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Abstract: Electrification has become increasingly common in aerospace due to climate change concerns. After
successful applications in general aviation aircraft, electrification is now addressing subregional (<= 19 pax)
and regional aircraft (~ 80 pax). Megawatt-class electric motors are needed both to drive propellers and to act
as high-power generators in hybrid-electric propulsion systems. Although the efficiency of these electric
machines is very high, the power levels require the design of heat management systems capable of dissipating
a much higher quantity of heat than that dissipated by traditional cooling systems. Coolants also deserve
renewed attention as their associated physical properties need to be improved to ensure greater heat removal
than conventional coolants. The technical solution here explored is the addition of nanoparticles into a base
liquid. Nanoparticles, in fact, have unique properties such as high thermal conductivity and large surface area
that enhance the heat transfer capacity of base liquids. However, the addition of nanoparticles into a base liquid
induces new challenges to be faced, such as stability, thermal and electrical conductivity properties of
nanofluids, cleaning and erosion of equipment. The Italian Aerospace Research Centre (CIRA) has developed,
as part of the European research initiative ORCHESTRA, a thermal management system (TMS) based on
impinging jets technology for a 1 MW electric motor. This work presents the subsequent activities that CIRA
has carried out to demonstrate the enhancements achievable from nanofluids. In particular, two different
nanoparticles were added to the base liquid of the cooling system of the aforementioned 1 MW electric motor:
alumina and graphite in two distinct molecular structure configurations, each with different concentrations
between 1% and 10% (volume fraction of diathermic oil). The application of nanofluids to the reference TMS is
shown to increase heat transfer at a fixed mass flow rate.

Keywords: aircraft electrification; electric motor MW-class; green aviation; impinging jets; oil
cooling; nanoparticles; thermal management systems

1. Introduction

In the last decades, aviation is moving towards electrification to face climate change issues and
improve aircraft performances. In particular, new electric components are being introduced to
replace non-propulsive subsystems currently driven mechanically, hydraulically and pneumatically
to improve subsystems efficiency. Moreover, several studies and efforts are underway to partially or
totally replace Internal Combustion Engines (ICEs) with new propulsion systems, such as hybrid
electric or fully electric systems.

The introduction of hybrid electric propulsion opens new potentialities and generates new
challenges, such as the way to dissipate produced heat. Hybrid electric power-unit, in fact, have strict
thermal constraints that cannot be matched by using conventional cooling techniques currently used
in modern aircraft. This is mainly due to insufficient physical properties (e.g. heat transfer capacity)
of traditional coolants (air, water, lubricants, etc.) but also to size, weight and thermal constraints.
Therefore, several studies are focusing on defining new cooling technologies to ensure the safe
operation of hybrid power plants. In particular, a promising research field is linked to the so called
nanofluids (NFs), colloids composed of nanoparticles added to a base fluid, which is generally water,
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due to its superior properties (availability, environmental friendliness, high thermal conductivity,
and low cost) [2]. Nanofluids offer potential benefits for thermal management systems in aircraft, but
come with some challenges concerning:

d stability — nanoparticles tend to agglomerate, impacting fluid stability, which is essential for
the reliable performance of TMSs [3,4];

U properties variability — nanofluids physical properties (e.g. thermal conductivity) reported in
literature vary significantly [5];

o mechanisms and forces uncertainty — the forces acting on nanoparticles during suspension

and after deposition are not completely clear; in fact, several researchers continue to explore
this topic [6-8];

U pressure drop and pumping power — higher flow rates enhance heat transfer but also increase
pressure drop and pumping power; the balancing of these factors is crucial for the proper
implementation of nanotechnology [9-12].

Despite these challenges, nanofluids are believed to have a high potential to improve TMS and
are considered a promising solution for various applications. One notable success is the use of
nanofluids in Spacecraft Active Thermal Control Systems (ATCSs). The improved heat transfer
efficiency of nanofluids has allowed for a reduction in system volumetric flow rates and pumping
power requirements [13]. Another promising application consists of the use of alumina-based
nanofluids in combination with deionised water for the cooling of military aircraft. These aircraft
require extremely efficient coolants to manage heat dissipation, and nanofluids have shown great
potential in this regard [14].

The Italian Aerospace Research Centre (CIRA) has developed, as part of the European research
initiative ORCHESTRA, a TMS based on impinging jets technology for a 1 MW electric motor which
is fully described in [1]. CIRA is also contributing to the development and maturation of technologies
for the next generation regional aircraft, not only by participating in European-funded projects but
also by launching projects under the umbrella of the national aerospace research program PRO.R.A.
In this latter framework, the ELECTROPLANE project was conceived to explore the main
technologies that make adopting hybrid electric propulsion systems possible, including those relating
to the cooling of high-power electric motors. Therefore, the TMS designed for the ORCHESTRA
project has been exploited to study the potential of nanofluids by considering two nanoparticles,
alumina and graphite, in two different configurations of molecular structure, and their concentrations
in the range from 1% to 10% of diathermic oil volume fraction.

