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Abstract: With growing interest in green technologies and sustainable transport, hybrid and pure
electric powertrains are attracting a lot of attention. According to demanded metrics such as
lightweight and high-power density motors, these offer clear motivation to develop advanced
thermal management methods and integrate them with conventional cooling approaches. The oil
spray cooling method is one of the latest cooling methodologies integrated with the conventional
cooling approaches. Therefore, this article provides a comprehensive study on the oil spray cooling
approach for electrical motors utilized in EV traction application drives. The objective is to
provide the reader with a picture of state of the art regarding the opportunities, challenges, and

offered solutions for the cooling requirements in EV motors.

Additionally, the paper presents the guidelines for selecting the appropriate spray nozzles and
coolants as well as estimating their performance, spray characteristics, and heat transfer
coefficient (HTC) during the design period. Besides, various closed-loop systems of spray cooling
approach, including refrigerants as a coolant, low viscosity liquid coolant with high boiling
temperature, and high viscosity lubricant oil as a coolant, are discussed with the pros and cons of
each system being compared. Moreover, real-life examples of this method, applied in the latest
automotive traction motor prototypes, have been described and evaluated. Finally, the

performance of different schemes is addressed.



1. Introduction

The negative ecological footprint of combustion engines, global warming, and the sustainable energy
program intended to mandatory minimize the CO, emissions for new cars significantly impact the
research and development of electrical machines for traction application purposes. Based on the
European Green Deal Roadmap, all new vehicles must have a maximum of 95 g of CO; emission per
km, amounting to fuel consumption of around 4.1 1/100 km of petrol or 3.6 /100 km of diesel fuel [1],
[2]. Moreover, the US Department of Energy (DOE) defined the objectives to be achieved by 2025; a
power density target of 33 kW per liter and a cost target of US $ 6 per kW for a 100 kW electric traction
drive system [3]. To achieve these targets, the automotive industry has started to develop a new
generation of cars by replacing the combustion engine with an electrical engine or by synthesizing the
combustion engine and electrical engine independently or jointly, as hybrid electric vehicles [4], [5],
[6].

The growing transport electrification market directly impacts the increasing current density, the peak
powertrain powers, and torque density of these motors. Furthermore, the motors utilized for EV traction
drive applications are incredibly compact with higher rotational speed [7]. As shown in Fig.1, for the
high power density EV motor, there are limits for utilizing only the conventional cooling methods [8],
for instance only cooling jackets [9], [10] or air-cooled [11], [12]. Hence, integrating the conventional
cooling methods with complex in-direct or direct cooling systems is required to provide sufficient heat

extraction from stator winding and rotor parts.
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Fig. 1. Variation of the thermal management system of EV motors by increasing their peak power
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Table I. Overview of thermal management systems in EV motors according to EV motor evolution
Top
Peak

Motor
Vehicle /Motor Year | Motor Type Cooling Methods Power Ref

Speed

(kW)

(rpm)
Toyota Prius 2010 IPMSM Housing jacket cooling with oil 60 13500 [13]
Sonata 2011 PMSM Housing jacket cooling with oil 30 6000 [13]

[14], [15],

Nissan Leaf 2012 PMSM Housing liquid (water) jacket 80 10390
[16]
Tesla Model S6 2013 ™M Housing liquid (water) jacket and shaft cooling 225 14800 [17]

Automatic transmission fluid (ATF) stator cooling
Toyota Prius 2017 PMSM 53 17000 [18]
and ATF spray cooling of end winding
ATF rotor shaft cooling with radial winding spray
Tesla Model 3 2018 | IPMSynRM 192 17900 [8], [19]
cooling and stator yoke cooling channels
Porsche Taycan, 2020 PMSMs Housing liquid jacket and direct cooling jacket 190/335 16000 [8], [20]

Table I shows the evolution of EV motors and their thermal management systems during the recent

decades. In the first generations of EV motors, an in-direct liquid cooling method has been proposed to




form the primary motor cooling [9], [10]. In this method, the housing liquid jacket is applied around the
outer circumferential stator. Fig. 2 shows three circumferential channels in the housing of the Nissan

Leaf acting as a water jacket to cool the motor.

Fig. 2. Nissan Leaf motor and its water-cooling jacket [15], [16].

However, the current demanded metrics of EV motors are mainly concentrated on high power density,
high efficiency, and lightweight [21], [22]. Consequently, it is impossible to achieve the mentioned
demands using only housing liquid jackets. First, it increases machine diameter and housing dimensions,
leading to higher EV motor volume and weight, contrary to the mentioned demanded metrics [21].
Secondly, due to the long thermal path, this cooling approach does not effectively cool the stator end
windings and rotor [13], [23]-[25]. Therefore, for the next generation of EV motors, the conventional
cooling methods such as housing liquid jackets are integrated into the in-direct or direct cooling systems
(Fig. 3), such as, stator slot cooling [26]-[30], stator core cooling [17], [31]-[34], end winding cooling
[25], [35]-[38] and rotor cooling [13], [17], [39]-[41] to sufficiently cool the critical parts of the

machines.
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Fig. 3. Various cooling concepts for EV motors [13], [33], [35], [36].

Semi-flooded cooling, shown in Fig. 4, is one of the efficient stator cooling approaches for which the
coolant (oil) is in contact with the internal parts of the electric motor and directly wet them. As EV
motors are used in high-speed applications, the separating sleeve (Stator Can) is installed in the air gap
to avoid the additional losses of high viscous generated heat (due to the coolant contact in the air gap
with the high-speed rotor). Therefore, this sleeve separates the stator part (immerging in coolant) as a
wet chamber and the rotor part as a dry chamber. Since, in this cooling approach, the coolant (oil)
recirculates near the air gap, the heat transfer distance for the rotor losses to the coolant is decreased,

and more efficient cooling is achieved for the rotor.
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Fig. 4. Semi flooded cooling approach [31]-[33].

The most practical EV motor technologies are the interior permanent magnet synchronous motor
(IPSM) and the permanent magnet assisted synchronous reluctance motor (PMASynRM). However, the
increase in the price of rare earth materials and the negative environmental impacts of magnet
manufacturing from rare earth materials lead the automotive industries to research and develop rare-
earth-free motor technologies [42]. The essential factor in these new technologies is the motor’s air gap
length, which should be small as possible to save the motor performance. Therefore, these motors consist
of a tiny air gap, and installing the oil sleeve in these compact motors is quite challenging [25]. Overall,
due to the additional essential requirements to mitigate friction losses, short-circuit faults, and corrosion,

this direct liquid cooling has no economic and practical justification [40].

Another advanced cooling approach is focused on directly or indirectly cooling the stator windings. In
a direct system, shown in Fig 5, the stator winding includes the hollow solid wires or hollow copper bars
to provide a water path inside the windings (internally cooled hollow wires), and the heat losses can be
dissipated from the place where they arise [26], [27], [29]. Moreover, by implementing this method, the
current density can be increased to more than 50 A/mm? [29]. However, implementing this direct liquid
cooling for EV motors causes several drawbacks, such as higher cost due to better winding insulation
for the material directly in contact with the coolant. Besides, this cooling system needs a high filling
factor and a bigger slot size. As a result, this cooling system is mainly implemented on bus traction

motors [27].
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Fig. 5. Example of internally cooled hollow wires [26], [29].

In the indirect cooling method of stator slot windings, the heat exchanger is located axially inside the
stator slot. The glycol-water mixture flows as a coolant in this heat exchanger [43], [44]. This cooling
technology is developed as an alternative option for the semi flood oil-cooled motors to reduce the
thermal management system’s weight, cost, and complexity [45]. However, this technology is mainly

used for motors with concentrated winding, such as switch reluctance motors.

Another thermal management concept is focused on providing good heat removal from the rotor. In
motors with an internal rotor structure, the air gap acts as a thermal insulator and dramatically reduces
the heat transfer from the rotor [13]. Therefore, the rotor is the first component to reach its temperature
threshold [39]. Since implementing a direct cooling approach in an EV motor rotor is complex [13], the
in-direct shaft cooling system is proposed to dominate the above issue. In this cooling approach, the
motor shaft consists of the concentrate tubes in which the coolant (oil or water) flows back and forth.
This method is implemented chiefly for EVs with induction motors such as Tesla Model S [46] and
Audi e-torn [47]. Therefore, the motor performance is considerably increased, and the rotor cooling can
be combined with the stator cooling system, as shown in Fig. 6. However, from the practical point of

view, this is complex and can increase the motor’s axial length.
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Fig. 6. Integrated rotor and stator cooling systems [47].

The latest cooling concept focuses on cooling the end windings directly (as they are identified as
machine hot spots). This cooling approach is divided mainly into three different systems, semi-flood
[31]-[33], dedicated liquid-carrying pipe [35], [36], and spray cooling approach [25], [38], [48], [49].
Semi flood cooling system has been analyzed briefly with its advantages and drawbacks in stator cooling

approaches, and it is not considered here again.

The dedicated liquid-carrying pipe cooling technique is a direct thermal management technique to cool
machine end windings uniformly by installing the pipe on the end windings. In this technique, the pipe
is dividing the end windings into upper and lower sections, and by passing the liquid coolant from the
pipe, the heat is extracted directly from the end windings. Besides, it enhances the axial heat transfer in
the slot and reduces the slot’s midsection temperature. However, this cooling technique is suitable for
concentrated windings, as a new technique still under development and not practically implemented in

any commercial EV motors.

