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Traction motor cooling systems, a literature
review and comparative study

Peer-Ole Gronwald and Thorsten A. Kern, Member, IEEE

Abstract— More efficient cooling systems are an enabler for the
increase in power-density in an electric traction motor.
Contemplating to existing reviews, this paper presents a
comprehensive collection of heat transfer mechanisms for the
different heat removal techniques used in electric traction motors.
In the first section, an overview of various cooling concepts in
existing and future traction motors is presented and the cooling
approaches are compared. The following literature review
compiles geometry-based calculation formulas of the different
mechanisms of cooling heat transfer applied in motor-technology.
Furthermore general heat transfer phenomena appearing in
electric traction motors are reviewed and compiled for easy access.
Various specifically relevant aspects, including rotor shaft cooling,
different spray cooling concepts, different air convection
phenomena, bearing heat transfer and the stator-housing-contact,
are examined in more detail. For validation of the review result,
based on a well-known motor design a thermal analysis and
comparison of the different cooling methods is carried out.
Modeling is done with a lumped parameter thermal networks
(LPTN). The paper concludes demonstrating the advantages and
disadvantages of the different cooling concepts based on the
collection of modeling data.

Index Terms— Cooling, Traction motor drives, Review, Electric
machines, Road vehicles

I. INTRODUCTION

HE shift towards sustainable mobility is driving the
development of new electric vehicle traction motor drives.

In early development stages of new electric drives many
geometry variations need to be simulated and tested to reach the
target specifications in efficiency and power [1]. With
increasing power density in electric traction motors even more
efficient cooling systems for removing the electric and thermal
power losses are needed. Main reasons for cooling the motor
components are slowing the insulation aging and keeping the
magnetic material in permanent-magnet machines below their
demagnetization temperature with a certain safety-margin for
avoiding drops in torque and power over the motor life time [2
4]. However secondary thermal limits become relevant, such
as limitations of power electronic components and lubricants,
the wish to limit the resistance increase in the conductors and
delamination-risk of stacked metal sheets. Due to the nature of
geometry at radial-flux machines, especially an effective
cooling of the rotor is on focus for high-speed traction motor
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applications. Common cooling techniques, such as cooling
jackets, have been investigated more intensively than e.g. spray
cooling or high-speed rotor shaft cooling [3, 5]. For the
potential analysis of new cooling concepts, the heat transfer
mechanisms behind the respective concepts must be examined
and understood in more detail. In order to specify the optimal
solution for new cooling systems, valid information about the
heat transfer mechanism and the thermal behavior of the
concepts to be tested is required. However even at early design
stages, a purely analytical approach is not sufficient anymore to
optimize the designs at the current state-of-the-art degree of
optimization. Therefor even for early stages of designing and
developing new traction motor cooling systems a discrete
modelling is required. Lumped parameter thermal networks
(LPTNSs) have proven to reduce the simulation time compared
to computational fluid dynamics (CFD) tools and finite element
analysis (FEA) [6, 7]. In order to be able to simulate and
calculate various motor geometry varieties, various network
configurations are required to describe the heat transfer
behavior. This paper shows different models and calculation
approaches for the heat transfer behavior in electrical machines
and different cooling systems for electric traction motors. The
first section presents a market overview and analysis of existing
traction motors and their cooling. Afterwards the heat transfer
mechanisms of different cooling concepts are explained and
overviews of calculation approaches and formulas for the
different cooling systems and typical electric motor heat
transfer problems are given. In the last section, the concepts
presented are validated using a two-dimensional (2D) LPTNs
in comparison with each other on the basis of an existing motor
design concept.

Il. OVERVIEW OF TRACTIONS MOTORS IN APPLICATION AND
CONCEPT MOTORS

The growing market of electric vehicles well reflects the
current trend of increasing peak powertrain powers, more
complex cooling systems and higher rotational motor speeds in
electric traction motors (Table 1).This paper gives an overview
of new electric motors and cooling systems, without
considering new patents, not mentioned in earlier overview
publications (Fig. 1, Table 1) [3, 5, 8, 9]. Based on the gathered
information from freely accessible, internal and commercial
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Fig. 1 Different electric traction motor cooling systems

sources a comparison of different electric vehicle drives and  shaft cooling. Based on the data the trend toward high power

used cooling systems is shown below (Fig. 2) [21, 22, 45-52].

density traction motors will lead the development of more
efficient direct cooled stator windings and rotor components.

m Cooling Jacket (CJ) only - [ ]

With increasing power density, the need for integrated cooling
systems and new cooling lubricants increases [53, 54]. Bearing
this in mind, the following section focus on latest research
publications covering these new cooling concepts.

© CJ + air-cooled-rotor
+ CJ + stator cooling

CJ + rotor liquid cooling (direct and/or shaft)
m CJ + rotor and stator direct cooling concepts

IIl. HEAT TRANSFER AND FRICTION LOSS CORRELATIONS FOR
TYPICAL ELECTRIC MOTOR HEAT TRANSFER PHENOMENA

LR ‘e The motor losses can be transferred to the cooling medium be
conduction, convection and radiation. These mechanisms are
explained in detail in literature [55]. The heat transfer
coefficient of the convective phenomenon (natural and forced
convection) can be calculated by the Nusselt number, which is
described by different dimensionless parameters:

Peak power

POWe rtraln* Welght *Includes Motor gearbox, motor control unit

and connecting components (if mentioned)

Fig. 2 Comparison of electric vehicle traction motor cooling concepts

The data show that there are limits for the use of cooling
concepts with only cooling jackets, air-cooled rotors and rotor
TABLE |
OVERVIEW OF ELECTRIC TRACTION MOTORS AND RESEARCH PROJECTS WITH DIFFERENT COOLING SYSTEM DESIGNS
Max. Motor Speed

Vehicle/Motor Motor type Cooling methods PM,peak [kW] [rpm] Reference(s)
2015 BMTWOEEe?xe Active PMSM Air cooled rotor by integrated fan cooling 65 14000 [10, 11]
2018 Audi e-tron ";:gfg'rgn Water cooled rotor shaft and motor housing cooling jacket 135/165 15000 [12, 13]
2018 Equipmake APM 200 PMSM Cooling jacket with water-glyco:Df;rr]:tﬁ;t;::’fc;_oéed rotor and stator channels with 220 10000 [4, 14-16]
2018 Honda i-MMD hybrid Rotor shaft, direct cooled rotor, rotor spray cooling and stator dripping cooling with 135 (full
powertrain P ATF powertrain) 0y )
2018 Rimac C_two PMSMs integrated oil cooling for rotor and stator with water/glycol-oil heat exchanger 654/638 10600 [18]
2018 Tesla Model 3 PMSM ATF rotor shaft cooling with radial viwadr:rr:glspray cooling and stator yoke cooling 192 17900 [19-22]
2019 GAC Aion S PMSM water cooled housing and ATF rotor shaft and rotor spray cooling 150 14000 [23, 24]
2019 Mercedes EQC Ir;gztcélrt;n water cooled motor housing and rotor shaft 150 ~13000 [25, 26]
2019 Porsche Taycan PMSMs motor cooling jacket and direct liquid cooled motor 190/335 16000 [27-29]
2020 Audi e-tron S "l]\%f:rzn Water cooled rotor shaft and motor housing cooling jacket 157/2x138 15000 [30, 31]
2021 VW ID CROZZ '”g‘gctg';’” Water cooling jacket and rotor and end winding oil spray cooling 75 13500 [32]
DAL US N WMSM Rotor and stator spray cooling with ATF ~80 12000 [33, 34]
e-MoSys project Air cooled rotor and winding heads 30 10000 [35]
FEV electric rear axle water cooling jacket and integrated oil cooling system with centrifugal pump 230 10800 [36, 37]
Fraunhofe:n%(;:));mer-based Direct water-cooled rotor shaft and stator slot windings 50 10000 [38-40]
Freedom CAR 2020 Different cooling systems tested (s_tator spray coollng,_coollng jacket and slot cooling) 55 14000 [41]
combined with rotor cooling
Ricardo UK Ltd. PMSM ATF cooled rotor shaft and radial ATF spray cooling of the winding heads 25 goal: 18000; [42-44]

experiment: 14000
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Nu = f(Re, Pr,Gr, ...) = 1 © heonvection = L (1)
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Further parameters that influence the convective heat transfer
behavior are described in the respective sections. All the
abbreviations required for understanding the following sections
are summarized in Table 2.
This review collects the widely studied empirical and numerical
calculations formulas from literature to give an overview of all
these calculation approaches for different electric machine
types (Fig. 3). If the authors do not specify a range of validity
for the correlations, the necessary information on the motors
used by the authors is provided.

A. Rotor<sstator air gap

Depending on the traction motor design the air gap can have an
axial through flow or not. While most electric vehicle traction
motors are enclosed motors, only air gap models without axial
through flow are reviewed here. Many studies have been done
in the past and present to evaluate the heat transfer between the
rotor and the stator [56—60]. The influence of surface roughness
have been studied, too [61, 62]. The fluid behavior in the air gap
without axial flow is referred to as the Taylor-Couette flow. For
calculating the Reynolds number, the hydraulic diameter needs
to be adopted for the air gap which ca be described with the
geometry of a concentric annulus [58]:

”'(Dgsc_Dz,R)
4'A_4'+0

p [ (Di,St - Do,R)
The Reynolds number in an air gap with Taylor-Couette flow
can be described by:
wg " Rop Dy wp “Ror "2 Wgap

Dy = =Dis—Dor = 2 Weap (2)

R = 3
eGap vy v, ( )
The Taylor number is described as:
D 3
2. (Zh

oy We _ 9R Ror () (4)

Ta = Reggy = >

Ror Va

Some authors used a different description of the Taylor number.
If this was the case, the Nusselt number correlations in Table 3
were adapted to equation (4). The following Nusselt number is
used to describe the air gap heat transfer:

3

NuGap = % )
A
For describing the heat transfer in an electric motor air gap the
relevant parameter is the critical Taylor number, where the
Taylor vortices begin to build up [58]:
Tagap,crie = 1708 = 1700 (6)
The second critical Taylor number, which describes the
beginning of the turbulent flow is slightly higher:
Ta

TaGap,crit 1300 (7)
The different flow regimes of Taylor-Couette flow in between
these two regime boundaries are quite complex. For further
information the review of Fénot et al [58] is recommended.
Some authors modified the Taylor number with the geometrical
factor FG to describe the geometrical variation of the hydraulic
diameter [56, 57]:

