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A B S T R A C T

The demand for larger power density and torque for the power traction motors used in electrified transportation
puts forward a requirement for better thermal management methods. Spray cooling is a promising direct liquid
cooling technique that has been proved to possess high heat removal capability in previous research. This paper
investigates the heat transfer characteristics of spray cooling on endwindings of electric machines via numerical
simulation through an Eulerian–Lagrangian approach. The utilized numerical models and calculated results are
validated with experimentally measured data. The influence of different parameters and options involved in
the simulation settings on the final results, like the stream numbers for the spray injector, the constant heat
flux versus constant temperature thermal boundary condition, the influence of splashing, the effect of heat
conduction in the endwindings and the Saffman lift force, only solving the energy equation for the air after its
flow field reaches a steady-state, are evaluated. Parameter analyses are also conducted for operation conditions,
configuration of the spray nozzles, and material properties of the coolant liquid. It is found that larger flow
rate, smaller droplet size, lower spray height, more nozzle numbers, larger thermal conductivity and smaller
viscosity of the coolant liquid tend to increase the overall heat transfer performance.
1. Introduction

The ongoing electrification for transportation, in particular, electric
vehicles (EV) [1] and more electric aircrafts (MEA) [2], answers the
decarbonization of transport in general [3]. Electric machines are one
of the core components in drives for these vehicles. Minimizing the
production cost and maximizing the power and torque density are
two key objectives to achieving high-performance electric vehicles
and enabling rapid deployment. To that end, the design procedure of
these electric machines must be thought through using innovations and
detailed designs. One important feature is the use of hairpin windings
that are gaining popularity in the industry. This technology reduces the
manufacturing time because they can be produced via an automatic
assembly line [4], instead of wrapping all the copper coils manually as
for the conventional random windings. Hairpin windings also provide
a larger slot fill factor owing to their rectangular shapes [5]. It enables
to fit the stator slots better and need fewer impregnation materials
in between, making the units cheaper to produce. Compared to the
common random windings, they can achieve higher stator currents
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to enable larger power and torque density in the machines. Hair-
pin windings have been already adopted by several actors, such as
Remy International [6] and Toyota [7], and may become a dominant
technology in automotive industry.

As an integrated part of the design, avoid overheating will fo-
cus on cooling the machine to secure optimal operation. Forced air
convection [8] and liquid jacket cooling [9] are two widely adopted
thermal management methods in commercialized (often steady-state
operation) electric machines. EVs operate transiently with high peaks
at acceleration and braking. In order to dissipate the heat generated by
those power traction motors in a limited enclosure, a cooling capability
as large as several kilowatts per kilograms of the machine [10] is
needed, which is challenging for conventional thermal management
methods. Spray cooling is a promising new cooling scheme that has
been proved to possess heat removal flux as high as tens of W∕cm2 [11],
and has already found its applications in cooling of high-power light
emitting diodes (LED) chips [12,13] and power electronics devices used
in EVs or MEAs [14]. The concept is similar to jet impingement cooling
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Nomenclature

𝐴𝑐 Cell surface area [m2]
𝐴𝑑 Spray droplet surface area [m2]
𝐴𝑤 Wall surface area [m2]
𝐴𝑤𝑝 Wall-film parcel area [m2]
𝐶𝑓 Drag coefficient at the liquid-gas interface

[kg∕(m2 s)]
𝑐𝑝𝑔 Specific heat capacity of the gas phase under

constant pressure [W∕(kg K)]
𝑐𝑝𝑙 Specific heat capacity of the liquid phase under

constant pressure [W∕(kg K)]
𝐷32 Sauter mean diameter of the spray droplet size

distribution [m]
𝐷𝑝 Diameter of the spray droplet [m]
⃖⃗𝑔 Gravity acceleration [m2∕s]
𝐻 Wall-film thickness [m]
ℎ𝑔 Specific enthalpy of the gas phase [J/kg]
𝑘 Specific turbulence kinetic energy [m2∕s2]
𝑘𝑔 Gas thermal conductivity [W∕(m K)]
𝑘𝑙 Liquid thermal conductivity [W∕(m K)]
𝐿𝑤𝑑 Radial width of the endwindings [m]
𝐿𝑤𝑝 Characteristic length of the wall-film parcel [m]
𝑚𝑓𝑖𝑙𝑚 Mass of the wall-film [kg]
𝑚𝑝 Mass of the spray parcel [kg]
𝑚𝑤𝑝 Mass of the wall-film parcel [kg]
𝑃 𝑔 RANS averaged pressure of the gas phase [Pa]
�̇�𝑤 Wall heat flux [W∕m2]
𝑡 Time [s]
𝑇𝑔 Bulk gas phase temperature [◦C]
𝑇𝑝 Spray parcel temperature [◦C]
𝑇𝑠 Wall-film surface temperature [◦C]
𝑇𝑤𝑝 Wall-film parcel temperature [◦C]
⃖⃗𝑢 RANS averaged Velocity of the gas [m/s]
𝑢𝑔 Characteristic air velocity near the surface of

endwindings [m/s]
𝑢𝑖 Gas velocity along the 𝑖th coordinate axis [m/s]
⃖⃖⃖⃗𝑢𝑝 Velocity of the spray parcel [m/s]
𝑢𝑝,𝑖 Spray droplet velocity along the 𝑖th coordinate

axis [m/s]
𝑢𝑝𝑛 Spray droplet velocity normal to the wall [m/s]
⃖⃖⃖⃖⃖⃗𝑢𝑤𝑝 Velocity of the wall-film parcel [m/s]
𝑉𝑤𝑝 Volume of the spray parcel [m/s]
𝑥𝑖 Position along the 𝑖th coordinate axis [m]
𝑌 Fraction of the droplets whose diameter is smaller

than 𝐷𝑝 [-]
𝜀 Specific turbulence dissipation rate [m2∕s3]
𝜇𝑔 Gas dynamic viscosity [kg∕(m s)]
𝜇𝑙 Liquid dynamic viscosity [kg∕(m s)]
𝜈𝑔 Gas kinetic viscosity [m2∕s]
𝜌𝑔 Gas density [kg/m3]
𝜌𝑙 Liquid density [kg/m3]
𝜎 Surface tension [N/m]

— using nozzles to inject coolant fluids directly onto the heated surface.
While compared to air jet impingement, oil spray cooling is capable
of providing similar heat transfer performance with a smaller mass
flow rate of coolant, at a cost of more advanced injectors [15]. By
2

m

establishing a closed loop for spray cooling, it is possible to realize
continuous high heat removal flux as well [16]. Numerous parameter
studies concerning the nozzle positioning [17], coolant volumetric flow
rate [18], heated surface roughness [19], types of heating surface [20],
types of additives [21], etc., were also conducted in the spray cooling
research community through both the experiments [22] and numerical
simulation [23].

Endwindings in electric machines are suitable targets to apply direct
spray cooling on [24] as the direct contact between the non-conducting
coolant droplets and the surface of endwindings. This scheme trans-
fers heat more efficiently than alternative strategies, such as forced
air convection or liquid jacket cooling. Recent research is therefore
looking at implementing different practical configurations of spray
cooling for power traction motors. For example, Davin, et al. [25] in
2015 investigated the cooling performance of oil injected from the
top of the endwindings in electric machines with lubricating oil as
the coolant. Four different injection patterns, full cone nozzle, flat jet
nozzle, dripping, and multi-jets, are tested with the oil flow rate, oil
temperature, and rotor speed varied between 40 to 120 L∕h, 50 to 75
C and 0 to 4600 rpm, respectively. They found that the oil flow rate is
he main factor for global cooling efficiency, while the rotation speed
oes not enhance the global cooling efficiency but helps redistribute
il in the domain and affects the local temperature distribution. Lim
nd Kim [26] in 2014 developed an oil spray cooling system for in-
heel motors by supplying the coolant oil through a hollow shaft and
jecting it by virtue of the centrifugal force. The shape of the cooling
hannel was optimized based on the Taguchi method to improve the
hermal response of the stator windings and the stator yoke. The
emperature of stator windings under the continuous rating driving
onditions was lowered below the temperature limit of 150 ◦C via this
pray cooling setup, and it can be further reduced by increasing the
il flow rate or decreasing the oil temperature. Park and Kim [27]
xtended this work in 2019 by conducting the computational fluid
ynamics (CFD) numerical simulation for this spray cooling setup. They
ade the experimental results and simulation results consistent within
.1% error and confirmed the effectiveness of this spray cooling system.
oreover, they found that the cooling effect due to the oil film and

econdary flow, indicated by a Nusselt number, increases 9.8 times at
he maximum speed of 11 000 rpm compared to the base speed of 4400
pm.

