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In th'is art'icle a lumped-parameter heat transfer model and
an a'ir frow model of a typi,cal Arial Flur Permanent Mag-
net (AFPM) mach'ine 'is presented. The applicat'ion of the
prlplsed models to an AFPM generatoris descri,bed'in de-
ta'il. The calculated results are conxpared wi,th the measure-
ments taken from a prototype AFPM n'Lachi,ne. The aduan-
tages and d'isaduantages of the approach are then outli,ned
and conclus'ions drawn. The deueloped thermofl,ui,d model
'is shoun to perform thermal analyses w'ith reaslnable ac-
cuTac'y.

Re R,eynolds number
s axial gap between rotor and stator' (-)
T temperature ('C or K)
U internal ener'ry (.1/t g)
'ur,'tJz inlet, outlet tangential velocity (nr/s)
'uL,'uz inlet, outlet absolute velocity (^/r)
W rate of doing work (W)
'u)1,'u)2 inlet, outlet radial velocity (-/r)

Greek symbols

density (kg/rrr3 )

coefficient of therrnal expansion (K- t)
emissivity
Stefan-Boltzmann constant (W l^' Kn)
angular velocity (rad/s)
dynamic viscosity (USlm s)
kinematic viscosity (^' l")
friction factor'
turbulent parameter'
equivalent sand grain roughness (-)
finite difference

Subscripts

a surrounding air'
ag air-gap
amb ambient
c) cortiu convection
cs control surface
C'u, Copper
cu control volume
cond or d, conduction
e environment, exit
edy eddy current
f friction
h hydraulic
i in, inlet, input
I energy losses

m rnagnet
mo moment
o't-tt output
p periphery
r radiation, rotor
T turbulent
t total
'w f windage and friction
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Nomenclature

cross-section area of a flow path (-')
moment coefficient
specific heat at constant pressure (J/t<g K)
diameter (-)
hydraulic diameter' (-)
outer diameter of electric machine (^)
friction force (N)
gap ratio, s/ro
Grashof number
local heat transfer coefficient (W l^' K)
phase current of the machine (A)
enthalpy (l/t g)
thermal conductivity (W/m K)
loss coefficient
slip factor
momentum (N . s)

mass flow rate (kg/.)
machine rotation speed (..p.m.)
number of blades
Nusselt number
power' (W)
Prandtl number
pressure (Pa)
wetted perimeter
heat transfer rate into a syste- (W)
volumetric flow rate (-t/r)
thermal resistance (K/W)
radius. outer radius (^)
R,ayleigh number

p

t3

€

o
a
l.r

u

,̂\7

7
A

l Departurent of Electrical Engineering, University of Stellen-
bosch. Private Bag X1, Matieland,7602, South Africa

2 D"pu.tment of Mechanical Engineering, University of Stellen-
bosch

3D"purtment of Electrical Engineering, University of Stellenbosch

18 R & D Journal, 2001, I7(1)



Introduction

The advent of new high energy product permanent rnag-

net (PM ) materials has shown great opportunities for
novel topologies of electrical machines with advantageous
features such as high efficiency and power/weight ratio.
The AFPM rnachine (Figure 1), with slotless winding and
axially directed rnagnetic field ct'ossing the air-gap, has

remarkably short axial length and can find applications
irr power generation, electric vehicle (EV) drives, electric
pump and fan drives, and domestic appliances. In view of
its disc-type configuration, AFPMs are particularll' suit-
able for the developrnent of compact integrated powel' gen-

H:::" 
systems, which can be used in South African t'ut'al

2

Figure 1 Exploded view of an AFPM rnachine,

1 - rotor d iscs, 2 - stator winding, 3 - perma nent rnagnets,
4 - epoxy core,5 - radial channels,6 - air-inlet holes