This work develops according to the following structure: after recalling the state-of-the-art
cooling technologies, the objective of this work is defined, and the TMS of the electric motor is
described. Subsequently, the nanoparticles added to the base fluid are characterized by
thermophysical properties. The numerical methodology applied to carry out the simulations is
detailed before showing and commenting on the results.

2. Background and State of the Art

The closed-cycle gas turbine was first patented by J. Ackeret and C. Keller in 1935. Since then,
several progress has been made in this technology, but today, limited improvements can be obtained
by optimising state-of-the-art (SoA) engines [15,16]. Thus, new propulsion systems like hybrid-
electric and full-electric power units are being developed. One of the main issues of such systems is
the huge amount of heat to dissipate, which makes mandatory the use of advanced TMSs, such as
the ones based on nanofluids, which were introduced by Masuda in 1993 [17] and named by Choi
and Eastman in 1995 [18]. Nanofluids have significantly enhanced heat transfer characteristics
compared to their conventional counterparts [19,21] and offer lightweight, high-strength, and
durable properties, critical factors for aerospace applications. Thus, they have been applied in
different fields, such as aerospace, energy, electromechanics and biomedicine [21].
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2.1. Brief Overview of Thermal Management Systems (TMSs) for Electric Motors

Hybrid/electric power units are gaining prominence in aeronautics due to their environmental
benefits and efficiency. Such systems need proper and innovative TMSs for their reliable operation.

Here below is a short overview of possible technologies applicable to electric motors in the
aeronautics sector:

e  liquid cooling [1]: such systems use coolant (usually water, oil, or a mixture) circulating
through channels and/or pipes around critical motor components to remove heat. Such a
system is efficient and has a high Technology Readiness Level (TRL=7), but requires additional
weight and space.

e  Refrigerant Assisted Cooling (RA) [22]: such systems combine traditional air cooling with a
refrigerant-based system. RA Cooling, in fact, uses airflow and a secondary refrigerant to
enhance heat dissipation, improving cooling efficiency without adding significant weight.

e  heat exchangers [22]: they transfer heat between different fluid streams (e.g., coolant and air),
enhancing overall thermal efficiency by optimizing heat exchange. They can be compact and
lightweight.

e  skin heat exchangers [1]: this type of system involves integrating cooling channels into the
aircraft’s outer surface to dissipate heat. These systems minimize additional components.

e  Vapor Cycle Systems (VCS) [23]: VCS uses a refrigerant cycle to manage heat. They are usually
used for cabin cooling but can also be adapted for motor cooling. VCS systems are efficient but
may add complexity.

2.2. Impinging Jets Technology

Impinging jets technology is based on a high-velocity fluid jet (usually a liquid or a gas) striking
a solid surface. The impact of the jet on the surface creates intense heat transfer, due to the rapid
mixing of fluid particles near the surface. The interaction of the jet with the surface depends on
several factors, such as the Reynolds number, the Prandtl number and the nozzle-to-wall distance
[24-28].

Jet impingement systems can be classified as [29]:

e  confined: the fluid can circulate back into the impinging jet, leading to the creation of

recirculation zones in the outlet flow area [30].

e unconfined jet: the heated fluid does not circulate back into the jet; it interacts with the

surrounding ambient air, resulting in increased heat transfer coefficients [31].

e  semi-confined: they have characteristics of both confined and unconfined jets.

The selection of liquid jet impingement type depends on the industrial application: impinging
jets have been applied in cooling systems (mainly electronics, gas turbines, and engine components),
for fire suppression (controls flames and cools surfaces), in the food industry (improve coating,
drying and sterilization), and manufacturing (to cool-down hot surfaces during metal processing).

2.3. Nanofluids Overview

Nanofluids are composed by nanoparticles, metal or polymer particles of small dimensions
(ranging from 1 nm to 100 nm) immersed in a base liquid (typically water).

Figure 1. Nanofluids at microscope (taken from [32]).
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Nanofluids can be used as coolants in systems with high heat-dissipation requirements, such as
food processing, nuclear reactors, oil recovery and solar energy collection.

In fact, the introduction of nanoparticles in the base fluid improves the mixture's heat transfer
capability, even due to the motion of immersed particles and their collisions with each other and with
the wall.

Several authors have applied molecular dynamics to analyse the heat transfer mechanism of
nanofluid. In particular, Frank [33,34] has established that increasing the strength of the solid-liquid
interface reduces thermal resistance.

Papanikoulaou [35] analysed surface roughness effects on nanoflows, demonstrating that the
flow velocity near the wall was reduced with an increasing roughness depth.

Liu [39] explored the transport and structural characteristics of water inside nanotubes. He
found that thermal conductivity and shear viscosity increased as the pore size decreased.

McGaughey [39] analysed the heat transport mechanism of silica-based crystals, finding that
thermal conductivity is related to the scale and temperature of the atomic structure of silica-based
crystals.

Sun [38] studied the force profiles of nanoparticles and base fluids by using the colloidal probe
technique. The results showed that the measured and calculated force curves exhibited an evident
slip (10-14 nm).

