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Abstract—Effective thermal management of power electronics in
electric vehicles is essential for reliability and increased power den-
sity. Currently, traditional cooling technologies such as cold plates
and heat sinks have been utilized by the automotive industry. As
the next generation of power electronics implements wide-bandgap
devices, however, increased heat fluxes will require more advanced
cooling strategies. Recently, jet impingement has gained attention
as an advanced cooling technique for power electronics due to its
proven thermal performance in high-heat-flux applications. This
article aims to review the state-of-the-art jet impingement designs
applied for power electronics cooling, as well as review future jet
impingement technology. Important factors for widespread imple-
mentation such as heat transfer, pressure drop, and reliability are
discussed, along with the current technical gaps and challenges for
jet impingement research in electrified transportation.

Index Terms—Cooling, electric vehicles, electrified powertrains,
heat flux, inverters, jet impingement, power electronics.

I. INTRODUCTION

IN ORDER to make electric vehicles competitive in the
market, there is a substantial amount of research to increase

the efficiency and power density of power electronics [1]. While
silicon insulated-gate bipolar transistors (IGBTs) are common
in electric vehicle power modules, there is an increasing trend
toward implementing wide-bandgap (WBG) devices, such as
silicon carbide (SiC) and gallium nitride (GaN), because of
reduced losses [2], [3]. The usage of these WBG devices allows
for increased current and voltage ratings of the semiconductor
power devices.

However, increasing the power output in the electric com-
ponents while decreasing the packaging size will result in addi-
tional thermal management challenges that need to be mitigated.
The resulting increased heat flux can cause several issues, such as
decreased reliability, decreased efficiency, and potentially even
failure. The decreased reliability and efficiency are directly cor-
related with the higher conduction losses at higher temperatures,
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Fig. 1. Causes of failure in power electronic systems [9].

since the total resistance between the source and the drain, i.e.,
RDS(on), is a function of temperature [4], [5]. Often, the module
failure occurs because of either thermal cycling, which causes
fatigue at the interfaces between the power modules’ layers, or
when exceeding the maximum allowable temperature, which
causes burnout of the dies [6], [7]. Since temperature is the
predominant cause of failure in power electronics [8], [9], as
shown in Fig. 1, implementing an adequate cooling solution is
crucial to reliability.

Although the term power electronics refers to convert-
ers/inverters and the components in them, the highest dissipators
of heat are the semiconductor switches, which exist as both
discrete switches and power modules. Both these components
generate consolidated hotspots and require localized cooling
strategies. With semiconductor chips as the main heat source,
the cooling efforts should be focused on these concentrated heat
loads.

To help reduce temperature-related failures within power
electronic modules, currently, there are several thermal man-
agement solutions, including cold plates, heat sinks, air cool-
ing, and liquid jets [8]. Typically, IGBT modules are cooled
with horizontal flow cooling channels or cold plates [10]. This
horizontal path can occur linearly or in a serpentine style,
moving back and forth [11]. However, as there is a trend toward
WBG devices that operate at high switching frequencies and
are expected to dissipate at least 1000 W/cm2 [12], with current
devices reaching 500 W/cm2 [13], high-heat-flux technologies
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Fig. 2. Power electronic module material layers, with a direct bonded copper.

will be necessary. Horizontal flow cooling strategies generally
produce heat transfer coefficients up to 20 000 W/m2·K, but
vertical cooling strategies, such as jet impingement, can reach
up to 115 000 W/m2·K [14]. A common layout for power elec-
tronic modules with horizontal and vertical cooling is shown
in Fig. 2.

Although vertical cooling methods, such as jet impingement,
have proven increased thermal performance [15], it is not widely
implemented for power electronics cooling, mainly due to its
relatively higher pressure drop [16]. However, these pressure
losses can be reduced, and research has been conducted for a
wide range of thermal management applications such as solar
applications [17]–[21], turbines [22]–[25], food industry [26],
motors [27], and electronic chips [28], [29]. Research is well
documented on jet impingement for cooling applications, with
specific focus on the effects of jet parameters on cooling ef-
fectiveness. Most studies have examined the effects of the jet
diameter [14], [28]–[35], the nozzle to plate spacing [28]–[31],
[33], [34], spacing between jets [31], the number of jets [14],
and different jet orifice geometries [17], [36], [37]. Other studies
investigate multiple jets versus single jets [31] and free-surface
jets compared to submerged jets [28], [29], [38], [39], as well
as sprays [40]–[43], and synthetic jets [44]–[46]. The cooling
performance is typically reported with the nondimensional Nus-
selt number, Nu, and the heat transfer coefficient for various
Reynolds numbers and volumetric flow rates, in order to com-
pare these different design parameters.

This article aims to review the different types of jet impinge-
ment cooling that have a potential to be implemented in power
electronics cooling for electrified transportation applications.
Although the physics and thermal management properties of jet
impingement have been extensively studied, this article presents
current literature on power electronic applications, which has not
been reviewed before. State-of-the-art cooling methods for auto-
motive power electronics have been reviewed extensively, with
focus on high-temperature power modules [10] and traditional

cooling techniques [47]; however, none have reviewed jet im-
pingement. Generally, jet impingement is discussed as a future
trend of power electronics cooling, but since implementation of
WBG technology will result in higher heat dissipation, a review
of jet impingement cooling technology for power electronics
is essential. As power modules are the main heat dissipating
devices, they will be the focus of this article. The organization
of this article is as follows. Section II describes the physical
properties of different types of jets and their importance to power
module applications. The heat transfer, pressure drop, reliability,
and integration of jet impingement with power modules are re-
viewed in Section III. The advanced jet impingement technology
is outlined in Section IV, and the technical gaps and challenges
for future jet impingement in electrified transportation are de-
tailed in Section V. Finally, Section VI concludes the article.

II. JET CHARACTERISTICS

Various types of jets have been proposed and can generally
be divided into free surface, submerged, confined, and synthetic
(pulsating) jets. The following sections will review the literature
on jet impingement and briefly describe the flow mechanisms
and physical properties for each type of jet. The heat transfer and
flow for jet impingement can generally be nondimensionalized
to compare performance of different jet designs.

A. Nondimensional Groups

In general, the thermal performance of a proposed cooling
technology is characterized and reported through various nondi-
mensional numbers. Nondimensional numbers are easily applied
to simplified models or as boundary conditions to evaluate the
potential performance of a technology.