Whereas extensive research has been devoted to ther-
rrral studies of conventional electrical machines, AFPM
rnac:hines have received very little attention.l Since AFPM
rnachirres possess relatively large air-gap volume and quite
crft,err ha'n'e rnulti-gaps. the general perception is that
AF'PN4 machines have better veutilation capacity than
their radial field counterparts.2'3 However', Iike conven-
tional machines, AFPM machines are also subject to cool-
ing problems. To ensure a Iong operational life for the ma-
chine, the heat generated must be removed from the rna-
chirre so that the temperature limitations established for
tlre rnactrine rnaterials such as insulating materials, lubri-
carrts arrd pel'nratretrt Inaglrets at'e r:omplied rvittr. Besides.
lon'er operatirrg tetnpet'ature t'educes extt'a coppel' losse;;

introduced bv the temperature coefficient of the rvindirrg
resistance. Thus, quantitative studies of the heat dissi-
pation potential of AFPM machines with vastly different
topologies are clearly needed.

This paper presents the thermofluid analysis of an
AFPM generator. First, the fluid flow model of a proto-
t.ype AFPM machine is developed, whet'e the relationships
betweerr flow rate and rotatirlg speed are obtained. With
this information available, a lumped-parameter heat trans-
fer nrodel of the AFPM generator is then derived and used

to estimate the operating temperatures in various parts of
the machine for different power generating conditions. Ex-

/

perimental tests are also done on the prototype machitte
and results are compared with the calculated ones.

Objective

The objective of this research was to develop a thermofluid
model of a typical AFPM machine based on one dimen-
sional fluid and heat flow. The accuracy and consistency
of the derived model are assessed by comparing the cal-
culated flow rate and temperature values of a prototype
machine with the measured ones. The causes of discrep-
ancies are discussed and I'ecommendations of irnprovirrg
the model are made.

Fluid flow model

Closely examining the machine structure, shown in Figure
1, r'eveals that an air stream rvill be drawn ttrrclugtr the air'

inlet holes into the machine and then forcecl outw'ards irr
the radial channel as the t'otot' discs rotate. The P\4s irr

fact act as irnpeller blades. Ttre study' of the fluid behavic-,r'

of the AFPM machine is rnuch like that of a centrifugal farr.

The ideal radial channel

According to the theory of an ideal impeller, a nurnber of
assumptions have to be rnade to establish the one- dimen-
sional flow rnodel of the ideal radial channel:4,S

(u) the irrlet flor,v to the charrnel is radial,

(b) no tangential flow component in the radial channels.

(.) the flow is incornpressible and frictionless, and

(d) the velocity vat'iation acl'oss the width or depth of the
chatrtrel is zero.

Figure 2 Velocity triangles for a PM channel

Figure 2 shows a radial channel with the velocity tri-
angles drawn at the inlet and the outlet. It can be observed
that the pressure at the inlet p1 and the outlet p2, and ttre
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friction F'1 have no contribution to the sum of the momen-
turn, D Mr. Ignoring gravity, the general representation
of conservation of momenturn takes the form:6

The actual radial channel

The actual characteristics of a hydraulic machine differ
from the ideal case due to two reasons: the uneven spatial
distribution of velocities in the blade passages, and the
leakage and recirculation of flow and hydraulic losses suclr
as fi'iction and shock losses. These are cornpletely different
issues4 and will be dealt with separately in the follorvirrg
trvo sections as sl'ip and shock, l,eakage artd fr"ictio,n.

Slip

As a result of the unbalanced velocity distribution on the
leading and trailing edges of a PM channel and rotation
effects,s there exists , due to Stodola, a rel,atiue ed,d:yS ,7

within the blade passage shorvn in Figure 3. Ttris results
in the reduction of the tangelttial velocitr- corrrponerrts arrcl
is called ,slliyt, which is usually accounted for usirrg a ,sl,i,1t

factor. For purely radial blades, the Stan'itz slip factor A'"

(Bo' < 0z

k,- 1- 0.63rf n6 (8)

relations (Eq,r.

Lp : paz (kr,r,, -,rl) * t

Shock, leakage and friction

Energy losses due to friction, separation of the boundary
Iayer (shock loss) and leakage should also be considered.