2.4. Nanoparticles for Thermal Management: Advantages and Challenges

Nanofluids are gaining significant importance in the field of thermal management systems due
to their enhanced thermal properties: They exhibit superior thermal conductivity, convective heat
transfer coefficients, and stability compared to conventional coolants. However, their application
presents some challenges. This section is intended to briefly describe both the advantages and the
challenges linked to using nanofluids.

1) Advantages: one of the most important advantages of nanofluids is their enhanced thermal
conductivity. The immersion of nanoparticles, such as metals, metal oxides, or carbon-based
materials, significantly increases the base fluid's thermal conductivity. This enhancement is
linked both to the high thermal conductivity of the nanoparticles themselves and to the
increased surface area for heat transfer. The increased thermal conductivity of nanofluids
allows them to achieve higher heat transfer rates, making such types of coolant suitable for
applications requiring efficient thermal management, such as automotive cooling, electronic
cooling, and industrial heat exchangers [39].

Nanofluids also exhibit higher convective heat transfer coefficients. This is due to both the

increased thermal conductivity and the Brownian nanoparticles” motion, enhancing energy

exchange within the coolant. This property is mostly beneficial in applications involving forced
convection, where the fluid is actively circulated to dissipate heat. For example, cars radiators

size and weight can be reduced without affecting cooling system performance [40].

Another advantage of nanofluids is that they require reduced pumping power. In fact, due to
nanofluids” enhanced heat transfer properties, they can achieve the requested cooling effect at lower
flow rates compared to conventional fluids. This flow rate reduction translates to lower pumping
power requirements, with the consequent energy savings and reduced operational costs. Moreover,
nanofluids can reduce pressure drop and flow resistance issues, further optimizing TMS performance
[41].

2)  Challenges: nanofluids stability is one of their main concerns. Nanoparticles tend to
agglomerate over time, leading to sedimentation and a consequent decrease in thermal
performance. To reduce this problem is possible to use surfactants or surface modifications,
which could make more complex the preparation process and increase costs [42].

Another aspect to consider is the potential for erosion and abrasion. The presence of solid
nanoparticles in the fluid, in fact, can cause wear and tear on the components of the thermal
management system (pumps, pipes, and heat exchangers). This problem is particularly marked in
systems with high flow rates or turbulent flow conditions and can lead to increased maintenance
requirements and reduced system lifespan [43].
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Furthermore, nanofluids thermal conductivity enhancement is not always consistent among
different studies. Variations in nanoparticle type, size, concentration, and base fluid, in fact, can result
in differing thermal performance outcomes. Thus, it is requested to further study the underlying
mechanism governing nanofluids and to standardise their use [39].

2.5. Nanofluids for Impinging Jets

Impinging jets can employ different working fluids, including nanofluids, that could be used to
improve the thermal conductivity of fluids without modifying the systems’ geometrical features.
Nanofluids consist of a new class of fluids composed of a base fluid with dispersed nanosized
structures (particles, fibres, tubes, droplets) [47]. Several investigations pointed out the significant
enhancement of thermal conductivity and heat transfer coefficients compared to pure liquids
[44,45,48]. Nowadays, research activities on this issue are growing [46,49] because the impact of this
technology is expected to be relevant in many fields like energy, bio and pharmaceutical industry,
chemical, electronic, environmental and thermal engineering. However, a lack of agreement among
results obtained by different research groups must be underlined. An open issue is represented by
the definition of the effective thermo-physical properties of nanofluid. In particular, while many
attempts have been made in order to formulate theoretical models for the predictions of thermal
conductivity and viscosity, results are still incomplete [50,51]. However, some investigations have
been performed experimentally and numerically [45,52]. The authors pointed out that the Nusselt
number increases with higher nanoparticle volume fractions, smaller nanoparticle diameters and
reduced disk spacing. Furthermore, the total entropy generation rate was reduced while significant
increases in terms of required pumping power were underlined.

3. Objective and Test Case Description

The main goal of the activity is to numerically verify whether nanofluids can improve the heat
exchange efficiency of a TMS based on submerged oil impinging jets and designed to directly cool
the internal parts of a 1 MW motor. To this end, the motor architecture is briefly described and a
preliminary study on the solid nanoparticles intended to be dispersed within the base-fluid
(diathermic oil) is discussed.