Recently, electrical machines with hairpin windings are becoming a more popular and attractive solution
to electrical motors for EV applications due to their numerous advantages compared to the conventional
stranded winding configuration. For example, this topology provides a more straightforward
manufacturing process, handling higher current density, higher slot filling factor, good thermal

performance, shorter end winding, and lower DC electrical resistance, as well as lower manufacturing



time and cost [25], [SO]-[53]. Therefore, different automotive companies have started implementing this
winding configuration on their new generation of electrical engines, such as GM-Volt-Motor and
Chevrolet-Volt [52]. Moreover, the oil spray cooling approach is one of the most attractive cooling
systems that perfectly match these high current density motors. For instance, the Toyota company
unveiled the hairpin winding and direct oil spray cooling method in its latest Toyota Prius [18].
Therefore, Toyota decided to upgrade its Prius 2009 with motor P410 [18]. For this purpose, the
company developed the new concept using hairpin windings’ configuration and oil spray cooling
approach and calls it P610 [18]. According to Toyota’s report, the new design provides a more compact
motor with higher efficiency than P410 [18]. Generally, the motor size was reduced by about 35%, with
a 36% higher power density and 20% fewer losses [18]. Therefore, the combination of hairpin windings
and oil spray cooling as its thermal management system attracts the attention and provides the solution

to develop the new EV motors design with a more compact structure and higher power density.

The oil spray cooling approach is the direct liquid cooling trend for the next generation of EV traction
motors. This cooling approach aims to cool stator end windings and rotor directly. In this approach, the
liquid coolant (oil) is forced to pass through the tiny orifice to change fluid into small droplets spread
on the end winding’s hot surface [54]. Fig. 7 shows the spray cooling of the stator end windings and

rotor, which cools by spraying oil as a liquid coolant from the spray rings.

Spray ring End windings

Oil Inlet

Fig. 7. Spray cooling on rotor and stator end windings [55].



This approach has significant advantages in enhancing axial heat transfer in the slot, removing enormous
heat energy, and reducing the conduction path from the end windings with no extra electromagnetic
fluctuating or additional electric noise [13], [48] and [54]. The performance of a motor for traction
application purposes has been considered in [56] according to the following three thermal management
systems: stator liquid jacket including microchannels, slot heat exchangers in the form of tubes, and end
winding spray cooling. As it is reported in [56], the spray cooling approach provides the most effective

cooling with less complexity and a high possibility of mass production.

The spray cooling approach is not a new technique in itself, and it has been studied over decades in
various engineering and scientific fields. However, these studies showed that the spray cooling approach
is used chiefly for lower-viscosity liquid coolants such as water. Therefore, there is insufficient
information and data about the spray behavior and spray cooling of high-viscosity liquids, such as engine
oil. Moreover, spray cooling is utilized in electronic and power electronic devices to cool small surfaces
without any rotational sections to disturb oil uniformity distribution. However, unlike electronic and
power electronic devices, this approach is used to cool the most complex motor part, the end windings;
hence, the designers face more complex geometries and more expansive hot surfaces affected by rotor
rotation. Consequently, they face more challenges, such as system complexity and the uneven

temperature distribution in the end-winding region.

So far, there is no adequate information about the oil spray cooling system and its performance with
high viscosity coolant, suitable nozzles, and appropriate spray patterns. Therefore, this paper provides
comprehensive practical information about the right spray system for high viscosity coolants, its
mechanism, and components, such as various nozzles and their performances. Then, it provides the
state-of-the-art about all the attempts to utilize this thermal management system for electrical motors,
analyzing the progress, advantages, and drawbacks. Finally, the paper discusses the perspectives on

improving the weaknesses and drawbacks of this cooling system.

The paper is organized as follows: Section Il is established by considering the spray cooling system, its
mechanism, components, progress, and challenges. Section III mainly considers all the attempts using

this thermal management system for electrical machines, their findings, progress, advantages, and



disadvantages. Section IV presents the search for suitable empirical correlation to estimate the HTC
from the end windings of the machines for various conditions. Section V discusses the perspectives of
this cooling system and the improvements that must be considered. Finally, a conclusion from this

research is summarized in section VI.

II.  Spray Cooling System

Spray cooling is a closed-loop system with a complex structure including a coolant, tank, pump, nozzles,
and cooling temperature unit. First, the pump enhances fluid pressure from the tank to the nozzle in this
system. Then, the nozzle alters the liquid into tiny droplets and spreads them to the hot surfaces.
Ultimately, the excess coolant in liquid or a mixture of liquid and vapor (in a two-phase system) is

gathered and sent to the temperature control unit to remove the heat and prepare for recirculating.

This thermal management system faces two main challenges: system complexity and uneven
temperature distribution. The system complexity mainly depends on the coolant, and uneven
temperature distribution is related to the number of nozzles and their spray patterns that cannot cover
the entire area equally. Consequently, the coolant and nozzle are the most crucial components in this
system whose right choice may significantly improve the cooling efficiency. Several research studies
have investigated the impact of these components on spray cooling and the choice of alternative coolant
and nozzle for spray cooling of the current-carrying components [25], [48], [S57], [58]. Therefore, at the
beginning of this section, different coolants’ impact on the cooling system’s complexity and their
evaluation over the years are investigated. Then, the right choice of the nozzle, as the primary device to

generate the spray flow and enhance the system’s performance, is considered in detail.
a. Coolant Selection

Due to stringent material and electrical compatibility provisions in the spray cooling system of electric
devices, it is prohibited to utilize water as a coolant in direct contact with current-carrying components.
Several research studies investigated the alternative coolants for spray cooling of the current-carrying
components [25], [48], [49], [57]-[60]. However, most of these studies focus on the spray cooling of

hybrid vehicle electronics rather than electric motors.



The proper coolant for spreading electrical components must include several different requirements,

such as [57], [61]:

e Good environmental adaption;
e High safety;
e High dielectric strength;

e Good material compatibility.

From the environmental point of view, a coolant is considered by the ozone depletion potential (ODP)
and the global warming potential (GWP) factors [57],[61]. From the environmental point of view, a
suitable coolant must consist of zero ODP factor, and the GWP factor must be less than 1500. For an
average coolant, the ODP factor is defined between zero and 0.1 (0<ODP<0.1), and GWP should be in
the range of 1500 to 6000 (1500<GWP<6000) [57], [61]. Also, for safety objectives, the coolant is
considered by the flammability. Thus, a suitable coolant is nonflammable, and a poor coolant is
flammable [57], [61]. From a dielectric strength point of view, it is considered the possible high voltage
that the coolant may tolerate without breakdown and arcing in the coolant [57], [61]. Finally, as far as
the material compatibility is concerned, parameters such as the atmosphere lifetime (time needed for
coolant concentration in the atmosphere to drop to I/e of its initial value) have to be determined [57],

[61].

Selecting the appropriate coolant for spraying electronics and electrical components is challenging. As
Fig. 8 shows, depending on the coolant types, the number of sub loops and devices of the control
temperature unit varies significantly. There are three alternative options for the coolant: refrigerants,
liquid coolants with high boiling temperatures, and lubricant oil. All three options are considered here,

regarding their performance, cooling system, and advantages and drawbacks.
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Fig. 8. Closed-loop systems for spray cooling approach: a) refrigerants as a coolant, b) low viscosity
liquid coolant with high boiling temperature, and c) high viscosity lubricant oil as a coolant [57],

[61], [62].

Refrigerants started to be utilized as a coolant due to the low saturation temperature and boiling point,
which allowed the system to benefit from phase-change cooling. One of the first refrigerant materials
was introduced as a coolant from the chlorofluorocarbon (CFC) family [57], [61]. The most famous ones
are R11, R12, R113, and R114. These materials are categorized as high ozone-depleting and global
warming potentials [57], [61]. Consequently, the CFC material is changed by new refrigerant material
from hydrofluorocarbons (HFCs) families (such as R123, R124, and R141b) to adapt to the coolant
requirement [57], [61]. This new refrigerant family provides almost similar cooling characteristics, with
a 10 % lower ozone depletion than CFC [57], [61]. Recently, new HFCs (e.g., R134a and R143a) are

replaced by the previous ones that benefit from zero ODP and lower global warming effects [57], [61].

The refrigerant as an evaporating coolant is pumped to the heat source in the phase-change cooling
system. Then, it converts to vapor (gas coolant) by absorbing the heat energy and reaching the boiling
point (after absorbing the heat energy). Next, the coolant moves toward the condenser to transform

(condensed) into the liquid, and it backs to the cycle in the final part of the loop [13].

These spray cooling systems benefit from two-phase heat transfer regimes; some portions of the coolant
are converted to vapor and increase the heat transfer by convection. Fig. 9 illustrates the general spray
cooling curve, which shows the heat flux versus wall temperature of a flat copper heater cooled by the
spray cooling method. Fig. 9 provides single-phase and two-phase heat transfer regimes for this case

study. Thus, until the surface temperature is less than 70 °C, the curve is located in a single regime with



a linear behavior. In this situation, the supplied liquid has a sufficient rate to replace the fresh drop of
coolant. Continue with increasing the heat flux and reaching the superheat condition (more than 70 °C),

it enters the two-phase regime, and the slope of the curve becomes sharper.

Single Phase Regime Two Phase Regime

70 < > >

«—pp CHF

Heat Flux (W/cm?)