As illustrated in Figure 4, if the total volurnetric: florv
t'ate through the PM channel is Qt, the pressure difference
between the PM exit and the entrance will cause a l,eakuge

or recirculation of a volume of fluid Ql, thus reducing the
flow t'ate at outlet to Q - Qt - Qt. The Qt is a functiorr
of mass flow rate and discharge and leakage path resis-
tances. The leakage flow reaches its maximurr rvhen tlre
rnain outlet flow is shut.

flow Qr
Total

Figure 4 Leakage flow in an AFPM machine (not to scale)

t NI,- il,) pd,v] . 
1",r, 

x il,) p (,fr . fr) d,A

W't - To ' (r) - pQa' (r', - r?)

Re-arranging the above equation gives:

W^ ')

d - paz (", -'?)

Based on the principle of conservation of energy, the input
shaft power may be given as:

wi - rn (+ . ry * zz - 21 * uz- u') (b)
/

Ignoring potential (r, - ,t) and the internal energy (fric-
tion), Eq^. 5 may be written in the same units as Eqn. 4

T- @,-pr)* rry (6)

Equating Eqt. 4 and Eqt. 6 and noting that 'u1 : Q I Ar
and 'w2 - Q lAz (At and 42 are cross-section area of the
inlet and outlet channel, respectively) , the pressure dif-
ference Lp between the entrance and exit of the radial
channel (shown in Figure 2) may be expressed as:

Lp-pz-pr-paz(rZ-r?) Q, F)

Eqn. 7 may be terrned the 'ideal equation describing
the air flow through the radial channel.

Relative eddy

Figure 3 The relative eddy in the PM channel

For steady-state one-dimensional air flowing between li]

;llr""ce 
and exit of the channel Eqn. 1 may be simplified

t Ms - Ts - (iz x dz) *, - (i, x ilr) ^, (z)

where rrLz : TTL1 - pQ, and u - ar. The input shaft power
Wi is then given by:

(3)

(4)

lVhen applying a slip factor, the pressure
8) becomes

(h,-h) e' (e)
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These losses can be accounted for by introducing a

pressure loss term Lp, in Eqn. 9 as followss

Ap - pa2 (tt,'ri - ,"?)

System losses

As the air passes through the AFPM machine, the system
pressure loss due to friction must be accounted for. The
surn of these losses is given by:

is defined as D6 - aAlft where A is the cross-sectional
area of the flow path and 6" is the wetted perimeter.

The loss coefficient for a pipe is given by 
^Lldwhere 

)
is a friction factor obtained as a function of Re and surface
roughness from a Moody d'iagram.ro To facilitate numeric
calculations, the Moody diagram may be represented by:8

+t(h,- h,) e2 - Lp, (ro)

(12)

There are a number of sections through which the air
florvs in the AFPM machine (see Figure 5):

l. Entry to the rotor air inlet holes

2, Passage ttrrough rotation short pipe

3. Bending of air from pipe to annulus (90" )

4. Round bend air passage (90")

5. Contraction of air in tapering passage

6. Berrding of air through the 90' elbow

7. Entry to perrnanent magnet channels

B. Expansion of air through tapering enlargement

9. Abrupt expansion of air on the exit of the channel

10. Expansiotr as the air leaves the opening of the parallel
rotor discs

Tapering enlargement

5

Tapering contraction

where Re - 
PD,^Q 

.p.lr

Characteristics

It is now possible to relate the theoretical predictiorr ob-
tained frorn the ideal florv rnodel to ttre actual character-
istic by accounting for the various losses discussed above.

Since the AFPM rnachine (Figure 1) has two identical
coaxial rotating discs operating on the sarne stator, it rnay
be tt'eated as two identical fans in parallel. The character'-
istic curve presented in this section represents only half of
the AFPM rnachine. The characteristic curve of the rvhole
machine rnay be obtained by adding flow rate at the sjarne

pressure.

500

400

Ap 300
(p.)