3.1. 1 MW Electric Motor and TMS Short Description

This paragraph provides a short description of the electric motor, including its TMS, which is
used to explore the potential of nanofluids. A detailed description can be found in [1]. The electrical
part is a 900 kW — 20 krpm PM electric machine with 48 poles which was conceived by the University
of Nottingham, the leading partner of the ORCHESTRA project, who provided the architecture and
calculated the thermal loads of each component. For this machine, CIRA designed the TMS system,
which is based on impinging oil jets with the main requirement of not exceeding a maximum
temperature of 523 K. Basically, the oil is conveyed inside the motor case by means of two circular
pipes of the same diameter connected by a duct placed above the external case since the delivery
pump is connected on only one side. The cooling oil enters in correspondence with the end windings
through holes in the circular pipes; then it is collected at the bottom external case and exits from a
duct, as illustrated in Figure 2.
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Figure 2. TMS oil cooling design [1].
3.2. Selected Nanoparticles

This work considers two types of nanoparticles dispersed in the base fluid. In particular,
alumina, with the chemical formula Al:Os with a diameter of 30 nm, and subsequently graphite,
which has a very high thermal conductivity and is also inert from an electrical point of view. In this
case, two types of graphite nanotubes defined as SWCNTs (Single-Walled Carbon Nano Tubes) and
MWCNTs (Multi-Walled Carbon Nano Tubes) have been investigated, both as a single-phase model.
The thermo-physical characteristics of the solid particles under investigation are reported in Table 1.

Table 1. Thermo-physical properties of pure oil and Al2Os particles at T=293 K.

Material o [kg/m?] cp [J/kg-K] u [Pa*s] k [W/m-K]
ALLOs 3880 773 /! 36
Diathermic Oil 890 1950 0.0803 0.0106
Water 998.2 4182 993x10- 0.597
Alumina AOs
Nanoparticles of alumina with a diameter (dp) of 30 nm have thermo-physical properties as
reported in Table 2, where Vp = ;i:i; and Kz is the Boltzmann constant. Their values at a

temperature of 293°C are, respectively, Vs=0.457 and Ks=1.30x10-%. To account for the dependence of
the density and viscosity of the nanofluid (p,s and u,s) on the concentration (¢), Eq.1-Eq.4 are used.

Prg =1 = @)prsr+ ¢ pp

Eq. 1
p,Vgd?
Ung = tpfr + ;22; Eq.2
— -1
C = upf(crdp + c2)@ + (c3dp + c1)] Eq. 3

with ¢; = -1.1133x10%, ¢, = -2.771x10%, ¢; = 9.0x108

and ¢, = -3.93x107, and the distance between
nanoparticles, d, is obtained by:

3| T

Eq. 4

doi:10.20944/preprints202412.1093.v1
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Currently, accurate theoretical predictions about thermal conductivity are not available in the
literature. Thus, a relation obtained by experimental data has been adopted. In particular, the
equation given by Choi et al. [47] has been used because thermal conductivity is expressed as a
function of particle volume fraction and size but constant with temperature.

k do .\ 0369
AL A 64.7¢"746 (Lf) <_P> Ppr0.9955 gp12321 Eq.5
kof dp kof

PpfKBT
3muLy s’

where Pr =# / Pof by and Re = being Lyt the mean free path of o0il (0.20 nm).

Table 2. Parameters Value Al2Os — Qil.

Ks dp [nm] Thret [K] Vs

1.30x10-= 30 293 0.457

Table 3 collects the data for the above-defined parameters for several volume fractions of
alumina.

Table 3. Thermo-physical properties of Nanofluid at various volume fractions of Al2Os.

b [%] o [kg/m?] cp [J/kg-K1 p [Pa-s] @ 20°C k [W/m-K]
0 890 1.950E+03 8.032E-02 0.0106
1 919.9 1.938E+03 1.180E-01 0.0109
3 1010 1.903E+03 1.302E-01 0.0119
5 1040 1.891E+03 1.313E-01 0.0123
10 1189 1.832E+03 1.312E-01 0.0141

In the numerical analyses, the nanofluid is considered as a single phase; the properties are
constant except for the viscosity, which is considered to vary with temperature according to the
following correlation:

u(T) = 519.46 - T~237° Eq. ¢

Carbon nanotubes (CNTs)

CNTs are classified into single-walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs) based on the number of layers present in the structure (Figure 3). SWCNTs
consist of single-layer of graphene whereas MWCNTSs comprise a multilayer of graphene sheets of
different diameters.

Most applications deal with multiwall carbon nanotubes (MWCNTs), which can be thought of
as a number of tubes nested inside each other, similar to the rings of a tree or a folded telescopic
antenna, as shown in Figure 3. The production technology of MWCNT is relatively unsophisticated
and has been successfully developed by over 120 companies around the world [57].

The synthesis technology of nanotubes with single-layer thick wall, or single-wall carbon
nanotubes (SWCNTs), is more complicated. So far, only one manufacturer of SWCNTs has succeeded
in large-scale production.

MWCNTs are long tubes, but the length is not crucial in many applications. The aspect ratio, i.e.,
the length-to-diameter ratio, is often more important. For MWCNTs with typical diameters between
7 and 100 nm, the aspect ratio is typically between 50 and 4,000. With just single-layer walls, SWCNTs
are even thinner (0.5 to 2.5 nm) and because of that, their aspect ratio is typically greater and often
goes up to 10,000.

MWCNTs also have high thermal conductivity and can be used in normally insulative materials
to increase their ability to transmit heat. This can be useful in applications where heat needs to be
dissipated, such as in electronics. In cases where metals are prohibited due to unwanted stresses or

d0i:10.20944/preprints202412.1093.v1
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chemical instability, thermally conductive ceramics can be advantageous. Again, SWCNTs can
achieve a similar effect to traditional conductive additives but at lower dosages, minimising the
possible negative impact on other properties of materials.