The most common nondimensional number for reporting the
convective heat transfer performance is the Nusselt number Nu,
which considers the fluid properties, as well as the heat trans-
fer coefficient. The Reynolds number, Re, is used to indicate
whether the jet fluid flow is laminar, transitional, or turbulent.
Depending on the application of these nondimensional numbers,
different characteristic lengths can be used (e.g., jet diameter
and radial distance from the jet) and are chosen by the author
reporting the performance. The Nusselt number and Reynolds
number are, respectively, defined as

Nu =
hLc

k
(1)

Re =
ρV Lc

μ
(2)

where h is the heat transfer coefficient, described in (5),Lc is the
characteristic length, k is the thermal conductivity of the fluid,
ρ is the fluid density, V is the jet velocity, and μ is the dynamic
viscosity.

Another important nondimensional number is the Strouhal
number, St. Although it is less common, it is used when ana-
lyzing unsteady or oscillating jet impingement and is defined as
follows:

St =
fLc

uj
(3)
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where f is the pulsation frequency and uj is the time-averaged
jet velocity. The Strouhal number is used to compare different
nozzle designs and different types of pulsations between jets.

Finally, another important nondimensional number, which is
determined based on the thermal properties of the coolant, is
the Prandtl number, Pr. Unlike the previous nondimensional
numbers, the Prandtl number is not affected by the flow or a
length scale and is solely affected by the fluid properties and
state. The Prandtl number is defined as

Pr =
cpμ

k
=

ν

α
(4)

where cp is the specific heat capacity,ν is the kinematic viscosity,
and α is thermal diffusivity (α = k/ρcp). Pr is largely used to
compare different coolants to one another.

Further discussions on these nondimensional numbers and
additional numbers can be found in [48], which focuses solely
on jet impingement flow physics and heat transfer properties,
and the metrics to quantify them. Jambunathan et al. [49], on
the other hand, go in-depth on the heat transfer effects based on
the Reynolds number.

B. Jet Physics

The dominant flow mechanism in jet impingement is the
formation of vortex rings and eddies, which enhance mixing
and, therefore, heat transfer. Almost directly after the jet nozzle,
these vortex rings and eddies form in the jet stream. While
there is no clear definition on the difference between eddies
and vortices, generally, a vortex is a stable structure and eddies
are quite unstable. Vortex rings do not necessarily constitute a
turbulent flow, while eddies are identifiable structures within a
turbulent flow. Vortex rings will stay the same size throughout
a flow unless they encounter a solid body and are not generally
vulnerable to disturbances. Eddies, on the other hand, range from
larger eddies, which breakdown into smaller eddies [50], [51].

These flow mechanisms then affect the flow on the impinge-
ment plate, as they move from the impingement point, outwards.
As the Reynolds number increases, the jet becomes more and
more unstable [52]. While it has been found that vortex rings
occur in low-Reynolds-number jets, they are generally noticed
in transitional and turbulent flows. These eddies and vortex rings
are needed for jet mixing and contribute to the relatively high
heat transfer rates. It has been observed in the Nu experimental
values reported that vortices cause a maximum Nu in two
locations on the impinging area at higher Reynolds numbers,
as observed in Fig. 3. Since these peaks are the regions of the
highest heat removal, it is important to analyze their locations
to increase heat transfer in critical areas.

More in-depth discussions can be found in reviews, which
focus on the flow properties in jet impingement and the effect
on heat transfer. Zuckerman and Lior [48] discuss these eddies
and vortices, as well as the effects of turbulence on the heat
transfer.

C. Types of Jets

1) Free-Surface Jets: Jets considered as free surface are un-
confined flows. The fluid jet stream enters a gaseous region,

Fig. 3. Nusselt number for various Reynolds numbers [31], with the peaks
circled.

Fig. 4. Jet flow regions for a (a) free-surface liquid jet and (b) submerged
liquid jet.

normally air, after leaving the nozzle exit and displaces the
preceding fluid as it impinges on the surface [53]. A free-surface
jet is composed of three regions: free stream, stagnation point,
and wall jet region (also commonly called the radial flow re-
gion) [54], which can be seen in Fig. 4(a).

The free stream region of the jet occurs directly after the flow
exits the orifice. Once the stream meets the impingement plate,
the flow directly beneath the nozzle has a point of singularity,
the stagnation point [55]. This is where the pressure is greatest,
and there is negligible flow. The wall jet region occurs directly
after the stagnation region, and the flow moves radially out-
ward from the impingement area. Generally, the highest heat
transfer occurs within the beginning of this region and may
peak again or diminish as the flow moves outward. This wall
jet region is also referred to as the liquid film, and the thickness
is defined by the liquid–gas interface. The film thickness can
be important in terms of heat transfer, since a larger thickness
reduces the fluid velocity, and in turn, the heat transfer is also
reduced [56].

Although there is extensive research on free-surface jet im-
pingement [28], [29], [55], [57]–[61], few have been conducted
for cooling applications of power electronics in electrified trans-
portation. Gould et al. [39], however, studied submerged jets
(explained in later sections) versus free-surface jets. They found
that increasing the nozzle to plate spacing S, shown in Fig. 4(a),
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Fig. 5. Overview of jet impingement components and system: (a) jet orifices [79], [81], [83], (b) jet impingement manifold, (c) enhanced surfaces [91], [92],
(d) jet impingement manifold mounted onto power module, (e) real-world examples of jet impingement power module cooling [39], [92], and (f) vehicle cooling
loop.

results in the transition from submerged to free-surface jet. While
the temperature of the impinging surface increased proportion-
ately with the increase in S for the submerged jet, the change in
S had very little effect on the temperature of impinging surface
for the free-surface jet. The transition between submerged jet to
free-surface jet occurred when the nozzle height became greater
than the film thickness. Therefore, the jet interacted with the
air region first, rather than disturbing the fluid region, before
impinging on the surface.

Compared to submerged jets, free-surface jets generally have
a larger nozzle to plate spacing, as well as reduced turbulence,
which results in lower heat transfer [29]. Therefore, due to size
constraints and the lower performance, free-surface jets are not
normally used in automotive applications. Since there are few
free-surface jet applications within the automotive industry, free-
surface jets will not be further addressed, with an exception to
synthetic and pulsating jets.