200

100

0

Figure 6

0 0.006 0.012
a (*t/r)

Losses and characteristics curves at

0.018

1200rpm

Assuming that the AFPM machine operates at a colr-
stant speed of 1200 r.p.m., the ideal developed pressure
characteristic for a radial channel is a function described
by trqn . 7 as shown in Figure 6. After introducing the slip
factor', the t'esultant curve is shown in dotted line as Eqn.
9. It was not possibleto obtain a suitable correlation in the
Iiteraturell for the pressure loss due to shock and leakage
as was the case for the slip. The calculated chal'acteristic
curve without considering shock and leakage losses (Eq.t.
9 - Npy ) shown in Figure 6 is significantly higher than the
experimental one. The shaded area in Figure 6 represents
the shock and leakage losses. It can be seen that at low
flow rates the shock dnd leakage losses are greater but tend

(11)

rfl
Short tube

Pipe to annulus bend

Figure 5 System losses of an AFPM machine

The loss coefficients associated with each section are
readily available in the literature.7,8,e Where the section is
not circular, use has been made of the hydraulic diameter
to characterize the cross-section. The hydraulic diameter
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to zero at the maximum flow rate. The calculated max-
imum flow rate point corresponds with the experimental
curve. Although it could be a coincidence, it rnay be as-

sumed at this stage that the influence of shock and leakage
losses at the maxirnum flow rate is insignificant.

Flow and pressure mea-surements

In order to check the validity of the fluid flow rnodel, eX-

perimental tests were perforrned. The AFPM machine was
driven by u d.c. motor (at no load) and allowed to operate
as a conventional fan as shown in Figure 7. The machine
was set up with a discharge duct. Along one side of the
duct, several tapping points were made for rneasuring the
static pressure with a Manometer. Near the outlet of the
duct provision was made whereby the velocity is measured
using a hot-wire anernometer probe.

Figu re 7 The experirnental set-up, where 1 - rnanometer,

2 - AFPM rnachine,3 - discharge duct,4 - drive machine,

5 - pressure tapping point, 6 - hot-wire anemorneter probe

The static pressure difference Lp was measured as a
function of volumetric flow rate Q - A v for different mo-
tor speeds varying from 200 to 1400 r.p.m. The results are
plotted in Figure 8. Note that the pressure losses occur-
ring in the discharge duct have been subtracted frorn the
rneasured values.

Volumetric flow rate

Figure 9 shows both the computed and measured volumet-
ric flow rate of the AFPM machine (Figure 1) at different
operating speeds. It can be seen that the correlation be-
tween the computed and measured results is good. This
confirms that shock and leakage losses, os previously as-

sumed, become less significant a.s the operatittg point is
approached.

Thermal model

Lumped-parameter circuits, consisting of a network of
thermal resistances, nodal temperatures and heat sources,

have been widely used to represent the complex distrib-
uted thermal parameters of electrical machines.l,l2

120
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Ao
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a (*t/r)

Figure B Measured characteristic curves of pressure against
flow rate for the AFPM machine (p - I.177 kel13)
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Frgure 9 Calculated a nd measured volu metric f low rate as a

fu nction of speed

Thermal resistance circuit

Figure IO(a) shows a sectional view of an AFPM machine.
It can be observed that the AFPM stator is syrnmetrical
from a heat transfer perspective. It is therefore reasonable
to model only half of the machine (see Figure l0(b)).

The heat flowing through each pattr of the therrnal
resistance circuit is given by a temperature difference di-
vided by a thermal resistance (Table 1). The net heat
transfer for radiation between two surfaces ffia;,, be given
byto

Q_ " (rt -rt) (13)l-er r 1 tl-ez
erAr ' FtzAt ' ,zAz

In this equation it is seen that the heat transfer de-
pends on the difference of the fourth power of the absolute
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ternperature, surface spectral property e aud sut'face orien-
tation taken into account by . form factor F. Convective
heat transfer from a surface to a rnoving fluid depends on
the heat transfer coefficient, the deterrnination of which is

a cornplex problern, usually necessitating the use of empiri-
cally determined correlations. No convection heat transfer
correlations relating to the specific topology of AFPM ma-
chirres are available and for this reason potentially suitable
existirrg correlations are dealt with in the next section.

Convection heat transfer coefficients

The rotating disc system plays a major role for the cooling
and ventilation of the AF PM machine. Accurately deter-
rnining the convection heat transfet' coefficients needs thor-
ough theoretical and experimental investigation because of
the complexity of the flow regimes. In this section the con-
vection heat transfer coefficients in different parts of the
AFPVI rnachine are evaluated exploiting a nurnber of ex-
ist ing rnodels .