The University of Nottingham and MotorDesign Ltd. collaborated
n carrying out a series of research on the topic of spray cooling for
airpin windings. In 2019 Liu, et al. [28] built a test bench with
2-slot, 2-layer hairpin windings and three types of spray nozzles
nstalled in parallel to the axial axis of the endwindings. They affixed
4 type-K thermocouples onto the drive end surface of these hairpin
indings and observed a nonuniform temperature distribution along

he circumferential direction. Such temperature ununiformness can be
itigated by increasing the spray angle, the number of spray nozzles, or

ncreasing the oil flow rate. For cooling efficiency, they discovered that
t would be better by using designs with a higher number of low-flow-
ate nozzles compared to designs with a lower number of high-flow-rate
ozzles, and the two types of solid-cone nozzles are generally better
han the hollow-cone type nozzle. In 2020 Chong et al. [29] modified
his test bench by changing the spray nozzles to the radial direction at 9
’clock, 12 o’clock, and 3 o’clock positions. Another misting type nozzle
as tested as well and was found to give similar cooling efficiency as

olid-cone nozzles but better temperature n along the circumferential
irection than them. They also observed that the oil film falling due
o the gravitational force is enough to wet and cool the lower part of
he endwindings. A similar conclusion has also been drawn by Davin
t al. [25]. Liu, et al. established a reduced model for predicting the
eat transfer coefficient (HTC) of oil spray cooling on hairpin windings
n 2020 [30]. They pointed out that it is crucial to use the suitable
efinition of heat exchange surface area in calculating the HTC. The

ethod based on the surface area of individual wires (AS) described
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in their article is considered to be most appropriate for comparing
the calculated HTCs with other works, especially with CFD simulation
results. The rectified HTCs for the experimental results in [28] using
this heat exchange area are recently published in [31].

In contrast to a relatively large number of studies focusing on exper-
imental spray cooling on the endwindings in electric machines, there
is only a limited amount of studies focusing on simulations. Several
noteworthy works according to the limited knowledge of authors are as
follows: Beck et al. [32] utilized the volume of fluid (VoF) method [33]
combined with the large-eddy simulation (LES) turbulence model to
simulate the flow inside the nozzle before the formation of spray.
Those nozzles are actually stepped holes opened on a hollow shaft.
They observed different cross-section shapes of the jet at the nozzle
exist, which is mainly determined by the ratio of the impingement
momentum and the counteracting Coriolis force. Unfortunately, until
now such interface-resolving methods are still too time-consuming and
computationally expensive for simulating the complete spray cooling
process. Ha et al. [34] utilized the moving particle simulation (MPS)
method [35] to simulate the formation rate of the oil film on the hairpin
windings accumulated from the spray injected from the dripping noz-
zles or solid-cone nozzles. They found that the dripping nozzles result
in less splashing and thicker oil film than the solid-cone nozzles, which
should offer higher heat removal capacity. However, the heat transfer
process is not included in their simulation. La Rocca, et al. [36] utilized
the discrete phase model (DPM) in a pseudo-transient approach for
simulating the spray cooling heat transfer process on a 60◦ sector of
two-layer hairpin windings, which is proved to significantly reduce the
computing time from the order of weeks for a full transient approach
to a few days. They found that the temperature difference could be
as large as 70 ◦C between the coolest part and the hot spot, and the
averaged HTC is around 400 W∕(m2 K). The same authors [37] applied
he same approach on a 60◦ sector of another eight-layer hairpin
indings. They found that the penetration of spray droplets is limited
y the large number of conductors and this makes some conductors stay
ry during the simulation. In addition, the layout of nozzles turns out
o be a big factor affecting the overall cooling performance, changing
he position leads to over 20% variation of the averaged HTC.

While these computational studies have shown potential, there is
till a knowledge gap regarding the influence of different simulation
ettings for the DPM on the results of the spray cooling heat transfer
n the endwindings. It limits the applicability in industry and needs
o be addressed for enabling virtual design of electrical machines.
herefore, the present work aims at investigating the detailed aspects of
he DPM for simulating the spray cooling heat transfer on endwindings
f electric machines and then investigating the parameters that are
ifficult to measure or change in the experiments but are central to the
eat transfer performance of the spray cooling process. The outline of
his paper is as follows: The numerical models used for simulating the
ovement of the air, spray droplet, the thin liquid film formed on the
all surface, and the energy transfer among them, are introduced in
ection 2. The simulation settings of applying these numerical models
o a multi-nozzle spray cooling configuration on a simplified geometry
f endwindings are described in Section 4. Then a detailed study about
he influence of different aspects of the simulation settings on the
esults is done in Section 5. Sensitivity analyses are conducted for vital
arameters of the spray cooling heat transfer on endwindings of electric
achines in Section 6. Finally, conclusions are drawn in Section 7.

. Numerical models

The numerical models used for simulating the two-phase flow and
eat transfer mechanisms of spray cooling are based on the Eulerian–
agrangian framework. The continuous gas phase, air, is solved in the
ulerian coordinates while the dispersed liquid phase, coolant droplets,
s solved in the Lagrangian coordinates. These two phases can exchange
ass, momentum, and energy with each other.
3

.1. Governing equations of continuous gas phase

Sprays are generally a turbulent process [38]. Hence, the governing
quations of the continuous gas phase, air, are Reynolds-averaged
avier–Stokes equations. The mass conservation equation is written as

𝜕𝜌𝑔
𝜕𝑡

+
𝜕(𝜌𝑔𝑢𝑖)
𝜕𝑥𝑖

= 𝑆𝑚. (1)

where 𝑆𝑚 denotes the coupling mass source term transferred from the
dispersed liquid phase, which is set to 0 if the evaporation of spray
droplets is neglected. This approximation is made according to the test
data from the datasheet of the coolant liquid, Eastman Turbo oil 2389,
used in this work [39]. The measured evaporation loss, complying with
the standard ASTM D 972 [40], of this oil after 6.5 h under 205 ◦C
temperature is 20%. But the temperature of the air in the endcap region
of electric machines is usually below 100 ◦C and the residence time of
the coolant liquid in it is just a few seconds. Furthermore, the vapor
pressure for typical lubricant oil at a temperature as high as 120 ◦C
is merely at a level of 2 Pa [41], meaning in the worst scenario the
saturated vapor evaporated from the oil wall-film would be just 20 ppm
of the air in the endcap of the electric machines. Therefore, the neglect
of the evaporation effect of spray droplets is justified.

The momentum conservation equation is written as

𝜕𝜌𝑔𝑢𝑖
𝜕𝑡

+
𝜕(𝜌𝑔𝑢𝑖𝑢𝑗 )

𝜕𝑥𝑗
= −

𝜕𝑃 𝑔

𝜕𝑥𝑖
+ 𝜕

𝜕𝑥𝑖
((𝜇𝑔 + 𝜇𝑡)

𝜕𝑢𝑖
𝜕𝑥𝑗

) + 𝜌𝑔𝑔𝑖 + 𝑆𝑢𝑖 . (2)

ere 𝜇𝑡 denotes the turbulence viscosity, calculated as

𝑡 = 𝐶𝜇𝜌𝑔
𝑘2

𝜖
(3)

where the turbulence kinetic energy 𝑘 and the turbulence dissipation
rate 𝜖 are obtained from solving a two-equation model for turbulent
flows. 𝑆𝑢𝑖 is the coupling momentum source term transferred from the
dispersed liquid phase, calculated as

𝑆𝑢𝑖 =
𝑁𝑐,𝑝𝑎𝑟𝑐𝑒𝑙
∑

𝑝
[𝑚𝑝(

𝑢𝑝,𝑖 − 𝑢𝑖
𝜏𝑡

) + 𝐹𝑒𝑥𝑡𝑟𝑎,𝑖] (4)

where 𝑁𝑐,𝑝𝑎𝑟𝑐𝑒𝑙 denotes the total number of spray parcels in the cell.
Other notations related to the dispersed liquid phase are described later
in Section 2.2.

The energy conservation equation is written as

𝜕(𝜌𝑔(ℎ𝑔 +
1
2 𝑢𝑖𝑢𝑖))

𝜕𝑡
+

𝜕(𝜌𝑔𝑢𝑖(ℎ𝑔 +
1
2 𝑢𝑖𝑢𝑖))

𝜕𝑥𝑖
=

𝜕𝑃𝑔

𝜕𝑡
+ 𝜕

𝜕𝑥𝑖
((𝑘𝑔 +

𝑐𝑝𝑔𝜇𝑡
𝑃𝑟𝑡

)
𝜕𝑇𝑔
𝜕𝑥𝑖

) + 𝜌𝑔𝑖𝑢𝑖 + 𝑆ℎ

(5)

where 𝑃𝑟𝑡 denotes the turbulent Prandtl number, which is chosen to be
0.85 at the wall [42]. 𝑆ℎ is the coupling energy source term transferred
from the dispersed liquid phase, calculated as

𝑆ℎ =
∑𝑁𝑐,𝑝𝑎𝑟𝑐𝑒𝑙

𝑝 [𝑚𝑝𝑐𝑝𝑙(𝑇𝑝,𝑖𝑛 − 𝑇𝑝,𝑜𝑢𝑡)]
𝛥𝑡𝑝

(6)

where 𝛥𝑇 denotes the DPM time step, 𝑇𝑝,𝑖𝑛 and 𝑇𝑝,𝑜𝑢𝑡 are the temper-
ature of the spray parcels entering and leaving the cell, respectively.
Source terms in Eqs. (1), (2) and (5) are linearized to enhance the
stabilization of the solution.