SWCNT

0.5-2.5 nm 7-100 nm

Figure 3. Schematic representation of a single-walled carbon nanotube (SWCNT) and a multi-walled
carbon nanotube (MWCNT).

As for carbon nanotubes, which are the other investigated nanoparticles, the thermo-physical
properties for a single phase are estimated according to the empirical correlations shown in Eq. 7,

where Brinkman [51] defined the dynamic viscosity of nanofluid (u,s) in terms of base-fluid (uy).
Hr
Hnr = A= py2s Eq.7

The density, specific heat capacity, and rate of thermal conductivities of the nanofluids [50,53] are
expressed as:

pnr = pr(L— @) + ¢ penr Eq. 8
= L Eq. 9

n (pcp)nf q
(pplng = (L = @)(pcp)f + @+ (PCp)ent Eq. 10

1+3(c—1) -9 ) Eq. 11

anfzaf((a+2)—(a—1)-<p

Here, the model by Xue [54] considered to calculate the thermal conductivities is based on Eq

12.
kenr kenr + ke
kg “””"’(km—kfln< 2k )
k_f - ket kent + Kk Eq. 12
1 “””"’(km—kfl“< 2k; ))

where pcyr shows the density of carbon nanotube, (pc,)cnr denotes the specific heat of the carbon
nanotube, and pf, (pc,)s represent the density and specific heat of base fluid, respectively. Table 4
shows the values of the thermo-physical properties of the base fluid and CNTs in the two variants of
SWCNTs and MWCNTs.
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Table 4. Thermo-physical properties of some base fluids and carbon nanotubes (CNTs). 1)
Single-walled carbon nanotube; (2) multi-walled carbon nanotube.

Density ¢ Thermal Conduct Specific Heat cp

Physical Properties [kg/m?] I [W/m-K] [J/kg-K]

Water 997 0.613 4197

Kerosene (lamp) oil 783 0.145 2090

Base fluid

Diathermic Oil/ Engine Oil 890 0.144 1910

SWCNT® 2600 6600 425

Nanoparticles
MWCNT® 1600 3000 796

Table 5 shows the thermal conductivity values in the nanofluid for different percentages of
dispersion in oil for SWCNTs and MWCNTs.

Table 5. Thermal conductivity values of CNTs with different volume fraction values.

. Thermal Conductivity k,, for Thermal Conductivity k,, for
Volume Fraction ¢
SWCNT MWCNT
0.00 0.145 0.145
0.01 0.174 0.172
0.02 0.204 0.200
0.03 0.235 0.228
0.05 0.266 0.257

4. Numerical Results

4.1. CFD Setup

TMS analysis of the investigated electric machine requires the resolution of a conjugated
conductive—convective problem.

RANS (Reynolds Averaged Navier-Stokes) equations and turbulence models are applied to
describe the fluid flow evolution using a coupled implicit approach, adopting the k-& two-equations
model for the turbulence fluctuations. In fluid regions, in particular, the transport equations have the
following dimensional form:

0
Mass —(P)+V-(pB) =0 Eq. 13
equation at
a - - >
Momentum a(pv) + V- (pvv) ) Ea. 14
equation =-Vp+V- ) +pg q:
+S
0
Energy —(ph) + V- (¥ph) =V- (KfVT) + S,
: at Eq. 15
equation

The above equations are discretised using a finite volume formulation and solved by the
FLUENT® COUPLED algorithm associated with a well-assessed Algebraic Multigrid model. In
conjunction with this, 2nd order spatial numerical upwind schemes have been adopted to discretise
the spatial domain. All grids were generated considering the requirements that RANS calculations


https://doi.org/10.20944/preprints202412.1093.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 December 2024 d0i:10.20944/preprints202412.1093.v1

10

need near the wall. In solid regions, the energy transport equation used by FLUENT has the following
dimensional form:

a -
&(psh) +V-Wpsh) =V (k,VT) + Sy, Eq. 16

where:

e p:density [kg/m?]

e | sensible enthalpy, fTTr o cpdT [k]/kgK]
e  k: thermal conductivity [W/mK]

e T:temperature
e Su:volumetric heat source.

Regarding the grid generation, five prismatic layers were generated on each wall in the fluid
domain. To improve the accuracy of the heat transfer calculation in the air gap, the mesh in the radial
direction was built with ten layers, five on the rotor wall and five on the stator wall, and two or three
layers of tetrahedrons. The solid domains, like windings and parts in ferromagnetic materials, were
discretised using tetrahedrons, refining the mesh in the zones where a greater temperature gradient
was forecast. Figure 4a, b shows the views of the mesh at z = const. and at x = const., for which
clustering is noticeable near the air gap and the end windings where higher temperature gradients
are expected. Figures 5 and 6 show close-ups of the stator, teeth, windings and end-winding.

o1 ol
0.05 005 :_
> o = 0F
-0.08 0.05F
0.1 o1
ot IR R O L

0.05 01 0.15 0.2 018 -0.1 -0.06 0 0.05 0.1

X z
(a) (b)

Figure 4. Details of the mesh, in the case with the presence of resin between the windings and d =2
mm; (a) section at z = cost; (b) section at x = cost.
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Figure 5. Mesh details: (a) stator; (b) windings along z-axis.
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Figure 6. Mesh details: (a) teeth and air-gap; (b) end-windings.