2) Submerged Jets: Submerged jets refer to flows, where the
jet fluid is the same as the surrounding fluid [62]. For a turbulent,
submerged jet, there are four main regions within the jet bound-
ary and are shown in Fig. 4(b). The orifice, shown in Fig. 5(a), is
the discharge area from the nozzle and is the beginning of the jet
stream. Following the orifice is the shear layer and potential core.
The shear layer is the area of jet fluid that starts to interact with
the ambient fluid and turbulence is increased in this area [63].
The potential core is the region, where the centerline velocity is
equal to the nozzle exit velocity and stays constant throughout
this region [61]. In terms of heat transfer, the impingement plate
should be in the potential core of the jet since the velocity greatly
reduces after this area of the jet [28]. In terms of heat transfer
rates, experimental data have also shown that submerged jets are

more sensitive to S than free-surface jets, due to this potential
core. While the potential core length depends on the Reynolds
number, it is generally within 4–20 diameters long [61]. While
the exact results may vary, it has been found that heat transfer is
optimal when the nozzle to plate spacing is about equal to the
diameter [28]–[31], [39], since the bulk of the impinging area,
directly under the nozzle, is within the potential core. This can
also be seen in [39] that as the nozzle-to-plate spacing increases
above one jet diameter, the temperature of the impinging surface
also increases.

Unless otherwise mentioned within this review, it can be
assumed that all jet impingement designs utilize submerged
jets. This is due to the improved heat transfer compared to
free-surface jets, which is shown in [29], as well as [39]. This
improved heat transfer is due to the increased turbulence caused
by the jet stream interacting with stagnant fluid and is generated
in the shear layer. As a note, in the literature, submerged and
free-surface jets are not directly compared to one another, since
different design parameters affect the two differently. It has
been found, however, that the increased mixing in the potential
core and shear layer increases the heat transfer performance of
submerged jets, compared to free-surface jets, which do not mix
with the surrounding air.

3) Synthetic and Pulsating Jets: Synthetic jets are unsteady
jets caused by vibrations, piezoelectric device, or usage of a
valve [64], [65]. In terms of heat transfer, there are many poten-
tial benefits to pulsating jets. Varying the jet flow allows surface
renewal below the nozzle, which helps reduce bulk warming
and can eliminate the stagnation point directly underneath the
jet. Unlike steady jet impingement, pulsating jets result in heat
transfer rates that change over time due to the pulsations.
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Further discussions of these different jets, as well as their
regions, can be found in jet impingement physics reviews.
Zuckerman and Lior [48] discuss the physics of the three jets
above, while the regions of jet impingement are further outlined
in [56], [66], and [67]. Furthermore, synthetic jets, on their own,
and their flow properties are reviewed in [68] and [69].

III. JET COOLING CHARACTERISTICS FOR

AUTOMOTIVE APPLICATIONS

Due to the enhanced heat transfer of jet impingement, several
thermal management applications have been studied, with an
increasing amount of research for power electronics in electrified
transportation. For automotive applications, heat transfer, pres-
sure drop, and reliability are important considerations for any
cooling solution and are, therefore, analyzed for jet impingement
designs.

A. Heat Transfer

Since both maximum temperature and temperature uniformity
(temperature difference between semiconductor chips) of power
modules can greatly affect the performance and efficiency [7],
an adequate cooling strategy is required. Although the most
commonly used power electronics cooling method is currently
horizontal flow, vertical cooling methods, such as jet impinge-
ment, are being studied as potential options for improving heat
transfer rates.

In order to determine the best cooling strategy, the heat trans-
fer rates must be accurately analyzed. Generally, the three most
common methods for determining heat transfer, for any cooling
system, are analytical approaches, numerical modeling, and ex-
perimental testing. Analytical methods generally study the ther-
mal network, which simplifies each component within the sys-
tem, the most common of which is the lumped-parameter ther-
mal network [70]–[72]. This approach uses the conductive ther-
mal resistance of each material, the convective resistance of the
cooling strategy, and the heat source to determine the tempera-
ture distribution of the system. Numerical modeling, on the other
hand, is a software-based computing strategy that uses compu-
tation fluid dynamics (CFD) to study flow mechanisms, pres-
sure, and heat transfer by using the continuity, momentum, and
energy equations. Common CFD software are ANSYS-Fluent,
ANSYS-CFX, COMSOL, and OpenFoam. Numerical methods
are often used to verify the results computed using analytical
methods, and Shukla and Dewan [66] go in-depth in reviewing
the types and effects of using different computational methods.

Finally, experimental testing is generally used when the fi-
nalized designs have been chosen and are used to validate the
results of the calculations. Experimental setups can have a large
impact on the overall results, and therefore, care must be taken
in ensuring that the setup is similar to the numerical models, as
well as embodies a similar layout to the final application (e.g.,
power electronic cooling system in a hybrid vehicle).

Using analytical, numerical, and experimental methods,
jet impingement has been proven to decrease the maximum
temperature, compared to horizontal cooling methods [73], [74].
For jet impingement cooling, it has been found that as the
Reynolds and Prandtl numbers are increased, vortex shedding

TABLE I
POWER DENSITY OF COOLING SYSTEMS IN [78]

and mixing of the fluid is increased, which allows for higher heat
transfer [75], [76]. Along with increased Reynolds numbers,
jet impingement offers the benefit of localized cooling. This
allows for an increased temperature uniformity between dies,
compared to horizontal methods [73], [77], which generally
exhibit temperature rises in the coolant as it flows below the
power module.

As a comparison, Bhunia et al. [78] studied the thermal perfor-
mance and pressure drop of an air-cooled heat sink, a liquid cold
plate, and a jet impingement cooling cavity. The dimensions of
each cooling system were provided, along with the output power
the converter was able to achieve with each different heat sink.
The power density of the system only including the volume of
the heat sinks is reported in Table I. The baseplate of the power
module measured 0.122 m × 0.062 m, and the air-cooled heat
sink was made larger to take advantage of heat spreading. Due
to the cooling limitations, the air-cooled heat sink only allowed
30-kW power output. The four-pass cold plate, however, saw
an increase in power density by about a 79%. Finally, the jet
impingement cooling cavity saw a maximum output power at
55 kW, which is an additional 21% increase in power density
above the cold plate.