Ta
Ta,, = —
W = E 8
WGap
R
F, = 0.05766 - | 1+ —2&
-1
w, 9
0.057 - (1 —0.652 - ﬂ) ®)
Ro,R

-1
w,
+0.00056 - (1 ~0.652 - G“”)
Ro,R
Different formulas for describing the heat transfer in the air gap
can be found in Table 3. The air gap friction losses can be
calculated by:
Pgap = Cr*pa- wg * lg " Ror (10)
Calculation formulas for the friction coefficient Cf can be found
in Table 4. Sugimoto and Kori have adopted the formula (10)
for oil by using the angle of the oil level [63]:
2-0 i1l 1
Piap,oit = Hoi " Wg 2 T Rog g (%) (11)
Where Ooinever describes the angle between the motor dividing
vertical line and the rotor-sided height of the oil level in the
rotor stator gap.
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Fig. 3 Overview of the reviewed, typical heat transfer phenomena in electric traction motors
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TABLE 11
EXPLANATION OF THE USED SUBSCRIPTS
Subscript Explanation Subscript Explanation Subscript Explanation Subscript Explanation
0 Start value DLCR Direct liquid cooled rotor IBR Inner bearing ring RJIC Rotor jet impingement cooling
0,12,... Indexes DLCS Direct liquid cooled stator Jl Jet impingement rot rotating
A Air EC Elliptical channel Lu Lubricant rRSpC radial rotor spray cooling
ACR Air-cooled rotor eff effective m mean RSC Rotor shaft cooling
AF Air friction EW End winding m modified Sh Shaft
av average F Fluid film M Material SJic Stator jet impingement cooling
ax axial fl fluid n-rot non-rotating SOF Stator oil flushing
B Bearing Gap Air gap between s} outer SSpC Stator spray cooling
BB Bearing ball H Housing OBR Outer bearing ring St Stator
C Channel h hydraulic r radial t tangential
CJ Cooling jacket HP Hairpin wire R Rotor TCR thermal contact resistance
Cond Conduction HWCC Hollow winding cooling channels Rer Rotor end ring
crit critical i inner Rh Rotor holes / Vent holes
TABLE 111
AIR GAP HEAT TRANSFER CORRELATIONS
- Ror .
Author(s) Boundary conditions n= N - Correlation
St
g%?' etal. 5000 < Ta,, < 2-10° 0.882 — 0.948 Nu =044 Ta, ' . pro3
2 Ta,, < 1700
Becker und 5 0367 " 4
Ta <3310 0.807 Nu= {0.128-Ta,, 1700 < Ta,, < 10
Kaye [57] . 0241 4 7
0.409 - Ta,, 10* < Ta,, < 10
. . 0.3 106
Bouafia et al. Slotted stator 0.956 — 0.965 Nu = 0.132 TamM 6000 < Ta, < 1.4-10
[61] 0.029 - Ta,,** 1.4-10° < Ta,, < 2-107
. <Tay, <4- b - 0. u=0. - Ta® <Ta< 4- ith: Ta = 'eGup'ﬂ
[BG"zljaf'a B 3000 < Tay, < 4-10° 0.727 - 0.965 Nu=0.115 - Ta’® 3000 <Ta < 4-10° with: Ta =2 Refq, 1
ini A, Regap < Re,
Cuiping et al. . : A Gap orit L. _ Weap'RoR'WR . _ Ri,
[64] Used for induction motor 7~ 0.99 Aesfoap = {0.069 R RGO po g with: Regg, = % Regy = 41.2+ w;;
2WGap
Ro.R Ta
——WeamT = <T
{ 1n(1+Rio“RE) Foo M
S 0.212- (:—“)0315-1%“7 Ta, <7 <10 —
[g;]que rom smooth air gap surfaces Nugep = TG 025 ¢ . with: Tq = 2R ¥eap. p S
| 0.386- (F—Z) - Pro27 10* < =< Tay K2 ()
ez 0.25
|0.669 - — Rk . (T—“) SPr0?7  Tg <@
1—(1+RG—‘;?) Fe e
0.7 < Pry, < 100
From Li and L
Shin [66] W:up > 60 Nugey = 0.0225 - Regg, - Priy?
10° > Reggy
Kaviany from 1
671 410" < Regqp < 4-10° Nutgap = 0.027 - ReQ205 - pr3
1 1
0.886 - ReZ, - Pr}
Nu =
Kumar et al. Reggp < 1-10° 0.95 v N
[68] Pry \3
1+ (50757)
1
( ) 2
| 0.67 | 1
1.028 - | : 7 | Ra?
\ ™~ :
: 1+ (5= Rise -
Meksi et al. Weap < L N 2 . [ PrA) ] / . 1 Ron X
[69] e = In (Bist N 720 - Tt Ry ¢
"R, e Ron)S TRy
1+ (72)
Adapted from [56] and [57] 2 Ta <1714
L\:a([:gg]uance e for very narrow gaps 0.9946 Nu = {0.0476 +Ta% 1714 < Ta <5778
: (n ~ 0.995) 0.2234 - Ta%? 5778 < Ta < 3-10*
Nouri- .
Borujerdi and Sl ST L RO 0.928 Nutggp = 10.14 + 0.0207 - 105 + 1.816 - X — 0.391 - X2 + 0.00587 - 105 - Tt - X with: X = -eroese.
Nakhchi [70] wg < 1740min UrGroove
Staton und Tested with different electric machines with 2 Ta < 41
Cavagnino different air gap sizes, no explicit geometries Nugg, = 10.202 - Ta®%% - Pro?7 41 < Ta < 100 with: Ta = Regqp
[71] mentioned 0.386 - TaS - Pr°?’ 100 < Ta
Tachibana et
al. [60] from 0<Ta<10° 0.75 — 0.938 Nugg, = 0.42- (Ta- Pry)°%
58
[58] ~ 1
I 1 I
Ri,St -
N 2- 1.028 - Fp, - Rad2S N 1 Ror &
Ueap = —7R N 5 2t R, Gap
Teertstra et al. — omint Usable for wide In ( R"“) &2V 720wt gy o
[72] W = Umin range of oR 1+ ( ”’R) oR
Ri,St
L 067 . _ 9Ba(ToR=Tabulk)Ps, 1
with: Fp, = ] Ragay = e R, (1 + M)
l“(g)ﬁ} Rist
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TABLE IV
AIR GAP FRICTION COEFFICIENTS
Author(s) Boundary conditions n= 2"—R Correlation
St
j:;“ Ta <1714
Nachouance et al. [73] wg <5-105min™! 0.9804—09973 G = {Cm, Tyt -G 1714 < Ta < 16 105 With: Cro = 2468 - (Zﬁ:)oﬁ-u.zx
20z Ta>1.6-10°
X ™ 0.0152
Fan et al. [74] 800 < Reggy < 610 0.9885 —0.9809 r= W
|( 2 Regh,- Eiof"wﬁa) Ta < Ta,
Vasilescu from [75 Ta, ~ 1708 | 0.0865- Regl, Taow Ta,STa<Ta, . wpwite, e .
asilescu from [75] T £a§2~53912(2 0.91 —0.99 ' 0.476 - Reg T Ta, <Ta < Ta, with: Ta = o R, =@ Regap = -
WGu ® rq-0239
—_— Ta < Tas
{
o . TABLEV
B. End winding—Air END WINDING HEAT TRANSFER CORRELATIONS
The heat transfer of the end windings depends strongly on the Authorts) Boundary conditions/ Correlation
air velocity inside the housing [76, 77]. In electric motors Motor geometry
without axial air gap flow the air velocity in the winding area (.o Usedfor induction motor with hew-s oy 456 Reb
can be approximated by: [64] Ry < 50mm (FusrRost) Romon
with: Regy, = T
UA = wR ' RO,R (12) No further information for
Holtmann et al. [78] used to recommend the following equation FEmEEEh [T d:*azgfe'g:ﬁ"c“E:;{ha:il;iin Nugy, = 0.103 - /Re?
for the air velocity: Toms = AT B 0F
Boundary conditions / A "
0 886 . R3 © Author(s) Motor geometry WimeK] B[(s/m)*(W/m2K)] C
. . "It " Wp Boglietti and Formula combines natural
4 2 Cavagnino [77] and forced convection aL4 6.22 !
wg "R (13) Used for PMSM with
A Chen et al. [80] Wrateq = 650min~! & 2222 0.89 1
UA - Ror = 171.5mm
- .7r : (Di,St + Do,St) “dewon . . Leeetal. [81] muje;;g{) p_“’ész':)"oﬁzz_l 0 21 0.67
For the air velocity in the area next to the housing the middle From [82] Ry < 17%0r 15 o 750es 065
housing radius and in area near the rotor the outer rotor radius referring to [33] Umax = 12000min
is used. Depending on the rotor design (with or without rotor Luo et al. [84] @ratea = 600min~ and 2222 555 1
ventilation fan) different formulas can be used to approximate yeyorerat Used o ol anelosed s oo X
the heat transfer coefficient: (8] fenlEan e Ty ’ o
c Schubert from Used for totally enclosed
hEW—)A =A+B- vy (]_4) [76] fan cooled motor with 15 6 0.9
. R,z < 150
Other authors use Nusselt number correlations to calculate the For itermal rotors:
heat transfer in end winding area: Tovar-Barrano Meastiements Lp to =28 LE02 !
hEW L etal. [86] For external rotors;
NuEW = (15) measurements up to 7.968 7.234 0.5795
A4 1080 min't

An overview for calculations formulas from different authors is
given in Table 5. If no further information about the used
characteristic length L or the calculation of the Reynolds
number is given, the rotational Reynolds number Rer and the
distance dew_n Will be used in the thermal model. Kholgi et al
[79] have developed a Nusselt number formula from a CFD
simulation to describe the stator end winding heat transfer based
on the end winding geometry. The formula is adapted for the
thermal model:
hew-a =
(2 “Whp hHP)
Wrp + hyp
hHP

2

Ap - | 0,026 +1.91(1 — ¢)

0.716
w " Rg,R
Va

(2 "Whp * hHP)
Wyp + hyp
with: ¢=Porosity of the end winding

(16)
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C. Stator yoke—Air

In electrical machines without external or internal axial air flow
the axial sides of stator yoke were only cooled by indirect
convective flow. The most frequently used way to describe the
heat transfer is by empirical formulas (Table 6). For easy
calculation of the heat transfer coefficient the formulas use the

radial air velocity va, too.
TABLE VI
STATOR-AIR HEAT TRANSFER CORRELATIONS
Boundary conditions/
Motor geometry
No further information for
Reynolds number and used
characteristic length are given
hse.a=A+B-vf
Boundary conditions /

Author(s) Correlation

Fanetal. [74]

Nug,s = 0.103% - /Re?

