
Received 21 June 2024; revised 17 July 2024; accepted 18 July 2024. Date of publication 26 July 2024;
date of current version 31 July 2024. The review of this article was arranged by Associate Editor Xiaoqing Song.

Digital Object Identifier 10.1109/OJPEL.2024.3432989

Compact Two-Phase Immersion Cooling With
Dielectric Fluid for PCB-Based

Power Electronics
ALEKSANDAR RISTIC-SMITH AND DANIEL J. ROGERS (Senior Member, IEEE)

Department of Engineering Science, University of Oxford, OX1 3PJ Oxford, U.K.

CORRESPONDING AUTHOR: ALEKSANDAR RISTIC-SMITH (e-mail: aleksandar.ristic-smith@eng.ox.ac.uk)

This work was supported in part by U.K. EPSRC and in part by YASA Ltd under grant EP/R513295/1.

ABSTRACT This paper explores two-phase immersion cooling using sealed enclosures of dielectric fluid
as a technique to achieve compact, power dense converters on a single printed circuit board (PCB). The
proposed approach employs passive circulation of the fluid and does not introduce system complexity
beyond a heat exchanger required to condense the vapour. A test apparatus representing six 650 V, 150 A
semiconductor switches in an inverter rejecting heat to a 65 ◦C water cooling loop is developed. Pool boiling
experiments on a flat surface in Novec 7000 dielectric fluid demonstrate critical heat flux of 43 W cm−2

at a saturation temperature of 94 ◦C and a corresponding pressure of 593 kPa. By augmenting the surface
with pin fins (representative of a heat spreader attached to a switch) and grit blasting to improve the surface
micro-geometry, the maximum heat transfer coefficient increased from 1.5 W cm−2 K−1 to 3.4 W cm−2 K−1

with a corresponding reduction in switch temperature from 125 ◦C to 107 ◦C at the total power dissipation
of 186 W. A practical implementation with comparable thermal performance to the experimental apparatus
but minimised volume of 0.12 L is presented. This yields a Cooling System Performance Index of 37 WL−1

K−1, including the heat exchanger and printed circuit board with switches, decoupling capacitors and gate
drivers.

INDEX TERMS Immersion cooling, two-phase cooling, dielectric fluid, power density.

NOMENCLATURE
Variables
Q Power dissipation [W].
q Heat flux [W cm−2].
h Heat transfer coefficient [W cm−2 K−1].
T Temperature [◦C].
P Pressure [Pa].
A Area [cm2].
x Distance along fin [m].
tf Fin width [m].
L Fin length [m].
ρ Density [kg m−3].
llv Latent heat [J kg−1].
cp Specific heat capacity [J kg−1 K−1].
g Acceleration due to gravity [ms−2].
σ Surface tension [N m−1].
k Thermal conductivity [W m−1 K−1].

μ Dynamic viscosity [Pas].

Subscripts
chf Critical heat flux.
l Liquid property.
v Vapour property.
sw Switch, switch-level.
sat Property of saturated fluid.

I. INTRODUCTION
It would be beneficial if highly integrated, compact, low-
inductance printed circuit board (PCB) based converters could
achieve the excellent thermal performance and high power
densities offered by power modules. This could be enabled by
a range of novel electronics cooling techniques detailed in lit-
erature, including microchannel flow and jet impingement [1].
In [2], it is proposed the metallised ceramic substrate of a
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power module can be removed by employing dielectric fluid
cooling in close proximity to semiconductor switches to pro-
vide electrical isolation. Through application of single-phase
jets impinging on a heat spreader soldered to the switch, a
switch-level heat flux of 716 W cm−2 was achieved. In [3],
semiconductor die are interconnected by a copper lead frame
structure and cooled via two-phase flow of Novec 7500 dielec-
tric fluid. Calculations indicate the proposed package reduces
volume by 60% and increases heat dissipation by 100% com-
pared with a conventional power module.

Microchannel cooling leverages the increase in heat trans-
fer coefficient with decreasing cooling channel size. This is
demonstrated in [4]. A coldplate with 1 mm square channels
and two-phase flow of dielectric fluid demonstrated reduc-
tion in thermal resistance by 2.4 times compared with a
conventional power module water coldplate. An additively
manufactured aluminium microchannel heatsink for power
semiconductor switches was presented in [5]. Simulations in-
dicate it could sustain switch-level heat fluxes of 521 W cm−2

with single-phase flow of Novec 7500 dielectric fluid.
Despite the excellent thermal performance of the afore-

mentioned approaches, system complexity and volume are
increased due to pumps, plumbing and heat exchangers re-
quired to facilitate flow of dielectric fluids. By contrast,
immersion cooling submerges electronic components in a
static liquid pool and utilises passive fluid circulation by nat-
ural convection or phase change. Two-phase immersion in
Galden HT55 dielectric fluid was proposed in [6] for high
performance computing chips attached to heat spreaders with
thermal interface material. The highest die-level heat flux
sustained by boiling was 200 W cm−2. In [7], pulse gener-
ators based on SOT-23 package transistors were immersed
in dielectric fluids undergoing phase change. Superior cool-
ing with FC72 fluid enabled a pulse repetition rate double
that achieved with single-phase oil immersion and triple that
observed with forced air cooling. A proposed approach to
immersion of PCB-based power electronics uses water as the
cooling medium [8]. This is achieved by coating all board sur-
faces and components with electrically isolating Parylene-C.
An exceptional switch-level heat flux of 562 W cm−2 was
reported with coating thickness of 1 μm. However, since the
breakdown voltage of Parylene-C is only 78 V μm−1, this
approach is only suited to low-voltage applications.