To further improve the heat transfer from jet impingement
cooling, there are several parameters that can be optimized
or modified. This includes the jet design configuration, the
manufacturing method, the effective cooling area, and the ma-
terial properties between the coolant and semiconductor chips.
These topics will be discussed further, in the following sections,
along with characterization methods for determining the heat
flux and heat transfer. A summary of thermal performance for
jet impingement cooling in the literature for power electronics
applications is found in Table II. Here, the flow rate, jet hydraulic
diameter, orifice shape, and any surface enhancements on the
impingement surface are presented. Besides the nondimensional
number Nu, the thermal performance of jet impingement is
also recorded by the heat transfer coefficient and the thermal
resistance in (5) and (6), respectively. Both of these are compared
in Table II. Additionally, the orifice material and methodology
for analyzing the jet cooling performance have been included

h =
q′′

ΔT
(5)

where q′′ is the heat flux of the devices and ΔT is the change in
temperature from the device to the inlet coolant.

Rth =
1

hA
(6)
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TABLE II
JET IMPINGEMENT HEAT TRANSFER FOR POWER ELECTRONIC APPLICATIONS

jl Junction to liquid.bl Baseplate to liquid.

where A is cooling surface area. The thermal resistance is
reported as the resistance between the junction to either the
ambient, external case, or coolant.

1) Jet Design Effects: The manifold and nozzle design can
greatly affect the heat transfer capabilities of the jet impinge-
ment cooling strategy, especially for power electronics. For
both discrete power switches and power modules, heat loads
are localized rather than bulk heating. These hotspots require
effective cooling, and the cooling design must be customized
for efficient operation of the power module.

The large-scale jet impingement design is the manifold, which
consists of the inlet and outlet ports, as well as each of the jet
nozzles, shown in Fig. 5(b). Both manifold and nozzle design
parameters are adjusted to improve the heat transfer. The man-
ifold parameters include the number of jets, the nozzle-to-plate
spacing, the configuration of the jet placement, and the distance
between jets. While the size of the power module is the main
limiting factor for these considerations, crossflow effects [31]
and location of hotspots [82] are also considered crucial for
effective cooling. The jet locations must be placed to reduce
the effect of jets interacting with one another, since single jets
generally perform better than intermixing jets [31], [48].

Aside from the manifold design, the jet configuration can
be optimized as well, including the jet diameter [82], number
of inlets in one nozzle for sprays [88], and straight versus
angled jets [80]. Also, the jet nozzle geometries can have some
effect on the heat transfer, although the main impact results
from the nozzle area. Therefore, if the nozzle area is the same,
independent of the nozzle geometry, the heat transfer rates are
comparable [37]. The trends found in literature for the effects of

TABLE III
HEAT TRANSFER COEFFICIENTS FOR TWO, THREE, AND

FOUR SLOT JETS IN [88]

diameter and jet height are discussed in Section III.C below and
shown in Fig. 6. For spray jets, it has been found that increasing
the number of orifices in a nozzle will increase mixing, as well
as heat transfer. This, however, decreases the cooling efficiency,
defined by (7), since a greater fluid flow rate is required. The
heat transfer and cooling efficiency resulting from the increased
number of inlets is shown in Table III, which shows an increase
in heat transfer coefficient by 2×, from two to four orifices.

This cooling efficiency from [88] has been defined as

η =
q̇′′w

DCṁ′′
f (cp(Tb − Tf ) + hfg)

(7)

where q̇′′w is the heat flux on the cooling surface, DC is the
injection duty cycle, ṁ′′

f is the mass flow rate, Tb is the boiling
temperature of the coolant, Tf is the fluid temperature, and hfg

is the latent heat of vaporization. Since the application in [88]
utilizes pulsating and two-phase spray jets, hfg is used and will
be further discussed in Section IV.

2) Manufacturing Effects: Although most jet impingement
manifold designs are generally manufactured using subtractive
manufacturing methods, there have been reports of an increase
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Fig. 6. Trends for power electronics jet impingement cooling. (a) Heat transfer coefficient versus jet diameter. (b) Pressure drop and pumping power versus jet
diameter. (c) Heat transfer and pressure drop versus jet height.

in additive manufacturing as well. Additive manufacturing has
started to gain more traction as an effective means of man-
ufacturing small and complex designs. For several different
applications, additive manufacturing is being studied to create jet
impingement nozzles [89], [90]. Additive manufacturing, how-
ever, can result in nozzles with lower tolerances in jet diameter
and imperfections left in the flow path of the manifold [79]. This
is dependent on the capabilities of the additive technology, and
with improved manufacturing, complex designs that enhance
heat transfer can be achieved.

Additionally, unlike some traditional cooling methods, where
the heat exchanger material has a large impact on the cooling
performance, the jet impingement manifold thermal properties
have little effect on the heat transfer. The manifold is not in
the heat path between the coolant and the heat source. Major
considerations for manifold manufacturing, however, include
maximum temperature for the material (needs to withstand the
high baseplate temperature), and additional insulation from am-
bient environment is needed if the air is warmer than the coolant.

3) Jet Impingement Cooling Surface Area Effects: Similarly,
to other cooling strategies, jet impingement heat transfer can
be improved with an increase in cooling surface area. Increas-
ing the surface area can be achieved by introducing fins and
channels [73], [77], [80], as well as cooling the sides of the
power module baseplate [81]. Examples of these enhanced
surface areas are shown in Fig. 5(c). Waye et al. [73] found
that by introducing microfins to the impingement surface, the
surface area was increased by about 11 times, which reduced
the maximum and average temperatures of the semiconductor
dies by 10 ◦C. For an inverter with 24 IGBTs dissipating 70 W
each and 24 diodes at 35 W each, this resulted in a maximum
device temperature of 107 ◦C, using a water ethylene glycol mix
at 70 ◦C.

4) Thermal Interface Materials: Thermal interface materials
(TIMs), shown in Fig. 2, are generally used between the substrate
layers and the heat sink or baseplate, in power modules. TIMs
are used to reduce the contact resistance between the two layers,
by filling the air gaps [93]. These air gaps occur from surface
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roughness in the metal of the baseplate and substrate (usually
copper or aluminum) during manufacturing. This grease layer,
however, is the current bottleneck for thermal management of
power electronics, and therefore, reducing this thermal resis-
tance [84], [94] is being investigated. While studying a single
MOSFET, cooled by jet impingement, without substrate or base-
plate layers, Jörg et al. [84] found a 6000-W/m2·K increase in the
heat transfer coefficient by removing the grease layer. Although
this cannot generally be implemented, unless the baseplate is
removed, Narumanchi et al. [94] found that by reducing the
thermal resistance of the TIMs by a factor of 5, the maximum
temperature was decreased by 10 ◦C. This can be achieved by
reducing the thickness of the TIM or by selecting interface
materials with higher thermal conductivities.