Te To

""ni-___$".u

where .A/u is given according to different flow conditions
as follows:

(i) For cornbined effects of free convection and rotation
in laminar flow (Figure 11(a))ta

I,{u-? (nd +Gr)i

r,vher.e Re - 
aR2 

, G,r - 
7gR:trt LT a'd ar is the terrr-

peratut'e differ€nce b"t*""n #:cliscr surface and the slrr-
rounding air'.

(ii) For a cornbination

r,vith the transition
I I (b))14

of laminar and turbulerrt flc,u,

at r. - (z.s x rosu f a)''' (Fig're

o orb Reo 8 - 1oo (?)' (16)

(15)

(17)

IY'u -

laminar

in Tt
+

Q edu

Figure 10 The therrnal resistance circuit of an

generator

Table 1 Definition of the thermal
resistances in Figure 10(b)

Syrnbols Definition

laminar

Figure 11: Free rotating disc, where (r) laminar flow, (b)
laminar and turbulent flow

It is instruc:tive to conrpare the treat trarrsfer c'apabili-
ties between a rotation disc and a still-standing disc. Corr-
sidering the AFPM machine depicted in Figure 1, wtrich
has a diameter of 0.4 m and rotates at 1260 r.p.ffi., the
convection heat transfer coefficient may be calculated as

4LW lm2 K, which is about ten times that of the same disc'
at staudstill. Alternatively, one can say that the eff'ective
heat dissipatiorr al'ea of the same disc can be increa^sed b.y

a factor of 10 when rotatirrg.

Rotor edge

The heat tt'ansfer correlations for the radial periphery of
the rotor disc is similar to that of a rotating cylinder in air.
In this case the avel'age treat transfer c,oefficient is given as

h7, - (klD) l/rr

magnet

Qcu inat 9-t

(a)

AFPM

R.r
R.z
R.Z

R.4
R.s
R.e
Rr.r

R,:r

Rr2
Rr3
Rr.+

Rat

Convection: stator end-winding to air
Oonvection: stator to air-gap
Convection: air-gap to rnagnets
Convection: air-gap to rotor disc
Convection: r'otor disc to open air
Convection: rotor periphery to air
Radiatiorr: end rvinding to open air'

Radiation: stator to rnagnets
Radiation: stator to t'otor disc
Radiation: stator to rotor disc
Radiation: rotor periphery to air
Conduction: magnets to rotor disc

where Alu - 0. 133 R"'Jt P.rl:t, D is the dianreter of the
cylinder and R"p - a D' lr, When using Equations ( 15 ),
(16), and (12), a uniform temperature distribution in the
cylinder is normally assumed. Applying these equations to
the rotor disc, the average heat transfer coefficient around
the radial periphery is found to be about 95 \Y lmz Ii
which therefore justifies its presence in the thermal resis-
tance circuit. Since hp is proportional to the rotational
speed u) ) it may be concluded that the rotor periphery
plays an increasingly important role in the heat dissipa-
tion as kJ increases.

FYee rotating disc

The average heat tt'ansfer c,oefficient at the outside surface
of a rotating disc may be evaluated using the formulae
developed for free rotating plate,la, i.e.

(14)

T
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Rotor-stator system

As seen in Figure 1, the main heat transfer region consists
of surface-rnounted PMs with radial channels between the
PMs. Due to centrifugal effects, there is a forced flow
through the PM channels, which increases the local heat
transfer rate compared to that of a free disc. The relative
increase will depend on the gap ratio , G - *, the mass
flow rate and the rotational speed of the system under
consideration. 15

Having radial channels and thick impellers, an air-
cooled AFPM machine may be regarded as a poorly de-
signed fan from a fluid flow perspective. Its tangential
velocity component is rnuch larger than the radial compo-
nent. Thus, the heat transfet' t'ate near the rotating disc
shows more dependence on the rotational R"ynolds num-
ber, which is defined as16

Re - pw2rolp (18)

Owen17 provided an approximate solution for the flow
between a rotating and stationary disc, which relates the
average Nusselt nurnber to the moment coefficient of the
stator-side rotor face, Crno, by the following equation.

