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Abstract: The demand for higher power density in electrical machines necessitates ad-
vanced cooling strategies. Spray cooling emerges as a promising and relatively straight-
forward technology, albeit involving complex physics. In this paper, a quasi-3D thermal
finite-element model of stator winding is created by the extrusion of a 2D cross-sectional
finite-element model along the winding direction. The cooling effects of the spray impact
are simulated as a heat flux that uses an impedance boundary condition at the surface of
the winding overhang. The results confirm the advantageous performance of spray cooling,
indicating that it may enable a tenfold increase in power density compared to standard air-
or water-cooled machines.

Keywords: spray cooling; finite-element method; quasi-3D; thermal model

1. Introduction
Electric machines produce heat due to electrical losses and mechanical friction. These

losses are especially pronounced during startup or dynamic braking and tend to increase
significantly with heavier loads. Excessive heat can reduce machine efficiency and eventu-
ally lead to failure. This is why proper cooling of the electric machine parts is necessary to
ensure that the machine operates at optimal temperatures, preventing overheating, which
can lead to possible subsequent damage. Overheating can harm electronic components
and shorten the machine’s lifespan. High-speed electric machines face challenges due to
higher loss densities. A thorough thermal analysis, combined with electromagnetic and
mechanical considerations, as well as appropriate cooling processes, is essential during
design [1–3]. Several traditional cooling methods, such as with water-cooling jackets, oil,
and air cooling, have been widely investigated in automotive applications [4,5]. Efficient
cooling of high-power density electric machines is a rather challenging problem [6–10] that
cannot be easily solved using these conventional approaches.

Recently, spray cooling has started to be considered by engineers as a potentially
very efficient technology for improving the thermal control of electric machines and other
powerful electric and electronic systems [11]. Experiments on the thermal management
of electric machines are usually focused on cooling the end winding [12–15], which is a
relatively easily accessible and intensively heated part of the machine (Figure 1). The appli-
cation of multiple full-cone nozzles [12] is recommended for achieving uniform cooling.
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In most cases, cooling the winding requires some effort to prevent the flow of the aerosol of
the oil from dropping into the gap between the stator and rotor [16]. Nonetheless, some
recent studies suggest using air/spray cooling, including for winding and gap cooling of
the electric machine [17]. The application of spray cooling to the thermal management of
electric machines has also been investigated using computational fluid dynamics (CFD)
computation based on existing empirical models from the literature, and, in some cases, it
shows improvement according to experimental estimations of the heat flux [18–20]. In all
these studies, several important parameters are missing. First and foremost, the spray used
for cooling is not properly characterized. The average drop diameter (for example, the
Sauter mean diameter D32), the average drop velocity and direction, the local mass flux
density, and the temperature are the main parameters influencing spray cooling. These
parameters are often measured using phase Doppler instruments [21] or other optical
methods [22]. The heat flux is also determined by the thermal and rheological properties of
the liquid as well as the surface and thermal properties of the substrate. This is why, for the
sake of a more accurate model, it is important to understand the basic dynamics of the drop,
spray impact, and accompanying heat transfer occurring in spray cooling applications.
Spray impingement is a very effective means of removing heat from hot surfaces. Spray
cooling processes are used in the field of metal production [23,24], for cooling high-power
electronic devices, data centers, and hybrid electric vehicles [25,26], for cooling laser diode
scanners [27], in aerospace applications [28], and for cryogenic cooling of human tissue
in medicine [29] and other biomedical applications [30]. The advantage of spray cooling
lies in the simplicity of its technical realization. The ability to direct the spray allows for
covering a large cooling area. These advantages are complemented by the ability to provide
relatively high heat fluxes comparable with those produced by micro-channels, heat pipes,
or other high-intensity heat removal technologies. Comprehensive literature reviews on
spray cooling in various systems and the physical phenomena involved can be found
in [31–33]. Spray impact onto a solid substrate quickly forms a thin, fluctuating liquid wall
film. This film is generated by the deposited liquid after drop impacts. The dynamics of the
film are governed by viscous and capillary effects, as well as by flow disturbances caused
by drop impacts, as shown in Figure 2. This is why the phenomenon of spray impact cannot
be modeled as a simple superposition of drop impact events [34]. This is also the reason
why the modeling approaches describing the deposition mass ratio and the characteristics
of spray cooling are mainly empirical.