It has been proved in previous research [23,43] of spray cool-
ing that adopting the Realizable k-𝜖 model [44] as the turbulence
model is a good compromise between the computational accuracy and
computational cost. Hence, it is also employed in this work.

2.2. Governing equations of dispersed liquid phase

The dispersed liquid phase consists of a huge amount of spray
droplets. In order to facilitate tracking the movement and energy

transfer of all these spray droplets, those spray droplets with similar
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positions, sizes, and velocities are lumped into one parcel [45]. These
parcels are treated as infinitesimal points in the fluid domain, on the
assumption that their volume is negligible compared to the cell volume
where they locate in. The mass balance, force balance, and energy
balance equations are then solved for each spray parcel instead of each
spray droplet, which helps significantly reduce the required memories
and computing time.

As mentioned in Section 2.1, the vaporization effect of spray
droplets is neglected. Hence, except for the special cases in which
the spray droplet secondary breakup submodel [46] or the stochastic
collision submodel [47], the mass of each free spray parcel stays
constant owing to its Lagrangian nature and no mass balance equation
needs to be explicitly solved.

The trajectories of the spray particles when they are moving through
the air are governed by the force balance as

𝑚𝑝
𝑑
𝑑𝑡

⃖⃖⃖⃗𝑢𝑝 = 𝑚𝑝

⃖⃗𝑢 − ⃖⃖⃖⃗𝑢𝑝
𝜏𝑟

+ 𝑚𝑝
⃖⃗𝑔(𝜌𝑝 − 𝜌𝑔)

𝜌𝑝
+ ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗𝐹𝑒𝑥𝑡𝑟𝑎 (7)

where the first term on the right-hand side of Eq. (7) is the drag force,
the second term is the buoyancy force and the third term contains other
extra forces, for example, the Saffman lift force [48]. Here 𝜏𝑟 is the
droplet relaxation time [49], which is calculated by

𝜏𝑟 =
𝜌𝑙𝐷2

𝑝

18𝜇𝑙
24

𝐶𝐷𝑅𝑒𝑟𝑒𝑙
(8)

where 𝑅𝑒𝑟𝑒𝑙 denotes the relative Reynolds number defined on the
basis of the droplet diameter and the difference between the droplet
velocity and the gas phase velocity, 𝜌𝑙𝐷𝑝|⃖⃖⃗𝑢𝑝−⃗𝑢|

𝜇𝑔
. The drag coefficient

𝐶𝐷 is computed via the classical correlation developed by Morsi and
Alexander [50] for spherical particles with their relative Reynolds num-
ber between 0.1 and 50 000, including the range of relative Reynolds
number of spray droplets in this work, 1 to 2000.

𝐶𝐷 =
𝑎1

𝑅𝑒2𝑟𝑒𝑙
+

𝑎2
𝑅𝑒𝑟𝑒𝑙

+ 𝑎3 (9)

where 𝑎1, 𝑎2 and 𝑎3 are constant coefficients over a range of 𝑅𝑒𝑟𝑒𝑙. Their
specific values are given in the appendix of [50]. The positions and
velocities of all the free spray parcels are updated each DPM time step
according to the discretized version of Eq. (7).

The inert heating or cooling of the spray droplets when they are
moving through the air is governed by the energy balance as

𝑚𝑝𝑐𝑝𝑙
𝑑
𝑑𝑡

𝑇𝑝 = ℎ𝑐𝐴𝑑 (𝑇𝑔 − 𝑇𝑝) (10)

where ℎ𝑐 denotes the convection heat transfer coefficient used for
calculating the heat transfer between the gas phase and the spray
droplet. Its corresponding Nusselt number 𝑁𝑢𝑐 , which is defined on the
basis of the droplet diameter and the thermal conductivity of the gas
phase, is estimated according to the Ranz correlation [51].

𝑁𝑢𝑐 = 2.0 + 0.6𝑅𝑒1∕2𝑟𝑒𝑙 𝑃𝑟
1∕3
𝑔 . (11)

The temperatures of all the free spray parcels are updated each DPM
time step according to the discretized version of Eq. (10).

2.2.1. Droplet size distribution
Rosin-Rammler distribution is a widely used function for describing

the droplet size distribution of sprays [52]. It is also adopted in this
work and can be written as

1 − 𝑌 = exp(−(𝐷𝑝∕�̄�)𝑛) (12)

Here �̄� is called the characteristic diameter and has the following
relationship with the Sauter mean diameter (SMD) [52],

�̄� = 𝐷32𝛤 (1 − 1
𝑛
) (13)

where 𝛤 (⋅) denotes the gamma function. The Rosin-Rammler distri-
bution parameter 𝑛 is chosen to be 3.5 in this work. Nevertheless,
it is found by the authors later that changing it to 2.5 and 5.0 has
a relatively small influence on the final results compared to other
important parameters investigated in this work.
4

Fig. 1. The schematic of the Lagrangian wall-film model.

2.2.2. Lagrangian wall-film model
In this work, the interaction between the spray droplets and the wall

of endwindings is modeled by the Lagrangian wall-film model [53], as
illustrated in Fig. 1. Its basic assumption is that the wall-film thickness
is much smaller than the radius of curvature of the wall surface.
Hence, the wall-film velocity is always parallel to the wall surface
and variation of physical properties across the wall-film is neglected.
When a free spray parcel impinges upon the wall, it is converted into
a wall-film parcel. During the conversion, the position of the parcel,
the mean temperature of the parcel and the volume occupied by the
parcel retain the same values. Similar to the free spray parcels, the
physics of wall-film parcels are described and solved by the law of mass,
momentum and energy conservation as well. But the mass conservation
equation for the wall-film does not need to be explicitly solved as it is
automatically satisfied owing to the Lagrangian nature of the wall-film
parcels.

The momentum conservation equation for the wall-film is

𝜌𝑙𝐻
𝑑
𝑑𝑡

⃖⃖⃖⃖⃖⃗𝑢𝑤𝑝 = ⃖⃖⃖⃗𝜏𝑔 − ⃖⃖⃖⃗𝜏𝑤 + 𝜌𝑙𝐻⃖⃗𝑔 (14)

where 𝐻 is the wall-film thickness of the specific cell the current wall-
film parcel locates in, which is obtained by diving the sum of the
wall-film parcel volumes in that cell with the cell face area.

𝐻 =

∑𝑁𝑐,𝑝𝑎𝑟𝑐𝑒𝑙
𝑝=1 𝑉𝑤𝑝

𝐴𝑐
(15)

⃖⃖⃖⃗𝜏𝑔 denotes the shear stress of the gas flow applied on the surface of the
wall-film, which is calculated with the assistance of the solution of the
continuous phase.

⃖⃖⃖⃗𝜏𝑔 = 𝐶𝑓 (⃖⃗𝑢 − 2 ⃖⃖⃖⃖⃖⃗𝑢𝑤𝑝) (16)

⃖⃖⃖⃗𝜏𝑤 denotes the wall stress, whose expression is derived based on the
assumption that the velocity profile in the wall-film varies linearly with
the distance from the wall, as the wall-film is very thin.

⃖⃖⃖⃗𝜏𝑤 =
𝜇𝑙

𝐻∕2
⃖⃖⃖⃖⃖⃗𝑢𝑤𝑝 (17)

All the vectors in Eq. (14) are already projected onto the wall-tangential
surface, as it is assumed that the ultimate effect of all the normal forces
is merely to ensure the wall-film resides on the wall surfaces, i.e., the
wall-normal component of the wall-film parcel velocity 𝑢𝑤𝑝 is explicitly
forced to be zero at each DPM marching time step. The positions and
velocities of all the wall-film parcels are updated according to the
discretized version of the above-mentioned momentum conservation
equation.