10

30 40 50 60 70 80 90 100

Wall Temperature (°C)

Fig. 9. Spray cooling curve of a copper heater (Coolant=FC-72, flow rate=93 ml/min, inlet

pressure= 1.0 bar, Tsw=57°C,ATw»=28°C, Area of copper heater=2 cm?) [54].

The complex system structure is the drawback of the fluorocarbon family or mainly refrigerant family
as a coolant. According to Fig. 8 a), the cooling loop system of refrigerant coolants consists of sub loops
that cause an increase in the system’s cost and complexity. Hence, the refrigerant coolants were replaced
by liquid coolants with a higher boiling point to overcome the closed-loop system’s complexity and
greater flexibility in selecting the coolant, operating pressure, and coolant temperature. As shown in
Fig .8 b), the system with liquid coolant has a less complicated structure [57], [61]. Several research
studies [57], [61] were conducted to find proper liquid coolant. Mudawar et al. [57], [61] implemented
several experiments among the various coolants, including perfluorocarbons (PFCs) (Fluorinerts and
Performance Fluids) and HFCs (Novec fluids), to investigate the mentioned coolant requirements.
According to the study results, all liquid coolants have good safety ratings. However, Fluorinerts and
Performance Fluids have only average environmental ratings due to relatively high GWP [57], [61].

Overall, only HFE-7100 has good ratings in all performance categories [57], [61]. Moreover, the



freezing point for HFE-7100 is 135 (°C) [57], [61], which is well below any expected automobile
application range of temperatures down to 40 (°C) [57], [61]. Therefore, HFE-7100 has been

recommended as a liquid cooling coolant suitable for hybrid vehicle electronics.

However, this liquid coolant with a higher boiling point requires the sub-loop to move the vapor toward
the condenser for condensing to liquid. To overcome this problem and use the available coolant in the
vehicle for cooling EV motors, the latest studies [23], [38] implemented a fully synthetic lubrication oil
as the coolant. The study results show a high potential of the lubricant oil to be used as a coolant for the
future generation of electrical motors for EV traction applications [25]. Furthermore, as shown in Fig. 8
¢), the spray cooling system consists of only one close loop system with no more sub-loops and extra

devices to transform the gas into the liquid. As a result, the system complexity and cost are reduced.

This closed-loop system includes coolant (oil), temperature control unit and oil tank, pump, flow control
valve, spray chamber, and scavenge pump. In this cooling system, the pump boosts the oil’s pressure to
transfer the coolant with the appropriate pressure from the reservoir to the nozzle. Then the nozzle
transforms the coolant into tiny droplets and spreads them to the hot surfaces of the end winding and
rotor. In the end, the excess liquid oil is gathered with the help of a scavenge pump or just earth gravity

and sent to the temperature control unit to remove the heat and prepare for recirculation.

b. Spray Nozzles Selection

The main drawback of the oil spray cooling system is the uneven temperature distribution. This
drawback can cause unexpected hot spots that sometimes exceed the material’s temperature limit, which
leads to failures. The temperature rise distributions of a motor end region cooled by a spray system are
presented in Fig. 10 to clarify the issue. Accordingly, Fig. 10 clearly shows the uneven temperature
distributions at the end winding of the machine. Besides, the hairpin winding temperature rise in some
slots is more than the average temperature rise and rises even more than 15 K. Therefore, the system

consists of unexpected hot spots in several slots (such as 11,12, 13, 14).

In contrast, the mean temperature of the system is in acceptable conditions. As a result, the number of

nozzles with the correct spray pattern must be selected during the design phase to mitigate this issue and



improve the system’s temperature uniformity. Hence, the various nozzles and their spray patterns are

considered in detail.
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Fig. 10. Temperature rise distributions and the system’s mean temperature rise cooled by the spray

system under varying flow rates [25], [63].

Selecting the nozzle with the appropriate spray pattern provides excellent spreading of the coolant,
which leads to more efficient cooling with better temperature uniformity. Further, the cooling system
requires nozzles with high pressure. However, as shown in Fig. 11, multiple nozzles involve various
applications, such as chemical processing, electronics, engineered wood, mining, fire, and safety [64],
which are mainly designed to work with water. Therefore, there is insufficient information on the proper
nozzles, which can work with high viscosity coolant (such as oil) and maintain their spray capabilities.

Therefore, the appropriate nozzle for oil spray cooling must have the following conditions [65]:
e Proper spray pattern;
e  Working with high pressure;

e  Working with high viscosity coolant material.



Fig. 11. Various nozzles [64].

The procedure of selecting the nozzle contains the specification of the following items [66]:

e Spray patterns and the model of droplets spread from the orifice;

e Desired spray angle or spray coverage;

e Droplet size;

e Coolant properties;

e  Material properties of the nozzles.

Hereafter, all the above parameters are considered in detail.

1. Nozzle Spray Patterns

The nozzle spray patterns describe the location and the spray density of the fluid emitted from nozzles.
Therefore, in the first step, it is essential to know the nozzle’s basic functions and working principle and

then consider various nozzle types to be familiar with the different droplets’ distributions.

The nozzle is a mechanical tool to transform the liquid into droplets. As Fig. 12 shows, the nozzles

consist of three main functions [66]:



e Meter flow (the hydraulics of the flow within the atomizer, which governs the turbulence

properties of the emerging liquid stream);
e Distribute liquid (Sheet & Ligament);

e Break up liquid stream (Drop).

Sheet Ligament Drop
~a P y
'/ p ™,
¢ Q

Fig. 12. The essential functions of spraying nozzles [67], [68].

In the nozzle, the process of altering the liquid into drops is called atomization, and it occurs by liquid
pressure or the mixture of air and fluid pressures. As a result, the spraying nozzles are categorized into

two main groups [67], [68]:

1- Hydraulic nozzles;

2- Two-fluid nozzles (air-assisted).

However, this simple sort cannot provide a complete overview of the nozzles’ droplets emitting patterns.
Hence, in a more comprehensive classification (as seen in Fig. 13), the spraying nozzles are categorized

based on their spray pattern into four main categories as follows [54], [66]:

1- Full-cone sprays;
2- Hollow-cone sprays;
3- Flat fan sprays;

4- Misting sprays.
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Fig. 13. Various nozzles based on spray patterns [68].

The full-cone nozzles are the most conventional in industries for spray cooling purposes. These nozzles

produce various spray patterns from circular to square to oval and are generated by forcing the liquid



through stationary blades that add turbulence. Therefore, these nozzles provide even fluid coverage over
the target area. Besides, this pattern can be maintained for the particular distance of the target plate from
the nozzle’s orifice. Full-cone nozzles can have a spray angle of between 15 and 170 degrees, flow rate
between 0.13 to 36100 (I/min), and pressure between 0.3 to 30 bar with medium-to-large-sized drops
depending on the nozzle design [66], [70]. As illustrated in Fig. 14, the full-cone nozzle is divided into
two main groups: whirl and spiral [66], [69]. As seen in Fig. 14 a), in the whirl nozzle, the fluid (coolant)
is passed from the whirl chamber to set coolant in vortex motion to break up the liquid into the droplets.
In the whirl full cone nozzle, droplets coming out of the orifice are evenly distributed on the target

surface and shaped in the full cone pattern.

However, as shown in Fig. 14 b), the spray pattern in a spiral nozzle is generated after leaving the orifice
by passing the fluid into the protruding helix [70]. Hence, the atomization process occurs after leaving
the orifices. Therefore, these nozzles provide a large free passage that any contaminant passes the nozzle
without causing blockage; as a result, spiral nozzles have high clog resistance and can be applied to
spray a broader range of fluids [70]. Moreover, as illustrated in Fig. 14 b), the spray patterns of spiral
nozzles are formed from several overlapping hollow cones with a concentric center with less uniform
liquid distribution than whirl full cone nozzles to produce the full cone pattern. The concentration of
heavier droplets in cones has a positive impact on delivering tiny droplets to areas that are impossible

to reach by whirl nozzles, and enhances the overall cooling power of the spray [70] .

Fluid impacts on the
spiral shape causing it to
shear and break apart into
multiple  hollow
patterns

Whirl chamber sets
fluid in vortex motion
breaking it apart

Full cone evenly
distributed spray

¥ //' ; &
pattern i 4 I | | I b

The hollow cone patterns
are broad and overlap
forming an approximate
full cone pattern

Fig. 14. Various full-cone nozzles with their distribution pattern: a) whirl b) spiral [70].



In a hollow cone nozzle, the fluid is forced tangentially from the chamber in whirl or grove vanned
forms, and the exited fluid from the orifice forms the conic shape at the cone’s circumference [54].
Furthermore, the spray creates a ring shape with a hollow center when it touches the surface. These
nozzles can have a spray angle between 15 and 170 degrees, flow rate between 0.125 to 10700 (1/min),
and pressure of 0.2 to 30 bar with a small droplet size depending on the nozzle design [70]. According

to Fig. 13, the hollow cone nozzles are classified into whirl chamber, spiral, and deflected types.

As seen in Fig. 13, the flat fan nozzles produce thin and flat fluid. As it creates the fluid in concentrated
form, this nozzle’s effect is more significant than the previous ones and can cool the small chip area. In
addition, the fluid passes minimal orifice in the misting nozzles; this nozzle produces tiny droplets even

at low pressure.