Figure 1. Schematic view of an electric machine.



Energies 2025, 18, 84 3 of 16

Figure 2. Shadowgraphy image of spray impact onto a convex solid target.

The outcome of a drop impact onto a wetted wall is determined by the material proper-
ties of the liquid, like density ρ, viscosity µ, surface tension σ, the thickness of the wall film
hfilm, impact velocity U0, impact angle, and initial drop diameter D0. The corresponding
dimensionless quantities include the Reynolds and the Weber numbers and dimensionless
film thickness

Re =
ρD0U0

µ
, We =

ρD0U2
0

σ
, δ =

hfilm
D0

. (1)

Typical outcomes of a drop impact onto a wetted wall are shown in Figure 3. They include
drop rebound at very small Weber numbers. Rebound is governed by the stresses in a thin
air gap between the impacting drop and the liquid film, deposition, and formation of an
uprising liquid sheet formed as a result of the interaction of the flow in the lamella with the
outer undisturbed film. At velocities exceeding the splashing threshold, drop impact leads
to the generation of a secondary drop: splash.

Figure 3. Typical outcomes of drop impact onto a wetted substrate: (a) Floating/bouncing (We = 0.62,
Re = 24, δ = 0.33); (b) Deposition (We = 78, Re = 300, δ = 0.33); (c) Crown formation (We = 700,
Re = 900, δ = 0.33; (d) Splash (We = 1224, Re = 604, δ = 0.04).

The splash is also the result of various hydrodynamic phenomena. Typical splash
phenomena, i.e., prompt splash, corona splash, corona detachment, and breakup of a central
jet, are shown in Figure 4. Among the important results of drop impact studies [35] are the
splashing threshold [36,37]

K8/5
splash = 2100 + 5800δ1.44, K ≡ We1/2Re1/4, (2)
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and the splashed mass ratio

ηsplashed mass ≈ 0.5 − 0.62 exp[−K8/5
primary], (3)

where Kprimary is the averaged K− number, defined in (2), which is computed using the
averaged parameters of the primary spray before wall impact. The corresponding deposited
mass ratio is therefore

ηdeposited mass = 1 − ηsplashed mass. (4)

since the mass lost due to evaporation during the short time of drop collision is relatively small.

Figure 4. Various types of splash observed in experiments: (a) Prompt splash; (b) Corona splash;
(c) Corona detachment; (d) Worthington jet.

The outcome of drop impact can also be significantly influenced by temperature,
as shown in the example in Figure 5. This result can be explained by the dependence
of viscosity and surface tension on temperature, as well as by the emergence of forces
associated with thermal Marangoni effects or even liquid boiling. The model for heat flux
associated with spray cooling depends on wall temperatures and, thus, on the impact of hy-
drodynamic and thermodynamic regimes. These regimes, at the highest wall temperatures,
include drop rebound due to film boiling or drop thermal atomization. At intermediate
temperatures, which still significantly exceed the boiling temperature, drop impact is ac-
companied by intensive nucleate boiling. At lower temperatures below the boiling point,
heat transfer occurs mainly by convection in the drop and in the liquid film and by heat
conduction in the substrate in the expanding thermal boundary layers.

Figure 5. Effect of liquid temperature on the outcome of a Hexadecane drop impacting onto a
Hexadecane wall film with δ = 0.1, D0 = 2 mm, and U0 = 3 m/s.

For relatively low temperatures, typical of the operating conditions of electric devices,
heat transfer is influenced by the expansion of a crater, which is formed in the film by
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drop impact. Heat transfer depends on the residual film thickness at the bottom of a crater,
which is determined by the viscous stresses [38,39], duration of the crater expansion, and
the receding and maximum spreading diameter.