Tables 6 and 7 summarise boundary conditions and mesh characteristics. A mesh independence
study was conducted by creating three different levels of mesh refinement based on 8, 15, and 30
million cells, respectively. The main interest of the CFD (Computational Fluid Dynamics) analysis
was to identify the maximum temperature reached in the solid zone. It was observed that the
maximum temperature computed using the grid levels did not exceed 2%. The intermediate level
was considered a good compromise for considering the computational effort and the accuracy of the
results simultaneously.

Table 6. Review Boundary condition CFD cases.

Boundary Conditions Zones
MASS FLOW INLET inlet holes
OUTFLOW exit hole
MOVING WALL external rotor surfaces
WALL/no Slip the remainder
Constant heat flux teeth
Uniform heat power source (W/m?) stator yoke, end-winding, copper

Table 7. Number of cells for various test cases.

Id. Configuration Status 1 Configuration Status 2 Nr. Cells
Meshl d=2mm Without Epoxy Resin 20M
Mesh 2 d=2mm With Epoxy Resin 15M
Mesh 3 d=4mm Without Epoxy Resin 20M
Mesh 4 d=4mm With Epoxy Resin 15M

4.2. Results Analysis

To evaluate the performance of the nanofluids, two numerical cases discussed in [1] were
selected: they relate to the same numerical setup with different oil mass flow rates (9-36 litres per
hour), leading to the minimum and maximum values of 0.57 m/s and 4.49 m/s at the e-motor drain
hole. These two cases are associated with identification labels starting with RUN4 or RUN10 (then
the identification label is completed by the type of nanoparticle and the concentration). For each oil
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flow rate, alumina and nanotubes are added in different volume fractions. Therefore, apart from
baseline solutions relative to pure diathermic oil, 18 simulations were carried out whose results are
shown in following tables. In particular, Table 8, related to RUN4, compares nanofluids in terms of
maximum internal temperature, oil outlet velocity towards the radiator, pressure drop, and wall
shear stress.

Table 8. Test matrix CFD simulation for Run4.

s Vo AP,,(ave,

Id. comparison Tari(X) (Ve Pa) Tmarot(Pa) | T(ave,Pa) | T,(ave K) [ APy (ave,Pa) | -AP,,(ave,Pa)
RUN4 base 402.31 0.57 1260.76  39809.12 15553.74 37241 -31.81 1292.57
RUN4 ARO3 - 1% 388.08 0.55 1644.69 3734574 1552633 35549 -21.90 1666.59
RUN4 A1203 - 5% 384.73 0.48 2148.89 42083.50 17527.79 354.03 7.44 214145
RUN4 A1203-10%  381.04 0.42 2249.04 4731943 19742.16 352.60 31.63 221741
RUN4 SWCNT-1% 38548 0.54 1613.98 34704.08 14620.14 356.16 -16.78 1630.76
RUN4 SWCNT-3% 382.80 0.52 169693 36078.97 15196.50 355.99 -7.64 1704.57
RUN4 SWCNT-5% 381.07 0.50 178585 3723145 15693.76  355.84 0.55 1785.30
RUN4 MWCNT-1% 385.48 0.54 1583.15 34403.52 14480.17 356.30 -19.65 1602.80
RUN4 MWCNT -3% 383.68 0.53 1595.76 3516791 14781.69  356.36 -15.60 1611.36
RUN4 MWCNT-5% 382.32 0.53 1652.45 35844.07 15071.71  356.41 -11.74 1664.18

It can be noted that in the case of the fluid base, the highest temperature is about 400 K. With the
dispersion of nanoparticles in the oil, this temperature is reduced up to 20 K less. This value is reached
with ¢ = 5% of both SWCNT and MWCNT carbon nanotubes. Taking into account that a widely
accepted rule of thumb for electric machines says that a 10-degree increase in operating temperature
reduces the useful life by 50%; the 20 K temperature reduction will induce a longer life for the
electrical motor considered in the study. Considering that the dispersion of nanoparticles in the oil
increases the density and viscosity, an increase in the pumping power of the pump in the circuit shall
be expected to reach the abovementioned goal. Since we are working with liquids (incompressible),
the mechanical power can be considered almost negligible; therefore, the 20% increase does not
concern the system's overall BoP (Balance of Plant). Conversely, reducing the maximum temperature
of the materials by approximately 5% allows for a significant increase in their reliability, useful life
and overstressing in off-nominal operating conditions.

Figure 7 shows the data summarized in Table 8, for a more intuitive graphical comparison.