Both hydraulic and two-fluid nozzles (air-assisted) can produce the above spray patterns. Besides, the
two-fluid nozzle generates thinner droplets than hydraulic nozzles through a mixture of liquid and air.
However, the hydraulic (pressures) nozzles are preferable for spray cooling electronic devices due to
their reliance on liquid momentum to generate droplets. Moreover, two-fluid nozzles use the non-
condensable gas and the liquid coolant for the atomization process, and segregating the non-condensable
gas from the liquid coolant significantly enhances the cooling system’s complexity [69]. Therefore,
hydraulic pressure nozzles in the form of a full cone, hollow cone, and flat spray are more prevalent in

many industries and spray cooling [69].

2. Spray Coverage

Another crucial factor in selecting the correct nozzles is the amount of necessary coverage. As seen in
Fig. 15, the spray angle (A), actual spray coverage (B), effective spray angle (C), the distance of nozzle
orifice from target area (D), and the theoretical spray coverage (E) are five main parameters that are

utilized to describe the spray coverage of the nozzle [66], [71].

The spray angle (A) is determined close to the nozzle orifice. It shows the spray coverage for the surface

near the orifice. However, the effective spray angle is calculated from the actual coverage (B) when the



nozzle orifice is located at a specific distance (D). Finally, the theoretical spray coverage (E) shows the

coverage at a distance (D) when the spray moved in a straight line.

|;—B—;| |

~ E -

Fig. 15. Spray coverage parameters [66].

The manufacturers provide a table, such as Table II, to show the theoretical spray coverage to find the
correct distance to the target surface for proper spray coverage [66]. According to the table, the spray
coverage directly relates to the nozzle distance with the target surface. Accordingly, it is essential to

determine the distance between the nozzle and the target surface.

Table II. Theoretical Spray coverage (E) [66].

Distance From Nozzle Orifice (D) (Inches)

Spray

Angle 2 4 6 8 10 12 15 18 24 30 36

(A)
10° 0407 |11] 14| 18 2.1 2.6 3.1 4.2 52 6.3

Spray
20° 07| 14|21 |28 35 4.2 53 6.4 8.5 10.6 12.7

Coverage
30° 1.1 213243 ]| 54 6.4 8.1 9.7 12.8 16.1 19.3

(E)
40° 15129 |44 |58 |73 8.7 10.9 13.1 17.5 21.8 | 262

(Inches)
50° 19 37|56 75]93 | 112 14.0 16.8 | 224 | 28.0 | 33.6

3. The fluid flow rate and the impact of fluid properties on flow rate



Each nozzle generates a certain flow rate at a specific pressure differential. Hence, the flow rate is
determined by subtracting the gauge pressure inside the vessel from the gauge pressure at the nozzle

inlet and is expressed as [66], [70]:
Q =K(®P)", (1)

where Q is the flow rate (I/min), K is the coefficient factor, P is the pressure differential, and » is a

constant.

Therefore, the following correlation is used to calculate the flow rate of fluids with various pressures

[66]:

5 e

Q1

The coefficient factor (K) is a unique number for each nozzle provided by the manufacturer in the
datasheet. n is a constant that mainly depends on spraying patterns; for instance, this value for most

spiral full cone nozzles is 0.5 and is between 0.44 to 0.46 for whirl types [66], [70].

Most of the nozzles in the market are being designed to work with water; the flow rate chart provided
in the manufacturer datasheet presents the value of flowrate on the specific pressure differential for the
water as fluid. Therefore, it is necessary to recalculate the flow rate for heavier or lighter fluids than
water. For this purpose, the effect of the fluid parameters such as viscosity and specific gravity (SG) on
the spraying must be considered for the high dense coolant. Therefore, the following correlation is used

to calculate the flow rate of fluids with various SG [66]:

o _ [@
Q1 SGy 3)

Table IIT shows the water and engine oil’s viscosity and specific gravity (SG). Therefore, by replacing
the water-specific gravity (SG=1) for SG;in (3) and defining Q; as the water flow rate (Qw) in (4), it can

be determined the fluid flow rate (Or) by knowing the water flow rate [70]:

Q= Qw 5+ @



Table II1. Viscosity and specific gravity at room temperature [66]

Viscosity
Fluid Specific Gravity
(cP)
Water 1 1
10W-30 oil 110 0.88

According to (4), the viscosity and the specific gravity impact the spray performance differently. The
viscosity mainly increases the energy required for the atomization process. For example, the high
viscosity liquid can interrupt the spraying capability. In a critical situation, air atomizing nozzles are the

only nozzles used to spray the high viscosity liquid. Generally, high viscosity [67]:

e Decreases flow rate;

Creates heavy edges;
e Requires a higher minimum pressure to maintain adequate spray angle/coverage;

e Increases capacity;

Increases drop size.

>

Droplet Size:

The different nozzles produce various droplets. Depending on the nozzle type, the droplet size varies
significantly from one type to another. Generally, the air atomizing nozzles or spiral air series generate

the smallest droplets, followed by hollow-cone, flat fan spray, and full-cone nozzles.

The size of the droplets can describe the overall surfaces that can be covered by sprayed fluid. Smaller
droplets increase the surface area of the spray [70]. In addition, the droplet size plays a vital role in
developing empirical correlations to measure spray cooling performance. The various studies on spray
cooling developed an empirical correlation and analytical model using dimensionless numbers under
multiple conditions during the past few decades. Therefore, most of these correlations require the

knowledge of mean droplet size as the characteristic length.



- - .
-
& i s i ¥
L] L]
™ - - e L
- A @ - .;“‘ .'-.'a
Cia b enl
. - * -
Q " E N
»_ ‘ - °1‘
‘» ...0 L
2 . A B * .o
L ~ e ? 9 p-w L =i
L]
o "
- ° e
. ™ v -
L ] ™ ‘
o s = )
- g° = .
¥ ® %
= y > *

Fig. 16. Actual droplet image for spray analysis [66].
4.1. Droplet size measurement

The droplet size measurement is critical and challenging since there are numerous drops in spray,
including vast drop sizes—furthermore, the drop size changes by moving toward a two-phase regime
due to evaporation and coalescence. The droplet size can be measured by different methods like
mechanical, electrical, and optical [67], [68], [72], [73]. As seen in Fig. 16, the spray nozzle generates
a wide range of droplet sizes; hence, a single number is defined as the droplet size. Moreover, this
number is used in comparisons of droplets of various sprays. Therefore, the diverse average numbers

are defined for the droplet sizes.

Further, many applications are more comfortable using the mean number [67]. Different mean numbers

are generalized in [74]. Generally, the mean diameters are described by the below correlation [67], [75]:

fDm afdN
(Dap)®™" = # )

where a and b are the positive integer numbers, D,, is the maximum drop diameter, Dy is the minimum
drop diameter, D is the drop diameter, and N is the number of drops. Furthermore, equation (5) can be
defined as [75]:

b NL-D{I] 1/(a—b)

D, =
ab = |y n;pP

» (6)



where i presents the size range considered, N; equals the number of drops on size range i, and D; is the

middle diameter of size range i. According to (6), various mean diameters can be defined. Table IV

provides the different mean diameters and their applications. For more information, the common ones

are as follows:

e Arithmetic mean diameter (D;y);

e Volume mean diameter (D3o);

e Sauter mean diameter (D3z);

e De Brouckere mean diameter (Dy3).

Table IV. Mean diameter and their applications [67], [74]

a|b | ath Title of mean diameter Symbol | correlation Applications
. . . X N;D; . .
110 1 Length (arithmetic mean diameter) Dy Z—N Comparisons, evaporation
i
Y N.D? 1/, | Surface area controlling, e.g.,
210 2 Surface area D>y i’ ]
XN absorption
I -
o \ Volume . YN, Df] /3 Volume controlling, e.g.,
XN hydrology
N;D?
211 3 Surface area-length Dy, L Absorption
Y.N;D;
T N.D? 1/, Evaporation, molecular
311 4 Volume-length D3, #]
X N;D; diffusion
Sauter mean diameter Y N.D?
312 5 Ds; — Mass transfer, reaction
(SMD) L N:D;
Jl s ; De Brouckere or 5 Y N,D} . o
43 3 Combustion equilibrium
Herdan L N:D;

4.2.Impact of spray and fluid parameters on droplet size

The droplet size is directly proportional to the nozzle’s internal geometry, orifice size, physical

properties of a liquid, spray angle, and spray pressure. According to the effect of droplet size on the




spray performance, it is essential to consider the impact of these parameters on the droplet sizes.

Hereafter the impact of these parameters on droplet size is investigated [66], [70].
4.2.1. Fluid Parameters

This part investigates the effect of fluid parameters such as pressure, specific gravity, viscosity, and
surface tension on the droplet size. All these parameters impact the flow rate and the spray ability of the

nozzles [66], [70].

Pressure directly impacts the droplet size, which means that the droplet size becomes smaller by
increasing the fluid pressure. Besides, it is suitable to predict the droplet mean diameter by changing the
pressure; hence the following equation expresses the effect of pressure on the mean diameter droplet

size [66], [70]:

Dy _ (P_z)_0'3 ™

Dy Py

where D; and D; are the mean diameters of droplets at pressure one (P;) and pressure two (P>),

respectively.