In this paper, we propose immersion of entire PCB con-
verters in a closed, static pool of dielectric fluid undergoing
liquid to vapour phase change. All electronic components
are directly cooled by closed-cycle boiling and condensation
of the fluid, which also provides electrical isolation to the
converter package. At a system level, two-phase immersion
cooling requires a single heat exchanger which condenses the
vapour and facilitates passive liquid return to the pool.

A. BOILING HEAT TRANSFER
The envisioned application, depicted in Fig. 1, is a semicon-
ductor switch with planar area Asw, immersed in dielectric
fluid undergoing phase change from liquid to vapour. Prior

FIGURE 1. Semiconductor switches immersed in dielectric fluid.

work on two-phase immersion for electronics cooling has
focused on characterising boiling heat transfer for flat switch
surfaces at atmospheric pressure where the fluid pool is
maintained at a constant saturation temperature Tsat corre-
sponding to the atmospheric pressure boiling point. This is
often achieved via an open fluid pool which releases vapour
to atmosphere as shown in Fig. 1(a). Tsw represents the switch
surface temperature in response to power dissipation Qsw.
The critical heat flux (CHF) represents a practical maximum
power per unit switch area:

qchf = max(Qsw)

Asw
= max(qsw) (1)

One hypothesis states that CHF originates from hydrody-
namic aspects of the boiling process [9]. Its significance can
be understood by considering the boiling curve, which de-
scribes the relationship between heat flux and temperature rise
of the switch surface above the fluid saturation temperature.
Fig. 2 shows a boiling curve for water at atmospheric pressure.
� In region (i), the switch surface is not hot enough to

create vapour bubbles so heat is transferred through con-
vection.

� During nucleate boiling (region (ii)), bubbles periodi-
cally form, grow and detach from cavities in the switch
surface.
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FIGURE 2. Boiling curve and corresponding heat transfer coefficients for
water at atmospheric pressure. Based on data published in [10].

� At CHF, vapour starts to blanket the surface, impeding
heat transfer from the switch to the surrounding liquid.

� In region (iii), vapour covers an increasing portion of the
switch surface until a stable film forms in region (iv).

If the power dissipation of an electronic component just
exceeds the critical heat flux (point CHF in Fig. 2), a sudden
and drastic increase in temperature occurs until steady state is
reached in region (iv) at point CHF*. In practice, this would
cause thermal failure and so point CHF presents a limit on
power dissipation.

The heat transfer coefficient defined in (2) is a measure of
the heat flux sustained per degree of temperature rise from the
fluid to the switch surface in W cm−2 K−1. For a given heat
flux, higher heat transfer coefficient corresponds to a lower
switch temperature. For boiling, the heat transfer coefficient
is not constant but depends on both Tsw and Tsat:

hsw = qsw

(Tsw − Tsat )
(2)

To maximise converter power density, it is advantageous to
increase the peak nucleate boiling heat transfer coefficient in
region (ii) and the critical heat flux.

Dielectric fluids like Fluorinerts and Novecs from 3 M are
commonly used for two-phase immersion cooling due to their
widespread chemical compatibility and electrical isolation ca-
pability. Studies with Fluorinert FC72 [11], Novec 7000 [12]
and Novec 649 [13] indicate these fluids reach CHF around 20
W cm−2 on smooth, flat surfaces at atmospheric pressure, with
peak heat transfer coefficients below 1 W cm−2 K−1. Moder-
ate improvements in both criteria are observed by modifying
the surface geometry, creating more micro-scale features from
which vapour bubbles can nucleate [14]. By treating smooth
copper surfaces with emery paper of different grit counts,
surface roughness was varied from 0.039 μm to 0.58 μm with
an accompanying increase in critical heat flux for Novec 7000
from 21.6 W cm−2 to 30 W cm−2 [12]. Sandblasting was
employed in [15] to prepare copper surfaces with roughness
up to 9 μm. Reported heat transfer coefficient and critical heat

flux were respectively 3 and 1.5 times higher than the smooth
surface.