Author(s) Motor aometry [WIQZK] BI(s/m)*(W/m?K)] c
Used for PMSM with
Chen et al. [80] Wrateq = 650min~" and 2222 0.89 1
R, = 171.5mm
Cuiping et al. Used for induction motor
[64]p With R, < 50mm 155 6.5 07
Used for PMSM with
Luo et al. [84] Wyatea = 600min~" and 22.22 5.55 1
R, = 157mm
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D. Rotor<Air

The rotor air heat transfer is mainly dominated by the air
convection. The heat transfer can be calculated by:

Nugy * A,
Ppoos =~ A (17)
Ry
With the following Reynolds number:
.R2
Rep = YR for (18)
Va

Some authors calculate the heat transfer coefficient directly by
the rotor geometry and the rotational speed. Different
calculation formulas for the Nusselt number and the heat

transfer coefficient are listed in Table 7.
TABLE VII
ROTOR-AIR HEAT TRANSFER

Boundary
conditions/ .
Author(s) Motor Correlation
geometry
_ dR~H —
G= Ron Nug_y
G001 7.46-Ref®® Rep <1,76-10°
Boutarfa . 0.044 - Rel” Rep >3,52-10°
and wg =100 002 <G 0.5(1+ 547 -107*- ¢'126) - Re®  Rey <1,76-10°
Harmand —2400min~t éﬂ,ﬂg s (gm 5‘7—2) .
[88] 0.033(12.57e733186) - Rey Reg >3,52-10°
6> 006 055 (1 + 0.4624%)) Red®  Rep <1,76-10°
o 0.0208(1 + 0.298¢9276) - ReQ® Rep =3,52-10°
Only for rotor
Cuiping et end rings _ . . Re%5) with: _ tRerRor®R
. [64] Ro hrer—a =72 (0.456 - ReRs;) ith: Rege, = =2
< 50mm
Used for 387 0s s
PMSM with: N = 5. Rer® Pr Reg<3-10°
Upop = with:
Fan et al. Wpmax = 0146 Red®-Pr 3-10° < Re
[74] 4800min~" e 2 b
_ wgr'Rog
Ror Rep = ————
< 90mm Va
Rotor — B i
n Nugp_, = A-Reg with
Howey et (=rotating _ 105 10
al. [89] TreRdick) heat Al {0.33 036 Reg<1-10 b= {0.5 Rep < 1-10 .
transfer 0.0151 Rep > 2.8-10 0.8 Rep >2.8-10
Used for
PMSM with:
Huang et WRmax = o8 %
al. [87] 32000min~! Nug.,y = 0.021 Rez” - Pr;
Rop <
41.5mm
Used for
generators
Jiang et with: _ _2-(L67-Ref’™) 4,
al. [90] Wrated = hpos = D—
: 500min~* o.R
Ror <
149mm
For rotor N
sides and 0.585 - Re2
Kaviany rotor end Nitgajreron = 0670';/;"
from [67] rings P_ ==
Reg < Ta pr3
24-10
2
wgp =0 ( A é
- 9 9
vertical non- ! [ 0.492\16 ] L
VDI [55] rotating disc Nug_, = {0.825 + 0387 *|Ra - (1 +( o ) >
in air l J
Used for Lo (er\®
NS with: B { 035-1, (u) Re,, < zsoooownh‘
Zhang et w = 2400 ® a (0rTor?\"® ’
a0 L 0.0195 - 4 (—“ ) ZRem > 250000
< wg " R,
RO,R = Rerz — R o,R
75mm i 2V,
hgos = A+ B 0§
Boundary conditions /
2 * 2
Author(s) A [W/m] B[(s/m)*(W/m2K)] C Motor geometry
Chen et 05 Used for PMSM with w,4¢eq =
al. [80] & 043 e 650min~* and R,z = 171.5mm
Leeetal. Used for PMSM with
[81] 0 2 067 = 2400 — 8200min~!
From [82] . <17m
referring 0 16.5°65 0.65 @ Rop <175 _0[1
to [83] Wnax = 12000min
Yabuki et
al. [92] 8 8-13 0.5
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The friction losses of the rotor can be calculated by [87]:

Prr=05Cpr-wi-(Rg — RR) (19)
The calculation of the friction coefficient C¢ and an oil sump
friction loss calculation approach from Sugimoto and Kori [63]
can be found in Table 8.

TABLE VIII
ROTOR-AIR FRICTION COEFFICIENTS
Boundary
Author(s) conditions/ Correlation
Motor geometry
64
T Re Reg < 30
Assumed that the 3 87R
Huang et al. tor rotates in fi =220 30<Rey<3-10°
87] rotor rotates in free G = Re®S er
space in air 0 116
\W Rep >3-10°
R
PDilfri::ticm,R
(2 . goillevel)
fluid: il = Poufriction ( 2'm )

. uia: ol —2(R; ¢, — hy; +sin @, ;
Sugimoto n ) .St Oillevel oillevel
and Kori urs;:t;t;u;l:ucuzn Pougriction =
63 ©= 5 (5.69 - Rez®?

(63] 5000min~* [%] v+ 21w} (Ris —RSr)
5-g
with: Rep = %"Rz y = specific gravity
0il

For calculating the heat transfer and pressure drop losses in
rotor vent holes the calculating approaches for direct liquid
cooled rotors can be used (Table 15 and Table 16)

E. Rotor vent holes<Air

Calculating the heat transfer in rotor vent holes is based on the
heat transfer behavior in axially parallel rotating ducts. The
same formulas are used for the direct liquid cooling rotor
channel and can be found in the later subsection 1V.C).

F. Shaft—Air

The heat transfer from a rotating shaft to the surrounding air
inside the motor housing can be approximated by a rotating
cylinder. The Reynolds number for the shaft is adapted to:
Va
The heat dissipation of dripping oil on a rotating cylinder is
neglected at this point because the free length of the shaft is
very small. Possible oil friction losses on the shaft are also
neglected. The formulas for calculating the rotor shaft heat

transfer can be found in Table 9.
TABLE IX
SHAFT-AIR HEAT TRANSFER

(20)

Reysn =

Boundary conditions/

Pr

Author(s) Motor geometry Correlation
U;ed for PMSM hspon =28+ (1 + [0.45 - wr)
Huang et al. With: @g max = . X
[87] 32000min~? _ pe3 . py3
Ro < 415mm Nugy4 = 0.133 - Re, g, * Pr)
Kaviany 4-10° < Rey o 1
from [67] < 4-10* Nugy_,s = 0193 - Reg§i® - Pr}
Rgpa T R,
Nushﬁ/q - ShAA 'Sh —
Air
2
( 16
0<Pr<ow [ 0550\ e]
VDI [55] Wep = J 0.752 +0.387 -| Ra- <1 + ( ) |

| |

9Ba (W Rsp)*(Tsh—Teo,a) Pra
va

with: Ra =
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G. Housing—Air

The inside motor housing is cooled by the convection of the air
inside the housing. Boutarfa and Harmand [88] described the
heat transfer between a rotating and non-rotating disk
depending on the distance of the two discs. Other authors
reduced the calculation of the heat transfer on the dependency
on rotational rotor velocity va. Various correlations for
calculating the housing heat transfer are summarized in Table
10.

TABLE X
HOUSING-AIR HEAT TRANSFER
Boundary
Author(s) cor’:/(::)ttlgrns/ Correlation
geometry
G =
dren Nty
Ror
G= 746 Re§®® Rep <1,76-10°
Er:)dutarfa o =100 0,01 {0.044-Re,§'75 Rep >3,52-105
R — 0.5(1+547-107*-¢'126) - ReS R 1,76 - 10°
Harmand —2400min™* O<'OGZ ar ¢ (2 e'ij) o =
= 42567
(s8] <0,06 0.033(12.57¢33156) - Re,” Rep =3,52-10°
—13G
6> 055 (1 + 0.462e(T)) “RelS Rep <176-10°
0.06 0.0208(1 + 0.298¢9276) - ReR® Rep = 3,52-10°
Used for
PMSM with _ s [ToualC)
Chen et o = hyop =14-(1+05-v,) - T
in—1
el [l ::[?Zlm _ with: T, ;4 is the air temperature of the outside wall of motor
oR — .
171.5mm BIEITE,
rotating free o
disk (=rotor) Nuy_, = A Regwith:
:0‘[’% B o fixed disk a {0.33 —036 Rez<1-105 {0.5 Rey < 1-10°
: (=housing) “1 00151  Re,>28-105" 0.8 Rey>28-10°
heat transfer
Used for
PMSM with:
Zhang et ® = 2400 — Bygop = L2 A iy G = w
al. [91] 8200min-1 Ro,st TaVA
R, < 75mm
hyop=A+B-vf
Author(s)  A[W/mzK] B[(s/m)*(W/mzK)] € Bm,i;‘gfg ry;;“rﬁ'e‘t'r";s /
Leeetal. Used for PMSM with
[81] 0 2 067 = 2400 — 8200min~!
From .
(82 15 16.75065 0.65 @ Rop < 17° 08
referring Wmax = 12000min™
to [83]
Used for totally enclosed
Schubert 20 8.7 0.7 Fan cooled motor with
from [76]

R, < 150mm

H. Heat transfer through bearings

The heat transfer in the bearings is depending on the bearing
behavior while rotating. For approximating the heat transfer in
the bearings different empirical methods can be found in
literature (Table 11). For calculating the bearing losses bearing
manufacturer give detailed information [93, 94].

I. Thermal contact resistance

The contact between two different solid surfaces in technical
applications is never perfect. The real surface contact depends
on the contact pressure, the surface conditions (surface
roughness, surface waviness), the interface material or fluid
(f.e. air) and surface contaminations. Therefore, the real heat
transfer between two surfaces is usually significantly lower in
use than in theoretical models. This section presents calculation
models for real contact heat transfer.