The specific gravity affects the liquid flow rate, and as a result, it affects the droplet size, which means
that for the same pressure, the higher SG leads to a lower flow rate and smaller droplet size. Therefore,

the mean droplet diameter can be determined as follows [70]:

Dr = DySG§>,(8)
Moreover, the fluid viscosity (V) affects the nozzle’s performance, and the liquid with high viscosity
can inhibit the atomization process. Hence, a fluid with high viscosity increases the droplet size, and the

mean diameter of fluid can be evaluated as follows [70] :

Dr = Dy V§2,(9)
Similar to fluid viscosity, the fluid with higher surface tension (S7) forms the larger droplets, and the

droplet mean diameter can be estimated as follows [70]:

Dy = Dy (i—g)o's, (10)



4.2.2. Nozzle Parameters

The nozzle type, spray pattern, and spray angle affect the droplet size. Typically, the nozzles with lower
atomizations, such as flat fans with patterns of liquid sheets, generate the coarse droplets. Moreover, the
nozzles with a broader spray angle generate the smaller droplets since they provide more space for the
distribution of droplets. Besides, the type of nozzles also affects droplets’ size; for example, the spiral

full cone nozzles produce smaller droplets than whirl ones.

5. The material properties of the nozzles

The environmental conditions and coolant features such as ambient and working fluid temperature,
corrosion, oxidizing, chemical attack, and abrasion play an essential role in selecting the nozzle-
constructed materials and maximum working temperature limit of a nozzle. Furthermore, these
parameters impact the nozzle cost and the product’s final price. The nozzle-constructed materials based
on the cost from highest to lowest price are sorted as follows: refractory metals and precious metals,

ceramics, nickel-based alloys, cobalt-based alloys, stainless steels, plastics, cast iron, and brass [66].

The critical and challenging factors in the spray cooling approach are the system’s complexity and
temperature uniformity. Recently, Iubricant oils have been utilized as coolants to reduce the system
complexity. However, as coolants, these fluids have higher viscosity and lower specific gravity than
water. Since a high viscous liquid reduces the atomization process and performance of the nozzles, for
this purpose and for mitigating the temperature non-uniformity, the essential coolant parameters and

their effects on the nozzle’s performance, various nozzles, and their spray patterns need to be considered.

Since most nozzles are designed to work with water, most manufacturers provide the amount of flow
rate charts and spray angle of the nozzles for the water as fluid. Therefore, it is essential to recalculate
parameters, such as flow rate at a specific pressure, nozzle spray covers, and spray angles for lubricant
oil as fluid. Then, select the proper nozzle according to the amount of the recalculated parameters, spray
coverage, and the nozzle’s distance from the targe surface. Moreover, Table V summarizes the nozzles

with their patterns, spray angles, flow rate, pressure, and the size of droplets.



Table V. Overview of various nozzles and their parameters [66], [70].

Spray Flow rate Liquid
angle Pressure Drop
Nozzle Type Spray patterns range .
range (I/min) Range Size
(degree) (Bar)
Hydraulic Full- o o 0.13- Medium
cone “ A 155170 36100 0.2-30 1 o Large
Whirl Spiral
: g
Hydraulic i Coo 0125
Hollow-cone o 15°-170 10700 0.2-30 Small
Whirl Spiral Deflected
Hydraulic Flat 0°-145° | 0011757 | 0.2.49 | Smallto
fan / Medium

Tapered Even  Deflected

H&‘.ha.“hc N 20°-120° | 0.032-618 | 0.7-200 | Small

1sting ) N

Two-fluid 10°-90° - 02-7 | Very
nozzles Small

III. Oil Spray Cooling Approach in Electrical Motors for Traction
Drives

Using spray cooling on electrical machines is a novel approach. But, the spray cooling method itself is
not novel; there are numerous research studies about the spray cooling approach [69], [76]-[78].
Moreover, this cooling method has a complex heat transfer mechanism, for which most of the findings
are based on the experimental way. However, these findings mainly concentrate on thermal engineering
devices instead of windings; such as evaporative spray cooling of silicon surfaces textured with square
micro-study, water spray cooling performances of plain and micro-porous coated flat and cylindrical

surfaces, PF-5060 spray cooling performances for different structured surface geometries: cubic pin fins,



pyramids, and straight fins [69]. Consequently, they are less applicable to electrical machines. most of

them concentrated on tasks

As shown in Fig. 17, the attempt and research data to implement an oil cooling system on electrical
machines are categorized into two main groups: evaporation spray cooling and lubricant oil spray
cooling. Moreover, lubricant oil spray cooling is divided into two subsections according to the motor
winding configuration: lubricant oil spray system on motors with strand windings, and motors with
hairpin windings. Finally, the strand winding configurations based on nozzles positions are divided into
two other subsections. All attempts and research to implement the spray cooling system on electrical
machines together with its advantages and drawbacks are described here.
Spray Cooling

System for
Electrical

Machines

N
Evaporation Spray Lubricant Oil Spray
Cooling Cooling
|
[ ]
0 A
on Conventional on Hairpin
Strand Winding Winding
|
[ 1
N

with Fixed Position

on Motor Housing Uty

Fig. 17. The attempt and research on implementing of oil cooling system for electrical machines.

a. Evaporation Spray cooling system on electrical machines

Early research on utilizing a spray cooling approach for electrical machines dates back to 2009, when
Li Zhenguo et al. [49] implemented an evaporation spray cooling on a sizeable synchronous generator.
Conventionally, this type of generator is cooled using a wet stator method by immerging the stator part

into the coolant. However, the drawback of this cooling is the requirement of a large cooling medium.



Therefore, to reduce the quantity of the cooling medium, the spray cooling systems were implemented

in the stator active part and stator end regions.

For this purpose, nozzles with spray angles of 15~45°; a flow rate of 2.5L/min at 0.05Mpa were installed
in the machine. Furthermore, F-113 with a low boiling point was used as an evaporation coolant;
therefore, the system mainly concentrates on a two-phase cooling. As seen in Fig. 18, the thermal
management system consists of a condenser, pumps, nozzles, filters, a coolant distributor, flow
transducers, spray rings, and electromagnetic valves. Besides, they used an insulation sleeve to separate
the wet stator chamber from the dry rotor chamber. Consequently, the cooling system consists of several
subloops that increase the complexity and cost of the cooling system. Nevertheless, according to the
findings, this thermal management system reduces coolant usage to about 90%. Moreover, compared to
the semi-flood method, the spray cooling approach provides better cooling capabilities, smaller coolant

inventory, and better temperature uniformity.
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Fig. 18. Implementation of spray cooling in a large electrical machine: a) Test rig b) Fluid system

setup [48], [49].

Li Zhenguo et al. in [48] consider the challenges of evaporation cooling systems, two-phase heat
transfer, and the effect of critical spray parameters on the heat transfer capabilities and thermal
management system’s efficiency through experiment. For this purpose, they designed the test rig (Fig.
19), including the motorette (a small representative section of the stator) located inside the chamber. As
seen in Fig. 19, the motorette consists of four radial cooling ducts cooled by full cone nozzles installed

above the end windings and the stator radial cooling ducts.
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Fig. 19. The schematic of the test rig [48].

Table VI shows the effects of pressure and coolant temperature on the spray cooling system
performance. Section II states that pressure directly relates to flow rate and is inversely proportional to
mean droplet diameter. Their findings show that increasing the pressure directly impacts the flow rate,
heat transfer coefficient, and cooling efficiency. Therefore, increasing the pressure leads to better
cooling and lower temperature. Accordingly, by increasing the pressure from 0.7 bar to 10 bar, the flow
rates increased from 1 I/min to approximately 4 I/min, droplet size decreased from 2.1 mm to 0.6 mm,
and the windings' temperature dropped from 90 °C to approximately 60 °C. Besides, this temperature
reduction continues until a particular pressure (5 bar), and after that pressure, by reducing the thickness
of the liquid film on the winding surface, the temperature is not reduced sharply as before. However,

increasing the pressure has an opposed effect on mean droplet size and leads to smaller droplet size.

In the final step, the impact of the inlet temperature of evaporation fluid on the heat transfer and
temperature of the system was investigated. As a result, if the coolant temperature is far lower than its
saturation point, spray cooling system efficiency and heat transfer coefficient drop and lead to higher

windings temperatures.



Table VI. The effect of critical spray parameters on the heat transfer capabilities and thermal

management system efficiency.

Mean Heat Cooling
Fluid Winding
Parameter Droplet Transfer System
Flow Temperature
Diameter Coefficient Efficiency

Increasing Pressure %

¥ ¥ * 1t
— — \ 4 L 4 ¥

Decreasing Coolant Temperature

The final part of the research on the two-phase evaporation system is presented by Li Zhenguo et al. in
[79], where they investigate various sprays and the effect of their parameters on the high power density
motor cooling. For this purpose, they constructed an experimental platform (Fig. 20) consisting of a

spray cavity with the nozzle, heater, sub-cooling, pump, preheater, condenser, and control system.
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Fig. 20. The test bench schematic [79].

They utilized four different nozzles with different orifice sizes and spray angles installed at a 70 mm
distance from the heating object. As a primary goal, they considered the behavior of the heat transfer
coefficient via pressure variation for the nozzles to select the nozzle with the best evaporation spray

cooling capacity. As seen in Fig. 21, the rate of heat transfer coefficient increases by enhancing the



pressure in all nozzles, and it has a positive effect on the heat transfer and cooling efficiency. Since
nozzle#3 has the best performance in heat removal, for further investigation, they selected this nozzle
to consider the impact of various parameters on the evaporation spray cooling capacity, such as nozzle

distance from the heating object, spray inclined angle, and inlet coolant temperature.
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Fig. 21. Variation heat transfer coefficient via input nozzle’s pressure [79].