Further improvements in heat transfer coefficient and CHF
are achieved by attaching heat spreaders to semiconductor
switches. The heat spreader increases the surface area in con-
tact with fluid and enables higher power dissipation for a
given switch [16]. The switch-level CHF and heat transfer
coefficient, calculated via (1) and (2) with reference to the
planar switch area Asw, are therefore improved. There are
several proposed mechanisms by which heat spreaders can
be coupled to switches, including etching directly into the
semiconductor material [17], or press fitting by mechanical
force [18]. However, most prior research has focused on char-
acterisating metal heat spreaders which offer higher thermal
conductivity than silicon and can be soldered or sintered to
switches. In [11] a copper heat spreader with normally pro-
truding, low profile fins of length 0.5 mm yielded switch-level
CHF of 51 W cm−2 for FC72. This was further increased to
105 W cm−2 using a single protruding fin of length 12.7 mm
with low profile fins cut into its perimeter [19].

Microporous structures have also been explored as heat
spreaders. In addition to increasing heat transfer area, the
pores promote fluid circulation in proximity to the switch
surface via capillary action. The heat transfer coefficient for
Novec 649 was increased from 0.35 W cm−2 K−1 for a
smooth surface to 1.1 W cm−2 K−1 using a commercial mi-
croporous coating [20]. In [21], porous structures with pores
aligned in the through plane are attached to grooved copper
heat spreaders, separating vapour release and liquid replen-
ishment routes to the switch surface. The reported critical heat
flux for FC72 was 75 W cm−2 with a maximum heat transfer
coefficient of 3.6 W cm−2 K−1.

More drastic improvements are achieved using heat spread-
ers with larger planar area than the semiconductor switch.
This was demonstrated by attaching a microporous coated
finned heat spreader to switches of varying size; the highest
switch-level heat transfer coefficient of 15 W cm−2 K−1 was
reported for the smallest switch [16]. Flat heat spreaders with
microporous coatings and nine times greater area than the
semiconductor switch were characterised in [22]. A maximum
switch-level heat transfer coefficient of 12 W cm−2 K−1 was
reported and critical heat flux of 400 W cm−2 for Novec
7000 fluid. To the authors’ knowledge, the highest reported
switch-level critical heat flux and heat transfer coefficient for
a boiling dielectric fluid are 1180 W cm−2 and 25 W cm−2

K−1 [23] achieved by soldering both sides of a switch to
flat heat spreaders with ten times the area. However, such
high switch-level thermal performance requires heat spreaders
which extend horizontally and vertically beyond the switch
surface and therefore comes with the penalty of increased
converter volume.

B. TWO-PHASE IMMERSION COOLING SYSTEMS
In a practical two-phase immersion cooling system for power
dense PCB based converters, several departures can be
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expected from the idealised conditions imposed during boiling
heat transfer experiments:

1) Components are contained in a sealed enclosure which
is evacuated of air and saturated with dielectric fluid as
depicted in Fig. 1(b). During converter operation, the
fluid reaches an elevated saturation pressure and tem-
perature determined by the heat flow. When the system
is idle, the vapour pressure at ambient temperature is
usually subatmospheric. The sealing mechanism must
therefore prevent loss of fluid when pressurized and
minimise leakage of air into the enclosure when idle
(as this would significantly degrade performance) [24].
Despite mechanical challenges associated with sys-
tem pressurisation, it could yield advantages from a
thermal perspective due to increased fluid saturation
temperature. Previous studies have reported moderate
improvements in heat transfer coefficient and critical
heat flux with increasing saturation temperature due to
favourable changes in physical properties [25], [26].

2) Compact circuit layouts impose constraints on heat
spreader size. It is desirable to integrate decoupling
capacitors and gate drivers in close proximity to semi-
conductor switches on the PCB to minimise parasitic
inductances and achieve the highest switching speeds
and lowest switching losses [27]. A heat spreader should
therefore not extend horizontally as this requires spac-
ing out of components. However, due to the low vertical
profile of the switches compared with other compo-
nents like Multi-Layer Ceramic Capacitors (MLCCs),
heat spreaders may extend vertically without increasing
converter volume. Modelling and design of vertically
protruding features like fins is complicated by the non-
linear nature of boiling heat transfer.

3) The heat exchanger required to condense working fluid
may not be arbitrarily large. A useful metric for com-
paring the electrical power density achievable with a
particular cooling technology is the Cooling System
Performance Index or CSPI [28]. It is a measure of
thermal power density per degree of temperature rise
between the switch and ambient in WL−1 K−1. Im-
mersion cooling systems in previous literature have
typically enclosed only the semiconductor switches in a
dielectric fluid enclosure which is coupled to a separate
commercial heat exchanger by pipe work. The follow-
ing CSPI values have been estimated based on enclosure
and heat exchanger volumes but not the pipe work: 19
WL−1 K−1 was achieved using an air-cooled fin tube
radiator [23] and 33 WL−1 K−1 was demonstrated with
a water-cooled parallel plate heat exchanger [29]. It is
anticipated that systems for PCB converters will im-
merse the entire circuit board. This offers the advantage
of a uniform temperature environment, cooling ancillary
components in the circuit, and reducing hot spots on the
board. Furthermore, integration of the heat exchanger
and fluid enclosure could reduce converter complexity
and volume by eliminating pipe work. To the authors’