1) Stator-housing

The thermal contact resistance (TCR) of the stator-housing
interface cannot be neglected, especially when a housing
cooling jacket is used. With increasing power density the

7

efficiency of the cooling system is quite important. The
commonly used cooling jacket technology integrated into the
motor housing can have a very effective cooling design, but the
efficiency of the cooling system can be significantly reduced if
the contact between the stator and the housing is
disadvantageous. This is one reason why the thermal contact
resistance between the stator and motor housing has been
widely studied in the past [97-99]. In the following Table 12
the latest calculation formulas for the TCR are summarized and
explained. Simpson et al [99] give a calculation formula for the
stator-housing TCR of common used electric motor materials
(aluminum alloy and stamped electrical steel sheets).

2) Inner/Quter bearing ring contact to shaft and housing
Another important TCR is the contact from the shaft to the inner
bearing ring and from the outer bearing ring to the motor
housing. Especially in high-speed electric traction motors with
higher power losses in the rotor, heat conduction from the rotor
via the bearings into the housing plays an increasingly
important role if there is no direct cooling of the rotor
components. Therefore, the most exact possible modeling of the
heat conduction paths is required here. New research results in
high-speed spindles showed that neglecting the contact heat
resistance can lead to a temperature deviation of T=+10K in the
thermal model [100]. The bearing TCR is also calculated

according to the equations in Table 12.
TABLE XI
BEARING HEAT TRANSFER

Boundary
Author(s) conditions/ Correlation
Motor geometry
. A
Used for hllgh- hppoe = 033 Rels - Pt Di
speed train BB 3
Wang et bearings with: Pipr-su/oBr-1u = 0.19 - (Reiz/n + er‘/a) D =
dgp = i,IBR/0,0BR
al. [95] . 2 02,
11.25 mm; With: Re,, = 2BEPBE- po  — @i1BR/0,0BRDi1BR/0,0BR.
dogr = 125mm; BB v U Vi '
dypr = 80mm Grio = Buuwg(T1r/0BR=TLux) DitBR/0.0BR
ifo — Vi
Ap
Dpg[m] - 4
(ks o 5z (m] Axial Bearing
! (Do,oBR [m]? = Dy pr [m]z) "
= 1 (Diosr [m])
g +In (Da srlm] . iy
_— Radial Bearing
Weider- dpp =3 — 2-m-wglm] ”
mann 50 mm; w - with: Tl [;] =ngp -
[96] Dav < 10°2 . =
%Jlll +2-In (UEE [:D — 2+ In(Dgg[mm]) -
Dgp [mm]2>;
v [m] _ (DivB[mm] + DEB[mm]) -n[min™']
Bl 19099
46 < Dgyp < Rp
From [83] 77.5mm - 0.45%- (012- 1%-0,1,,3) (33- 13- we Dava)
Doy < 1457 = Z
Nugyp =
3.5 < Regy < D 1
76000; 0.7 < 1 2 I 3
From[66]  pr_ <3801 < 2+ <0.4 “ReZ, +0.06 - Re3, ) - Prit- (L>
i < '3 2 Hivwall

5
. wgpD,

HLu,wall with: Reg = “E2-EE
Viu
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TABLE XII
HEAT TRANSFER IN THERMAL CONTACT SURFACES
Boundary
Author(s) conditions/ Correlation
Motor geometry
Shen et al. R = 2 Rsurface Roughness of contact area
from [101] TR ™ (0.152 + Ay + 0.152 Ay + 0.696 * A,) * Aconcace
154 (Le - 0<g <5
5 Hep &
h o p.\"2
R —={1245.p,-(=C 5< &x <100
m ng
0.95
. Pe
Sridhar and l 1.25- (H_> 400 < gf <
Yovanovich; &
Lambert and 532;0 Z’; with: g5 = 1.67 - (’;—5)
Fletcher ¢ /
from [102] l— _ 2 AM1AM2. i _ [ 0.9272-P¢c o 0071{2.
T Amatimz Hep lcl_(lu-c»w’ﬁ 2
€ _ . (He _H527 _HsaA
3178 [4 =877 (ﬁ) e (ﬁ) 0 (m) ]’
¢, = 037 + 0442 - (42); 6 = effective RMS roughness, m
1
= effective absolute mean asperity slope,
1p V7
1<P; —g.10-3.2.(2¢.
. hyer =8-10 — U
Ustinov et < 230 MPa 4 H;?‘
al. [103, 2<R;<40pm i Rzy+~22 Ry KRy
104] 80 < Hj with: 1= EREG =4 iy Ryp =Ry,
< 400 MPa 2 Z2 = 1zl
Py = 1MPa; U = f(Hp) = 0.5325 - *0021H5lMPal
contact surface
between
. aluminum alloy w
:l'”'['gg(]m el and stamped hrcnse- || =
. electrical steel 3.5296 - 10% - (P;[MPa])**7%" + 3.3194 - 102
sheets
P, < 20 MPa

IV. TECHNICAL REVIEW OF COOLING TECHNOLOGIES

The following subsections review heat-transfer models and
further specific parameters of different cooling concepts with
the focus to find an analytical or numerical description for easy
implementation in a simplified LPTN model.

A. Cooling jackets

Most common cooling jackets (CJ) use round, elliptical or
rectangular channel geometries (Fig. 1a, b & c). Correlations
for calculating the heat transfer in channels in cooling jackets
are widely studied and can be found in literature [3, 64, 71] The
pressure drop can be calculated by well-established literature
formulas, too [55].The latest motor housing and cooling jacket
research focuses on reducing the thermal, contact resistance,
new material with improved thermal performance and
optimized channel geometries and design for reducing the
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pressure drop losses, nanofluid-based cooling systems and
increasing the heat transfer on the convection surfaces [105-
107].

B. Rotor shaft cooling

The rotor shaft cooling (Fig. 1d, f & j) is approximated as an
axially flooded rotating hollow cylinder. For the case of a non-
rotating shaft, for example in simulating a drive cycle with
motor still standing phases, the formulas for round cooling
jacket channels can be used. The heat transfer in a rotating shaft
is dominated by the fluid behavior in axial and radial direction,
the geometry of the shaft and respectively the fluid properties
[108-110]:

Nu = < lSh )

u = f|Re,, Reax,D—,Prﬂ
i,Sh

3

(21)

Other authors use the ratio of radial to axial flow behavior, in
each case described by the associated Reynolds numbers [111,
112]:

Wsp * Diz,Sh
Re, Vi

. D
N — wsh i,Sh (22)

Reg,  Vriax " Disn
Vfl

Based on literature for rotating hollow cylinders and high-speed
rotating shafts different heat transfer (Table 13) and pressure
drop (Table 14) calculation models can be found in literature.
Latest research on oil cooled shafts of traction motors showed
that the destabilizing effect of the high rotational speed
increases the heat transfer and therefore the rotor shaft cooling
is a quite effective cooling method for traction motors [108,
109].

Uf lLax

C. Direct cooled rotor with axially parallel rotating ducts

The direct rotor cooling can be archived by air-cooled rotor
ducts or different designs of axially parallel cooling ducts or
cooling channels (Fig. 1e, f, k, | & 0). The effect of air-cooled
rotor ducts is widely studied [113-116]. According to current
knowledge, the research investigations on direct cooled axially
parallel rotor ducts with liquids are less extensive [4, 16].

TABLE XIII
HEAT TRANSFER CORRELATIONS FOR AXIALLY FLOODED ROTOR SHAFTS

Author(s) Boundary conditions

Correlations

Alekseev et al. [112] laminar

1.87 - 10* < Re, < 7.5 - 10% 200 < Re,, < 2000;7 < N < 500;

Dyg, = 0.0317 m
Borisenko et al. [112]

Disn

5-10° < Gr < 5-107

g=correction factor; for Nu, ; (here &, = 1 is assumed)
Reg, = 5500; 0 < N < 14; Pr = 7; fluid: water
0 < Re, < 16890; 3521 < Re,, < 10563; Pr = 7; fluid: water

Bousbai et al. [111]
Gai et al. [108]

1.69-10° < Re, - Pr

Gai etal. [109]

S2 M22

LS — 20,2; 057! < wgp, < 104757

< 2.54-107; 30 < Re,, < 80; 145 < Pr < 712; fluid: Shell Tellus

1 1
Nu _ L A033. — L (Pish)E . po3 . prs
= (14025 N)°%; Nug = 139 (LSA) Re3,-Prs
E =1.75- N°33 . (ms" . Rivs")o *
Nug g
0.25

Pry
Ny = 0,15-Re§;§3-Pr,"l33-(Gr-Prf,)m-(—ﬂ ) g
’ Pliyan
Nu = 385-N°2
Nu = 7.438 107 - Rel°%% - Pr0% 4 9.183 - 107 - Re}*® - pro+
—0.641

= . -3 .
Nu = 3.811-10 (Rer - Pr)

1 1
. Lsn_ B __ D;n\3 1+0.25 N+ 3
Gertsenshtein et al. [112 > 100; turbulent = ( ] !_S") o ]
L Dish W = Lo |7~ L2, Lon/ 1(0.005 Red75 —0.0002 - Re, - N — 1)
Reich et al. [112] 500 < Re, < 4000; 200 < Re,, < 2000;0.25 < N < 20 :—L = (1+6.05-107*- Rek7*- N)** ; Nu, = 4.36

1.6-10° < Re, < 2.77 - 10°
Re, > 2.77 - 105 Nu,
fluid = air

Seghir-Ouali et al. [110]

N o < Re,, < 10% Pr = 0.71:

Nuy = 0.01963 - Re222%5 + 8,5101 - 1076 - Re1*51%; Nu, = 2.85-107* - Rel°

436 Q = const.

VDI [55] N > 20; fully laminar boundary layer Nu = {

3.657 T, = const.
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TABLE XIV
FRICTION COEFFICIENT CORRELATIONS FOR AXIALLY FLOODED ROTOR SHAFTS

Author(s) Boundary conditions

Correlations

Borisenko et al. and Alekseev et

al. [112] Dy = 0,0254 mm; fluid: 0|I

Gertsenshtein et al. [112] ;f—:h = 100; turbulent flow

Murakami and Kikuyama [112]

Shchukin [112]

600 < Re, < 2000; 600 < Regy < 1000; 0.6 < N < 3.3; 200 < 25~ < 388; Dy =
i,Sh

‘Yamada and Imao [112] 5 — 20mm; fluid: water

300 < Re, < 2300; 2.5 < N < 17.5; LS—"—68 0% < wgy - Risn < 5,237

0<N<12; DLL" > 100; turbulent flow
i.Sh

0<N<12; ;L" > 100; turbulent flow
i.Sh

G, = 0.65-N°5* or C; = 1+ 0.25 - N with: ; = ”—’and Cro= 2

Regx

C; =200 Rez07 [1+025 N + (0.005 - Re275 — 0.0002 - Re, - N — 1)]

with: Cf——and Cro = 0316 Reg*®
1 N<035
{0579 N7%52 035 < N < 0.8 with: Cf——andC,O—OSI()
047 N2 08<N<12
Re 025
1 N<0125
@:{0.89-(21\1)-0-086 0.125 < N < 0.475 with: cff—and Cro =
0.865- (2N)°%%  08<N <12

0.316 - Re;0%

_ 31, 5,016 \ith. 7 — CF _ 64
C = P ReX'® with: € = e and Gy = e

The rotation of the duct forces centrifugal forces onto the fluid.
For describing this effect some authors use the dimensionless
Rossby number [113, 117, 118]:

wg D
Ro = ———&% (23)
vfl,ax
The Reynolds number Rayleigh number gets adopted for

rotation, too [118]:
Wk * A2 axis * Durn Brr* (T = Trrwan)

Ra = - . (24)
2 Afl : Ufl
wg * D}
Rer — R h,Rh (25)
Vfl

The heat transfer correlations for axially flowed channels
rotating around a parallel axis can be found in Table 15, the
associated friction coefficient calculations formulas in Table
16.