First, they considered the effect of the nozzle’s distance on the heat transfer coefficient. Based on their
findings, the heat transfer coefficient until a certain distance from the heating object (40 mm) was
increased and after exceeding this distance started to decline. In the next step, they checked the effect
of inclined spray angle on the heat transfer capability. According to their findings, the inclined spray
angle has a significant impact on the heat transfer coefficient; as an example, for the nozzle under
experiment, by increasing the inclined spray angle from 0 to 20 degrees, the heat transfer coefficient
increased about 9%, and it reached to its maximum value (about 5700 W/m?K). However, by increasing
the inclined spray angle from 20 degrees, the heat transfer coefficient sharply decreased, and at 50
degrees, the heat transfer coefficient dropped to 4200 W/m?K. Furthermore, they compared the

evaporation spray cooling capacity with the immersing liquid technique and realized that spray cooling



provides a higher heat removal capability (around 10%) by comparing the spray and immersion cooling

methods at the same heat fluxes.

b. Lubricant Oil Spray cooling system

The above studies have not provided any information about nozzles with various spray patterns. They
only focus on the full cone nozzle for sizable machines with evaporation coolant. In contrast, EV motors
are compact and installed in tiny places. Therefore, there is no adequate space for installing extra devices
such as pre-heat, extra pumps, condenser, and reservoir for evaporation coolant. Furthermore, the
cooling system’s primary objective is to use the available fluid as a coolant; for instance, in EV motors,
the coolant can be air, water, and oil. As a result, the lubricant oil with a more straightforward thermal

management system, including one loop, becomes suitable for EV motors.

1. EV motors with strand windings and fixed nozzles positions

Davin et al. [37] present one of the early studies considering implementing oil spray cooling in EV
traction (powertrain) motors. In [7], [37], they implemented this cooling approach on both sides of the
motor with concentrated strand windings and proposed the inverse method to determine the value of

interior heat transfer coefficients.

Nozzle

T Stator Rotor T
Oil outlet Oil outlet

Fig. 22. Schematics of the test machine by Davin et al. [37].



According to Fig. 22, they utilize the lubricant oil to spray on both sides of the motor by installing two
different injection systems. The first system used the atomization spray (Mist) system consisting of a
whirl full-cone (M8) and flat jet (HVV04) spray nozzles with a fixed location on the top of the housing
to cool the stator end windings directly. The second system was based on a solid stream injection
technique (a simple jet of focused fluid with no actual droplets) consisting of Dripping and multijets to
distribute lubricant oil around the outer periphery of end windings. Afterwards, lubricant oil is sorted
from the machine at the bottom through gravity and back to the temperature control unit to recirculate.
The oil spray system is implemented on a real stator with a nonmagnetic rotor to control the heat transfer

and restrict the machine’s power losses.

They considered the influence of oil flow rate and rotor rotational speed on the cooling system
performances. Fig. 23 shows the experimental results on all four injection systems topologies. As seen,
the misting systems have a lower flow rate domain compared to the solid stream systems. Overall,
increasing the oil temperature has a positive impact on heat removal. Therefore, increasing the oil flow
rate improves the cooling system performance in all four spray topologies, causing more heat power
removal and lowering windings’ temperature. Besides the significant densification of droplets at high
pressure and flow rate, the powerline’s slope is sharper in spray atomization systems than in solid stream
injection systems. The other interesting point is the better performance of dripping systems with few

injection points compared to multijets.
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Fig. 23. Impact of various spray systems on the windings’ temperature and dissipated power [37].



Moreover, the rotor speed positively affects the heat removal and causes heat transfer improvement.
This effect is noticeable for mist nozzle topologies (full cone and flat jet nozzles) and moderate for
multijet and dripping systems. However, as shown in Fig. 24, the non-uniformity of oil film distribution
on end windings during high rotor speed becomes more significant, leading to uneven temperature
distribution on the end windings. The main drawback of the uneven temperature distribution is the
occurrence of unexpected hot spots in the system. In this research, in some measurement cases, there
was a temperature difference of more than 30°C in various parts of the machine; they even observed a

20 °C temperature difference within the same winding.

Fig. 24. Sketch of flow visualization: a) at stall condition and b) higher rotor rotational speed [37)].

Bennion and Moreno in [80] present a research study of the oil spray cooling on the electrical motor for
traction drives. They propose the direct end winding cooling by accomplishing impinging automatic
transmission fluid (ATF) jets onto the motor’s end winding. They experimentally consider the effect of
the inlet coolant temperatures, flow rate (jet velocities), and the surface topology on the machine’s heat
transfer coefficient (HTC) and pressure drop (PD) across the nozzle. Therefore, for the impact of inlet
coolant temperatures, ATF temperatures vary from 50°C to 90°C, and for the flow rate analysis, jet
nozzle velocities vary from 0.5 m/s to 10 m/s. Ultimately, they utilized various wire bundles called the
baseline, 18 AWG, 22 AWG, and 26 AWG samples to consider the influence of surface topology. Table
VII presents their findings and observations. Besides, this cooling approach proposed high heat removal
and high HTC; for instance, at the jet velocity of about 10 m/s, the HTC is between 8000 — 10,000

W/m’K.



However, in this current study, they only use the small copper wire sample that is directly aligned with
the fluid jet. In actual conditions, the end winding is on a larger scale with a bigger surface; therefore,
all the surfaces cannot be directly impinged upon by the jet and face a non-uniform heat transfer

condition.

Table VII. Results on the impact of surface topology, fluid temperature, and jet velocity on pressure

drop (PD) and heat transfer coefficient (HTC).

PD HTC
By increasing the flow rate, the HTC increases with increasing jet
Flow rate (Jet velocity)
pressure drop also increases velocity
It decreases with increasing inlet The inlet temperature has a negligible
Inlet coolant temperature
temperatures impact on HTC

-Low jet velocities (less than 0.5 m/s)
have minimal effect on HTC, and the

values of HTC for all the samples

Surface topology were identical.
-At higher velocities, HTC values for
18 AWG and 22 AWG were more

significant than the two others

2. EV motor with strand windings and installed nozzle on the rotor

Hitherto, several cases are considered for which the spray cooling method was accomplished by fixing
nozzles on the machine housing’s interior sections. However, several research studies assessed the effect
of oil spray cooling arrangement by utilizing the spray system on the rotor shaft for in-wheel (hub)
motors for light hybrid electric vehicles [81]-[85]. These motor types are installed directly in the
machine wheels, and each motor is controlled individually by its motor drive [83], [85]. Therefore, the
vehicle’s kinematic performance and design flexibility are increased [83]. Moreover, in comparison to

traction motors, this system does not require any mechanical links, such as transmissions or differentials



[85]. However, the negative point about this motor system is the limited space, since the in-wheel motor
and its drive, together with other wheel accessories, such as a braking system, steering system, and

suspension, are installed in a tiny wheel space [83]. Therefore, this motor system needs to be minimized.

Moreover, due to the complex structure of this system, selecting the correct thermal management system
is crucial to provide high performance and durability. However, the conventional air-cooling approach
and water cooling are not suitable thermal management systems for large-capacity drive motors. The air
cooling method cannot provide sufficient cooling capacity, and the water cooling approach needs a
separate flow path in the machine housing, contrasting with motor size minimization [83]. Hence, the
spray cooling from the rotor shaft is a thermal management system that can overcome these issues [83].
As seen in Fig. 25, Lim et al. [82], [83] conducted one of the primary studies by optimizing the cooling
channel inside the hollow shaft for implementing the oil spray cooling into a 35 kW in-wheel motor. In
the first step, they use the Taguchi technique to optimize the channel and flow path of the hollow shaft.
Then, they considered the thermal performance of the optimized motor by utilizing numerical analysis
and experimental methods. Finally, they evaluated the thermal performance of the optimized motor

under the base and maximum operating speeds, and various operating conditions of the cooling system.

According to their findings, oil spray cooling provides better cooling performance and temperature
uniformity than air-cooled and oil-cooled methods. Moreover, using a spray cooling system, they set the
maximum temperature of the in-while coil under the motor temperature limit (motor temperature limit
set to 150 °C). As a result, the coil temperature for base speed and maximum speed performance were

138.1 °C and 137.8 °C, respectively.

Furthermore, in [83], they evaluate the heat extraction and thermal performance of the 35 kW in-wheel
motor in the presence or absence of the radiator in the circulation loop of the oil spray cooling system.
They observed that the rate of temperature rise of the model with the radiator in the cooling loop system
is about 30 °C/min lower than for the condition where the radiator is not included under the maximum
rated base speed condition, and it is possible to secure additional driving time of about 22 s. However,

they did not provide any information related to HTC.
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Fig. 25. a) The in-wheel motor construction, b) The optimization parameters [82].

Park and Kim in [84] presented the latest study on implementing the oil spray cooling system on the
rotor shaft of an in-wheel motor. As seen in Fig. 26 a) and b), they designed the new hollow shaft with
several oil channels for direct spray cooling and delivering oil for lubricant purposes. Fig. 26 c)
illustrates the spray coverage with the oil spray cooling technique. Therefore, spray cooling techniques
was only implemented in the non-drive end windings, and the driven parts were cooled by the oil flowing

from the non-drive end part due to rotor rotation and gravity.

Coil and stator hole
oil & Insulator

Hollow Shaft hole

Resolver side bearing hole

Reduction gear hole

a) b) c)

Fig. 26. Structural modeling of a) cooling channel, b) in-wheel motor with hollow shaft spray

cooling, and ¢) spray cooling area at coil and stator [84].