(a) maximum temperature internal e-motor, [K]. (b) velocity exit e-motor, [m/s].
405.00 . —— 0.60
40000 0.50
395.00
0.40
390.00
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385.00
0.20
380.00
375.00 0.10
370.00 0.00
RUN4 RUN4 RUN4 RUN4 RUN4 RUN4 RUN4 RUN4 RUN4 RUN4 RUN4  RUN4 RUN4 RUN4 RUN4 RUN4 RUN4 RUN4 RUN4 RUN4
base ARO3- A203- AI203- SWCNT - SWCNT -SWCNT - MWCNT MWCNT MWCNT base  A203- Al203- AL203- SWCNT - SWCNT - SWCNT - MWCNT MWCNT MWCNT
9% 0 s5%  10% 1% 3% 5% -1%  -3%  -S% e 5w A0% o B 3% 5% - 3% 5%

(c) average wall shear stress on the rotor, [Pa]. (d) e-motor outlet o0il temperature, [K].
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Figure 7. RUN4 CFD analysis at a cooling fluid rate of 0.57 m/s (the first bar of each chart refers to
base fluid).

Table 9 below, compares nanofluids in terms of maximum internal temperature, oil outlet
velocity towards the radiator, pressure drop, and wall shear stress for RUN10.

Table 9. Test matrix CFD simulation for RUN10.

. Vour AP, (ave,

Id. comparison T dK) (avemis) Pa) Toarot( P2) | T(ave,Pa) | Ty (aveK) | -AP,(ave,Pa)
RUNILO base 364.00 4.49 17490.00 39416.00 17585.00 331.00 51700.00
RUNI10 AI203 - 1% 362.08 435 12531.20 43163.60 19260.70 330.80 2.23E+04
RUNI10 AI203 - 5% 361.00 3.85 14788.50 48597.60 21576.80 331.20 2.18E+04
RUNIO0 AI203-10%  359.00 3.36 16949.30 54499.40 24485.00 331.40 2.12E+04
RUNIOSWCNT -1% 359.70 441 15891.00 40291.50 18201.50 331.00 18650.00
RUNIOSWCNT -3% 357.50 425 16578.20 41901.90 18870.90 331.10 18580.00
RUNIOSWCNT -5%  356.00 410 17215.20 43494.00 19480.20 331.20 18510.00
RUNIOMWCNT -1% 359.70 446 16876.50 39909.20 17763.40 331.00 17470.00
RUNIO MWCNT -3% 358.00 439 17129.80 40768.70 18270.10 331.10 17490.00
RUNIO MWCNT -5% 356.70 432 17469.30 41644.70 18493.70 331.20 17430.00

Figure 8 shows the data summarized in Table 9, for a more intuitive graphical comparison.

(a) maximum temperature internal e-motor, [K]. (b) velocity exit e-motor, [m/s].
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(c) average wall shear stress on the rotor, [Pa]. (d) e-motor outlet oil temperature, [K].
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Figure 8. RUN10 CFD analysis at a cooling fluid rate of 4.49 m/s (the first bar of each chart refers to
base fluid).
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Figure 9 shows the temperature trend lines in function of the type of nanofluid used. The plotted
temperature is the maximum temperature reached inside the motor (teeth), from which we can see
that the case with the highest flow rate (RUN10) reaches lower temperatures on average than RUN4.
At the same time, the relative influence of the nanofluids can be noted. In particular, they have a
reductive effect on the maximum temperature of up to about 10%, but the most marked influence is
noted as the flow rate of the cooling fluid increases.

=T, E-W [K] Tmax, toath [K Tmeax, Rotor [K] == Tmax, stator [K]

110.0

Temperature [K]

Figure 9. Comparison of temperatures on key components of the e-motor for the investigated
nanofluids.

Figure 10 shows the trends of the convective heat exchange coefficient along two turns of the
motor winding for RUN4 and RUN10. With reference to a single motor winding, two of them are
considered for analysis, being distinguished as lower and upper windings depending on their
position with respect to the drain hole (Figure 11a). Lower and upper windings are named after the
negative/positive y axis orientation (Figure 11c). The Heat Transfer Coefficient (HTC) is evaluated
with respect to the reference temperature of 325 K, which is the temperature of the oil inlet from the
delivery holes. The curvilinear abscissa s running along the entire winding is introduced to define to
which point the analyses refer. A single winding consists of two turns (i.e., the end-windings) and
two straight segments. The ranges 0.11 m <5 < 0.15 m and s> 0.25 m represent the end-windings on
the two sides of the motor. It can be noted that the areas where HTC is approximately 0 [W/m?K] are
those inside the stator cavity, which is filled with epoxy resin, therefore acting as an electrical
insulator for the copper wires. It is also important to note that these trends are not symmetric because
on the two sides of the motor (inside the housing, z=[zmin; z=zmax]) different vortices are established
due to the lack of symmetry of the thermo-fluid dynamic system. This depends on the rotor surface
where a rotation speed is imposed and the presence of the non-symmetric drain hole in the
computational domain. Figure 10 emphasizes that the highest HTC values can be found for the
nanofluid MWCNT with the highest concentration. Concerning the alumina-based nanofluids,
because of their higher density, they behave differently mainly due to the greater inertial forces and
the more marked effect of gravity (buoyancy).