TABLE 1. Candidate Working Fluids and Their Thermophysical Properties

knowledge, only one prior study has detailed an im-
mersion cooling system with these characteristics [30].
However, the design was intended to explore achievable
switch-level heat fluxes rather than to optimise power
density and demonstrated a CSPI lower than 5 WL−1

K−1.
This paper aims to investigate these aspects of sealed di-

electric fluid two-phase immersion cooling. The envisioned
application is a PCB-based electric vehicle motor drive in-
verter which rejects heat to a 65 ◦C water glycol coolant loop
(in accordance with U.K. Advanced Propulsion Centre speci-
fications [31]). A test apparatus is detailed in Section II which
represents the inverter with a realistic heat exchanger. It is
employed in Section III to identify critical heat flux limits for
flat switch surfaces in Novec 7000 dielectric fluid at saturation
temperatures from 65 ◦C to 94 ◦C. A non-linear 1-D model of
boiling heat transfer for fins is proposed in Section IV and
solved numerically to design a heat spreader which increases
the switch-level heat transfer coefficient by a factor of 2.3
with minimal penalty on inverter volume and electrical lay-
out. Experiments conducted with smooth and grit-blasted fins
illustrate that simple surface enhancement techniques offer
substantial improvement in performance. Finally, Section V
proposes a practical two-phase cooling concept featuring
whole PCB immersion which is competitive with the best
systems presented in previous literature.

II. PRELIMINARIES
A. FLUID SELECTION
In the envisioned application, the working fluid must provide
electrical isolation between electronic components and the
heat exchanger. Fluorinert (FC) and Novec fluids from 3 M
offer high dielectric strength and are also widely chemically
compatible. Important physical properties of several fluids are
presented in Table 1.

Thermal conduction, convection and liquid-to-vapour
phase change all contribute to high heat transfer coefficients
observed during boiling. It is therefore favourable to use fluids
with low viscosity, high thermal conductivity and high latent
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FIGURE 3. Facsimiles used in this work to represent a bare switch and
switch attached to heat spreader.

heat. Consider the critical heat flux: mechanisms which trans-
port vapour away from the switch surface become insufficient
to contend with the rate of vapour generation. A higher la-
tent heat reduces vapour generation for the same heat flux,
resulting in a higher value of CHF. This is reflected in the
widely used hydrodynamic instability model of critical heat
flux shown in (3) for an infinite flat heater. It features a linear
dependence of CHF on latent heat [36]:

qchf = 0.149ρ0.5
v llv

4
√

g(ρl − ρv)σ (3)

Novec 7000 was selected for its high latent heat, thermal
conductivity and predicted critical heat flux at atmospheric
pressure compared with other Fluorinert and Novec flu-
ids. Organic solvents were also considered; for reference,
methanol is included in Table 1. Calculation of CHF in-
dicates an increase by a factor of 1.9 over Novec 7000.
Substantial improvements in power density should be ex-
pected with methanol. However, due to practical concerns
regarding chemical compatibility, only Novec 7000 was ex-
perimentally characterised.

B. EXPERIMENTAL APPROACH
In this work, immersed semiconductor switches are repre-
sented by facsimiles machined in metal. Using this approach,
the heat flow can be set using simple resistive heating
elements and a thermocouple inserted close below the facsim-
ile surface can provide measurements of the corresponding
switch surface temperature Tsw. As illustrated in Fig. 3, each
facsimile has the same planar area exposed to fluid as the
switch. All surrounding material which facilitates heat flow is
thermally insulated. Two cases are considered; a bare switch
facsimile with a flat boiling surface and a heat spreader fac-
simile representing the same switch soldered to a finned heat
spreader with equal planar area. The latter case is tested with
both smooth and grit-blasted surfaces.

Based on this concept, an experimental apparatus was de-
veloped to characterise the thermal performance of two-phase
immersion cooling for a prospective motor drive inverter. The
fluid is contained within an open-ended 52 mm outer diameter

borosilicate viewing tube sealed between an aluminium heater
block and heat exchanger via an arrangement of nitrile O-rings
as shown in Fig. 4. The heater is machined in aluminium
6082 with six 12.6 mm × 5.6 mm facsimiles for GaN systems
650 V 150 A GS-065-150-1-D2 bare die switch. An array of
pin fins is optionally machined into the facsimile surfaces;
selection of the pin fin dimensions is discussed further in
Section IV. Four cartridge heaters insert into the block to set
the total power dissipation. A polyetheretherketone (PEEK)
part fits tightly around the facsimiles, minimising heat transfer
from the heater block bulk material to the fluid. The sides and
base of the block are also insulated with PEEK to minimise
heat loss to ambient.