5) Jet Impingement Heat Transfer Characterization: To
study the heat transfer coefficient for the power electronic mod-
ule, both numerically and experimentally, there are several meth-
ods of characterization. During characterization, the parameters
that must be measured are the manifold inlet and outlet coolant
temperature and the heat flux applied to the impinging surface.

Typically, to generate a heat source, a cartridge heater is
embedded into the impinging surface [39], [95], which normally
results in a bulk heat flux footprint, unlike real power modules.
Metal heating rods have also been implanted into the impinge-
ment surface [81], which have a similar bulk heating distribu-
tion to the cartridge heaters. Generally, these two methods can
provide comparisons between cooling methods and their heat
transfer rates but cannot provide accurate temperature profiles
that would be seen within a power module.

Some researchers have also used the actual power modules to
generate the heat loads [73], [77]–[80], [87], [96]–[99]. This has
the advantage of accurate junction temperatures of the semicon-
ductor devices, as well as temperature distributions throughout
the entire module. Testing with power modules, however, can
result in module failures [98] and more expensive and high
voltage testing.

Wei et al. [83], on the other hand, tested a multijet cooling
array with thermal test chips to simulate power electronics.
These thermal test chips use resistors to heat the chips and
diodes to track the temperature. This allows for spacing between
the heat sources and can be arranged on already established
direct bonded copper (DBC) substrates and baseplates. With
75% of the chips used as heater cells and 100% used to map the
temperature, Wei et al. found good agreement between the CFD
model and experimental results.

B. Pressure Drop

Generally, it is found that improved heat transfer is coun-
teracted with an increased pressure drop, since similar param-
eters affect both, like an increased flow rate [38]. Generally,
while comparing channel flow to jet impingement cooling, the
pressure drop increases [77], but this can be minimized by
removing unnecessary flow paths within the jet impingement
manifold [73]. Therefore, by optimizing parameters such as flow
rate, nozzle design, and manifold design, the pressure drop can
be reduced, while maintaining the high heat transfer capabilities

of jet impingement. Pressure drop values using jet impingement
for power electronics in electrified transportation, found in the
literature, are shown in Table IV, along with the flow rate, jet
diameter, and jet orifice.

The pumping power of the cooling system can be calculated
using the pressure drop from the inlet to the outlet of the jet
manifold, as follows:

WP =
ṁ

ρη
Δp (8)

where ṁ is the mass flow rate, ρ is the fluid density, η is the
pump efficiency, and Δp is the pressure drop from the inlet
to the outlet. The pumping power reported in the literature is
included in Table IV.

In the study by Bhunia et al., comparing the thermal per-
formance between an air-cooled heat sink, cold plate, and jet
impingement cooling, the pumping power was also recorded.
The air-cooled heat sink required 46 W of blowing power during
testing using a brushless dc backward curve fan. The four-pass
liquid cold plate and the jet impingement cooling system both
used a pump and required ranges of 24–32 W and 24–40 W,
respectively. Therefore, the power required to pump a jet system
can be comparable to conventional cooling systems [78].

By summing the pressure losses for each component in the
cooling system, shown in Fig. 5(f), the total pressure drop can
be calculated [102] and is highly dependent on the coolant flow
rate. In most electric vehicles, the components and their cooling
systems are integrated with one another to reduce weight and
cost. These cooling systems generally include the electric motor,
an on-board charger, the inverter, and other power electronic
components, such as a battery, pumps, tubing, and valves. The
reduced pressure drop in any component of the system, such as
the jet impingement manifold, can lead to higher efficiency, as
well as smaller pumps and lower pumping power. Therefore, the
pressure losses should be reduced, while still effectively cooling
each source of heat.

C. Heat Transfer and Pressure Drop Trends From Literature

While design parameters can have a large impact on the
performance of any cooling design, especially jet impingement,
trends can be seen from various jet designs under investigation.
These trends found in the literature, specific to power electronics
cooling, are presented in Fig. 6.

As can been seen from Fig. 6(a), smaller jet diameters increase
the heat transfer, which also occurs for these power module
applications [82]. This is due to the increased velocity within the
nozzle and resulting velocity of the fluid impinging the heated
surface. This increased heat transfer, however, is coupled with an
increased pressure drop, shown in Fig. 6(b). Smaller diameters,
however, can have high cooling performances at lower flow rates,
which can greatly lower the required pumping power.

On the other hand, the jet-to-plate spacing, or height, S
is shown to have more complicated trend, as shown in Fig
6(c). Generally, as S is reduced for submerged jets, both
the heat transfer and pressure drop are increased. This trend,
however, can be affected by the jet diameter. As shown by
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TABLE IV
PRESSURE DROP RESULTS FROM LITERATURE FOR JET IMPINGEMENT OF SUBMERGED SINGLE-PHASE JETS

aNumerically calculated, η assumed to be 100%.

Overholt et al. [103], optimal heat transfer rates are when S
is close the value of the diameter.

D. Reliability

Along with testing for improved heat transfer and minimiz-
ing pumping power, the reliability associated with the cooling
method is also important. This is true for both the reliability
of the cooling system itself and the increased or decreased
reliability of the electronics based on the type of cooling sys-
tem. Vehicles are expected to have at least a 15-year lifetime,
perform under extreme temperature conditions (−40 to 140 ◦C
underhood), and endure temperature cycling [104]. While the
temperature of the power module determines the efficiency, ele-
vated temperatures can also cause the devices to fail. Therefore,
the thermal management solution should ensure that the power
module never exceeds the maximum temperature of the device.