D. Jet impingement on rotating disks and non-rotating
disks/walls

The possibilities of cooling electric traction motor components
using oil jets have been investigated more intensively in the
recent past [33, 123, 124]. The heat transfer of jet impingement
depends on the fluid jet and the geometric arrangement in the
motor (Fig. 1h, i & 1).The heat transfer behavior for jet
impingement on a rotating disc can be described by [125-128]:

Ny o = f(Rer, Repl-pe,Prﬂ,Geometry) (26)
VUp; -D .
Repipe = ZPipe "Pipe 27)
Vfl
wgr'R
Re, = = %R (28)
Vfl

The heat transfer behavior for jet impingement on a non-
rotating disc is described by [123, 124, 128, 129]:

Ny p—ror = f(RePipe,Prfl, Geometry) (29)
The heat transfer in jet impingement on a rotating disc can be
seen in Table 17 and jet impingement on non-rotating surfaces
can be seen in Table 18.

E. Spray nozzle liquid cooling

Recent research for increasing the power density and cooling
performance of electric traction motors has investigated the
potentials of spray cooling concepts (Fig. 1g & j) [107, 124,
130, 131]. The heat transfer by spray nozzle cooling is more
complex [132] than other cooling concepts and CFD-based
simulation are very time-consuming [133]. For the calculation
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TABLE XV
HEAT TRANSFER IN ROTATING DUCTS AROUND PARALLEL AXIS

Boundary conditions

Author(s) IGeometry Correlation
J— — 0,7 N
Colburn Re.=0:2 << <20 Nu = Nu -[1+ l“" ]wnh'
r— Y
from [113] Drn Nu,, = 0.023 - Prf“ Rel$
5000 < Re,, < 20000;
;umphreys . 280 < wg < 2200min-1: = 0.19- Re?® - Re)* with:
from [117] Im _ 1.3; e — 25,19 Nuo =0.031- Rel{’
D¢
"0 < Reqy < 20000;
Morris or 0 < wg < 1000min~ 1; .
Shevchuk und I — 36,65; L = 69,03; N = 0.015 - Reg?® - ()" with:
Khalatov Bts e g m=0250rm =02
from [117] e = 2519 =
48.03
. —_— . .\ 124
) 3000 < Re,, < 25000; 0 < M _ 140,046 (Ro dﬁ,,,Am) ok
Baudoin Nug DRn

W < 30000min1; BL =
DRrn

from [113, 117 )
[ 1 11.6; deonts dc»Axu =3

_ D,
N, = 0.023 - Pry® - Re22 - (1 + (l”") )
Rh

Ro < 0,07;20comxis “H*“ <16 Nu

3000 < Re, <25000 0< 2 dgpo axi
Borisenko et al. “ =0.018- Rel?- (1 - M)
@ g <3070 < L
from [117]
wg < 1100min~1; d“”’“s = . (1 +0 6._Ro : dR’HAXiS)
23 ' Drn
4-10° < Regy " Pry*Ra <
Wooqs und 10%,3-107° < Re, < Nu 0173
Morris 10% 0,7 < Pr < 10*: —=0.262 (Ra - Regy - Pryy)
from [113 o ) : o
[113] Inh o g deotris _ 48
Drn D¢ _
Nu
Stephenson _ {0.0071 - Re388J%92%  turbulent regime
from [119] J > 4000 0.19 - Red2ej01t entrance region
wRrDjy gh
with: J = o
1
Nug NP i
1+0,03 with:
paxamoto und 0<Ra<2-107;162 < Nuo w[ (&=
_ hRh . P08 .
from [119] Req. < 2700 == 4RexxPrerign’ iy = (02 R
Pt
fluid = air
5000 < Reg, < 20000;
Morris/ 15 <J < 150; ( m.) = N = {0.016 - Red7% - Rel?® Geometry 1
Morris und 34.65: (l_c) = 69.03: 0.013 - Re3/® - ReP?®  Geometry 2
Woods T \oga/,

_ ©RDjipn
(dE«Axis) =24; with: ] = 8y
e/
dcoaxis
24X ) = 48
(*52),

from [120, 121]

Dc

= 1428 (1+“‘“‘“) X5 with:
=

L useable for liquids
from [119] 2308

- X =R'+P Nuy = 0,023 - ReSf - Prg*
Mahadevappa elliptical pipe ; 0,1 <2< < IilV_u=
etal. from 107 < Pr<6;10°< e (0108 .
[122] Ra - Re, < 10° 0.27- (Wsc) (Ra- Regy - Pry)

of spray cooling with LPTN only single-phase heat transfer is
reviewed here. The Weber number describes the inertial forces
in relation to the surface forces of a fluid and it can be used as

a measure for the atomization of fluids [132]:
2

|4
Pri- (Z) "ds;

O'fl

30
Wegs, = (30)
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For radial spray cooling the Weber number is adapted by
Rezayat et al [134]:

2
Pair " do* (Wg " Ror
Wepozzie = = ( 2 )

(31)

O-fl
For the rotor spray cooling concept a rotating plain-orifice
atomizer is approximated. The radial mass flow rate outflow of
this cooling topology can be calculated by adapting the formula
from [132, 135]:

Myqq = Cp 'AOrifice ’ NOrifices '

(32)
\/2 “Pri* (Psp — Py)
d 4
' _ (1= (_0)
Co = Myear _ %4 Pr < DPipe (33)
b Migear  Anozzle 2-AP

The discharge coefficient of a fluid, which sprays radial from a
pain-orifice in a shaft, can be approximated by different
calculations approaches from literature (Table 20). The heat
transfer for different arrangements of spray cooling concepts
can be calculated by the formulas found in Table 19.

F. Direct stator liquid cooling

There are different ways for cooling the stator yoke and stator
back iron directly by liquid cooling. The stator yoke could be
cooled by direct integrated cooling channels (DLCS). This
cooling concept design is identical to a cooling design with
cooling channels in a motor housing (subsection A). The
calculation of the heat transfer for the oil emerging axially from
the stator cooling channels can be found in Table 21. Some
authors investigated the direct cooling of the axial stator yoke
and windings head by flooding the corresponding motor region
with an oil sleeve [139-141]. Another possible cooling
arrangement is the direct cooling of the stator back iron by oil
flushing (SOF) (m & n). For calculating the heat transfer (Table
21) of a directly cooled stator back iron surface with a falling
fluid film the Reynolds number and Nusselt number need to be

10

G. Direct winding cooling techniques

Two more intensively researched cooling techniques are the
direct cooled stator windings by micro cooling channels
integrated into the winding conductors or in between the stator
windings in the stator slot (Fig. 1n). Different geometries of
hollow winding cooling channels (HWCC) are used here, most
common are round and rectangular channel designs [144-153].
Otherwise directly integrated heat exchangers can also be used
for cooling the windings. An example for cooling the windings
by a ceramic direct winding heat exchangers with water/glycol

mixture is given by Sixel et al [154].
TABLE XVII
JET IMPINGEMENT ON ROTATING DISC

Boundary conditions

Author(s) IGeometry Correlation
Ny o = 0.097 - Re2*%* - Repis? - Pry**® (The jet
Carper et 1,6-10* < Re,, impingement stagnatior_1 zone hits the middle of the
< 545-10° rotating disc.)
al. 4 Nu = 0.57 - Re%272 . Q0442 . p,.0381
from 180 < Rey; < 1300 ot = - er Eripe " FTj1
[128] 87 < Pry; < 400 . (1 - %) (The jet impingement stagnation zone
o.R
hits the rotating disc decentral.)
fluid=water o
360 < Re; < 900 N o = 1.94282 - f° - Repy - Bk~ - 707 -
Lallave 1.06-10"* < Ek < Rwall 005 .
== with:
und 4.25-107* Rok.
Rahman 025<f<1 ¢ =l p  Srives, py 1
[125] R A Djet,pipe (40Rr R qn)
0,2 <2 < 0,75 Rwail = Radius of the wall, where the pipe inlet is
oR placed. For example the radius of the motor housing.
227.6 < £ <627.6
fluid=water — _
0 < wg < 500 Ntjiror = o
Ozaretal. md ; Rer\™
o 5107 < v, 1595 - ReS2 - Pro®® + 2692 (Z2) -
m3 with: Ro = —L£
<25-1075— wrDoR
S
Metzger A 06
fluid=air I R,
etal. Nty o0 = 0.0257 - Rel® - PrfyS - <#>
[126] 0 < wg < 10000 Hiet T Ry
TABLE XX
DISCHARGE COEFFICIENT FOR ORIFICES
Author(s) Boundary conditions Correlation
/Geometry
Numerical simulation for
different fluid
ies: 0.54
Cordes et al. properties: Cp=0179-In 4083
[138] kg ( Wg " Rosn )
125 < pp <1250~ 2 TR Voo