The custom heat exchanger features a 43.5 mm diameter
surface enhanced with pin fins on the condenser side. A Poly-
science AP15R-40-A11B circulator supplies water through
the liquid cooling channel at a fixed temperature set point.
Unless otherwise mentioned, this was maintained at 65 ◦C.
The flow rate is set high to maintain the temperature difference
from water inlet to outlet below 10 ◦C. Two thermocouples are
embedded in the heat exchanger to measure the temperature
close to the base of the condenser fins.

A Bourns BPS130 pressure sensor is mounted on the heat
exchanger via a port sealed with a nitrile O-ring. This provides
measurements of the saturation pressure which can be used to
estimate the bulk temperature of the fluid, provided the system
is saturated with vapour and free of air.

A simple evacuation and filling procedure is followed to
purge air from the experiment: The apparatus is completely
filled with fluid, after which the fill port is closed off with
a clip. Heat is applied and liquid boiled off to atmosphere
through an evacuation port until the desired fill height is
reached. The port is then closed, leaving a completely sealed
system saturated with working fluid vapour. Pressure was con-
tinuously monitored over the course of several days following
one fill and evacuation cycle. Once the system had cooled to
room temperature, the pressure became equal to the expected
fluid vapour pressure and there was negligible further change
in pressure, indicating minimal leakage of air into the appara-
tus over timescales required to run experiments.

After evacuating and filling, power is provided via the car-
tridge heaters in increments. After each step in power, the
system is allowed to reach steady state then ten sequential
readings are made for each measured quantity and averaged.
The six switch facsimile temperatures are used to calculate an
average switch temperature Tsw. The thermocouples embed-
ded in the heat exchanger are used to estimate the temperature
at the base of the condenser fins, Tb. The fluid temperature
Tsat is dependent on the measured pressure Psat according to
the following relationship provided by the manufacturer [34].

Psat = exp

( −3548.6

Tsat + 273.15
+ 22.978

)
(4)

Along with the main heat flow from switch facsimiles
to dielectric fluid, there is a loss path to ambient air from
the insulated surfaces of the heater block. To evaluate these
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FIGURE 4. Diagram of experimental apparatus assembly. All dimensions are in millimetres.

losses, a calibration experiment was conducted with the heater
block detached from the glass chamber/heat exchanger and
the switch facsimiles covered by insulating wool. All power
applied in this test was lost to ambient air through the PEEK
insulation. A linear relationship was observed between the
heat loss and the average facsimile temperature rise above the
ambient air temperature. This relationship was used in all ex-
periments to compensate for heat loss through the insulation.
Calibration was performed separately for two different heater
blocks with bare switch and finned facsimiles respectively
and the observed difference between the two was negligible.
Losses to ambient air account for 10% of the highest total heat
reported. Further corrections were made to account for heat
transfer to the fluid through the tight-fitting PEEK insulator
and for resistive losses in the cartridge heater leads. These
contributions were calculated to be <2% of the highest total
heat.

Standard uncertainty propagation techniques were applied
to calculate error bars in switch-level heat transfer coefficients
and heat fluxes which are displayed on subsequent plots.
The calculations incorporate uncertainties associated with the

power supply, pressure sensor and thermocouples. The high
relative uncertainty in heat transfer coefficient arises from the
thermocouple accuracy, which was determined to be ±0.5◦C
from the maximum deviation between different thermocou-
ples measuring the same temperature.

III. BOILING HEAT TRANSFER ON FLAT BARE SWITCH
SURFACES
Fig. 5 shows photographs of the apparatus during an ex-
periment, illustrating the boiling and condensation of the
dielectric fluid. Fig. 6 shows the variation of temperatures
Tsw, Tsat, Tb and pressure Psat with power for the bare switch
facsimile with 65 ◦C water set point. Tsw reached 125 ◦C at
the highest power of 182 W, beyond which critical heat flux
was observed and the experiment halted. The fluid-to-switch
temperature rise (Tsw − Tsat) just before CHF accounts for
over half of the total increase above the water set point.

Fig. 7 shows the corresponding variation in switch-level
heat flux with temperature difference between switch and
fluid. A maximal heat flux of 43 W cm−2 was observed.
Critical heat flux was identified just beyond this point by a
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FIGURE 5. Photographs of experimental apparatus showing boiling and
condensation of the dielectric fluid.

FIGURE 6. Temperatures Tsw, Tsat, Tb and pressure Psat at varying power for
the bare switch facsimile. The image illustrates physical locations of each
quantity.

FIGURE 7. Heat flux as a function of temperature rise Tsw - Tsat for the bare
switch facsimile.

