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Abstract

This thesis presents research into two-phase immersion cooling with Novec 7000
dielectric fluid in sealed enclosures for power electronic converters on printed circuit
board substrates. Pool boiling heat transfer is experimentally characterised at
elevated saturation temperature and pressure on a flat planar surface representative
of a semiconductor switch. Critical heat flux of 43 W/cm2 is observed and the
maximum heat transfer coefficient is 1.5 W/(cm2 K). A theoretical model and
numerical solution method for boiling on pin fins is developed and used to design
heat spreaders to increase the power dissipation per unit semiconductor area with
minimal penalty on the converter volume. A maximum switch level heat transfer
coefficient of 2.5 W/(cm2 K) is demonstrated experimentally. By grit-blasting
the heat spreader surface, the switch level heat transfer coefficient increases to
3.4 W/(cm2 K).

A sealed two-phase immersion cooling system design is proposed for an electric
vehicle motor drive. The system could theoretically sustain power dissipation of
30 W/(L K), which is competitive with the best performing systems in previous
literature. The design facilitates integration of semiconductor switches, decoupling
capacitors and gate drivers in close proximity on a single printed circuit board.
This is an important step towards achieving power-dense PCB converters with low
parasitic inductance electrical layouts.

Experiments with copper wires immersed in Novec 7000 indicate the maximum
current-carrying capacity is up to eight times greater than for forced air cooling.
Furthermore, it is shown that immersion of magnetic cores enables operation at
high flux density and frequency. The volumetric power loss in a ferrite core is
characterised at frequencies up to 1.6 MHz and flux densities up to saturation, a
substantially wider operating range than is typically provided in material data-
sheets. These results indicate it is possible to construct inductors and transformers
with up to eight times smaller volume than those cooled by forced air. This is
particularly important for applications like on-board chargers in electric vehicles,
where compact magnetic components can lead to substantial reduction in volume
for transformer isolated DC-DC converters.
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1
Introduction

1.1 Motivation

Power converters interface electrical power sources to loads in a range of applica-

tions spanning grids, electric vehicles and consumer electronics. In general they

consist of semiconductor switches, magnetic components (like transformers and

inductors), capacitors and support systems (including gate drivers, power supplies

and microcontrollers). These components lose power in the form of heat during

operation. An important challenge relates to packaging the power converter so that

heat can be extracted to ambient air or a liquid coolant without the temperature

exceeding the rating of any electronic component.

1.1.1 Semiconductor Switches

In many power converter topologies, semiconductor switches produce the majority of

heat losses [1]. Power modules have emerged as the industry standard for power semi-

conductor packaging. The structure of a conventional module is depicted in Fig. 1.1.

Within the module, bare die switches are attached to a Direct Bonded Copper

(DBC) substrate via a soldering or sintering process. The substrate comprises a

ceramic, which electrically isolates switches from the heat sink, sandwiched between

two copper layers. Electrical connections are made amongst switches via aluminium

1
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Base plate

Water/air 
cooling

DBC Substrate

Bare die 
switch

Ceramic

Bond 
wire

Heat sink

Encapsulant
Terminal 

lead

Figure 1.1: Diagram of a conventional power module.

wires which are ultrasonically bonded to metallised pads on top of the switch.

Switches and substrate are encapsulated in an epoxy resin or silicon gel, which

provides chemical and mechanical protection along with electrical isolation to the

package [2]. Gate drivers and ancillary components are usually mounted on printed

circuit boards external to the module and connected to it via terminal leads.

In a power module, heat is removed from the die by thermal conduction through

the substrate and baseplate to an air-cooled heat sink or liquid cold plate. The

baseplate is usually integral to the module structure and serves to spread heat

laterally and provide mechanical support. The ceramics used are highly thermally

conductive and electrically isolating, which limits the range of materials. For

example, aluminium nitride has thermal conductivity of 170 W/(m K) [3], which is

comparable with some grades of aluminium alloy. Power modules are therefore the

technology of choice for converters which impose high power dissipations on the

semiconductor switches.

For applications like electric vehicle motor drive inverters where space is

constrained by the battery pack and motor, it is desirable to maximise the power

density. This is a measure of converter power normalised by its volume, usually

expressed in kW/L. A review of commercial, power module inverters up to 2016
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demonstrates maximal power density of 22.6 kW/L [1]. By employing emerging

wide band-gap semiconductors and innovative liquid cooling solutions, inverters like

the Danfoss DCM1000X exhibit power density of 80 kW/L [4]. This is significantly

higher than the Automotive Centre UK Technology Roadmap 2030 target of 35 kW/L

[5].

However, a major disadvantage of power module packaging relates to the use of

internal wire bonds and terminal leads for electrical connection. These introduce

parasitic inductance into the power and gate loops of a circuit. During switching

transitions this can cause a switch voltage to overshoot its eventual steady state

value by an amount proportional to the parasitic inductance [6], potentially causing

failure of the switch.

To address this issue, an alternative approach is to mount semiconductor switches

on a printed circuit board (PCB) substrate, as shown in Fig. 1.2. PCB substrates

offer several favourable attributes which facilitate minimisation of the parasitic

inductance. Firstly, electrical connections are made via conductive traces and

plated through holes in the board, which can minimise the conductor loop area

compared with a wire bond and terminal lead approach [7]. Furthermore, decoupling

capacitors and gate drivers can be integrated on the board in close proximity to

the switches, respectively reducing the parasitic power and gate loop inductance

[8]. This is not feasible with power modules, where capacitors and gate drivers

are mounted on circuit boards external to the module package. A 650 V, 30 A

half bridge converter on PCB substrate developed in [7] demonstrates power loop

inductance of 1.03 nH and gate loop inductance of 0.34 nH. These are respectively

4 and 30 times lower than the best comparable wire-bonded power module solution

in literature.