1) Power Module-Level Reliability: Neft et al. [98] studied
the long-term effect of elevated junction temperatures to test the
reliability of a converter system. These tests ran for 50 h on a
bidirectional dc–dc converter with ambient temperatures as high
as 120 ◦C and coolant temperature at 100 ◦C, while powered at
1 kW. It was found that after testing, for both directions of power
flow, the jet impingement heat sink design, directly mounted
to the baseplate, was more than adequate to prevent failure of
the module. The tests, however, which used a commercial-off-
the-shelf cold plate as the cooling solution, under the same
conditions, caused failure within 2–3 h of testing [98]. Using
the same tests as Neft et al. with a surrogate module, Gould
et al. [39] determined that, while the SiC junction gate field-
effect transistor and diodes could withstand the 175 ◦C operating
temperatures, the surrounding components (e.g., solder joints
and wire bond joints) could not. While lower target temperatures
are not specific to jet impingement, when design limitations are
set in place (e.g., high coolant temperatures), jet cooling has
been found to meet these limitations that may not be met by
conventional cooling. For example, although increasing the flow
rate in the cold plate tested by Neft et al. [39] could increase

heat transfer, the flow rate was limited by the overall cooling
system, in which the inlet coolant entered from the coolant
loop of the engine. Therefore, the higher heat transfer of the
jet impingement cooling was able to keep the device below the
maximum temperature of the module, throughout the entirety of
the testing, even under these limitations.

Considering the maximum allowable temperature for each
power electronic module, the heat dissipated can also be ad-
justed. If the cooling strategy can remove more heat, then the
operating power of the device can be increased. Comparing jet
impingement cooling to a cold plate and a microchannel cooling
solution, Gould et al. [87] found that the heat dissipation allowed
was increased by up to 178% for the jet cooling technique. At
a fixed junction temperature of 175 ◦C and coolant temperature
of 100 ◦C, the power dissipated by jet impingement was 167 W,
compared to 60 and 99 W for the cold-pate and microchannels,
respectively. This shows the increased reliability that results
from jet impingement, compared to some more conventional
cooling strategies for power electronics.

Furthermore, the impacts of solder fatigue were studied be-
tween a pin fin heat sink, jet impingement attached to the module
baseplate, and jet impingement on the bottom substrate layer
by O’Keefe and Vlahinos [105]. These tests were conducted
by cycling junction temperatures from −40 to 140 ◦C. While
they were testing the impact of the cooling system on solder
fatigue, they found that the solder on the DBC was most likely
to fail. When comparing the cooling systems, the cycles to failure
was increased from 17 to 163 cycles for the pin fin cooling, to
baseplate-cooled jet impingement, respectively. They also found
that the cycles to failure for the IGBT solder and diode solder
was increased by about 27% from the pin fin heatsink to the
DBC jet impingement [105].

2) Cooling System-Level Reliability: Increased flow rates
can cause erosion in the cooling system [106], especially with
very small structures to enhance the surface area, like mini and
microfins, as well as in the jet nozzles. Additionally, small jet
diameters have the potential to clog, and depending on the fluid,



JONES-JACKSON et al.: JET IMPINGEMENT COOLING IN POWER ELECTRONICS FOR ELECTRIFIED AUTOMOTIVE TRANSPORTATION 10429

this concern may be increased. To prevent clogging, however,
Bhunia et al. [78] used a filter in their experimental setup.

In order to test degradation in the cooling system Waye
et al. [73] and Narumanchi et al. [77], both preformed long-term
reliability tests of the microfinned surfaces being impinged on.
Both found no visual degradation of the fins, even up to 120
months of continuous impingement. Waye et al. used nickel-
plated fins, which have a higher resistance to erosion than copper,
and it was found that after the initial testing phases, the heat
transfer performance stayed constant [73]. Also, Robinson et al.
[101] used nickel cobalt for materials in contact with water
since it has a higher resistance to degradation than copper.
Furthermore, Ditri et al. [107] modeled the rate of erosion with
ANSYS due to coolant impinging the baseplate. They found that
for velocities up to 26 m/s, there was 20.2μm/year being eroded,
but was directly dependent on the containment particle diameter
in the coolant.

E. Jet Impingement Integration

During installation of the jet impingement system, the jet
manifold is mounted onto the power module and is normally
either attached to the baseplate, as seen in Fig. 5(d) and (e),
or onto the bottom substrate layer. Generally, the jet manifold
is bolted to the module and an O-ring is placed to prevent
leaking [39], [78], [98], [108], [109].

Although jet impingement heat sinks are more commonly
mounted onto the baseplate of power modules, the performance
is increased by integrating it into the power module. Skuriat and
Johnson compared the thermal performance, in terms of heat
transfer and thermal impedance, for jets attached to the baseplate
and the bottom substrate layer. They found that removing the
baseplate and TIM decreases the junction to coolant thermal
resistance by 9% [85].

IV. ADVANCED JET IMPINGEMENT TECHNOLOGY FOR

POWER MODULES

Although research has greatly improved the applicable capa-
bilities for jet impingement, as a means of thermal management
for power electronics, some applications require additional ad-
justments, further than those outlined above. Depending on the
different cooling requirements, there are a wide variety of jet
impingement cooling types. In the following subsections, ad-
vanced jet impingement technology investigated in electric ve-
hicle power modules is outlined. This includes two-phase jet im-
pingement, spray cooling, synthetic and pulsating jets, as well as
integrated power modules that utilize jet impingement cooling.

A. Two-Phase Jet Impingement

Two-phase cooling maintains lower temperatures at higher
heat fluxes than seen in single-phase cooling. Two-phase cooling
utilizes both latent and sensible heat, while single-phase cooling
only uses sensible heat, which is depicted in Fig. 7. As the heat
flux increases, up to a critical heat flux (CHF), the temperature of
the coolant does not increase while changing phases from liquid
to gas during evaporation. Therefore, the coolant maintains the

Fig. 7. Temperature curve as the heat applied is increased to two-phase
cooling.

heat source or, in this case, the power module, at the same tem-
perature when the fluid is evaporating. This allows higher heat
transfer coefficients than single-phase jet impingement cooling.
This may only occur up to a point, however, as the temperature
will start to increase once the gaseous phase is reached. The CHF
can be determined based on the coolant and flow properties and
is reported often in the literature [40], [110]–[112].

Generally, two-phase cooling can dissipate from tens to
thousands of W/cm2 [113]. Dissipating large amounts of heat,
however, results in large temperature gradients between the
coolant and the heat source and, therefore, may not be ideal,
depending on the temperature limits of the devices. For power
modules, two-phase spray cooling is generally used from 150 to
400 W/cm2 [88], [113], [114].