FIGURE 8. Experimental measurements and theoretical predictions of
critical heat flux for a flat surface at different saturation temperatures.

rapid increase in Tsw and an accompanying sudden decrease
in pressure. The latter effect occurs as vapour blankets the
switch facsimiles, instantaneously reducing heat transfer from
the surface to the fluid. Since the rate of condensation is
momentarily unchanged, there is a net reduction in vapour
mass and hence pressure. The CHF value presented here
is approximately twice that reported for Novec 7000 at at-
mospheric pressure. This is in accordance with observations
in [25], where critical heat flux increases substantially with
fluid temperature/pressure for methanol, water and pentanol.
To further explore this trend, additional experiments were
conducted with the water temperature set to 35 ◦C and 50 ◦C
respectively, such that critical heat flux would occur at re-
duced fluid saturation temperatures. Fig. 8 displays the critical
heat flux value as a function of fluid saturation temperature.
Also shown for comparison are theoretical values derived
from (3) using datasheet relations and simple thermodynamic
assumptions (such as ideal gas behaviour) to model tem-
perature dependency of physical properties. The experiment
demonstrates an increase in CHF with saturation temperature
in accordance with theory and agrees with the model to within
12%. The discrepancy is attributed to underestimation of the
vapour density via the ideal gas model.

The experimentally observed critical heat flux has impor-
tant implications for performance of a practical motor drive
inverter. If the maximum allowed temperature at the switch
surface is 125 ◦C, the resulting switch-level heat flux would
be very close to CHF and the power dissipation should be
reduced to prevent thermal failure.

Fig. 7 also shows a piecewise linear fit to the experimen-
tal data which is employed in Section IV to simulate heat
spreaders. One line segment is obtained using least-squares
regression on the data, yielding the following relationship
between the heat flux qsw and temperature difference Tsw −
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FIGURE 9. Diagrams depicting boiling heat transfer from the surface of an
immersed fin and discretisation of the fin for numerical solving.

Tsat:

qsw = 2.0(Tsw − Tsat ) − 12.8 (5)

For zero temperature difference, (5) predicts a negative heat
flux which contradicts the expectation of zero heat transfer.
This is because it does not accurately model fluid behaviour
at low heat fluxes, where a transition from natural convection
to nucleate boiling occurs. In the absence of experimental data
for this region, it is assumed the heat flux is zero between the
origin and the intercept of (5) with the x-axis.

The proposed piecewise linear model does not incorporate
dependence of fluid physical properties on saturation temper-
ature. By varying the flow side water temperature from 35 ◦C
to 65 ◦C, the maximum heat transfer coefficient increased by
only 11% as the corresponding fluid saturation temperature
rose from 66 ◦C to 94 ◦C. This justifies the model assumption
that heat flux is senstive only to the temperature difference
Tsw − Tsat.

IV. BOILING HEAT TRANSFER ON FINNED HEAT
SPREADER SURFACES
Heat spreaders reduce switch operating temperature for the
same converter power dissipation and eliminate the risk of
critical heat flux. Due to constraints imposed by printed circuit
board substrates, the heat spreader considered in this work has
the same planar area as the switch and incorporates vertically
protruding fins to increase the heat transfer area.

A. THEORETICAL MODEL
Fig. 9(a) depicts a square pin fin of length L and width tf im-
mersed in a pool of dielectric liquid at saturation temperature
Tsat. The fin material has thermal conductivity k and boiling
is modelled as a temperature dependent heat transfer coeffi-
cient h(T ). In steady-state, the temperature T some distance
x along the fin is given by the one dimensional heat equation

FIGURE 10. Contours showing temperature variation along selected fin for
varying Tsw − Tsat.

below [9].

k
d2 T

dx2
= 4h(T )

tf
(T − Tsat ) (6)

A constant switch temperature Tsw is applied at the fin base
and the following heat transfer coefficient boundary condition
is assumed at the fin tip.

−k
dT

dx

∣∣∣∣
x=L

= h(T |x=L)(T |x=L − Tsat ) (7)

In this work, as in previous literature [19], it is assumed
the heat transfer coefficient along the fin sides is independent
of orientation and equal to that for an isothermal flat surface
at the same temperature. It can therefore be obtained via (2)
using the piecewise linear fit for heat flux from Section III and
substituting the fin temperature T in place of Tsw. The prob-
lem is solved numerically by discretising (6) and (7) using
a finite difference approximation for the derivatives. This is
illustrated conceptually in Fig. 9(b). The fin is divided into N
nodes with temperature Ti and local heat transfer coefficient
h(Ti ) (represented by an equivalent thermal resistance for an
incremental area �A). Heat conduction between two adjacent
nodes is represented by the connecting thermal resistance Ri.
The heat transfer Qf through a single fin is evaluated using
Fourier’s law at the base, yielding (8). The total power for a
heat spreader is obtained by summing for all fins and adding
a contribution from the heat spreader base.

Qf = − kt2
f

dT

dx

∣∣∣∣
x=0

(8)

Fig. 10 depicts contours showing dependence of tempera-
ture on distance along the chosen fin (normalised to its length)
for varying temperature difference between the fin base and
the fluid (Tsw − Tsat). The corresponding variation in fin heat
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transfer Qf is also shown. The chosen heat spreader design
features eight such fins; for the highest experimental switch
power dissipation of 31 W in this work, the per-fin heat trans-
fer is therefore approximately 3.9 W.