Next, they evaluated the oil spray system’s performance for the 35-kW interior permanent magnet (IPM)
motor with the optimized hollow shaft. According to their findings, the average HTC for the direct spray
cooling in the non-drive end section at base speed and maximum speed performances are about 5270
(W/m*K) and 10849 (W/m?K), respectively. Then, they compared the spray cooling system’s
performance with the conventional cooling system, such as an in-wheel motor with only a simple
channel cooling, stagnant, and circulating at the base and maximum speeds. According to their
observation, the coil absolute temperature by implementing a spraying cooling system at base speed was
25.0%, 11.6%, and 15.8% lower than simple channel cooling, stagnant, and circulating methods.
Furthermore, as illustrated in Fig. 27, at the base speed, the average HTC of the oil spray cooling is 21
times greater than the simple cooling channel, and at maximum speed, this value is 22.5 times higher
than the simple channel cooling. Consequently, oil spray technique has a significant impact on the

thermal performance of the cooling system of an in-wheel motor.

As seen in Fig. 27, the cooling system performance mainly depends on the rotor speed. Therefore, the
drawbacks of the oil spray cooling system on the rotor shaft are that it may not provide good oil
atomization and offer perfect oil film in some parts, leading to a temperature hotspot in some portions.
Furthermore, according to Fig. 27, at maximum speed, the variation of HTC along the perimeter of the
direct spray cooling area of the coil is considerably reduced compared to base speed due to the injection
force at high-speed conditions, which leads the spray droplets to cover more uniformly the surface,

which increased the oil film’s cooling impact.
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Fig. 27. Numerical results of HTC at direct spray cooling area [84)].

Furthermore, the research studies presented in [82], [84], and [86] are one of the few studies in the field
of oil spray cooling of electrical machine that benefits from numerical analysis, including computational
fluid dynamics. Besides, by comparing the numerical with experimental results, as seen in Fig. 28, they
agree with the maximum error of 5.7% for the stator and 7.9% for end winding. As an example, at 11000
RPM, the winding temperature obtained by the numerical and experimental methods are 408 K and

410.8 K, respectively.
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Fig. 28. Numerical and experimental results of the stator core and end windings for the in-wheel

motor with an oil spray cooling approach [84].

3. EV motor with hairpin windings



The practical option for achieving the demanded metrics, such as maximizing electric motors’ power
and torque density and minimizing the motor’s weight for traction applications, is replacing the
traditional round-wound wires with rectangular hairpins [87], [88]. Therefore, in the coming years,
hairpin windings technology is recognized as the standard solution for high-reliability motor drives for
hybrid electric vehicles [25], [50], [53]. Moreover, the oil spray cooling approach is a cooling system
that perfectly matches motors with hairpin windings. In the conventional strand windings, the
impregnation materials such as resin fill the gap among the end windings, and the coolant is only in
contact with the outer or inner surface of the end windings. Contrary to conventional strand windings,
the end winding part of a hairpin configuration consists of the pre-determined gap that is not filled and
the oil as coolant is in direct contact with all the periphery of the conductors and provides better cooling.
Besides, this type of winding includes the copper bars, which provide considerable axial heat transfer.
Moreover, according to the small number of conductors inside the slot with an approximately clear
position and a small temperature gradient across the rectangular conductor area, it is not necessary to

calculate the equivalent thermal conductivity of the slot during thermal modeling and analysis.

Several research studies consider the effect of oil spray cooling on hairpin windings. However, the latest
and most comprehensive studies on the direct oil spray cooling approach on the end parts of the hairpin
winding’s configuration have been conducted through collaborative work between the University of
Nottingham and Motor Design Limited company [25], [38], [89]-[91]. As seen in Fig. 29 a), they
developed a test rig to consider different spray cooling setups’ capabilities. For this purpose, they
selected a stator with 72 slots with a hairpin winding configuration. Besides, they fit the stator and non-
drive end winding into the encapsulated cover, and the drive end part of the machine is fitted inside the
cover made of Perspex material. Fig. 29 b) shows the fluid system setup, with various apparatus to
provide the spray cooling and investigate the effect of different parameters such as flow rate, outlet

velocity, and the number of nozzles on the cooling capability of the oil spray system.
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Fig. 29. a) Spray cooling sections of the test rig; b) Fluid system setup [25].

Firstly, they consider the axial spray cooling setup capabilities presented in [25]. As seen in Fig. 30,
they installed the 12 nozzles in the clock position system’s format on the Perspex cover to provide the
axial oil spray. Next, they select three commercial nozzles to consider the different nozzles types; two
full cone whirl nozzles with a spray angle of 60° (Nozzle A) and 75° (Nozzle B) and one hollow cone
nozzle with a spray angle of 120° (Nozzle C). Finally, they investigate the effects of various nozzle

types, nozzle numbers, and fluid flow rates on proposed cooling setups.

Acrylic cover

Fig. 30. Axial spray setup with 12 nozzles the clock position system’s format [38].

According to the experimental results, their findings are divided into five categories. First, the

temperature uniformity is directly proportional to the number of the utilized nozzles and the spray



coverage (spray angle and distance); accordingly, the case study with a low number of nozzles and
narrow spray angle leads to unwanted hot spots in the system. Further, they observed that the high flow
rate nozzle provides a better cooling performance with the same number of nozzles (Fig. 31). As seen
in Fig. 31, two whirl full cone nozzles offer better cooling performance than the hollow cone. Moreover,
among the setups with the same number of nozzles, the setup with nozzle A provides better cooling
performance, and its HTC reaches approximately 3500 (W/m?*K). However, a hollow cone nozzle can
offer better temperature uniformity. Fig. 31 indicates that increasing the number of nozzles may decrease
the HTC, if the nozzles' flow rate and nominal outlet velocity are not maintained during the cooling
process. Also, in the limited oil flow rate application, they recommended utilizing a higher number of
low flow rate nozzles, which leads to higher spray cooling efficiency. Finally, selecting the nozzle
mainly depends on cooling equipment, mechanical design, and space from a practical point of view. For
instance, when the end space inside the machine’s end region is restricted, utilizing several high flow

rate nozzles offers an optimum cooling effect.
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Fig. 31. HTC of various nozzles setups versus total flow rate [25].

The radial spray cooling setup capabilities were also investigated in [89]. As seen in Fig. 32, to
investigate the radial oil spray cooling performance, they located the nozzles at 12 o’clock, 3 o’clock,
and 9 o’clock positions, and based on their assumptions, due to the gravity effect, the draping oils cool
the lower-end windings. After several nozzle tests, they select two types of nozzles: misting nozzle with

a spray pattern of a cone-shaped mist and 90° spray angle and a full-cone spray nozzle with the uniform



full cone spray pattern and 77° spray angle. Finally, they consider the effects of various nozzle types,

the number of nozzles, and fluid flow rates on the proposed cooling setup.

’ u* % r. '
..“\ Outlet

Fig. 32. Axial spray setup with 3 nozzles in the clock position system’s format at 12, 3, and 9 o’clock

positions [38].

According to their findings and observations, nozzle types play a vital role in temperature uniformity
and even temperature distribution in the end-windings region due to their various spray patterns and
coverage. Fig. 33 a) and b) show the temperature distributions on the end-windings region of the test rig
for misting nozzles and full cone nozzles, respectively. Therefore, the misting nozzles provide a more
uniform temperature distribution in the entire end windings than the full cone nozzles. This can happen
due to the larger spray angle and coverage of the misting nozzles. Moreover, the lower-end windings

have similar temperatures, and the dropping oil films have a considerable cooling impact.
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Fig. 33. Temperature distribution on the end windings region: a) three misting nozzles, b) three full

cone nozzles [89].

Furthermore, a sufficient number of nozzles directly impact uniform temperature distribution. As seen
in Fig. 34, nozzle numbers significantly impact the end windings temperatures. For example, as seen in
Fig. 34, a three nozzles setup provides a lower and more even temperature distribution in the end parts;
however, the test rig faces higher and uneven temperature distribution in the end regions for a setup with

one nozzle setup.
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Fig. 34. The impact of nozzle numbers on the temperature distribution of end- winding regions [89].

Table VIII summarizes all the attempts and studies on implementing the spray cooling approach on
electrical motors using evaporation coolant and lubricant oils with the information related to injection

equipment, coolant, method of analysis, target section, and performances. Accordingly, most studies



have relied on experimental approaches, and only a few studies related to the in-wheel motor used the

numerical approach. Moreover, a few studies considered the impact of rotor rotation on spray cooling

performance. Therefore, it requires more studies and research to find the effect of rotor rotation on the

performance of this cooling method.

Table VIII. Summary of spray cooling studies on electrical motors.