While numerically analyzing single-phase and boiling jet
impingement on an IGBT package, Narumanchi et al. [38]
found that boiling decreased the maximum temperature seen
in the devices. Using an inlet water temperature of 105 ◦C and a
pressure maintained at 135 kPa, two cases at 45 and 90 W/cm2

were considered. It was found that introducing boiling into the
jets decreased the maximum device temperature by 1.9 and
2.7 ◦C for the 45- and 90-W/cm2 cases, respectively. Therefore,
two-phase cooling has a higher potential for dissipating large
heat fluxes.

Furthermore, the advancements in jet impingement boiling
has been reviewed by Qui et al. [115]. The physics in jet boiling,
trends between different design parameters, and the comparison
between single and two-phase jet impingement are discussed.
Overall, they found similar trends in terms of the heat transfer
relationship to jet diameter and S, but higher heat transfer rates
in two-phase jet cooling. It was also concluded that the heat
transfer rates were increased significantly with the introduction
of micro-pin-fins, as shown in [116]. In addition to increasing
the surface area, surface enhancements also increase the bubble
generation, which is very important in jet boiling [115].

B. Spray Cooling

Sprays are high-pressurized liquid streams forced through
specialized nozzles that create droplets. While they do neces-
sarily fall into the jet impingement umbrella, they have similar
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TABLE V
SYNTHETIC JET IMPINGEMENT FOR ELECTRONICS COOLING

aPercent improvement above natural convection.

Fig. 8. Comparison of conventional cooling, spray cooling, and jet impinge-
ment for power electronics [118].

configurations and are sometimes considered an additional
step from conventional jet impingement. The major difference
between sprays and jet impingement is the nozzle type and
the resulting fluid droplets. The sprays exit their nozzle in
various droplet sizes, instead of the continuous stream in
jet impingement. Sprays are also used to employ two-phase
cooling [88], [113], [114] since the droplets make it easier to
ensure evaporation.

Similar to jet impingement, spray cooling also possesses some
drawbacks. Spray cooling pressure drops range from about 10
to 45 psi [111], which is slightly higher than jet impingement.
This higher pressure is due to the specialized nozzles and high
flow rates required to create sprays. However, this is counter-
acted with a higher heat removal. Also, similar to other liquid
cooling methods, corrosion and erosion resistant materials must
be selected to prevent the degradation of the thermal perfor-
mance [117].

Generally, spray cooling can be more complex than conven-
tional jet cooling, due to the high-pressurized nozzles, but can be
lighter since less liquid is required. Ohadi and Qi [118] compared
various future-trend cooling methods to one another, based on

criteria, such as cost and cooling capacity. A spider chart from
their data comparing complexity, weight, cost, reliability, and
cooling capacity of conventional liquid cooling methods, spray
cooling, and jet impingement is shown in Fig. 8. Each of the
cooling systems generally costs the same to manufacture, while
the reliability and cooling capacity of jet and spray cooling is
higher than that of conventional cooling.

C. Synthetic and Pulsating Jets

As outlined in Section II, pulsating jets are generally utilized
to improve heat transfer through the act of surface renewal.
Different from conventional jet cooling, synthetic jets operate
in various duty cycles of “ON” and “OFF.” As the change in flow
occurs, the stagnation point heat transfer is improved [119].
Pulsating jets can change their frequencies, injection times,
and pulsation intensities to further enhance this phenomenon.
These pulsations can be performed with both sprays and jet
impingement. The heat transfer of synthetic jets in the literature
is shown in Table V. Also shown is the method used to create
the pulsations in the different synthetic jet applications. Similar
to continuous jet impingement flow, the jet design parameters,
as well as the time-averaged velocity, have an effect on the heat
transfer in pulsating jets. The study by Pavlova and Amitay [120]
showed a 5–115% increase in heat transfer compared to natural
convection. Also, the improvement in the peak Nu was almost
double that of a continuous jet. They found that the increased
Reynolds number also increased the heat transfer, while the
higher pulsation frequency had a higher peak Nu. At a distance
of about 15 diameters from the stagnation point, the lower pulsa-
tion frequency had a higher Nu though. Pulsating jets, however,
do not have much literature involving liquid coolants, especially
so for electronics cooling. While it is a mature technology,
liquid coolants in pulsating jets for power electronics are studied
significantly less.

While studying two-phase sprays, Panão et al. [88] also
studied the effect of the injection duty cycle, as well as injection
times on the heat transfer and cooling efficiency. While the heat
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transfer was found to be the highest with a continuous spray (i.e.,
without pulsations), it had the lowest cooling efficiency. For the
highest cooling efficiency and high heat transfer, it was found
that the faster pulsations were favored, since there was less off
time, while using less coolant than the continuous spray.

Generally, however, in the literature, there are mixed results
on whether pulsating jets increase the heat transfer, and much
of the current literature is on pulsating jets with air as the
working coolant. While Azevedo et al. [125] found no significant
improvements using pulsed jets, both O’Donovan and Murray
as well as Hofmann et al. found improvements in some of their
tests, but not all [126], [127].

Hofmann et al. [127], while studying jet impingement pul-
sations, concluded that jet performance was more sensitive to
pulsation intensity rather than pulsation frequency and increased
intensity resulted in higher heat transfer. The pulsation period
was divided into 30 classes, in order to split the flow signal into
the mean flow, the pulsating parts, and the turbulent parts. These
classes are defined as the time passed since the beginning of each
pulse cycle. The pulsation intensity, Pueff, is defined as follows:

Pueff(r, z) =
Aeff(r, z)

u(r, z)
(9)

where r is the radial distance from the stagnation point, z is the
axial distance from the nozzle, u is the axial component of the
velocity, and Aeff is the effective amplitude and is defined as

Aeff(r, z) =

√√√√ 1

K − 1

K∑
k=1

|uk − u|2 (10)

where K is the number of classes and k is the phase angle
range. While they found that simply changing the frequency
of the pulsations did not improve the heat transfer, an increase
in the pulsation intensity had favorable results. The pulsation
intensity averages the velocity throughout the entire pulsation
cycle, instead of just the velocity exiting the nozzle. Therefore,
this overall increase in mean velocity allows for higher heat
transfer rates.