This paper focuses on the simulation of heat extraction from winding overhang.
The heat transfer coefficient is determined from an experiment (Section 5), which included
various volumetric fluxes, drop velocities, and diameters. In contrast to the CFD simulations
in [18–20], the finite-element (FE) method is applied, with the assumption of a uniformly
distributed spray [12]. Additionally, a quasi-3D approach is exploited, which is successfully
used in other physical simulations as in [40–42] while avoiding an unaffordable three-
dimensional (3D) simulation.

2. Thermal Model
2.1. Thermal Machine Model

During electric machine operation, there are several sources of heat. In the stator and
rotor windings and bars, Joule losses are generated. In the yoke parts, eddy-current and
hysteresis losses are generated. At the interface between moving parts, friction losses occur.
A stator winding consists of wires separated by insulation. A part is mounted in the stator
slots. The overhang winding parts stick out at the front and back sides of the machine.
The interturn insulation is considered one of the weakest parts of an electric machine [43]
and is, therefore, a common reason for machine failures. This paper will focus on the
cooling of the stator windings and thus consider the Joule losses as the major heat source.
The inside parts of the stator windings are hot spots. Commonly, the heat is extracted from
the overhang winding parts by air cooling. In this paper, spray cooling of the overhang
winding parts is studied as an alternative.

As an example machine model, a squirrel-cage induction machine located at the
Electric Drives and Power Electronic Systems Institute of TU Graz is considered [44]. Its
thermal properties have been investigated in [45,46]. The machine is designed for a nominal
power of 3.7 kW at a nominal speed of 1430 rpm. Moreover, it is rated for air-cooling but is
surrounded by a cooling jacket for measurement purposes.

2.2. Heat Conduction Model

In the stationary case, the heat equation [47] is

−∇ · (λ∇ϑ) = p, in V ⊂ R3; (5)

ϑ = ϑiso, at Siso; (6)

n⃗ · q⃗ = 0, at Sadia; (7)

n⃗ · q⃗ = gimp(ϑ), at Simp, (8)

where ϑ(⃗r) is the temperature, q⃗(⃗r = −λ∇ϑ is the heat flux density, λ(⃗r, ϑ(⃗r)) is the thermal
conductivity, and p(⃗r) is the internal heat source density; in the case of a stator winding, it
is the Joule loss density. V is the computational domain, ∂V = Siso ∪ Sadia ∪ Simp its surface
divided into an isothermal, adiabatic, and impedance part, n⃗(⃗r) is the unit normal vector
at ∂V and r⃗ = (x, y, z) is the coordinate system, where z is the direction along the axis of
the machine.

The isothermal boundary condition (BC) enforces a prescribed temperature distribu-
tion ϑiso at Siso. The adiabatic BC prescribes the heat flux density, here 0. The impedance
BC imposes a relation gimp between heat flux density and the temperature at the boundary.
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2.3. Simplification of the Thermal Model

To reduce model complexity and computational effort, the following assumptions
are considered:

• The problem is stationary: This assumes a constant internal and external heat source
density. As a consequence, the heat generated in the domain equals the heat flux
through the surface.

• The radial heat flux within the machine is negligible: This implies that the generated
heat within the stator winding flows toward the overhang winding, and is there
removed by spray cooling.

• The properties of the spray cooling are constant, i.e., the liquid film has a constant
thickness and a constant temperature.

• The central part of the geometry is invariant in z-direction. The problem is formulated
for the 2D cross-section of the machine. Nevertheless, some field features are axial
dependent, which will be taken into account by a quasi-3D formulation.

• To model the spray cooling effects, the machine model gets reduced to a stator winding.

