. Harmand, “Local convective heat transfer for laminar
and turbulent flow in a rotor—stator system,” Exp. Fluids, vol. 38, no. 2,
pp. 209-221, Feb. 2005.

“Air-gap convection in
Ind. Electron., 2010,

[7

—

[8

—

David A. Howey (M’11) received the M.Eng. de-
gree in electrical and information sciences from
Cambridge University, Cambridge, U.K., in 2002
and the Ph.D. degree from Imperial College London,
London, U.K., in 2010, investigating air gap convec-
tive heat transfer in disc type electrical machines.

He is a Research Associate in the Mechanical En-
gineering Department at Imperial College London.
His current research interests include: thermal analy-
sis of electrical machines and batteries; cm-scale
wind turbines for energy harvesting and electrically
assisted turbochargers for large off-road diesel engine vehicles.



HOWEY et al.: MEASUREMENT AND CFD PREDICTION OF HEAT TRANSFER IN ELECTRICAL MACHINES 1723

&

/

Andrew S. Holmes (M’01) received the B.A. de-
gree in natural sciences from Cambridge Univer-
sity, Cambridge, U.K., in 1987, and the Ph.D.
degree in electrical engineering from Imperial Col-
lege London, London, U.K., in 1992.

He is currently Professor of Microelectromechan-
ical Systems with the Optical and Semiconductor
Devices Group, Department of Electrical and Elec-
tronic Engineering, Imperial College London. His
research interests are mainly in the areas of microp-
ower generation and conversion, MEMS devices for

microwave applications, and laser processing for MEMS manufacture.

Keith R. Pullen received the B.Eng., and Ph.D.
degrees in mechanical engineering from Imperial
College London, London, U.K., in 1987 and 1990,
respectively.

He is currently Professor of Energy Systems at
City University London and Co-Director of the Cen-
tre for Energy and the Environment. His research
interests include design of high speed electrical
machines and energy storage flywheels for hybrid
vehicle powertrains. He is also interested in turbo-
machinery and technology for the developing world.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