Myrotor = 1000min~*

adopted [142]: P L4 225 . Lorrie
mfl G q Loic: b Comax  Reorigice ’ Dorifice
Lichtarowicz orifice e
Rep = ———— B4 2< ;20 < 10 it
. . " rifice Orifice.
T P Do st from [135] 10 < Regiyioy < 20000 Comax = 0.827 = 0.0085 - 50805 Reoryice =
@shRisn'Dorifice
2 1 SR Lorifice = Ro,sn = Risn
hF Vfl 3 (35) Vi -
— . Lorifice 3
NuF - A g Nakayama 1.5< Do—f <17 c = Rggrlfice
l fi 1! Orifice D = Lo
U rom [135] 550 < Regpisice < 7000 1711 G 41,65 - Refye,
Lorifice Loi 1
2<——<5 . (0rifice.
Ashimin et al. Dorifice i ( ori )]
/ € =123+ i
from [135] 100 < Regyifice » : Reorigice
<15-10°
TABLE XVI
FRICTION COEFFICIENT CORRELATIONS FOR AXIALLY FLOODED ROTOR SHAFTS
Author(s) Boundary conditions & Non-rotating conditions Rotating conditions
Channel geometry
C; =a-Reb, - Re
Boundary conditions Parameters
ReX Lrn. a b c
Johnson and Morris round Reax Din
from [115, 118] w5710~ < RO _ o o 106 3.98 0.16 063
eax
Rel: 318 23 0.21 062
112-1073 < <12-1072
Nakayama 1 5 1434- (1 n.0157) Xl ith: v = Ra2308
from [114] round Cro = 0.184 - Re,} e ¢ + - 30 with: y 7(“2,33‘-”}’[923)

Chong et al. [115, 116, 118] round, Fluid = air

Cro = 0.316 - Red?S

Cro

i _ {0.503 .Iols . RE;)?"B
~ 0.842 - J0023 . Re0.002

900 < Re,, < 9800
Regy > 9800
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TABLE XXI

HEAT TRANSFER CALCULATION FOR DIFFERENT DIRECT LIQUID COOLED

STATOR CONCEPTS

Cooling concept,

TABLE XVI1II
JET IMPINGEMENT ON NON-ROTATING DISC/WALL
Author(s) Correlation
na,st’ni.st)
__ L
N nrot 1 < Pripe
- = K - Rep;
Nu, (Dn,st — Di.s:) B ( P[Tm)
2
144 | —F—+
Dpipe
1
Zheng with: Nug = C - Reiy,, * P15y
from [123] C M A P K L
Pipe 1.27 0.495 0.168 1.65 0.00137 0.0538
outflow
Cover 0.967 0.51 0,.709 2 0.0018 0.053
outflow
Boundary conditions:
(DU,SC’DLSL)
183 < Rey < 2600; 82 < Pryy < 337; Ry5 < 15 - dpype; =10 <-— <10
Pipe
c
A B Dpipe P
Nuy_ror = C - Repipe " Py - (W) with:
oz
© A B ©
Chow Jet outflow in air 1.333 0.67 0.35 0.41
from [123] Jet outflow in fluid 0.598 0.6 0.42 0.13
Boundary conditions:
5.1:107* < Dpyp < 8.4-107*m; 90 < Pry; < 400; 160 < Repy,, < 2000
. 3
25107 < Vpy <5.1-107* %= Ry = 6 107m
— (Do‘sz-Dx,s:) —0.774
Gt — NWin-rot _ . -0.652 , -0.513 , 2 .
Metzger et st Repipe Tt 2.74 Repige™ - Pr < Dripe )
al. [129] P -037 Vi
wa i _ 0.6, ViL.
(#n,wamadmbu:)) with: Twau(mmbm B Tﬂ + Prﬂ 2¢p’
L L
Nuy_po = Pri* {0.516 ‘Reps, h= A, +0.334 - Re257° - = a- AT)}
L L)
Womac et With:A. = TNpipes dBpersiiche. I = [(ﬁ%}1 QID”””[(%)’LQ'D”W]]_ Re,. = Vwal',
al. [129] ey 412 T 2 PR T,
fluids: water, FC-77; 0.513 < Dpspe < 1.02 mm; 500 Repy,. < 20000; 0,2 <V <
Sﬁ; Lrr = Length of the Surface Area where the pipe inlet is placed
Jili and Bipnrot _ 384 [0.003 e N + 1] - RelS, for:
Dagan Py Pipe
[129] fluids: water, FC-77; Dpype = 0.5 or 1 mm
Lienhard : 2
from [124] Nty_roe = 0.745 " Rep,,, * Pry for Pr > 3;300 — 400 < Repyy,
TABLE XIX
SPRAY NOZZLE HEAT TRANSFER
Boundary conditions .
Author(s) Y Correlation
/Geometry
. . Pr* ﬁéroplet - d3, 0%
Hsieh and fluid = R-134a; Nu =933 (——F——
Tien 70 < Weys, < 85; R T \0027
from [132] 28 < dj, < 50pum (j) ( critfl — ﬂ)
do Twall
Taoetal fluid = water;
y = . 0.77 , 0.84
from [132] 222 <V <667™ Nu = 06751 Reqs; - Pryi
N
Jiang and Dhir 1.76 < Prqy < 6.7; 07 %
from [132] 1000 < Reys, < 2000 Nu =975 Regg, - Pry
fluid = water;
Karwa et al. 65 < Regys, < 285; _ 0659
from [132] iy o Nu = 20.344 - ReJ$
26<—<99—
A=
. fS;I)Iray nozzles on wm_d:ng helad hnozziea = 9930 - Vu"-"“ . p&}ﬁﬁzm or
Liuetal. ull-cone pressure-swir noiz es Pnosates = 562 - V0432 . pO3t
[131, 136] (Nozzle A: 6,4, = 60°, Veffective

nozzle B: Ogyqy = 75°)
Rotating nozzle sprays on non-
rotating cylindrical wall;
fluid=ATF; 0 < w <
4000

min’

1314 < Repigice < 7375

Luetal. [124]

Rotating nozzle sprays on non-
rotating cylindrical wall;
0< w < 4000—;

min
3.97 < Pry < 67.45;
1314 < Regyifice < 7375

Lu et al. [137]

Oliphant et al. fluid = water;
from [132] 100 < Regs, < 1000
Cheng et al.
from [132] 2.1<Pr; <68

. 12600 < Regs, < 20250 ;
Xieetal. Hyosstons
from [132] 0.2 < —ezzleodurface 4

Asurface

with: 7 =

Almpingement
man’/ice =
0.02527 * Reg7fzs — 0.0003576 - wj3®

__Vorifice'Porifice

with: Regyifice = &

man’/ice =
8.778 + 9.249 - 1073 - Regyifice + 44.59 -
1073Re,orating With:
Vorifice Porifice.
vl
Pri” Wr* Diz,st
4 pp
Nu = 32.5- Rel3}

Nu = 0.036 - Reldy - WelZd - Prfol51

T _T 1.53
3.02 +( wall fl)
Terie. 1

T 0.8526
Nu = 8.705 - Reg3?3 - <—W“” )
Teriest — Trt

HNozzleosurface
dsurface

Reorifice =

Reyorating =

—0.4268-
" e
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Author(s) boundary conditions Correlation
& geometry
1 1
Nu,; = 0.664 - Re? -Pr;l
Lot 518
0.62 - Re} - Pr, Res \8|
End windings cooled Nu, = 0.3 + - ¢ n, (_ef )
: B 28200
by fluid 213
From . 0.4\3
emerging from + (—)
[6, 7] . Pryy
stator cooling . |
channels Nui= laminar fluid flow over flat surface, assumed that
every part of fluid emerging from stator cooling channels
flows over a flat surface
Nuz= external flow on a cylinder ( end winding
approximated as cylinder)
Nup =
. a 2 1
falling film on (' 0.0586 - Rep*72 - ars - Pr3  0°<6<40°
Louahlias horizontal cylinder ) i
Gualous et (equals a directly 0.0586 - Rez®172 - Ar5 - Pr3  40° < 6 < 140°
al. [142] flooded stator back ) i
' surface); 1000 < 0.0586 - Rez1%° - Ar5 - Pr3  140° < 6 < 180°
Rep < 2400 ) g
with: Ar = 25
v
falling film on . 0 Vr = .
Owens hznzontal cylinder; (2_2 ) < 1;m-se> ‘R’ Rep<168-Pr?
fom [143] o~ (4350 { ot

10822
o

d 0.1 3
Inlet—St 7
L0.185 . (D—> *Pr Rep>1.68- Prﬂz

0,5t

H. Cooling techniques with evaporation/ phase change

Various cooling concepts, based on the phase-change of a
material or cooling fluid, were researched in the latest literature:
« Electric traction motor cooling jackets with refrigerant or
evaporation cooling [155, 156]
» Winding cooling by fluid pool boiling [157, 158]
* Hollow winding conductors with integrated phase-change

material [159]

 Rotor/stator cooling by heat pipes or pulsating heat pipes

[160-165]

* Rotor/shaft cooling by thermosiphons [151, 152]
The heat transfer phenomena and design in evaporative cooling
concepts are not part of this research. The referenced sources
are given for further information.

I. Increasing thermal conductivities in materials used in

electric traction motors

Another possibility to reduce the temperature in the winding,
being one of the temperature hotspot region, is to increase the
thermal conductivity of the surrounding materials. Potting of
electric motors is a frequently used approach for increasing the
heat transfer from the windings directly to the motor housing
and/or the cooling jackets. Current research is investigating the
potential for increasing the thermal conductivity of potting
materials and the combination of potting with e.g. heat pipe
cooling concepts [166, 167]. In addition, some works are
focusing on options for increasing the thermal conductivity in
the conductor insulation materials. This can be done by using
diamond, boron nitride or other crystalline materials [168-171].
For calculating the equivalent winding insulation thermal
conductivity (Fig. 4) in the thermal model different empirical
formulas can be used. Most formulas depend on the chosen
insulation material properties and slot filling factor (Table 22).
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Stator
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Insulation

Winding in Slot

Fig. 4 Schematic representation of an equivalent winding insulation

TABLE XXII

EMPIRICAL FORMULAS FOR CALCULATING THE EQUAL THERMAL
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J. Evaluation of the reviewed cooling concepts

Based on the reviewed literature the different cooling concepts
where rated by cooling potential of rotor components and stator
windings, complexity and costs of the cooling concepts and the
power density increase potential. The results can be found in
Table 23. The discussion of the evaluation is carried out in the
next section, taking into account the simulation results.