With these assumptions, the thermal model gets reduced to

−∇ · (λ∇ϑ) = p, in Ωk; (9)

−λ∇ϑ · n⃗ = 0, at Γadia; (10)

λ∇ϑ · n⃗ + h(ϑ − ϑ0) = 0, at Γimp, (11)

with

Ωk := {⃗r = (x, y, z) ∈ V | z = f (s)} for k ≤ |N| ∈ Z;

Γadia := {⃗r = (x, y, z) ∈ ∂Ωk ∩ Sadia}for k < |3
5

N| ∈ Z;

Γimp := {⃗r = (x, y, z) ∈ ∂Ωk ∩ Simp} for k > |3
5

N| ∈ Z;

where Ωk are discrete cross-sections of V , Γimp and Γadia are the boundaries. h is the heat
transfer coefficient at Γimp modeling the spray cooling at the overhang winding surface.
The field problem is solved with the FE solver Pyrit [48] and validated using COMSOL
Multiphysics® [49]. The heat source density equals the Joule losses [50]

p =
J2

σcu
, (12)

where J is the current density and σcu is the electric conductivity of copper.

3. Discretization
The assumption of a translatory invariant geometry in the winding direction allows

for a two-dimensional (2D) cross-sectional FE model, which is extruded in the winding
direction using the quasi-3D approach.

3.1. Finite-Element

The 2D cross-section is meshed with triangles. The temperature is approximated as

ϑ ≈
N

∑
j=1

ujNj (13)

where Nj(x, y) are 2D first-order nodal shape functions and uj the degrees of freedom.
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Using the Ritz-Galerkin approach [51], the thermal model (9) leads to the system
of equations

(Kλ + Mh)u = p + q (14)

with the stiffness matrix Kλ, the mass matrix Mh and the internal load vector p and external
load vector q expressed.

Kλ,ij =
∫

Ω
λ∇Nj · ∇Ni dΩ; (15)

Mh,ij =
∫

Ω
hNjNi dΩ; (16)

pi =
∫

Ω
pNi dΩ; (17)

qi =
∫

Γ
hϑ0Ni dΓ. (18)

3.2. Quasi-3D Approach

The winding direction is discretized by

z = f (s), (19)

where f (s) is a Frenet–Serret mapping [52]. For this, one-dimensional (1D) quadratic
Lagrange shape functions N1D

k (z) are introduced as

N1(ξ) =
1
2

ξ(ξ − 1), (20)

N2(ξ) = (1 − ξ2), (21)

N3(ξ) =
1
2

ξ(ξ + 1). (22)

Here, ξ is a reference 1D element with ξ ∈ [−1, 1]. Therefore, the approximation in (13)
becomes the quasi-3D formulation

ϑ(u, v, s) ≈
N

∑
j=1

N

∑
k=1

ujk N2D
j (u, v)N1D

k (s). (23)

With this approximation of the temperature, the stiffness matrix K3D is derived as [40]

Kλ,ijkl =
∫

Ω
λ∇(N2D

j N1D
k ) · ∇(N2D

i N1D
l )dΩ;

=
∫

Ω
λ∇N2D

j · ∇N2D
i N1D

k N1D
l dΩ︸ ︷︷ ︸

M1D
kl ⊗K2D

ij

(24)

+
∫

Ω
λN2D

j N2D
i ∇N1D

k · ∇N1D
l dΩ︸ ︷︷ ︸

K1D
kl ⊗M2D

ij

.

The 3D stiffness matrix K3D is constructed using 1D- and 2D-stiffness, K, and mass matrix,
M, which are multiplied using the Kronecker product denoted as ⊗. A similar adjustment
is necessary for the 3D mass matrix M3D and the loads q and p
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Mh,ijkl =
∫

Ω
hN2D

j N2D
i N1D

k N1D
l dΩ︸ ︷︷ ︸

M1D
kl ⊗M2D

ij

, (25)

q3D
il =

∫
Ω

hϑ0Ni Nl dΩ︸ ︷︷ ︸
q1D

i ⊗ q2D
l

, (26)

p3D
il =

∫
Ω

pNi Nl dΩ︸ ︷︷ ︸
p1D

i ⊗ p2D
l

. (27)