Sheriff and Zumbrunnen [128], on the other hand, used both
sinusoidal and square pulse profiles. For a sinusoidal pulse
profile, the time averaged Nu0 was reduced by as much as
17% when the pulse magnitude was large. The pulse magnitude
is defined as the pulse amplitude (the difference between the
maximum and mean velocity) over the mean flow velocity. These
Nu reductions decreased as the flow moved away from the stag-
nation region though. The jets utilizing the square-pulse profile
(ON/OFF pulsations), however, resulted in 33% enhancement for
the Nu at the stagnation region for a Strouhal number greater
than 0.26, using (3), due to the boundary layer renewal. This
enhancement was decreased with increasing frequency.

Therefore, although there are improved heat transfer rates
with surface renewal in synthetic jets, the correct parameters
must be customized for these effects to occur. While the com-
plexity of the cooling system may increase, due to the added
components (i.e., pulsation driver), higher cooling performance
is possible.

D. Integrated Cooling Through Jet Impingement

As component integration in electric powertrains becomes
increasingly favorable, a more efficient thermal management
strategy must be implemented. For example, it is common to
see the inverter integrated into the housing of the motor, which
will inevitably result in higher heat dissipations.

De Lillo et al. [27] investigated the cooling system of the
electric motor and inverter. In order to reduce the volume, the
power modules were mounted on the endplate of the permanent
magnet motor. The thermal management system consisted of jet
impingement cooling for the power modules and the jet manifold
outlet coolant flooding the stator windings. This compact design
required large heat removal, which was successful using jet
impingement with a 50–50 water glycol mix. Although the jet
impingement design itself is considered conventional, in this
case, the integration of the two systems is newer technology.

Similar to other advanced jet impingement technology, com-
ponent integration can be more complex. The reduction in
separate parts, however, reduces the volume and weight, both
important parameters for making electrified transportation com-
petitive. While the increased heat dissipations can also pose a
concern, increased cooling performance, like jet impingement,
has been found to allow for integrated components.

V. GAPS AND CHALLENGES

Although the work on liquid jet impingement cooling for
automotive applications is gaining more attention, there are still
gaps in the research that would enable faster implementation of
the hotspot cooling strategy. A few of these gaps and challenges
will be addressed in the following subsections.

A. Jet Impingement Design Enhancements

Since jet impingement for electric vehicle power modules has
only been studied for the past 10–15 years, much of the research
involved focuses on comparing a single jet impingement design
to conventional cooling methods [14], [73], [77], [87]. Although
these comparisons provide details on jet impingement perfor-
mance compared to current cooling methods, more analysis is
required to obtain the highest performance achievable.

Optimizing jet impingement design parameters to improve the
heat transfer rates and reduce the pressure drop of the cooling
system can allow for more efficient jet impingement cooling
solutions. This process can be done by using optimization soft-
ware, as well as comparing different jet impingement designs
and selecting the highest performing solution. With such small
and complex designs, the performance of the manifold is highly
based on the different design parameters; therefore, these must
be analyzed and compared to one another.

B. Transient Heat Loads and Drive Cycles

Although thermal modeling, under transient operation, such
as a drive cycle, is available for vehicle testing of power mod-
ules [2], [129], [130], there is limited testing for comparing
cooling designs, especially for jet impingement. In the literature
of jet impingement, especially in vehicle testing, a constant heat
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flux is generally used, instead of fluctuating heat loads, or drive
cycles. Although these constant heat loads are easier to model
and experimentally test, they are ideal solutions and will likely
have lower performance once implemented into a vehicle. This
is due to thermal capacitance and increased switching losses
not being accounted for during high power dissipation and
overcooling of the system at lower power.

This issue can be addressed by numerically analyzing dif-
ferent heat loads and experimentally testing with computer
simulated drive cycles, with the resulting power loads applied
to the power modules or heat source. Therefore, resulting in a
more comprehensive analysis of the performance of the power
module, once placed in the vehicle. Testing at different heat loads
will provide additional feedback for any potential performance
issues (i.e., temperature build-up in extended testing).

C. Control-Based Work

While there are mentions to optimization of jet design param-
eters and control in the literature [74], [80], [131]–[133], there
is not much research on how this could be implemented during
transient heat loading, specifically for automotive applications.
Control-based work, which utilizes a feedback loop, could be
implemented during transient loads in testing and during vehicle
operation. This control-based strategy could potentially improve
heat transfer, during high heat loads, by modifying the flow
rate or even pulsations accordingly. Also, lowering the supplied
flow rate when the power module is at low temperatures could
improve the cooling system’s efficiency. By providing higher
performance, as well improving efficiency, this could decrease
overall costs in automotive applications [134].

VI. CONCLUSION

With increasingly high heat fluxes applied in power modules
in the transportation sector, new cooling solutions with high
heat transfer capabilities are required. Currently, the majority
of electric vehicles utilize horizontal cooling techniques, but as
the power densities are increased, these cooling methods will be-
come inadequate. Liquid jet impingement is an attractive cooling
technique due to the improved thermal performance and has been
tested numerically and implemented experimentally. Although
it is currently not implemented in industry, research shows very
promising results as a thermal management technique.

The jet impingement design, manufacturing methods, the
materials in the power module, and the effective cooling surface
area all have an impact on the heat transfer coefficient while cool-
ing power electronics. Jet impingement, however, has proven
to keep the maximum temperature of the dies and temperature
difference between dies below critical values. On top of conven-
tional jet impingement designs for power electronics modules,
advanced jet impingement techniques can be applied for higher
heat transfer rates, including spray jets and synthetic jets.

Although there is a significant amount of research on jet
impingement, further research is required for automotive appli-
cations, specifically. Current jet impingement designs are likely
overdesigned for small dies in power modules, due to the lack of
drive cycle testing and fluctuating heat loads. Further research
investigating transient heat loading could improve the cooling

efficiency. Overall, jet impingement is considered an attractive
cooling option for power module cooling, within electric ve-
hicles. Designs are being investigated to enhance heat transfer
while reducing pressure drop, which is necessary as high heat
fluxes are expected in future power electronic applications.

Jet impingement cooling has been shown to improve the
performance of power electronics. While some applications have
been found to increase the pressure drop from conventional cool-
ing, jet impingement can improve the heat transfer performance
and reliability. Additionally, it has been found to be versatile and
customizable, depending on the application.
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