V. SIMULATION OF DIFFERENT COOLING SYSTEMS

To prove and validate the comprehensive review and model-
collection of the earlier sections, a non-existing electric traction
motor with following characteristics was simulated, compared
and enhanced by different cooling methods. The geometries and
characteristics of the motor have been were derived from the

characteristics of existing motors (Table 24).
TABLE XXIV
MOTOR DESIGN SPECIFICATIONS

CONDUCTIVITY BETWEEN WINDINGS-LAMINATION-YOKE Motor 2015e-Golf 2020 MEB rear Simulated motor design for cooling
motor motor concept comparison (Table 25)
Author(s) Boundary conditions Correlation Motor type PMSM
/Geometry Peak power
K 100 150 175
Boglietti __ Winding = Copper; W]
etal. L5kW < g = 02749[(1 = Fp) * Agiye * 15 ] 7047 Lorq“;‘ [NZ‘] 290 310 350
[172] Pyrotor < IMW ax. opee 12000 16000 17500
Winding = Copper; gpﬂ_\]
Boglietti Ansutaton = vzigge v 320 320 320
etal. 0.13— Aeq = 0.2425[(1 — Fg,,) - Agior - st ]7042° Powertrain
[173] L5k < weight [kg] 109 9 95
* Puoror < 1MW liquid cooled liquid cooled
Winding = Copper; 1 Astot(1-Fe) 1 . cooling jacket cooling jacket liquid cooled cooling jacket
15<P, < Aeqg = . . Cooling 4 - - . ?

L Motor “ " Ngot * Req [ Laor " Ise concent with with with circumferential cooling channels
eBthglllettl 55kW; 0.1 < With: Rpg = 0.1256 * (Pyyoror [KW]) 0427 P honeycomb circumferential and additional varied cooling concepts
[174'] Alnal;laﬁﬂ" < Lsioc = border length of the slot; R,, = experimental value structure cooling channels

0.3-7037 < for equivalent thermal resistance, here self-adapted Dy,se [M] 0.22
F,,<0.49 formula, for data from [174], used Lactive = 0.2m; Ls;=0.16m ; D; g, =
Aeq = 0.165 - (1 +0.007 - Tav,winding) o Further 0.162m; Lg = 0.155m; D,z =
1—0.32" Deypyire - (1 — 9.2 Fyy + 5.2 F2)) Geometries 0.1608m; D; p = 0.075m; D5 =
+0.8- D2, ire 0.0625m; 48 slot; 8 Hairpins per slot
Guo et al. 2' 18 A, 0% (each 5.4 x 1.6mm); Double V Magnet;
from Copper wire -(21-F&-032)- (0 1162) o (Fjw) Overall volume flow rate of all cooling
(175] with: y; = Winding impregnation coefficient; A, = Design limits concepts is limited by motor and pump
Impregnation thermal conductivity; design to 10ﬁ
A, = Wire insulation thermal conductivity; Deuwire = Reference(s) [186-188]
diameter of the copper wire
= . . . 7. L RF2 - - - - - -
Aoq = A+ B dimy + € Fou D+ Fou Aimp + E - The thermal simulation of the electric traction motor is carried
With: Ay, = IMpregnation thermal conductivity out by using an LPTN (Fig. 5).The structure and functioning of
flea[iltgfe ]et N“/T:;Zﬁ:ch A 5 € B £ LPTN have already been explained and described detailed in
V';‘:ﬂf‘{jg 205 | 0 | .| 430 | 174 literature [83, 123, 189]. In this work no CFD simulation was
Angar 055 1117 | ose | osse | used for simulating the cooling concepts.
inding 0.57
TABLE XXIII
RATING OF THE REVIEWED COOLING CONCEPTS
g g% 5 § 9 328328 g3
g =8 - 3 Z 25 =%5 T2 35
= < =2 2o 352@ =8 =
8 “= g ) e =g 582
g £ g 5 EC :
E] = < s a Z
Q 3 £ g <
Cooling
concept Sources
Cooling jacket ) — No 1 l — 1
Rotor shaft cooling 1 1 No — — — 2 [12,13, 27, 29, 30, 52,109, 177-179]
Radial rotor spray cooling — 1 Yes 1 1 T 2
Stator jet impingement cooling l 1 Yes 1 1 1 —
Stator spray cooling ! 1 Yes 1 1 1 2 [31,52,107, 124,130,130, 131, 133, 136, 137, 141, 177, 178]
Rotor jet impingement cooling — ! Yes 1 T T N
. - Design
Direct liquid cooled rotor 1 1 depending 1 — 1 1 [4, 16, 17, 44, 180-182]
Stator oil flushing l — Yes — 1 l — [6, 7, 63, 139, 141]
. - Design
Direct liquid cooled stator l 1 depending — — l 2 [144, 150, 153, 183]
Hollow winding cooling channels 1l 1 No 1 T T — [145-149]
Increasing thermal Conductivity of insulation 1 1 No — — — — [168, 171, 184]
Evaporation/ Refrigerant cooling jacket l 1 No 1 ) ) 2 [155, 156]
Nanofluid cooling jacket 1 1 No — 1 — 2 [106, 185]
Phase change material — T No 1 — — — [159]
Heat pipe cooling 1 1 No 1 1 — 1 [160-165]
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Fig. 5 LPTN of the electric traction motor (top), the simplified bearing (bottom, left), the stator (bottom, mid) and the rotor (bottom, right)

The other cooling concepts simulated with the same basic
thermal network model, with adaptions of the convective
thermal resistances for each specific cooling concept structure.
Thermal resistances of cooling concepts not used in a specific
cooling design were set to infinity that the heat flow through
this resistance is inactive. The thermal conduction resistances
are calculated by material properties taken from literature and
internal material data bases. The material properties of the
cooling fluids are taken from internal information and
measurements as well. All solid material properties (density,
thermal conductivity, young modulus, expansion coefficient,
...) are taken as constant values in the simulation, the fluid
properties are taken as temperature dependent variables.

The electrical and magnetic losses are taken as an input maps,
based on motor speed and torque) for the thermal model. The
losses maps are calculated by FEM analysis. These losses are
assumed to be equal for all different, simulated cooling
concepts. The following cooling concepts and combinations
will be simulated and compared (Fig. 6).

A driving cycle simulation and measurement of the 2020 MEB
rear motor (Fig. 7) is carried out to show the accuracy of the
thermal network model (Fig. 8). The temperatures of the static
motor components were measured by thermocouples and the
rotating motor components by a rotor telemetry system. The
simulation model predicted the hotspot temperature in the rotor
magnets. The hotspot temperature (Tmax) Of all measured
temperatures was found in a rotor magnet and is below the
demagnetization temperature of the magnets (including safety

margin). The magnet temperature, b-sided end winding and
housing are predicted quite well by the thermal model. Some
differences can be found in the a-sided end winding. The
simulated temperature spread of the two end winding
temperatures is smaller than the measured one. The real thermal
behavior of the motor is more complex and the measured
temperature spread depends on influence factors like different
end winding overhang lengths, different distances between end
winding and nearest housing wall and connection to inverter
unit.

Afterwards the measured motor (CJ = 8 1/min, no RSC) is
compared with a simulation of a different cooling concept: RSC
with 4 I/min ATF and 60°C inlet temperature and a CJ with 6
I/min, and 60°C water inlet temperature (Fig. 9).

As expected, the rotor magnets and bearing in the motor design
reach a significant lower stationary temperature. Because of the
lower CJ volume flow rate in this simulated concept the housing
stayed warmer compared to the motor design with only a CJ.
The mean heat flux in the cooling jacket is reduced by around
10% compared to 8L/min, while the overall removed heat from
the electric motor is increased by around 5% when applying a
RSC to the motor. The winding temperatures are decreasing by
the increased temperature gradient through the air gap, rotor
and shaft into the rotor shaft cooling fluid. All motor
temperatures are uncritical because they are below the
measured rotor magnet temperature, which is the highest and
most critical temperature in this concept motor design
configuration.
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Fig. 6 Cooling concept design tree of the simulated concepts
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Transmission Dynamic drive cycle: Measurement (CJ only) and Simulation (RSC + CJ)
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! | housing 2 —N
: £ e NP £ “max
Motor housing & 2t T &
F - - - End Winding-A =
Stator 1 H — End Winding-B (si 1
4 i - -- End Winding-B (meas)| 2.
A --- mean Magnet (sim.) :
—mean Magnet (meas.) 5]
! —— Housing (meas.) 2
Housing (sim.) = 0 T T 3 -
(Tfin=) 0 ! : T T 0=ty L / / 1(= tgpq)
0(=tg) 1, Uy 3y 1(=tgg) 4 2 4

Time [s] Time [s]

Fig. 9 Measured drive cycle of the MEB rear motor and simulation of the same
motor with an alternative, theoretical cooling concept (here: RSC + CJ)

The above simulation model of the MEB rear motor is used to
simulate the different cooling concepts. All simulated motor
cooling concepts use the same materials in every motor
¥ component in order to avoid the thermal effects of material
Bewing e changes in a component and to ensure good comparability of
the results. The simulations results are summarized in Table 25.
When comparing with simulations and experimental results

Balancing disks —

Fig. 7 2020 MEB rear PMSM and the cooling system [186]

Dynamic drive cycle: Measurement and Simulation (both CJ only) from literature the simulations results largely show similar
(Tytax) 1 ; E Vmax trends (Table 26)
e e T £ . . ‘ . . .
e kA 2 With a view to the cost and complexity analysis (section IV.J),
g . . .
S = s ] the cooling concepts with the most promising and most
— ) = 0
4 Zu,. ‘ ‘ ‘ ‘ deviating results, compared to literature, should be examined
H °Co ey 1wl more closely:
= 1, | i . . . - - -
: E o fimeld The widely studied cooling jacket is still one of the least
max | - - .- . .
e et | £ complex and cheaper cooling concepts. Optimizing the cooling
N v ) | g jacket design can already help decreasing the motor
e Moo ey | temperatures (CO and C1).
.  Homing (im) s oo 1 . e The combination of cooling the rotor shaft with ATF and spray
in=) 0 - - : - = / ; )/ = tfn . .. . .
e T A R T Coe 2 o ¢ cooling the end windings by radial rotor spray cooling (rRSpC)
Time [s] - -g- . .. .
Fig. 8 Measured and simulated drive cycle of the MEB rear motor can significantly increase the heat dissipation of the end
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windings (C3 to C5). In terms of costs and complexity rotor
shaft cooling systems have the advantages that only few other
components are needed, compared with the other cooling
concepts. Disadvantageous is that at high speeds the leakage of
the rotor shaft inlet can be challenging.