The piecewise linear model can not accurately represent
fluid behaviour when the fin is < 7.4◦C hotter than the fluid
saturation temperature due to lack of experimental data in this
region. The dotted contour on Fig. 10 represents the fin height
above which this occurs. As the fin base temperature increases
from 8 ◦C to 11 ◦C above the fluid saturation temperature, the
portion of the fin for which T − Tsat < 7.4◦C diminishes to
zero. Beyond this, the model is expected to accurately predict
fluid behaviour along the entire fin.

At the highest value of Tsw − Tsat shown in Fig. 10, the
temperature difference along the fin accounts for 14 ◦C of the
25 ◦C rise at the fin base, leading to a corresponding reduction
in heat transfer coefficient by a factor of 2.3 from base to tip.
This emphasizes the importance of incorporating heat transfer
dependence on temperature in contrast to using analytical
models with a constant heat transfer coefficient.

B. EXPERIMENTAL RESULTS
A modified heater block was manufactured with six heat
spreader facsimiles, each enhanced with a regular array of
pin fins. Due to technological constraints of the CNC milling
process used, the spacing between fins could be no smaller
than 1 mm. Imposing a minimum spacing is also advanta-
geous from a thermal point of view as it minimises the risk of
vapour coalescence in the gaps [19]. The proposed model was
solved for different fin arrangements and the best performance
was predicted for eight fins of width 2 mm. A fin length of
4 mm was selected by considering the largest 650 V surface
mount MLCC in 2220 footprint which has height of 5.4 mm.
Therefore a heat spreader with 4 mm fins and 1 mm thick base
could be attached to the 0.3 mm thick switch with no penalty
on converter power density.

The same experimental procedure was followed for the
modified heater block as in Section III, up to a total power
of 186 W and a corresponding switch-level heat flux of 44
W cm−2. Higher power dissipations were not tested due to
restrictions on the pressure capability of the borosilicate en-
closure. The maximum average switch temperature reached
was 110 ◦C. This is 15 ◦C cooler than the bare switch facsim-
ile at the same heat power. Fig. 11 compares experimental
switch-level heat transfer coefficients with theoretical val-
ues predicted by the model from Section IV-A. The model
significantly underestimates the first three datapoints due to
the pessimistic assumption of zero heat flux in the natural
convection regime. However, the mean percentage error is
5% when only the last four data points are considered, for
which the simulation in Fig. 10 predicts the entire fin is over
7.4 ◦C hotter than the fluid. This demonstrates the usefulness
of simple fin heat transfer models with flat surface boiling data
as a tool for predicting heat spreader performance without
requiring complex simulations of fluid behaviour or experi-
mental characterisation of each fin arrangement.

FIGURE 11. Comparison between experimental switch-level heat transfer
coefficients for smooth heat spreader facsimiles and theoretical values
calculated using the numerical fin model.

The heat spreader facsimile does not exhibit critical heat
flux within the power range surveyed. Another test was con-
ducted with five of the six facsimiles covered by tight-fitting
PEEK caps in an effort to induce CHF. An apparent switch-
level heat flux of 130 W cm−2 was sustained through the
single exposed facsimile with no indication of CHF. By cal-
culating the fin heat transfer when the spreader base reaches
critical heat flux through (3), an expected value of 108 W
cm−2 was obtained. The discrepancy between model and
experiment is likely due to heat transfer from the covered
facsimiles, which could not be completely eliminated.

In a further step, the heat spreader facsimile surfaces
were grit-blasted to favourably influence their surface micro-
geometry. The experiment was repeated up to 186 W and 44
W cm−2; the measured heat transfer coefficients for all three
tests (flat surface, smooth fins, grit-blasted fins) are shown
in Fig. 12. The maximum heat transfer coefficient increased
from 1.5 W m−2 K−1 to 2.5 W m−2 K−1 by incorporating
fins, further improving to 3.4 W m−2 K−1 by grit blasting.
Notably, this performance is achieved using a relatively low
conductivity spreader material (aluminium 6082 alloy, 170 W
m−1 K−1), a simple surface enhancement technique, and with
negligible impact on the electrical layout and power density
of a prospective converter.

V. IMMERSION-COOLED PCB CONVERTERS
Fig. 13 depicts a practical two-phase immersion cooling con-
cept for a PCB based motor drive inverter. It features two
fluid enclosures which seal to top and bottom of the circuit
board respectively. This allows for cut-outs/vias in the design
and provides pressure equalisation between the two sides.
A portion of the circuit board extends beyond the enclosure
walls so connections can be made via the power terminals.
The heat exchanger is integrated into the top side chamber.
The condenser side of the heat exchanger features downward
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FIGURE 12. Experimental switch-level heat transfer coefficients for flat
surface, smooth fins and grit-blasted fins.