4. Quasi-3D FE Model of a Stator Winding with Spray Cooling
4.1. Geometry

The winding model is displayed in Figure 6 as a 3D sketch and in Figure 7 as two cross-
sections with different boundary conditions. Due to symmetry, it is sufficient to consider
only a part of a single stator winding extending between the center cross-section of the
machine (z = 0 in Figure 6a) to the outermost point of the overhang (point p in Figure 6a).
The curved geometry is projected onto a straight (Figure 6b) by the coordinate transfor-
mation (u,v,s) → (x,y,z) = (f (u,v,s), g(u,v,s), h(u,v,s)). To simplify the setting, u and v are
chosen to match x and y in the center cross-sectional plane, and s is chosen to be the length
measured along the center line of the winding. Moreover, the curvature torsion of the
winding is neglected. These assumptions are acceptable for the thermal problem considered
here but would not work for a magnetic model. In this simplified setting, a quasi-3D FE
formulation of Section 3.2 can be applied without distinguishing between (u,v,s) and (x,y,z).

The cross-section of the quasi-3D model is depicted in Figure 7. The area of the
cross-section is 107.7 mm2, with two-layer wire windings immersed in insulating epoxy
resin. Each layer consists of 18 copper wires, resulting in a copper fill factor of 59%. Other
geometrical and thermal properties of the winding used in the computations are listed in
Table 1.

Γadia Γimp

stator winding over-
hang

z

x

y0
lz
2

p

(a)

Γadia

Γimp

stator winding
overhang

s
u

v0

lz
2

lz
2 +

lend
2

(b)
Figure 6. Simulation model of stator winding and overhang in different coordinate systems.
(a) Cartesian coordinates; (b) Frenet-Serret coordinates.
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Γadia Γadia

Γadia

Γadia

x,u

y,v

1

2

3

4

5

6

(a)

Γimp Γimp

Γimp

Γimp

x,u

y,v

(b)
Figure 7. (a) 2D cross-section of the winding within the stator with the corresponding boundary
conditions. The numbers indicate the points that are used for temperature evaluation. (b) 2D cross-
section of the overhang-winding outside the stator. Only the overhang winding is getting spray-cooled.

Table 1. Parameters of the winding model.

Name Parameter Value Unit

Length within stator ls 100 mm
Length overhang lew 66.6 mm
Current density J 10 A/mm2

Electric conductivity copper σcu 60 MS/m
Thermal conductivity copper λcu 400 W/Km
Thermal conductivity insulation λins 0.7 W/Km
Thermal conductivity of water λfilm 0.6 W/Km
Heat source density p 1.7 MW/m3

4.2. Boundary Condition

Due to symmetry, there is no heat flux through the center and outermost cross-sectional
planes (s = 0 and s = lz

2 + lend
2 ). Hence, adiabatic boundary conditions −λ ∂ϑ

∂s = 0 are
applied there.

Within the stator yoke, the winding is surrounded by good electric insulation, which
also provides good thermal insulation. As a consequence, the heat flux toward the stator
yoke can be neglected. Hence, an adiabatic BC −λ ∂ϑ

∂s = 0 is applied (Figure 6a).
The winding overhang is subjected to spray cooling. It is assumed that the spray

is homogeneously applied to the winding surfaces. The inhomogeneous temperature
distribution, however, will cause inhomogeneous heat removal. The spray-cooling effect is
modeled as an impedance BC n⃗ · q⃗ = gimp(ϑ) = hspray(ϑ − ϑ0) with hspray = 22,485 W/Km2

and ϑ0 = 293 K, as determined by the spray-cooling experiment reported below.