Finally, Figures 12 — 14 display the most representative simulation results for the three
considered types of nanofluids (Al20s, SWCNT and MWCNT) when nanoparticles are taken at
maximum concentration and the cooling fluid flow rate is the minimum. In particular, each figure
assembles the following contour maps: (a) temperature and streamlines at plane x = 0 (symmetry
plane); (b) velocity magnitude; (c) temperature on windings; (d) temperature on rotor; (e)
temperature at plane z =0 (transversal section); (f) WSS (Wall Shear Stress) on rotor; (g) HTC on rotor;
(h) close-up of the velocity magnitude in the airgap at plane x = 0.
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(a) RUN4, lower winding. (b) RUN4, upper winding.

1 |

(c) RUN10, lower winding. (d) RUN10, upper winding.
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Figure 10. HTC distribution on the motor windings for RUN4 and RUN 10.

By looking at graphs (a) of Figures 12 — 14, it can be seen from the ZY sections that the stator is the
hottest area, where there is the maximum thermal load due to the Joule effect. As regards the graphs
(b), it is possible to note the trend of the Taylor vortices in the airgap [55,56]. In the axonometric
views, it is observed that the maximum temperature is found in the area of the motor close to the
central rotational axis as it is the one furthest from the oil jets. For cases with a higher cooling fluid
flow rate (RUN10), the effect of the Taylor vortices is almost eliminated, since the effect of the flow
becomes more important; therefore, a lower temperature and higher HTC are predicted. Taylor
vortices also influence wall shear stress, and it is possible to note the stripy trend on the rotor, as in

graphs (f).

(a) Detailed schematic, internal electric motor XY (b) Detailed schematic, internal electric motor XY
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Figure 12. Contour maps of the CFD domain of RUN4 SWCNT- 5%: (a) Temperature and streamlines
x = const.; (b) velocity magnitude; (c) temperature on windings; (d) temperature on rotor; (e)

temperature at section at z = const.; (f) WSS (Wall Shear Stress) on rotor; (g) HTC on rotor; (h) velocity
magnitude in airgap zoomed section at x = const.
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Figure 13. Contour maps of the CFD domain of RUN4 MWCNT - 5%: (a) Temperature and
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(e) temperature at section at z = const.; (f) WSS on rotor; (g) HTC on rotor; (h) velocity magnitude in
airgap zoomed section at x = const.
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Figure 14. Contour maps of the CFD domain of RUN4 Al203 - 10%: (a) Temperature and stream-lines
x = const.; (b) velocity magnitude; (c) temperature on windings; (d) temperature on rotor; (e)
temperature at section at z = const.; (f) WSS on rotor; (g) HTC on rotor; (h) velocity magnitude in
airgap zoomed section at x = const.

5. Conclusions and Remarks

The design of a cooling system for an electric motor is as important as its structural and
electromagnetic design. To this end, selecting the most appropriate coolant can be critical to
maintaining the operating temperature within the allowable range to ensure long life.

This work has presented the outcome of CIRA investigations on nanofluids as coolants to
improve the thermal management system of a high-power aircraft electric motor. The case study has
exploited the TMS already designed by the CIRA team for the electrical architecture of a generator
proposed by the University of Nottingham (UNOTT) as part of the ORCHESTRA project. The
performance of the TMS, which uses diathermic oil as coolant, has been compared with the one
obtained when small concentrations of nanoparticles are added to the same diathermic oil.

Numerical simulations were carried out using two types of nanoparticles, alumina and carbon
nanotubes, the latter with two different configurations (single-wall and multi-walls), and performing
a concentration trade-off study for two limiting cases of coolant flow rates. Generally, by increasing
the concentration of these nanoparticles, an enhancement of the heat transfer on the motor end
windings is obtained despite increased friction losses. The best results are achieved with a higher
concentration of nanoparticles that improve the average thermal conductivity of the resulting fluid.
For this type of application, carbon nanotubes are preferable to alumina, since they have higher
thermal conductivity, fewer thickening problems, are lighter and hollow. Moreover, they do not
interfere with electric and magnetic fields due to the higher dielectric strength of the carbon-based
materials, thus they avoid unwanted circulation and/or discharges of current.

The maximum temperatures of the electric motor are approximately 10% lower than those
achieved with diathermic oil alone. This result is significant as a safety margin is needed in all cases
where a sudden increase in power occurs.

As a final observation, it can be added that the TMS with nanofluids replacing diathermic oil,
while ensuring that the temperature remains below the allowable limit for maximum loads, does not
resolve the cooling asymmetry in the central part (along the direction of the rotational axis) of the
motor, where fluid circulation is difficult and cooling occurs mainly by conduction from nearby areas.

This challenge will be explored in depth in future works.
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