The energy conservation equation for the wall-film is given as
𝑑
𝑑𝑡

(𝑚𝑤𝑝𝑐𝑤𝑝𝑇𝑤𝑝) = 𝑄𝑤𝑝,𝑐𝑜𝑛𝑑 +𝑄𝑤𝑝,𝑐𝑜𝑛𝑣 (18)

where 𝑄𝑤𝑝,𝑐𝑜𝑛𝑑 denotes the heat transferred from the wall to the wall-
film parcels. If the thermal boundary condition for the wall is constant
temperature, it is defined as

𝑄𝑤𝑝,𝑐𝑜𝑛𝑑 =
𝑘𝑙𝐴𝑤𝑝 (𝑇𝑤 − 𝑇𝑤𝑝) (19)

𝐻∕2
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while if the thermal boundary condition for the wall is constant heat
flux, it is defined as

𝑄𝑤𝑝,𝑐𝑜𝑛𝑑 = �̇�𝑤𝐴𝑤𝑝. (20)

ere 𝐴𝑤𝑝 denotes the wall-film parcel area that is taken to be a mass-
eighted percentage of the wall surface area, and 𝑄𝑤𝑝,𝑐𝑜𝑛𝑣 denotes the
eat transferred from the wall-film to the gas phase. It is calculated as

𝑤𝑝,𝑐𝑜𝑛𝑣 = ℎ𝑤𝑝,𝑐𝑜𝑛𝑣𝐴𝑤𝑝(𝑇𝑔 − 𝑇𝑠) (21)

here ℎ𝑤𝑝,𝑐𝑜𝑛𝑣 denotes the corresponding heat transfer coefficient,
hich is defined as

𝑤𝑝,𝑐𝑜𝑛𝑣 = 𝑁𝑢𝑤𝑝,𝑐𝑜𝑛𝑣𝑘𝑔∕𝐿𝑤𝑝 (22)

ere 𝐿𝑤𝑝 denotes the characteristic length of the wall-film parcel that is
omputed as the square root of the wall-film parcel area, and 𝑁𝑢𝑤𝑝,𝑐𝑜𝑛𝑣
enotes the corresponding Nusselt number, which is predicted based
n the following correlation equations.

𝑎𝑚𝑖𝑛𝑎𝑟𝑓𝑙𝑜𝑤 ∶ 𝑁𝑢𝑤𝑝,𝑐𝑜𝑛𝑣 = 0.332𝑅𝑒1∕2𝑤𝑝,𝑐𝑜𝑛𝑣𝑃𝑟
1∕3
𝑔

𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡𝑓 𝑙𝑜𝑤 ∶ 𝑁𝑢𝑤𝑝,𝑐𝑜𝑛𝑣 = 0.0296𝑅𝑒4∕5𝑤𝑝,𝑐𝑜𝑛𝑣𝑃𝑟
1∕3
𝑔

(23)

ere the Reynolds number 𝑅𝑒𝑤𝑝,𝑐𝑜𝑛𝑣 is defined on the basis of the wall-
ilm parcel characteristic length, 𝐿𝑤𝑝, and the wall-film parcel velocity,
𝑤𝑝. The wall-film surface temperature 𝑇𝑠 is calculated using the energy
onservation equation on the interface.

𝑤𝑝,𝑐𝑜𝑛𝑣(𝑇𝑔 − 𝑇𝑠) =
𝑘𝑙

𝐻∕2
(𝑇𝑠 − 𝑇𝑤𝑝) (24)

ue to the same reason mentioned in Section 2.1, the film vaporization
nd boiling effects are not taken into consideration. The temperatures
f all the wall-film parcels are updated according to the discretized
ersion of the above-mentioned energy conservation equation. During
he solution, the heat balance between the power loss generated in
he endwindings and the heat taken away by the coolant liquid is
hecked. It is done by comparing the applied heat dissipation rate on
he surface of the endwindings and the total enthalpy change rate of
ll the wall-film parcels. Their difference turns out to be always lower
han 0.3%.

The Stanton-Rutland model [54] is utilized to model the interaction
etween the spray droplets and the wall/wall-film, and the Friedrich
odel [55] is utilized to model the separation of the thin liquid film at
sharp corner of the wall. Details about them can be found in the sup-
orting information of this paper. When needed, the TAB method [46]
s utilized to model the secondary breakup of the spray droplets, and
he collision among spray droplets is modeled in a stochastic way [47].
eaders are referred to these original articles for details of these two
ubmodels.

.3. Metric of the solution

Area-weighted averaging, Eq. (25), is used to extract the represen-
ative value for a quantity 𝜙, such as the wall temperature, wall-film
emperature, wall-film thickness, wall-film velocity magnitude, etc., on
specific wall surface.

𝑎𝑣𝑒 =
1
𝐴𝑡 ∫

𝜙𝑑𝐴 = 1
𝐴𝑡

𝑁𝑠,𝑐𝑒𝑙𝑙𝑠
∑

𝑗=1
𝜙𝑗𝐴𝑗 (25)

Here 𝑁𝑠, 𝑐𝑒𝑙𝑙𝑠 denotes the number of cell faces, 𝜙𝑗 indicates the quan-
tity value on 𝑗th cell surface, 𝐴𝑗 indicates the 𝑗th cell face area and 𝐴𝑡
is the total area of this specific surface.

A total heat transfer coefficient is adopted as an overall metric for
evaluating the spray cooling heat transfer performance in a specific
case.

ℎ𝑡𝑜𝑡 =
𝑞 (26)
5

𝑇𝑤,𝑎𝑣𝑒 − 𝑇𝑟𝑒𝑓
Table 1
Parameters of the nozzle for single-nozzle spray cooling on a heated plate.

Parameter name Unit Value

Spray angle ◦ 68
Nozzle diameter mm 0.61
Nozzle pressure drop bar 2
Flow rate kg/s 0.00382
Nominal outlet velocity m/s 13.1

Here 𝑇𝑤,𝑎𝑣𝑒 denotes the area-weighted averaged wall temperature. 𝑇𝑟𝑒𝑓
s picked in a similar way as in [28], the temperature of the spray at the
ozzle outlet, to be beneficial in comparing their experimental results.

Moreover, in order to quantify the degree of nonuniformity for
he spray cooling heat transfer process on the surface of endwindings,
wo additional metrics, in the form of the relative standard deviations
or the wall temperature and wall-film thickness distribution, are de-
eloped. They are simply defined as the percentage of their absolute
tandard deviations over the surface of endwindings divided by the
orresponding area-weighted averaging values of them, respectively.

. Verification with single-nozzle spray cooling experimental re-
ult

The feasibility and accuracy of these numerical models in simulating
he spray cooling heat transfer process are verified with the result from
single-nozzle spray cooling experiment case [56]. Its configuration is
single spray nozzle placed at the top, 100 mm over a 20 × 20 mm2

square heating plate. It is the solid-cone type and its main parameters
are listed in Table 1. The Sauter mean diameter of the injected spray
droplets from it is measured to be 0.061 mm. The fluid domain is
meshed with 2.5 million structured hexagonal cells, with a minimum
angle larger than 85◦ and a minimum orthogonal quality larger than
0.9. Constant heat flux 10 kW is applied on the heated wall surface
and its DPM boundary condition is set to the ‘‘wall-film’’ type. Pressure-
inlet is set for the ceiling and pressure-outlet is set for the four sides.
All of them have gauge pressure values of zero and the ‘‘escape’’ type
DPM boundary condition. Liquid water is used as the coolant liquid
and air at atmospheric pressure is considered the continuous gas phase.
Their material properties are set according to the appendix of [57]. The
temperature of water at the nozzle outlet is 292 K and the ambient air
emperature is 289 K. The same continuous phase and DPM solver set-
ings as described in the main text. Fig. 2 illustrates the traces of spray
roplets injected from the nozzle. They are colored by the DPM volume
raction, which is the discrete phase volume fraction within each cell.
t is found that except for the region near the nozzle outlet and over
he heated wall surface, the DPM volume fraction is always smaller
han 1%, satisfying the basic assumption of the Eulerian–Lagrangian
ramework, verifying the feasibility of using the Eulerian–Lagrangian
ramework to simulate the two-phase flow mechanism of spray cooling.

Before the spray droplets reach the heating plate, the heat genera-
ion of the plate is deactivated, viz., its heat flux is set to 0 W∕(m2 K),

for preventing its wall temperature value from reaching an unrealis-
tic high value at the beginning. The wall temperature and wall-film
thickness on the heated wall surface are monitored to judge if the
steady-state is reached, which takes 320 ms after the spray droplets
reach the heating plate. After the solution, the residuals of the energy
equation decrease below 10e−5; the residuals of the continuity equa-
tion decrease below 10e−2; and the residuals of all other equations
decrease below 10e−3, which indicates the convergence of the solution.
The obtained DPM volume fraction, which is the discrete phase volume
fraction within each cell, is found to be always smaller than 1% except
for the region near the nozzle outlet and over the heated wall surface.
This satisfies the basic assumption introduced in Section 2.2, verifying
the feasibility of using the Eulerian–Lagrangian approach to simulate
the two-phase ow mechanism of spray cooling. The final area-averaged
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Fig. 2. Traces of droplets colored by the DPM volume fraction for the single-nozzle
spray cooling simulation.

wall-film thickness over the heated wall surface is 83 μm, and the wall
temperature of it is 311.5 ◦C, which is quite close to the experimentally
measured value [56], 311.2 ◦C. Hence, the accuracy of the numerical
models in simulating the spray cooling heat transfer process is also
verified.