5. Experimental Characterization of the Spray Cooling
Figure 8 depicts an experimental setup [53] for studying spray impact onto a hot target

and measuring the heat flux for various spray parameters: volumetric flux, drop velocity,
and diameter. The setup consists of the following major sub-systems: a liquid supply sys-
tem and atomizer for water spray generation, a convex target with a heating and thermal
control system, and the observation system, which includes a high-speed video system with
16,000 fps (FASTCAM SA1, Photron, Reutlingen, Germany) and high-speed infrared system
with 100 frames at 244 Hz (Phoenix, Indigo Systems, FLIR Systems Inc. Santa Barbara, CA,
USA). The spray has been characterized using a phase Doppler instrument. The heat flux in
the target was measured using an array of thermocouples. The metal target of convex shape
included a carefully calibrated thin thermal resistance layer parallel to the interface. This
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allows a significant increase in the temperature jump in the thermocouple measurements
and thus improves the precision of the heat flux measurements. The flow on the target
surface is characterized by a high-speed infrared camera (see Figure 9) and a high-speed
camera (see e.g., in Figure 2). The average film thickness at the generatrix of a convex
target surface was measured using a high-resolution video camera with 36,000 fps (High-
SpeedStar 5, LaVision, Göttingen, Germany). The experimental setup has been developed
for investigating the effect of gravity acceleration on the heat flux associated with spray
impact [54]. In this study, however, only results obtained under normal terrestrial condi-
tions are relevant. The Sauter mean diameter D32 of the drops in the spray was varied from
390 to 890 µm, the average impact velocity was chosen in the range between 5.6 and 14 m/s,
and the volumetric flow rate of the liquid was specified between 0.25 and 0.65 L/min.
The spray angle is 30◦, and the distance to the target is 70 mm. Therefore, the mass flux
ṁ can be roughly estimated from the mass balance and geometrical considerations to be
between 3.8 and 9.8 kg/m2s. Interestingly, for these relatively wide ranges of the main
spray parameters, the variations of the measured heat transfer coefficients hspray are rather
weak: from 2.2 × 104 to 2.3 × 104 W/m2K. Hence, the dependencies of the spray-cooling
effect on the spray-cooling parameters are neglected in the FE simulations reported below.
A representative setting of the spray-cooling has been selected, for which the parameters,
among the heat transfer coefficient hspray and the environmental temperature used in the
simulations, are listed in Table 2.

Figure 8. Sketch of the experimental setup used to investigate spray cooling. More details can be
found in [53].

Figure 9. Spray-cooled target captured with an infrared camera. Red and yellow regions correspond
to hot water film covering the target. Light blue and turquoise regions correspond to locations of
recent impingement of cold droplets.
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Table 2. Parameters used for computations.

Name Parameter Value Unit

Mass flow rate Ṁ 0.35 kg/min
Estimated mass flux ṁ 5.3 kg/m2s
Average spray velocity Uspray 7.77 m/s
Sauter mean diameter D32 497 µm
Spray temperature ϑ0 293 K
Film thickness Hfilm 91 µm
Heat transfer coefficient hspray 22.5 kW/Km2

6. Results and Discussion
6.1. Existing Machine

In the central cross-section, the maximal temperature difference is 0.5 K. Moreover,
the individual wire cannot be recognized because the temperature distribution is almost
homogeneous (see Figure 10 lower left corner). In the most outside cross-section, displayed
in Figure 11, the temperature difference is 3 K from the winding center to the surface.
Moreover, each wire is visible as a temperature gradient from the center to the surface exists.

Figure 10. Temperature along the winding at six positions (1–6) within the winding’s cross-section.
The solid line represents the temperature in the winding inside the slot and the dashed line represents
the temperature in the overhang part of the winding. To obtain the results for an entire winding,
the result should be mirrored several times at the left and right positions.