SSpC and SJIC can remove the heat quite well from the
windings (C6-C8). This cooling methods have been
experimentally investigated by different authors [130, 131, 136,
141] and the functionality of these cooling concepts could be
shown. The additional costs and complexity depend on the
number of spray nozzles and further components needed.

SOF has the advantage of eliminating the thermal contact
resistance of the stator-housing contact. The disadvantage is the
lower heat capacity of the oil and therefore the overall volume
flow is to small to reach the same cooling performance as a
housing cooling jacket (C10). Cost wise the SOF needs more
components for suspending the stator inside the housing and
fluid transportation compared to motor housings with CJs.

All wet motor cooling concepts (SOF, SSpC, SJIC, RIIC,
rRSpC) have the added disadvantage that the cooling fluid
needs to be removed from the motor and that the fluid will
increase the rotor friction losses [63]. Especially at higher
rotational speed (>10000rpm) and higher cooling fluid volume
flow rates it can be expected that this effect will increase even
stronger. Excessively high volume flows can lead to the cooling
fluid forming a fluid sump and thus increasing the friction
losses. If pumps are needed for removing the fluid from the
sump the costs of these concepts will increase, too.

DLCR can significantly increase the heat dissipation of the
rotor magnets and rotor iron with a small volume flow rate (C9,

15

They mentioned that especially the high input pressures and the
needed pump power are still a problem in the overall
performance of traction motors with HWCCs. They also
mention that it could be possible to eliminate the cooling jacket
if the hollow winding cooling concept is designed well. In terms
of costs stamping cooling channels in the stator back is quite
cheaper and easier to manufacture than hollow winding
conductors.

The combination of an outer cooling system (CJ, SOF or
DLCS) with a direct cooling of the rotor parts (RSC or DLCR)
and an end winding cooling (rRSpC, SSpC or SJIC) shows the
best cooling performance (C3-C5, C13,C14 and C18).

It can be summarized that an end winding jet impingement or
spray cooling design might be a simple solution for end winding
cooling if the volume flow rate in the cooling jacket can be kept
on the same level as the basic concept. If high volume flow rates
for spray cooling are needed to remove the dissipated heat, the
disadvantages of a wet motors, can decrease the overall
efficiency and increase costs of these spray cooling concepts. If
the overall volume flow rate is limited by motor design
specifications a split concept like RSC + rRSpC in combination
with a CJ might be more useful design for cooling the end
windings and rotor magnets sufficiently. If the reduction of the
package size gets more important a DLCS should be used for
increasing the cooling performance. In further research, the
pump performance required must be taken into account when

evaluating overall performance of the cooling concepts.
TABLE XXVI
COMPARISON OF SIMULATION RESULTS WITH RESULTS FROM LITERATURE
(EXPERIMENTS AND SIMULATIONS)
Comparison with literature

Simulations results Reference

. . . Cooli
C12 and C13). Furthermore the direct rotor cooling can increase concent results*
the heat dissipation of the stator and the windings by increasing  —zsse7ssse T 0T T T = 0 Tl
the temperature gradient through the air gap (experimentally Xeo = 0.807 — 0.945 Xeotstaror = 0.9 — 0.96 123, 130]
shown by Zhang et al. [180]). sie B Keotor = 095 [123, 130]
Cooling the stator with DLCS can effectively decrease the N 0922 - 0961 Xoou = 0.961 [180]
coit = Y- =k - o
temperature of the stator components (concept 14, 15 and 18)  picr San= 200 e
. — _ Magnet = Y-
and can help to reduce the motor diameter and length [183]. For Xuagner = 0.74 =076 KXutagnat = 0.67° [182]
compensating the higher pressure losses, more expensive Xeon = 0.75 - 101 Koo =091~ 093 ooy
pumps are required. CJ+RSC . 0046 093 Koomet = 0,93 (78]
In literature the HWCCs show a better cooling performance Hagnet = ' Xitagnee = 0.87 182]
A - A DLCS Xcon = 0.889 — 0.939 X100 = 0.8277 183
(C16). Nitsche and Naderer [146] l_Jsed an e>§per|me_ntal input SOF X = 0.93— 106 X % 081 0.94 {140}
pressure of up to 70 bar compared with 16 bar in our simulation. Hwce Xgon = 0.968 — 1.07 Xoou = 091 [146]
TABLE XXV
COMPARISON OF THE DIFFERENT SIMULATED COOLING CONCEPTS
X __ Temperature of the simulated cooling concept K] o”
Concent Cooling Concepts Cooling = Temperature of the basic concept (CJ) [K] (%]
p (I not further mentioned the cooling concepts use a typical ATF for . Bearing, End End Stator Stator
number cooling) M t Rotor Bearing, right windin indi indi back %
g agne! shaft left, mean gnt, g, winding, winding, hacl
mean left right mean iron
Co CJ (Water-Glycol-Mixture) 1 1 1 1 1 1 1 1 1
C1 Different CJ design (Water-Glycol-Mixture) 0.964 0.964 0.958 0.959 0.956 0.959 0.96 0.958 0.96
C2 CJ + RSC (both Water-Glycol-Mixture) 0.934 0.923 0.994 0.994 1.003 1.003 1.014 1.016 0.985
C3 CJ (Water-Glycol-Mixture) + RSC + rRSpC 0.854 0.847 0.823 0.819 0.754 0.75 0.915 0.906 0.834
Cc4 CJ (Water-Glycol-Mixture) + RSC + rRSpC + SSpC 0.848 0.842 0.824 0.82 0.76 0.756 0.922 0.911 0.835
C5 CJ (Water-Glycol-Mixture) + RSC + rRSpC + SJIC 0.862 0.856 0.834 0.831 0.768 0.764 0.924 0.915 0.844
Cé CJ (Water-Glycol-Mixture) + SSpC 0.992 0.991 0.99 0.99 0.973 0.972 1.013 1.012 0.991
Cc7 CJ (Water-Glycol-Mixture) + SJIC 0.902 0.898 0.87 0.867 0.812 0.807 0.945 0.937 0.88
C8 CJ (Water-Glycol-Mixture) + SJIC + RJIC 0.902 0.899 0.874 0.871 0.824 0.819 0.949 0.941 0.885
c9 CJ (Water-Glycol-Mixture) + DLCR 0.749 0.753 0.922 0.921 0.939 0.937 0.961 0.965 0.893
C10 SOF 0.98 0.984 1.053 1.062 1.022 1.048 0.931 0.933 1.002
Cl11 SOF + RSC + rRSpC 0.844 0.838 0.805 0.801 0.747 0.746 0.901 0.892 0.822
C12 SOF + RSC + DLCR 0.747 0.752 0.945 0.951 0.945 0.963 0.928 0.93 0.895
C13 SOF + RSC + DLCR + rRSpC 0.743 0.746 0.855 0.852 0.829 0.828 0.917 0.913 0.835
Cl4 RSC + rRSpC + DLCS 0.852 0.846 0.828 0.824 0.752 0.748 0.91 0.901 0.833
Cily RSC + DLCS (both Water-Glycol-Mixture) 0.869 0.862 0.934 0.933 0.93 0.929 0.89 0.889 0.905
C16 RSC + HWCC (both Water-Glycol-Mixture) 0.954 0.944 1.067 1.071 1.064 1.071 1.025 1.053 1.031
C17 RSC + CJ (Water-Glycol-Mixture) + HWCC (Water-Glycol-Mixture) 0.953 0.95 0.984 0.985 0.981 0.984 0.968 0.976 0.972
C18 RSC + DLCR + rRSpC + DLCS 0.743 0.746 0.862 0.859 0.832 0.827 0.903 0.902 0.834
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VI. CONCLUSION

This review gives an overview of current electric traction
motors in electric vehicles and their cooling topology designs.
A detailed collection on heat transfer models and correlations
for different cooling design and electric motor heat transfer
phenomena was carried out. Advantages and disadvantages of
the different cooling concepts were discussed and presented.
Based on the literature review, its usability in a thermal model
was demonstrated and a simulative comparison of many
different cooling topologies was done. The results show that the
choice of the motor cooling design is a multidimensional
problem, depending on the motor development targets, motor
requirements and costs. For example, in case of a motor
designed for high peak power being used frequently in a short
time the cooling concept needs to be different compared to a
motor with good continuous performance. Therefore clear
motor specification targets are needed to design the motor
cooling system without exceeding the thermal limits in each
motor component. But it also offers an unused dimension for
platform designs, allowing only variation in the cooling
whereas most of the motor stays untouched between different
applications.

From all the simulated concepts the combination of a rotor shaft
with radial rotor spray cooling and an outer cooling jacket,
stator oil flushing or stator back iron cooling showed the best
results in overall heat dissipation (Average reduction of 17-18%
over all motor components). Cost and complexity wise the
established cooling jacket design combined with a rotor shaft
and radial rotor spray cooling seems to be the better solution.
In the next step, the thermal model will be compared and
validated with measurement results from different electric
motors with differently designed cooling systems.

APPENDIX
SYMBOLS AND NOMENCLATURE
Symbols |

A Area (m?) R thermal resistance (K - W=1)

Co Discharge Coefficient (—) Rz Surface roughness parameter (m)
Ct Coefficient of friction (—) Ra Rayleigh number (—)

d Distance (m) Re Reynolds number (—)

D Diameter (m) Ro Rossby number (—)

E ‘Young’s modulus (MPa) St material flow stress (MPa)
Feu Copper filling factor (—) t thickness (m)

Fc  Factor of geometry (—) T Temperature (K)

g itrzriln.d:[g)acceleratlon due to gravity v Velocity (m - s~1)

Gr  Grashof number (=) v
h heat transfer coefficient (W - m=2 - K1) w
Hes Brinell hardness (MPa)

(Mean) Volume flow rate (m3 - s~1)
width (m)

Greek symbols
Coefficient of thermal expansion

Hep  elastic-plastic hardness (MPa) B e
L Length (m) AP Pressure drop loss (Pa)
m effective absolute mean sperity slope (—) n Air gap ratio (—)
M Mass (kg) 0 Angle (°)
— —
m  Mass flow rate (kg - s™*) A ;h_eir)mal CTER (/o

Nu Nusselt number (=)
e contact pressure (Pa)

v Kinematic viscosity (m? - s~1)
I1
P Perimeter (m) p
(9
(2
¢

Thermal Conductance (W - K~1)
Density (kg - m™3)

Surface tension (N - m~%)
Surface roughness (m)

Porosity (—)

P Power (W)
Pr Prandtl number (—)
R Radius (m)
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