FIGURE 13. Proposed PCB layout and integrated fluid enclosure/heat
exchanger for an immersion cooled EV motor drive.

facing fins to increase surface area and promote gravity-driven
return of condensate while the flow side features channels for
pumped liquid coolant.

The PCB comprises six 650 V GaN Systems GS-065-150-
1-D2 bare die switches and 14 2220 footprint multi-layer
ceramic capacitors on the top side. The largest 650 V capac-
itor in this package has capacitance 0.2 μF, yielding a total

decoupling capacitance of 2.8 μF. This is over 500 times
larger than the combined output capacitance of all six switches
(800 pF each [37]). In previous literature, a ratio of 50 was
deemed sufficient [38]. The bottom side of the printed circuit
board is populated by gate drive circuitry.

The heat exchanger condenser side and the heat spreaders
have the same fin arrangements as the experimental apparatus
so the thermal performance is comparable. Assuming the heat
spreaders are grit-blasted, a power dissipation of 186 W would
yield a switch temperature of 107 ◦C. This is well below the
rated junction temperature of 150 ◦C and allows for additional
thermal resistance associated with the bond between switch
and heat spreader. The switch-level heat flux is 44 W cm−2,
less than half of the predicted critical heat flux for the heat
spreader facsimile in Section IV-B.

The system volume is 0.12 L including PCB converter,
power terminals, heat exchanger and the additional enclosure
on the board underside. The resulting CSPI is 37 W L−1

K−1. For comparison, a conceptually similar system featuring
PCB-mounted test cells in an aluminium enclosure filled with
Novec 649 dielectric fluid was demonstrated in [30]. Based on
the reported thermal performance and the enclosure volume,
a CSPI of 4.4 W L−1 K−1 was achieved. Some authors have
reported substantially higher CSPI values by using pumped
fluid techniques such as microchannels or impinging jets in di-
rect contact with semiconductor switches [5]. However, these
studies typically do not incorporate the volume occupied by
the pump or liquid-to-liquid heat exchanger which rejects
heat to the main water-glycol loop. Furthermore, electrical
isolation between the switches and cooling system is often not
considered; in this work it is provided by the dielectric fluid.

Neglecting the capacitors and gate drivers, the total inverter
power dissipation can be equated to the sum of conduction
and switching losses for semiconductor switches. Owing to
the fast switching transitions of GaN devices, it can be as-
sumed switching losses are negligible at frequencies used for
motor drives. Given the switch on-state resistance of 14 m
� at 150 ◦C, the maximum RMS motor phase current is 66
A. A three phase inverter using third harmonic injection can
deliver an RMS line-to-line voltage of 490 V from a 400
V DC bus, this yields an apparent power rating of 33 kV
A. The resulting power density is 280 kW/L, demonstrating
the potential of two-phase immersion to produce high power
density converters on printed circuit boards.

Tests were conducted to explore robustness of the proposed
immersion cooling concept to air leakage. An experimental
apparatus was constructed with two aluminium fluid enclo-
sures sealing to a printed circuit board via elastomer O-rings.
Several thermal cycles were undertaken over the duration of a
month in which power was periodically applied to heat up the
dielectric fluid. No changes were observed in both the posi-
tive pressure reached during heating and the sub-atmospheric
pressure when idle. This suggests negligible air leakage over
one-month timescales, though more comprehensive tests are
required to draw conclusions concerning performance degra-
dation over a typical converter lifetime of many years.
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VI. CONCLUSION
A sealed two-phase immersion cooling concept for an electric
vehicle motor drive inverter on a single PCB was presented.
Experiments conducted with a representative mechanical ap-
paratus indicate the critical heat flux limit for boiling on a
planar switch surface increases from 20 W cm−2 at the at-
mospheric pressure boiling point of 34 ◦C to 43 W cm−2 at
a saturation temperature of 94 ◦C and pressure of 593 kPa.
This result agrees well with theoretical predictions and can be
attributed to favourable changes in fluid physical properties.

A non-linear 1-D heat transfer model for boiling on fin
surfaces was detailed and used to design a heat spreader
which significantly improves thermal performance with min-
imal penalty on the converter electrical layout and size. The
model demonstrates reasonable agreement with experimental
switch-level heat transfer coefficients which are as high as 2.5
W m−2 K−1 (compared with 1.5 W m−2 K−1 for a planar
surface). Grit blasting of the fins yielded further improvement
to 3.4 W cm−2 K−1. This illustrates that appropriately sized
heat spreaders can be used to reduce the switch temperature
for the same power dissipation and mitigate the risk of critical
heat flux.

To evaluate the potential CSPI of this approach a PCB-
based motor drive was designed. To the authors’ knowledge,
the CSPI value of 37 WL−1 K−1 is competitive with the best
solutions using separate commercial heat exchangers with the
unique advantage of close component integration on a single
PCB.

Future research could investigate the reliability of seal-
ing systems for two-phase immersion cooling over long time
scales.
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