The resulting temperature distribution along the winding direction is shown in
Figure 10 for the temperature at selected points. The temperature distribution along the
wire winding can be retrieved by mirroring the curves in Figure 10 left and right. Therefore,
the position (s = 0 mm) is in the middle of the stator, the position (s = lz

2 = 50 mm) is the end
of the stator and the beginning of the overhang, and the position (s = lz

2 + lend
1 = 80 mm)

is the middle of the overhang. At the center cross-section (at 0 mm), the temperature in
the center and at the surface are almost identical. This is attributed to the good thermal
insulation between the winding and yoke. A temperature drop of 6 K is located at the
end of the stator and at the beginning of the overhang. From the center cross-section,
the temperature decreases continuously in the winding direction. The highest temperature
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is in the lower layer of the winding, with 304 K within the slot and 296 K in the overhang.
As this is the point with the largest distance to the surface, the cooling effect of the spray is
the lowest there. The lowest temperature is found at the surface with the spray impact. It is
only marginally larger than the spray temperature. Even within the center cross-section,
where the winding is not cooled, the temperature of the wires remains at a moderate level.
This is because the investigated machine is rated for air cooling.

Figure 11. Temperature at six positions (1–6) within the winding’s cross-section at the most outside
point (s = lz

2 + lend
2 ). The distribution is mainly influenced by the spray-cooling boundary condition.

6.2. Machine with Increased Power Density

In machines with a higher power density, the effects of spray cooling will have a
greater impact. To illustrate this, the existing machine is simulated with a

√
10 times

larger powering current, which roughly corresponds to a 10 times larger power density
and a tenfold larger heat source density, reaching 18.4 MW/m3. The resulting tempera-
ture distribution along the winding direction is shown in Figure 12 for selected points.
The highest temperature is 410 K in the center cross-section and 335 K in the overhang
cross-section. Therefore, the highest temperature is still lower than the permitted average
winding temperature of the “thermal class 180” of insulating materials [55]. The lowest
temperature is found at the surface of the overhang, which is only 0.5 K higher than the
spray temperature.

To further investigate the cooling effect, the resulting temperature at position 3, which
is the hot spot of the winding, is evaluated for different current densities and heat transfer
coefficients (see Figure 13). In Figure 13a, a current density between 10 and 40 A/mm2

is considered. While a current density of 35 A/mm2 stays within the “thermal class 180”
limits, the maximum temperature of 462.9 K for 40 A/mm2 exceeds the limits for the
insulation class. In Figure 13b, the heat transfer coefficient is evaluated for sprays between
5 and 22.5 kW/Km2 as well as for air-cooling, which reaches 0.25 kW/Km2. Additionally,
a current density of J = 35 A/mm2 is considered, which was shown above to be the limit
for the chosen machine winding. With a temperature difference from the center to the
overhang of 88.6 K for air-cooling, and 84.6 K and 83.1 K for spray cooling with a heat
transfer coefficient of 5 and 22.5 kW/Km2, respectively, the cooling behavior varies only by
5 K. However, the maximum temperature difference between the highest temperature of air
and spray-cooling is around 200 K, which indicates a significant cooling effect using spray
cooling. Note that the spray with a heat transfer coefficient of 5 kW/Km2 is still within the
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“thermal class 180” limits, which indicates that other spray materials can be applicable to
spray cooling as well.

Figure 12. Temperature along the winding for a 10 times higher power density.

(a) (b)
Figure 13. Temperature at position 3 along the winding direction compared for various parameters:
(a) Variation of the current density. The reference current density is J = 10 A/mm2. (b) Variation of
the heat transfer coefficient, for a current density of J = 3.5 × 10 A/mm2.

7. Conclusions
In this paper, an overview of spray cooling is provided first. The necessary parameters

for its description as an impedance boundary with a thermal FE model have been derived.
The temperature distribution was simulated with a quasi-3D FE model, which essentially
extrudes the 2D cross-sectional FE model along the winding direction to account for the
heat flux from the machine’s interior to the winding overhang where spray cooling is
applied. It was shown that when applying spray cooling to an initially air-rated winding
model, the machine can withstand a tenfold increase in power density. Additionally,
the influence of the heat transfer coefficient on the temperature distribution has been
evaluated, indicating that other spray fluids may be efficient as well. Therefore, spray
cooling is a promising technology for increasing the power density of electric machines.
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