4. Simulation settings for spray cooling on endwindings

The present work adopts the axial-direction spray cooling configu-
ration as in [28] for endwindings of electric machines. It is selected
because it is among the earliest and most detailed research for the
topic of applying spray cooling on endwindings in electric machines.
Table 3 gives the main parameters for the nozzles used to generate the
spray. Their injected sprays are in the form of solid cones. Four spray
nozzles located 35 mm over the surface of endwindings are picked to be
the baseline arrangement. The arrangement of these nozzles is shown
in Fig. 3(a), they are distributed with uniformly spaced angles along
the circumferential direction and their injection direction is parallel to
the axial axis of the endwindings. The Eastman turbo oil 2389 [39] is
adopted as the coolant liquid, whose physical properties are listed in
Table 2. Same continuous phase and DPM solver settings as described
in Section 3 are used here.

The fluid domain used in the CFD simulation is illustrated in
Fig. 4(a). Its shape and dimension are modeled to be the same as
the inner space inside the cylindrical perspex covers that imitate the
endcap region of electric machines. Except these Perspex covers enclose
the fluid domain as its ceiling and side walls, the bottom of the fluid
domain is also the surface of the dummy rotor or the stator yoke. There
is a tiny hole for dripping the coolant liquid in the lower region of
the cylindrical Perspex covers but it is not modeled. Hence, the whole
fluid domain is in fact completely confined by solid walls, namely, it
has no inlets or outlets. The ‘‘trap’’ type DPM boundary condition is
set for these walls to immediately terminate the tracking of the spray
droplets when they hit these walls, preventing the waste of computing
resources on them because they are probably not going to influence the
heat transfer performance over the surface of endwindings anymore.

For the sake of significantly reducing the cell numbers and the
computational cost, a simplified half-bagel-shaped geometry model is
used to represent the endwindings in electric machines. Its surface is
shown in Fig. 4(a), colored in orange, and its detailed geometrical
dimensions are chosen to be the same as the one used in [30]. The
‘‘wall-film’’ type DPM boundary condition is set for it. A comparison of
6

Table 2
Material properties of Eastman Turbo oil 2389 [39].

Property name Unit Value

Density kg∕m3 951
Viscosity Pa s 0.0118
Specific thermal capacity J∕(kg K) 1859
Thermal conductivity W∕(m K) 0.151
Surface tension N m 0.03a

aDue to the lack of surface tension data in the datasheet of this oil, a typical value
for other oil [60] is used in this work. The sensitivity of spray cooling heat transfer
performance caused by the change of its value will be discussed in Section 6.

Table 3
Parameters of the nozzles for spray cooling on endwindings under the reference
operation condition.

Parameter name Unit Value

Spray angle ◦ 60
Nozzle diameter mm 0.91
Nozzle pressure drop bar 4.3
Flow rate L∕min 3.9
Nominal outlet velocity m/s 25.1

such a simplified geometry model with a more realistic geometry model
for endwindings has been done in [58] for forced air convection heat
transfer analysis, and they found that the deviation of heat dissipation
rate for the two models is as large as 62%. This number should be borne
in mind when comparing the simulation results with the experimental
results.

At last, in order to further decrease the cell numbers and the
computational cost, the fluid domain is halved with a vertical plane. It
is noted that there are two spray nozzles located exactly on the border
of this symmetrical plane. This does not influence the final steady-
state results, because after long enough iterations, statistically, 50%
of the injected mass from these two nozzles will disappear outside
the fluid domain. In addition, although the experimentally measured
temperature distribution on the endwindings [28] has a small level of
asymmetry between the left part and the right part, it is deemed to be
mainly caused by the asymmetric attaching positions of temperature
sensors instead of the actual physics we are trying to simulate.

Since there is no experimentally measured data on the size distri-
bution of spray droplets injected from the nozzles listed in Table 3, the
correlation developed by Estes and Mudawar [59] is used for estimating
their Sauter mean diameters.
𝐷32
𝐷0

= 3.67[𝑊 𝑒1∕2𝐷0 𝑅𝑒𝐷0]−0.259 (27)

where 𝑊 𝑒𝐷0 and 𝑅𝑒𝐷0 are defined on the basis of the nozzle diameter
and the nozzle pressure drop, 𝜌𝑔 (2𝛥𝑃∕𝜌𝑙 )𝐷0

𝜎 , 𝜌𝑙 (2𝛥𝑃∕𝜌𝑙 )1∕2𝐷0
𝜇𝑙

. The calculated
SMD is roughly 80 μm. This value is substituted in Eq. (13) to get
the characteristic diameter, which is approximately 100 μm. Then the
initial size of actual droplets injected into the fluid domain of the
simulation follows the Rosin-Rammler distribution, Eq. (12), based on
this obtained characteristic diameter, namely, the diameter for the
spray droplets in each parcel is sampled from this Rosin-Rammler
distribution.

Again, the heat generation in the hairpin endwindings is deacti-
vated, viz., their surface heat flux is set to 0 W∕(m2 K), before the
spray droplets reach them, for preventing their wall temperature values
from reaching an unrealistic high value at the beginning. All the sim-
ulations were run in ANSYS Fluent R2021R2 on the high-performance
computer (HPC) Tetralith located in the national supercomputer center
at Linköping University. Each case was computed with 64 cores of Intel
Xeon Gold 6130 CPU, and 181.5 GB RAM for approximately 120 h on
average.
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Fig. 3. Positions of spray nozzles (a) 4-nozzle case; (b) 8-nozzle case; (c) 12-nozzle case.
Fig. 4. Simplified geometry of endwindings (a) Geometry of fluid domain; (b) Mesh.
5. Analysis of different aspects in the simulation settings

There are many parameters and options involved in simulating this
spray cooling process. A thorough study has been done to investigate
their influence on the final results.

5.1. Check of reaching steady-state

Ensuring the solution has reached its steady-state is much more
difficult for the present work than in previous research because there
are two different time scales involved in the simulation of the afore-
mentioned spray cooling configuration for a vertical-oriented object.
One is related to the impact of spray droplets onto the thin liquid
film accumulated on the surfaces of endwindings, the other is related
to the dripping flow of this thin liquid film due to gravity. The for-
mer one is rather quick, usually on the magnitude of milliseconds or
7

even microseconds [61]; while the latter one is much slower, usually
on the magnitude of seconds or even minutes [62]. Both of these
physics mechanisms are important in determining the heat transfer
performance of this particular spray cooling process, with the former
one playing its role in the zones directly under the nozzles, and the
latter one mainly in the remained zones. Hence, it is necessary to
take them into account simultaneously in the solution, by using a
similar small time step but a much longer simulation time compared
to other commonly adopted spray cooling designed for horizontal-
oriented objects [23]. Nevertheless, it is shown in Fig. 5 that the curves
of monitored wall temperature and wall-film thickness of the surface of
endwindings become flat near 100 000 iterations, namely, 2 s. This is
corroborated by the change of wall-film coverage contours in Fig. 6.
The dry patches between the zones directly under the nozzles shrink
gradually with the time marching. As more and more wall-film parcels
enter the cells in these dry patches, these areas are transformed from
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𝛿

Fig. 5. Monitoring of wall temperature and wall-film thickness of the surface of
endwindings during the solution.

partially wetted to fully wetted by the thin liquid film. When the surface
of endwindings has already been fully covered after 2 s. Therefore, the
solution is deemed to reach steady-state after 100 000 iterations and all
later cases in this work are calculated until 100 000 iterations.

5.1.1. Comparison between the liquid film thickness and the boundary layer
thickness

From the enlarged view of the velocity vectors near the surface
of endwindings, the characteristic value for air velocity is found to
be around 15 m/s. Together with the radial width 13.5 mm of the
endwindings as the characteristic length, they are used to calculate
the air Reynolds number, 𝜌𝑔𝑢𝑔𝐿𝑤𝑑

𝜇𝑔
. As mentioned in Section 2.1, the

praying is a turbulent process, hence according to the relationship [63]

= 0.37
𝐿𝑤𝑑

𝑅𝑒1∕5𝑔

, (28)

the turbulent air velocity boundary layer thickness is estimated to
be 0.75 mm. The turbulent air thermal boundary layer thickness is
approximately the same as its velocity boundary layer thickness [63].
While the thin oil film thickness over the surface of the endwindings, its
distribution will be later in Fig. 19, ranges from 0.15 mm at the spots
directly under the spray nozzles, to 0.40 mm at other spots. Clearly,
the liquid film thickness is smaller than the boundary layer thickness,
justifying the usage of the Realizable k-𝜖 turbulence model [44] in
combination with the standard wall function [64] for simulating the
continuous gas phase.