Crno lT
- 0.333.\r

( 1e)

function ofwhere ),7 is a turbulent parameter given as a
volurnetric flow rate , Q, as follows

Equation 22 is applied to each part (the half-stator,
air-gap, magnet, and rotor disc) of the AFPM machine
shown in Figure l0 to obtain a set of equations with the
temperatures of the parts being the only unknowns. The
heat flowing in each path is given as a temperature differ-
ence divided by a thermal resistance. The values used for
the heat source terms are given in Table 4.te This set of
equations are rather complex but is readily solved using
Gauss-Se'idel iteration, for example.

Temperature measurements

The AFPM machine is driven by a d.c. motor as shown
irr Figure 7 and operates as a generator feeding a rectifier
load. Both rated and overload (double the rated current)
opet'ati^g conditions are monitored. The ternperature of
the rotating disc and the peripheral edge of the windings
are measured using a digital infrared thermometer.

The average windittg temperature wa^s mea^sured using
an electrical resistance method.12 The machine was run for
a long enough time to ensure steady-state conditions. The
driving motor was then shut down and when the machine
came to standstill the electrical resistances of the three
phases of the windings were measured as a function of tirne.
A suitable curve is fitted to these resistance measurements
and the resistance that the winding would have had when
the machine was shut down is deterrnined by extrapolating
back in time.

For ensut'ing the validity of the rneasurernents the first
resistance reading should be taken within 30 seconds after
switching off the power to the driving rnotor. The average
temperature rise in the stator winding is then obtained by
using the following equation:

Applying Owen's approxirnate solutionl7 to the same
AFPM rnachine operating at a speed of 1260 r.p.rn. with a
m@sured radial flow of 0 ,026 -3/. between rotor and sta-
tor, the estimated average heat transfer coefficient from
the stator across the air'-gap to the rotating disc is 94

W l^'K. As discussed in Ow€tr,16 it has been shown that
for a small gap ratio (C
space between the rotor and stator can be treated as a
boundary layer. Whilst it is not necessarily true that the
convective heat transfer coefficient from the statot' to the
air flow is close to that from the air flow to the rotating
disc, the same heat tratrsfer coefficient has been assumed
in the thermal circuit simulation.

Conservation of energy

Applying the conservation of energy, the rate of internal
energy change of a control volume may be written as fol-
lows:

),r -- a n", f
UTo

AU:
o 

: Q n - Q out * mtn,iin - n'Loutiout

For steady-state conditions, X - 0 and therefore,

(22)

(23 )

where K is a constant (K - 235 for copper winding,
K
perature, Tr is the cold winding ternperature , Rt and
R2 are the cold and hot winding resistances.

Comparison of results

The computed values of the temperature rise irr ttre var'-
ious parts of the AFPM machine are compared with the
corresponding measurements in Tables 2 and 3. It is evi-
dent that the predicted temperature values are sornewhat
higher than that of the measurements. The calculated
results agree reasonably well with the tested results, c:on-

sidering the relatively simple thermal resistance network
used to represent the AFPM machine.

Discussion and conclusions

The main aim of this study has been the development and
verification of a thermo-fluid model for analyzing and pre-
dicting therrnal behavior of AFPM rnachines.

R -R,Ar-:6+.rr)+Tr-To
R"y

(20)

(2 1)

24

0 - Q;n - Qout * mtn'iin - TTLout'iout
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Table 2 Predicted and measured
(Tornu - 23.75"C, I,pn - 30 A, n

Table 3 Predicted and measured temperature rises
(Tonu - 24"C, Iph: 60 A, r: L263 r.p.m.)

Machine parts Calculated ('C) Measured (" C)

Comparison will be done to further check the validity of
the model. The ultirnate goal is to rea"hze the fast tempera-
ture prediction of general AFPM machine with reasonable
accuracy at design stage.

Acknowledgements

This paper was supported by the University of Stellen-
bosch. RW wishes to thank A Swart, CJ Zietsman and
DN Mbidi for their assistance in the assembling of the
testing equipment.