Rotor
Ref | Year C,?;Lim Nozzle ;(;(t)ilsg ro;;t;:gal Motor Type Performance Method
RPM
Full cone, . .
spray End Sizeable A maximum
[49] | 2009 F-113 an ples of windines N/A synchronous HTC:400000 Exp.
1 5g~ 450 & generator W/m*K
Conical actsi:iatorar ; Sizeable A maximum of 33%
[48] | 2015 R-113 spray and eﬁ d 0 synchronous decrease in nodal Exp.
nozzle windings generator temperature
Full cone, Sizeable
Spray Copper A maximum HTC:
[79] | 2017 ZXB-1 angles of block 0 synchronous 5700 W/m2/K Exp.
500 generator
A middle-
Lubricant Fllsllll'tcf Iie End range power A maximum relative
[37] | 2015 | “* Oﬂc"‘ Dria i‘; windings | 0-4600 (40 kW), global dissipation Exp.
Mull’tfi’.ei & radial flux | efficiency is 24.5 W/K
] machine
18,22, and .
Mercon . 2o A maximum HTC:
[80] | 2015 LV ATF ATF jets 2S6a rﬁgg’ 0 EV motor 10,000 W/m2/K Exp.
Hollow Coil, stator The maximum
core . .
shaft and ] 4400 and 35-kW in- temperature of the coil | Exp. &
[82] | 2014 N/A holes on ;egiczsg 11000 wheel motor | is set below the design Num.
the shaft bearing point.
Hollow A maximum of 16%
. decrease in absolute
[83] | 2019 N/A shaft and [End 4400 and 35-kW in- temperature at the coil Exp. &
cooling windings 11000 wheel motor . ) Num.
channels and a maximum HTC:
10849 W/m?*/K
A stator with
Full-cone 72 slots with
Lubricant & End - A maximum HTC:
[23] ] 2019 1 ) Hollow- | windings 0 a hairpin 3500 W/m2/K Exp.
cone winding
configuration
A stator with The misting nozzle
. Misting 72 slots with provides a more
[89] | 2021 Lubrillc ant & Full- Wilir:i?n 0 a hairpin uniform temperature Exp.
° cone & winding distribution than Full-
configuration cone




IV. Estimation of Heat Transfer Coefficient

The spray cooling approach has been applied over decades in various engineering disciplines due to its
high heat transfer capabilities. In parallel, many research studies concentrate on developing the empirical
correlation to model and estimate the HTC of spray cooled surfaces for various conditions, including

single and two-phase heat transfer regimes.

Table IX presents some of these correlations; accordingly, these empirical correlations have been
developed based on the dimensionless number, e.g., Nusselt (Nu), Prandtl (Pr), Reynolds (Re) numbers,

and spray Weber number (We). Besides, they are mainly described in the following format:
Nu = aRe?Pr¢, (11)

where a, b, and c¢ are constants. These constants are mainly defined according to various parameters to

make them applicable for various nozzles, coolant, and cooling regimes.

Table IX. Empirical correlations to estimate HTC.

Ref Coolant Target Injection Empirical Correlation
Type surface system
Small — pp04 [ 0.5 (ﬁ) 0.83 (E) _ ] .
ooy | Watrs | Hea Liquid Jet | Nu=Pro¢|0.785Re () 4, +0.0257Re®"* (1) (1 - 4,)|;
0il Sources | Impingement m(1.9d)?
ping A, = %; I = 0.5(0.5(1 +v2)L — 3.8d)
(93] | PF-5052 | Small | Full-cone Nu = 4.7 Re061pro:32
heater nozzle
[94] | Water | Copper | Full-cone Nu = 20.344Re0659
cylinder nozzle
[95] | Water | Metallic | Full-cone Nu = 2.512 Re®76pro56
surfaces nozzle
Flat Full-cone _ 0.36 2321 0.027
[96] R-134a endplate nozzle Nu = 933 We (T)

However, all the above correlations have been established for applications other than electrical
machines. Therefore, researchers face several challenges in applying these correlations to electrical
machines due to the requirement of knowledge about the mean droplet dimension and the coolant
characteristics under a specific temperature. The first issue requires extra equipment, significant
investment, and personnel, and the second one needs specific data and parameters, which are mostly not

provided by the fluid manufacturers. Ultimately, most of these correlations have been developed for low




viscosity coolants, and there is no guarantee that they work for the high viscosity liquids such as

lubricant oil.

Therefore, Liu et al. [38] propose a practical and economical approach to estimate the HTC of spray
cooling on hairpin windings by establishing the reduced-parameter model. For this purpose, they do not
apply the conventional dimensionless correlations and establish the correlation to calculate HTC that

encompasses all aspects of spray, flow, fluid, and end winding parameters as follows:

h = f(spray coverage and patterns, Flow, fluid, end winding dimension) =

. b
Vtan (atan(er/D))

c
a nr? (D2+17)%5sin(%/,) tan(%/,) Pin> (12)

where V' is the total flow rate that discharges from the nozzle, 7; is the impingement surface radius, D is
the nozzle height, a is the spray angle, p;, equals the nozzle’s inlet pressure. Moreover, a,b, and ¢ are

constants.

Unfortunately, this empirical correlation lacks a rotor rotation effect, and it is mainly developed for the
full cone nozzles utilized in their experiments. Therefore, it cannot demonstrate the comprehensive

correlation used for all the nozzles and setups.

V. Complementary Discussions

The oil spray cooling of electrical machines seems a promising solution to overcome the challenges and
restrictions of conventional thermal management systems. However, it still requires more development
and research work in the cooling method, system development, and analysis approaches. Furthermore,
the various research works developed so far demonstrate different maturity levels for this thermal
management technique. Therefore, this technology is still in progress and in the middle of reaching its

desired level.

The cooling method can be considered from two perspectives; oil (coolant) and nozzle (spraying device).
Until now, no comprehensive information has been provided for the types of oil and nozzle implemented
in EV motors. From oil vision, various research studies used different lubricant oils. However, the

cooling system’s primary objective for the hybrid vehicle (HV) is to use the available fluid such as air,



water, and oil to cool the motor. Table X shows a low-viscosity lubrication oil (LO) utilized by the latest
research [25], [38], and one of the lowest viscosity conventional engine oil (ATF 1900) [97],
respectively. By simple comparison, the oil as a coolant is utilized in [25], [38] and has a lower viscosity
than the engine oil used for HV. As a result, the experiment should focus on the conventional engine

oil with a higher viscosity than the oil utilized by the latest research [25], [38].

Table X. Material Properties of the Coolants [25], [97].

Name Units | Value for LO | Value for ATF 1900
Density at 288.15K (15°C) kg/L 0.9511 0.845
Kinematic viscosity at 313.15K (40°C) | mm?/s 12.46 21.0

From a nozzle vision, the research studies used several different experiments by the trial and error
technique to find the proper nozzles for their test rig. Also, no information is available for nozzle types,
which can provide perfect performance with oil as a high viscosity fluid. Furthermore, in most studies,
nozzles are located in the radial (Fig. 35. a) or axial directions (Fig. 35. b). There is no research item to
investigate the spraying impact from the nozzle installing inclined condition (Fig. 35. ¢) for EV motors

or finding the proper location for the nozzle to provide perfect spray coverage.

Fig. 35. Different nozzle installment orientations: a) radial, b) axial, ¢) inclined [69].

Another critical point is implementing the novel additive manufacturing (AM) approaches to design and
manufacture proper nozzles for oil spray cooling, i.e., the nozzle can work with high viscosity fluid,

which maintains its spray capability. The AM technology allows constructing and locating the nozzle at



any angle and challenging area to reach the best cooling efficiency in the restricted area of the motor’s
end space. General Electric (GE) Aviation uses this technology for 3-D fuel nozzle fabrication to run
the liquid fuel and spray it into the airplane engine. The AM technology allows GE Aviation to
manufacture the nozzle’s entire structure with all the details, such as its twisting and interior chambers
geometries in a single part [98]. GE aviation reported that implementing the AM method in the fuel
nozzle saves remarkable labor, time, and cost. Moreover, lighter and stronger nozzle fabrication was
obtained [98], [99]. However, in contrast with the aviation industry, AM technology’s maturity for

electrical machines is low, requiring further attempts.

Besides, since vehicles do not always move on a flat surface, and sometimes they move on a slope and
downhill, the effect of sloping or inclination on the thermal management system needs to be investigated

to provide a more comprehensive view of most of the system positions and its performances.

By taking a closer look at all the research done, the lack of proper investigation of the rotor rotation
effect on oil distribution and nozzle performances can be observed. This subject requires more research

as oil spray cooling is implemented chiefly in high-speed motor applications.

Ultimately, from the analysis point of view, most of the attempts in oil spray cooling are based on the
experimental approach. Therefore, it seems necessary to develop suitable numerical and analytical
analysis tools to help designers predict spray cooling performance (for a machine under design) and find
correct types, nozzle numbers, and proper mechanical factors such as the system pressure (to boost the

coolant).

VI. Conclusions

The paper presented a summary of the spray cooling system and its apparatus for the electric motors.
The paper first investigates in detail the evolution of a spray cooling system as a closed-loop cooling
technique, with its advantages and drawbacks. Then, according to the latest attempts to replace the
lubricant oils as a coolant instead of evaporation one to reduce the system complexity of the spray
cooling system, and according to the high viscosity of this liquid rather than refrigerant and water, the
paper provides a holistic view of the impact of high viscosity oil on the nozzle performance, such as

flow rate, droplet size, and spray coverage. Moreover, it proposes the analytical correlation to recalculate



flow rate and nozzle parameters such as droplet size and spray coverage using the lubricant oil

characteristics such as SG and viscosity.

The paper also collects all the attempts to implement the spray cooling system for electrical machines
with their advantages, drawbacks, and effect of various parameters on the cooling performance and heat
removal. Finally, it proposes the correlation to calculate HTC, encompassing all aspects of spray, flow,
fluid, and end winding parameters. Overall, the oil spray cooling provides excellent thermal
management for the EV motors with a hairpin winding configuration. The authors believe it is only a

matter of time to reach the same maturity level as conventional thermal management methods.
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