5.2. Grid independence

It is important to ensure that the simulation results do not depen-
dent on the grid numbers of the mesh. Three meshes, with 150k, 300k,
and 500k cells are prepared in the same way only with the minimum
element size altered. All three meshes adopt five layers of prism grids
to adjust the y+ values at the wall of endwindings, in order to make
them above 30. Fig. 7 indicates that the 150k cells case has a relatively
large deviation in wall temperature and wall-film thickness from two
other cases. However, the differences in wall temperature and wall-film
thickness between the 300k cells case and the 500k cells cases are quite
small, less than 0.5 K and 0.01 mm, respectively, and there are no
visible distinguishable patterns or any unrealistic hot spot in their wall
8

Table 4
Simulation results with different stream numbers for each spray injector.

Stream
numbers

Averaged wall
temperature [K]

Averaged wall-film
thickness [mm]

Averaged wall-film
velocity [m/s]

2 339 0.274 0.22
5 339 0.278 0.23
10 340 0.277 0.22
20 339 0.278 0.23
50 340 0.277 0.22

Stream
numbers

Total HTC
[W∕(m2 K)]

Ununiformness of wall
temperature [%]

Ununiformness of
wall-film thickness [%]

2 503 2.9 47.0
5 510 2.9 48.6
10 499 2.9 48.0
20 520 2.7 51.1
50 503 1.5 46.9

temperature and wall-film thickness contours, as seen in the supporting
information of this paper. Hence, it is judged that the simulation results
do not depend on the grid numbers of the mesh as long as its cell
numbers are larger than 300k. Conservatively, the 500k cells mesh is
used in all later cases of this work.

5.3. Influence of stream numbers

The stream numbers set for each spray injector represent the num-
ber of parcels used to model the spray droplets injected every DPM
iteration. It is the dominating parameter that determines the computing
time since most of the computing time is spent on the Lagrangian part
of the solver instead of the Eulerian part. Decreasing the particle stream
number from 50 to 2 greatly speeds up the computation, from approxi-
mately 200 h to merely 10 hours! As shown in Fig. 8, both the numbers
of free spray parcels in the fluid domain and the wall-film parcels on
the surface of endwindings are significantly reduced.1 Fortunately, the
simulation results for area-weighted averaging quantities do not differ
more than the last effective digit according to the upper half of Table 4.
Though sparser for the lower stream number cases, the DPM velocity
vectors exhibit similar patterns no matter what stream number is cho-
sen in the simulation. Moreover, there are no distinguishable patterns
in other contours for different quantities on the surface of endwindings
in the supporting information, either. Therefore, a low stream number,
e.g. 5, is recommended as an initial setting for simulating the spray
cooling process in similar scenarios to cut down the computing time. Of
course, a stream number independence check is always welcome. Such
stream number is much smaller compared to the stream number, say,
600 [65], used in the simulation of the fuel atomization process. It is
reasonable because the injection of coolant spray is a continuous action
and lasts all along the simulation time, while the injection of fuel is just
a pulse that lasts a few microseconds. Hence, when simulating the spray
cooling process, there would still be enough parcels to stochastically
describe the spray in the long run, even with a very small stream
number for each spray injector.

5.4. Influence of splashing submodel

As mentioned in the supporting information, the splashing sub-
model of the Lagrangian wall-film model can be turned off by setting
the number of splashed parcels to 0. This could help reduce the number
of spray parcels in the fluid domain so as to further cut down the com-
puting time. As revealed in Table 5, the total heat transfer coefficient
and other area-weighted averaging quantities stay almost the same no
matter whether the splashing submodel is turned on or off, though the
wall temperature and wall-film thickness ununiformness are a little bit

1 Their numbers are already reduced 50 times for clearer visualization.
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Fig. 6. Wall-film coverage contours at different iterations.
Fig. 7. Change of wall temperature and wall-film thickness of the surface of
endwindings with varying cell numbers.
9

higher for the case with splashing submodel turned on. Hence, it is
concluded here that the splashing phenomenon has a minor influence
on the heat transfer performance of this spray cooling configuration.
This can be explained as follows: The heat transferred from the surface
of the endwindings is mostly removed by the thin liquid film flowing
over it. The cooling capability of this wall-film is determined by its
thickness and velocity. So, as long as the splashed droplets do not take
away a significant mass fraction of the wall-film, or most of them fall
back to become the wall-film again, splashing should not matter. This
is affirmed by the summary of all DPM parcels. Less than 1% of the
injected mass of coolant liquid ends up in the form of free spray parcels
suspended in the fluid domain, the other 99% ends up in the form of
wall-film parcels contributing to cooling the surface of endwindings.
In view of this, the splashing submodel is turned off in all later cases
of this work to reduce the extra computational cost and decrease the
number of small spray droplets suspended in the fluid domain.

5.5. Influence of breakup and collision submodels

The pressure of air in the end cap region of electric machines is
barely 1 bar, which leads to the much weaker secondary atomization
process of spray droplets [66] than in the high-pressure chamber of
internal combustion engines [67]. Hence, turning on the secondary
breakup submodel [46] should have little influence on the spray cool-
ing process. This inference is corroborated by the results in Table 6.
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Fig. 8. Particle traces colored by droplet diameters for different particle streams.
Table 5
Simulation results with splashing turned on/off.

Splashing
submodel

Averaged wall
temperature [K]

Averaged wall-film
thickness [mm]

Averaged wall-film
velocity [m/s]

Off 340 0.277 0.22
On 340 0.279 0.23

Splashing
submodel

Total HTC
[W∕(m2 K)]

Ununiformness of wall
temperature [%]

Ununiformness of
wall-film thickness [%]

Off 503 2.9 48.6
On 510 2.9 53.0

On the contrary, it seems that the inclusion of the stochastic collision
model [47] would deteriorate both the heat transfer performance of the
spray cooling and undermine the uniformness of the wall temperature
and wall-film thickness. But the heated endwindings surface where the
spray droplets hit on sits distantly from the nozzle outlet, at least tens
of nozzle diameters, in the current configuration of spray cooling for
electric machines. The frequency of collisions among spray droplets
should be low there and not influence the results that much. After a
further inspection of the contours of the wall-film temperature, it is
found that, in the case with the stochastic collision submodel turned
on, there is a hot spot, circled black in Fig. 9, located in the lower part
of the endwindings. The wall-film temperature in this region reaches
an extraordinarily high value compared to its neighborhood, which
becomes the cause of the higher averaged wall temperature and the sig-
nificantly worse uniformness of wall temperature. It is actually close to
a completely dried area as can be seen from its corresponding wall-film
thickness contours in the supporting information. Such a phenomenon
is highly unlikely to occur in reality and is suspected to be caused by the
nature of the Lagrangian wall-film model: It computes the liquid film
temperature in a specific grid by solving Eq. (18). If there are few spray
parcels residing in the grid of some specific area over the endwindings,
the sum of 𝑚𝑐𝑝𝑐𝑐𝑝 in that grid becomes very small and makes 𝑇𝑤𝑝 very
sensitive to the changes at the right-hand side of Eq. (18) – it is clearly a
numerical artefact. Other methodologies, such as the Eulerian wall-film
model [68], might be worth trying for fixing this issue to check whether
the aforementioned inference, which deems the collision effect of spray
droplets is a relatively unimportant factor, is true or not. Besides, the
stochastic collision model is very computationally expensive, so it is
kept turned off for all other simulation cases.

5.6. Influence of including the effect of heat conduction in the endwindings

The stator windings in electric machines are composed of copper
conductors, thin round wires for randomly wound windings or thick
10
rectangular wires for hairpin windings, and an insulation layer coated
on them, usually made of lacquer [69]. The effect of heat conduction in
them on the spray cooling heat transfer performance on endwindings
can be modeled by using shell conduction layers on their solid wall
surface. Cases with one shell conduction layer for only the copper
conductors and two shell conduction layers for the copper conductors
and the insulation layer, respectively, are both tried. The lower part of
Table 7 demonstrates that the wall temperature distribution becomes
more uniform with shell conduction layers modeled. But this is proba-
bly not realistic. It is just caused by adopting the simplified geometry
model in the present work, which ignores the air gap separation be-
tween endwindings extended from different stator slots. Whereas, other
quantities, like total heat transfer coefficient, change very little. Thus,
as the effect of heat conduction in the endwindings will not actually
affect the spray cooling heat transfer performance, no shell conduction
layers are included in the model of later cases in this work.

5.7. Influence of Saffman lift force

Bai, et al. [70] have discovered that the Saffman lift force is of
the same order of magnitude as the drag force in the near-wall re-
gion. Obviously, the trajectories of spray droplets near the surface of
endwindings would be affected by the Saffman lift force. Hence, it is
interesting to test whether the Saffman lift force would also affect the
spray cooling heat transfer performance or not. The simulation results
given in Table 8 and corresponding contours of different quantities
in the supplemental information of this paper both manifest that the
influence of the Saffman lift force has nearly negligible influence, so it
is omitted in all later cases of this work.