References

E Spooner k BJ Chalmers. TORUS: a slotless,
toroidal-stator, perrnanent-magnet generator. Pro-
ceedings of IEE, 139, pp.497-506, 1992.

CC Chan. Axial-field Electrical Machines with Yoke-
Iess Arrnature Core. PhD thesis, Llniversity of Horrg
Kong, 1982.

3. JF Gieras k M Wing. Permanent Magnet Motor
Technology: des'ign and appl'icat'ions. Marcel Dekker
NY, 1997,

JF Douglas, JM Gasiorek & JA Swaffield. Flu'id Me-
ch,an'ics. Longman, UK, 1995.

AT Sayers. Hydrauli,c and Compres,s'ible Flou Th,trbo-

mach'ines. McGraw-Hill, UK, 1990.

FM White et al. Flui,d Mechan'ics. McGraw-Hill, NY,
1994.

BR Munson, DF Young 8. TH Okiishi. Fundant e.rr,tal,s

of Fl,'u'id lvlech,aTl'ic,s. lViley. NY. 1994.

D Clrisholm. T'tilo-phase flout 'in 7t'ipel,'in,es and h,e,at

etrch,arlqers. George Godwin, NY, 1983.

9. DS Miller. Internal Flow Systems. BHRA (Inforrrra-
tion Services), UK, 1990.

10. AF Mills. Bas'ic Heat and Mass TYansfer. Irwin,1995.

PJ Strachan, PP Reynaud k TlV von Backstrom.
The Hydrodynamic Modelirrg of Torque Converters.
R €J D Journal, 8, pp.2I-29, 1992.

RH Engelrnann ,k WH Middendorf ("d.). Handbook'
of Electric Motor.s. Marcel Dekker, NY, 1995.

DE Metzger & NH Afgan ("d.). Heat and Mass TYans-

frrin Rotati,ng Maclt'inery. Hemisphere, Washington,
1984.

WY Wong. Heat Thansfer for Engr,neers. Longmans,
1977.

JM Owen. The Effect of Forced Flow on Heat
TYansfer From a Disc Rotating Near a Stator , In-
ternati,onal Journal of Heat and Mass TTansfer, 74,
pp.1135 -LL47 , I97L

temperature nses

- LZIT ,.p.m.)

Machine parts Calculated (" C)

Stator winding
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Rare-earth PM
End winding
Air-gap

27.8
t4.L
t3.7

7.6

23.3

II.2

2t.5

Stator winding
R.otor disc
Rare-earth PM
End winding
Air-gap

LOz,T

27.3
27.6

30.1

95.1
25.5

65,4

I

2

4

5

6

11

t2

13

L4

15

Table 4 Heat source terms for the AFPM machinele
Description
Bearing frictional losses

Stator eddy current losses

Magnet eddy current losses

Stator copper losses

Stator copper losses (overlo"d)

106 W
23W
3W

360 W
1440 w

The cornparison betrveen the calculated results and the
rrreasurernents has showtr that the developecl model carr

perforrrr the therrnal analysis with rea^solrable accurac]'.
The predicted temperature values are invariably higher
than the rneasured ones. One possible reason is ttrat the
endwinding is partially located above the PM top edge and
its heat flow path is not necessarily through PMs. Includ-
i.rg end-winding losses as internal heat losses may result in
slightly over-estimated temperature values in the analysis.

It, should be noted that the deterrninatiorr of the air'

ternperature in the air-gap is only possible if the mass florv
rate through the air-gap can be somehow predicted, hence
the necessity of a reasonable fluid-flow rnodel.

The fluid flow model gives reasonable results, however'
it may be somewhat limited because the effect of rotation
in the system losses as given in Eqn. 11 was neglected.

The air flow through the AFPM machine is not opti-
rnized from a minimurn energy loss point of view. This is

evident by the tortuous path through which the air flows.
By taking into account to a gt'eater degt'ee sound fluid
tnechanics practice, an improved mass flow rate could be
achieved with a subsequent reduction in the operating tem-
perature and hence a longer service life.

Planned future work includes applying the revised
thermofluid model to a double-stage AFPM machine.
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