5.8. Solving only the energy equation with frozen flow field

After certain injections of spray droplets reach the surface of the
endwindings and a thin layer of the liquid film forms over it, the
flow field of the air will reach a steady-state as the coupling source
terms transferred from the dispersed liquid phase no longer vary. As a
consequence, there is no need to continue solving the continuity and
momentum equations of the air anymore, only the energy equation is
solved in subsequent iterations. Table 9 compares the simulation results
with all equations or only the energy equation solved for the continuous
gas phase after a certain number of iterations, waiting for the flow field
of air to reach its steady-state. The differences between all the metrics
of these two cases are quite small, and no visible distinction can be
observed in their corresponding contours of different quantities. Thus,
whenever possible, this technique ought to be utilized to reduce the

computing time further.
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Fig. 9. Wall-film temperature contours for cases with breakup or collision submodels.
Table 6
Simulation results for cases with breakup or collision submodels.

Submodels Averaged wall temperature [K] Averaged wall-film thickness [mm] Averaged wall-film velocity [m/s]

No breakup or collision 340 0.277 0.22
Only breakup 339 0.277 0.22
Breakup and collision 344 0.299 0.41

Submodels Total HTC [W∕(m2 K)] Ununiformness of wall temperature [%] Ununiformness of wall-film thickness [%]

No breakup or collision 503 2.9 47.0
Only breakup 525 2.9 52.3
Breakup and collision 420 42.4 57.8
Table 7
Simulation results with shell conduction layers added.

Shell conduction layers [–] Averaged wall temperature [K] Averaged wall-film thickness [mm] Averaged wall-film velocity [m/s]

0 340 0.277 0.22
1 340 0.278 0.22
2 340 0.275 0.22

Shell conduction layers [–] Total HTC [W∕(m2 K)] Ununiformness of wall temperature [%] Ununiformness of wall-film thickness [%]

0 503 1.5 46.9
1 506 0.3 51.8
2 508 0.4 44.0
Table 8
Simulation results with Saffman lift force turned on/off.

Saffman lift
force

Averaged wall
temperature [K]

Averaged wall-film
thickness [mm]

Averaged wall-film
velocity [m/s]

Off 339 0.278 0.23
On 339 0.279 0.22

Saffman lift
force

Total HTC
[W∕(m2 K)]

Ununiformness of wall
temperature [%]

Ununiformness of
wall-film thickness [%]

Off 510 2.9 48.6
On 522 2.9 47.6

Table 9
Simulation results with all equations or only the energy equation solved.

Equations
solved

Averaged wall
temperature [K]

Averaged wall-film
thickness [mm]

Averaged wall-film
velocity [m/s]

All 339 0.278 0.23
Only energy 340 0.279 0.23

Equations
solved

Total HTC
[W∕(m2 K)]

Ununiformness of wall
temperature [%]

Ununiformness of
wall-film thickness [%]

All 510 2.9 48.6
Only energy 506 3.5 49.6

6. Parametric study for design related choice and spray nozzles
configurations

A lot of parameters in the operating conditions or the configurations
of spray nozzles could influence the heat transfer performance of the
11
Table 10
Varying ranges for parameters analyses of the spray cooling process.

Case
numbers

Flow rate
[L∕min]

Droplet
size [mm]

Distance between nozzles
and endwindings [mm]

Nozzle
numbers

1 2.99 0.061 35 4
2 3.45 0.061 35 4
3 3.92 0.061 35 4
4 4.33 0.061 35 4
5 3.92 0.005 35 4
6 3.92 0.010 35 4
7 3.92 0.100 35 4
7 3.92 1.000 35 4
8 3.92 0.061 5 4
9 3.92 0.061 15 4
10 3.92 0.061 25 4
11 3.92 0.061 35 8
12 3.92 0.061 35 12

spray cooling process. Sensitivity analyses are performed with several
representative ones here, for guiding the design of the spray cooling
setup or the selection of suitable coolant liquids. Their varying ranges
are summarized in Table 10.

6.1. Influence of oil flow rate

Flow rate has been proved many times in previous research about
spray cooling [11] to be one of the principal operation conditions that
affect the overall cooling performance. Table 11 shows the simulation
results of varying the flow rate with the baseline configuration of
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Table 11
Simulation results from the parametric analysis of varying the flow rate.

Flow rate
[L∕min]

Averaged wall
temperature [K]

Averaged wall-film
thickness [mm]

Averaged wall-film
velocity [m/s]

2.99 354 0.261 0.16
3.45 346 0.273 0.19
3.92 339 0.278 0.23
4.33 339 0.277 0.28

Flow rate
[L∕min]

Total HTC
[W∕(m2 K)]

Ununiformness of wall
temperature [%]

Ununiformness of
wall-film thickness [%]

2.99 306 16.1 56.7
3.45 396 11.0 53.8
3.92 510 2.9 48.6
4.33 537 2.1 45.5

spray nozzles. It indicates that a larger flow rate leads to a larger
thickness and velocity of the thin liquid film flowing over the surface
of endwindings, which makes it remove heat at a quicker rate, thus,
giving rise to lower wall temperature and larger total HTC. Moreover, a
larger flow rate can reduce the ununiformness of wall temperature and
wall-film thickness, resulting in more spatially uniform cooling efficacy.

6.1.1. Comparison to the HTC correlations for multi-nozzle spray cooling
Two highly-cited HTC correlations [71,72] in the community of

spray cooling research are adopted here to examine the validity of the
simulation results. They are selected because they are specifically tar-
geted at single-phase spray cooling heat transfer with the evaporation
effect nearly zero, which is consistent with the situation in this work.
Both of them are based on the size of the heated surface. Here the
characteristic area is chosen to be the total surface area of endwindings,
𝐴𝑒𝑤, and the characteristic length is chosen to be the diameter of
endwindings, 𝐷𝑒𝑤. The Jiang et al. [71] correlation is written as

𝑁𝑢𝑒𝑤 = 9.75𝑅𝑒0.7𝑒𝑤𝑃𝑟
1∕3
𝑙 (29)

while the Tao et al. [72] correlation is written as

𝑁𝑢𝑒𝑤 = 0.6751𝑅𝑒0.77𝑒𝑤 𝑃𝑟0.84𝑙 (30)

where the Nusselt and Reynolds numbers of endwindings are defined
as

𝑁𝑢𝑒𝑤 =
ℎ𝑐𝑜𝑟𝑟𝐷𝑒𝑤

𝑘𝑙
(31)

𝑒𝑒𝑤 =
𝑄𝐷𝑒𝑤
𝐴𝑒𝑤𝜈𝑙

(32)

Fig. 10 demonstrates that though these two HTC correlations give
higher HTCs at lower flow rates and lower HTCs at higher flow rates
than the simulated HTCs, all of them correctly predict the increas-
ing trend of spray cooling HTC with increasing the flow rate of the
coolant liquid, and their values correlate well. Therefore, the validity
of simulation results is recognized by these two spray cooling HTC
correlations.

6.1.2. Comparison to the multi-nozzle spray cooling on endwindings exper-
imental results

Furthermore, the measured HTCs from the experiments done by Liu,
et al. [28,31], which are the reference source of all the simulation
settings in this work as aforementioned in Section 4, are adopted to
validate the simulation results here. They also varied the flow rates of
the coolant liquid at these corresponding values. Fig. 11 shows that the
measured HTCs differ quite a lot from the simulation results. Two issues
are supposed to be the causes for such a large discrepancy.

First, the so-called ‘‘wall temperature values’’ of endwindings are
measured by thermocouples attached to their surface with a certain
amount of thermal paste. However, the actual temperature values
measured by this method might be an average value of the wall tem-
12

perature of endwindings and the wall-film temperature. This is because h
Fig. 10. Comparison of simulation results to Jiang et al. [71] and Tao et al. [72] spray
cooling HTC correlations.

Fig. 11. Comparison of simulation results to Liu et al. [31] spray cooling HTC
experimental results.

the thermal paste layer between those thermocouples and the wall of
endwindings might be thicker than the thin liquid film flowing over
the surface of endwindings, which is barely around 0.3 mm according
to the simulation results. It makes the sensor heads of thermocou-
ples might even be above the wall-film, thus measuring an unknown
weighted temperature between the wall temperature and the wall-film
temperature values. As the latter one is roughly 10 ◦C lower than the
ormer one, an overestimation of the total HTCs might occur. Therefore,
he measured HTCs from the experiments [28,31] are modified by
ssuming the ‘‘wall temperature values’’ used by Liu, et al. are an
verage value of the real wall temperature of endwindings and the
all-film temperature.

Second, the simplification of the geometry for endwindings is be-
ieved to bring about a certain degree of underestimation for the
imulated HTCs. As claimed by La Rocca et al. [58] in 2019, the
eat dissipation rate predicted by using the simplified geometry for
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Fig. 12. Wall temperature contours for different droplet sizes.
Fig. 13. Wall-film thickness contours for different droplet sizes.

endwindings is 62.3% less than predicted by using the more realistic
geometry for endwindings. Although they investigated the forced air
convection heat transfer for the endwindings instead of the spray cool-
ing setup that the present work focuses on, the mechanism of increase
of the heat transfer performance, when changing from the simplified
geometry for endwindings to a more realistic one, is the same. It is
partly due to the increase of the heat exchange area per unit volume,
partly due to the more complex vortex flow structure and higher
tangential speed of air in the near wall region of the endwindings.
Hence, the simulated HTCs should be rectified by a ‘‘geometrical factor’’
to account for the discrepancy in the heat transfer performance because
of the adoption of the simplified geometry of endwindings. Here the
number 62.3% is used as the initial guess for this ‘‘geometrical factor’’.

The modified experimentally measured HTCs and rectified simu-
lated HTCs are also drawn in Fig. 11 and are found to be overlapped
with each other. This signifies the simulation results could be validated
by the experimental measurements after the proper modification or
rectification of HTCs.
13
Table 12
Simulation results from the parametric analysis of varying the droplet size.

Droplet
size [μm]

Averaged wall
temperature [K]

Averaged wall-film
thickness [mm]

Averaged wall-film
velocity [m/s]

5a – 0.047 0.02
10 339 0.350 0.56
100 341 0.274 0.35
1000 348 0.276 0.47

Droplet
size [μm]

Total HTC
[W∕(m2 K)]

Ununiformness of wall
temperature [%]

Ununiformness of
wall-film thickness [%]

5a – – 168.5
10 522 5.3 51.1
100 480 4.4 50.3
1000 368 9.2 60.1

aThe averaged wall temperature of endwindings for the 5 μm case reaches an unrealistic
high value. Hence, quantities related to it lose their meanings and are not given here.

6.2. Influence of droplet size

The size of spray droplets is another crucial parameter that affects
the overall heat transfer performance of spray cooling [11]. It is linked
to many other factors such as the pressure drop through the spray
nozzles and requires complicated and expensive experimental appara-
tus such as laser Doppler diffraction to measure [52]. Hence, it is too
difficult to vary the size of spray droplets independently in experiments,
while this can be easily done in CFD simulation via setting the uniform
distribution for spray droplets. The simulation results in Table 12 agree
with the consensus in the community that smaller size of droplets
leads to higher heat transfer performance of spray cooling [59]. It can
be explained by the largest thickness and velocity of the wall-film of
the 10 μm droplet diameter case, as shown in Figs. 13 and 14. Too
large a droplet size will degrade the spatial uniformness. As shown
in Fig. 12, obviously the 1000 μm droplet diameter case has more
high-temperature spots. However, there is a lower bound. Decreasing
the size of spray droplets to values smaller than this lower bound
will not help enhance the cooling performance, on the contrary, it
will significantly deteriorate the cooling performance. This is testified
by the 5 μm droplet diameter case. It not only contains a huge dry
surface area, as seen by the wall-film coverage contours in the support
information of this paper, but also has much lower wall-film thickness
and wall-film velocity on the wet surface of endwindings, as seen in
Figs. 13(a) and 14(a). The summary of all DPM parcels reports that
only half of the injected mass of coolant liquid ends up forming the
thin liquid film over the surface of endwindings, affirmed by the sparser
wall-film parcel traces in Fig. 15(a) compared to (b), (c) and (d). This is
due to the too small inertia of the 5 μm diameter droplets. They do not
follow the axial direction of endwindings to hit on their surface but are
suspected to be drifted away because of the vortex structures generated
by the wall-jet [73] in neighboring near-wall regions. It is made clear
by comparing Fig. 16(a) to (b).
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Fig. 14. Wall-film velocity contours for different droplet sizes.

Fig. 15. Particle traces colored by droplet diameters for different droplet sizes.

Fig. 16. DPM velocity vectors for different droplet sizes.
14
Fig. 17. Particle traces colored by droplet diameters for different spray heights.

Table 13
Simulation results from the parametric analysis of varying the distance between the
nozzles and endwindings.

Distance
[mm]

Averaged wall
temperature [K]

Averaged wall-film
thickness [mm]

Averaged wall-film
velocity [m/s]

5 338 0.338 0.57
15 338 0.305 0.38
25 339 0.290 0.28
35 339 0.278 0.23

Distance
[mm]

Total HTC
[W∕(m2 K)]

Ununiformness of wall
temperature [%]

Ununiformness of
wall-film thickness [%]

5 548 3.3 52.4
15 545 3.0 49.5
25 532 2.7 48.6
35 510 2.9 48.6

6.3. Influence of distance between nozzles and endwindings

The distance between nozzles and endwindings is one of the vital
parameters for configurations of spray nozzles that affects the overall
cooling performance. Previous research [74] has discovered that there
exists an optimum value for spray height under a specific operating
condition. The simulation results of varying it are given in Table 13. It
demonstrates that the thickness and velocity of wall-film increase with
decreasing the spray height, which results in lower wall temperature
of endwindings and higher total HTC. However, the ununiformness of
wall temperature and wall-film thickness becomes more severe with
decreasing the spray height, too. A distinct feature for the 5 mm spray
height case is the complete elimination of small size droplets suspended
in the fluid domain, as shown in Fig. 17(a) compared to 17(b), (c) and
(d). This is suspected to be caused by the vanish of vortex structures in
the near wall region, due to the limited space between the injector and
the surface of endwindings.

6.4. Influence of nozzle numbers

Fig. 3(b) and (c) illustrate the arrangement of positions for 8 and
12 spray nozzles over the endwindings. For a fair comparison, the total
flow rate of coolant liquid is fixed. Hence, the injected velocity of spray
droplets for more nozzle numbers case is proportionally decreased, as
shown in Fig. 18. The simulation results for all three configurations
of spray nozzles are given in Table 14. It is found that the wall-film
increases with more nozzles used, as clearly seen in Fig. 19, while the
wall-film velocity decreases with more nozzles used, which can be seen
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Fig. 18. DPM velocity vectors for different nozzle numbers.
Fig. 19. Wall-film thickness contours for different nozzle numbers.
Fig. 20. Wall-film velocity contours for different nozzle numbers.
in Fig. 20 and is related to the decrease of the injected velocity of spray
droplets when more spray nozzles are used. The combination of these
two effects results in higher heat transfer performance, but opposite to
the intuition, worse spatial wall temperature, and wall-film thickness
uniformness. Evidently, extra caution is needed in selecting the optimal
number of nozzles for the designer of such a spray cooling setup if the
total flow rate of coolant liquid is fixed.

7. Summary and conclusions

This work investigates the heat transfer characteristics of spray
cooling on endwindings of electric machines via the CFD simulation for
a simplified geometrical model. The recommended settings are: 1. Set
as few stream numbers as possible (e.g., 5 as a first try) for each spray
injector as long as the accuracy of the computed results is preserved.
This was shown to significantly cut down the computational cost; 2.
Only solve the energy equation for the air (frozen velocity fields) when
its flow field reaches the steady-state, for speeding up simulation; 3.
15
Table 14
Simulation results from the parametric analysis of varying the spray height.

Nozzle
numbers [–]

Averaged wall
temperature [K]

Averaged wall-film
thickness [mm]

Averaged wall-film
velocity [m/s]

4 339 0.278 0.23
8 339 0.349 0.17
12 338 0.404 0.15

Nozzle
numbers [–]

Total HTC
[W∕(m2 K)]

Ununiformness of wall
temperature [%]

Ununiformness of
wall-film thickness [%]

4 510 2.9 48.6
8 534 3.2 48.4
12 540 4.4 55.4

Since the splashing after the spray droplets impact on the wall/wall-
film, the secondary atomization of the spray droplets, the effect of heat
conduction in the endwindings, and the Saffman lift force have nearly



Applied Thermal Engineering 235 (2023) 121281A. Zhao et al.
negligible influence on the cooling performance, these submodels can
be turned off.

In order to achieve the best heat transfer performance of spray cool-
ing on the endwindings, sensitivity analyses are done for parameters
related to design choice and the configuration of the spray nozzles.
It is found: 1. Around 75% increase of the total HTC and 8 times
decrease of the ununiformness of wall temperature can be achieved
by increasing around half the flow rate of the coolant liquid. Such
performance enhancement is due to the thicker and faster thin liquid
film flowing over the surface of endwindings produced by the larger
mass flow rate. Furthermore, the predicted HTCs are validated with two
correlations and rectified experimentally measured data; 2. Reducing
the size of spray droplets leads to a larger total HTC and a more uniform
distribution of wall temperature. But it needs to be kept above a lower
bound, which is found to be between 5 μm and 10 μm of the droplet
diameter; 3. Reducing the distance between nozzles and endwindings
from 35 mm to 5 mm gives a 7% larger total HTC at the expense of
slightly deteriorating the uniformness of wall temperature. In addition,
all the tiny droplets suspended in the fluid domain observed in large
distance cases are eliminated for the lowest distance case; 4. Increasing
the nozzle number from 4 to 12 results in a 6% larger total HTC, even
with the total flow rate of coolant liquid fixed.
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