A possible cooling approach for a PCB-based converter is also shown in Fig. 1.2.

The semiconductor switches are thermally coupled to a heat sink via a thermal

interface material (TIM). This layer must be sufficiently soft to conform with

microscopic surface defects and should also provide electrical isolation. This

significantly limits the choice of material; most commercial solutions consist of
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Figure 1.2: Diagram of a possible PCB substrate converter.

a silicone matrix enhanced with thermally conductive fillers like boron nitride

[9]. To the author’s knowledge, the best commercially available material exhibits

thermal conductivity of 17.8 W/(m K) [10], ten times lower than aluminium nitride

ceramics used in module substrates. This material usually accounts for a significant

portion of the switch temperature increase above ambient and limits the achievable

power density of PCB-based converters.

1.1.2 Magnetic Components

Another class of power electronic component which can dissipate significant heat

is magnetics. These consist of one or more current carrying coils wound on a core

which contains the magnetic field. An important application is the transformer in

many DC-DC converter topologies, which provides voltage gain while maintaining

galvanic isolation between the power source and load. In low voltage converters,

the transformer is usually cooled by natural air convection or airflows driven by

a fan. Due to poor heat transfer associated with air convection, the transformer

typically contributes a significant portion of the overall converter volume, limiting

the achievable power density. The Automotive Centre UK 2030 target for DC-

DC converters is only 3 kW/L [5], almost 12 times lower than for inverters which

typically do not have magnetic components in the main power path.

High-voltage transformers used in power transmission are often immersed in
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tanks of mineral oil. This ensures electrical isolation between the transformer and

its enclosure while cooling it more effectively via liquid convection. However, due to

concerns surrounding flammability of oils, it is beneficial to develop novel cooling

techniques which rely on non-flammable dielectric fluids [11].

1.1.3 Two-phase Immersion Cooling

Conventional cooling for power converters on PCB substrates are limited by poor

thermal conductivity of interface materials or low heat transfer rates associated

with air convection. Alternative concepts have been proposed in literature which

attempt to cool components more effectively by bringing them into close contact with

dielectric fluids. One approach is two-phase immersion cooling where components

are submerged in a closed pool and heat is transferred from the surface of electronic

components by boiling of local liquid. The vapour rises and condenses in contact

with an air or water cooled heat exchanger which is positioned so condensate can

return to the pool under gravity.

A possible implementation of two-phase immersion cooling for power electronics

components on PCB substrates is shown in Fig. 1.3. The dielectric liquid is enclosed

by two chambers which seal respectively to the top and bottom sides of the PCB.

This accommodates cut-outs or plated holes in the circuit board and ensures

equalisation of pressure on both sides to reduce mechanical stress. A portion of the

PCB extends beyond the chamber walls to make connections with external power

sources and circuitry. The heat exchanger is integrated into the top side chamber.

The condenser side of the heat exchanger features downward facing fins to increase

surface area and promote gravity-driven return of condensate. The flow side features

channels for pumped liquid coolant. This approach offers several attractive features:

• The dielectric fluid provides electrical isolation between electronic components

and the heat exchanger with no requirement for thermal interface materials

which tend to have low thermal conductivity.
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Figure 1.3: Diagram of proposed two-phase immersion cooling for PCB substrate
converters.

• Fluid is passively circulated by cyclical boiling, condensation and gravity-

driven return of condensate. This reduces system complexity by eliminating

the need for additional pumps and piping beyond what is already available in

conventional converter cooling systems.

• It may be possible to improve system-level power density by immersing the

entire converter rather than just the semiconductor switches. More effective

cooling compared with air convection could enable operation of magnetic

components at more extreme conditions and facilitates reduction in their size.

1.2 Contribution

This thesis explores the potential for two-phase immersion cooling to facilitate high

power density converters on PCB substrates. The target application is an electric

vehicle motor drive in which heat is rejected to a water-glycol liquid cooling loop at

65 ◦C, as specified by the Automotive Centre UK [5]. Several pertinent research

questions have been identified based on gaps in the existing literature.
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1. Identifying the limits of boiling heat transfer performance for planar

horizontal switches in closed systems. Much prior research has focused

on characterising heat transfer rates for dielectric fluids boiling on planar

horizontal surfaces representative of semiconductor switches. However, these

experiments are typically conducted at the fluid atmospheric pressure boiling

point in open pools. This work targets sealed systems evacuated of air, which

operate under pressure corresponding to the fluid’s saturation temperature.

An important area of research therefore relates to theoretical and experimental

characterisation of boiling heat transfer metrics for dielectric fluids at elevated

saturation temperatures and pressures.

2. Exploring improvements in boiling heat transfer for semiconductor

switches with finned heat spreaders. Previous studies have reported

significant improvements in boiling heat transfer from semiconductor switches

by attaching finned heat spreaders to increase the surface area. However, they

did not examine systematic design of the heat spreader geometry for switches

in PCB converters. Modelling of heat transfer from fins is complicated by

the non-linear nature of boiling phenomena. A second avenue of investigation

therefore relates to development of simple yet accurate models which can

instruct design of heat spreaders subject to space constraints imposed by the

PCB substrate.

3. Design and evaluation of a complete sealed two-phase immersion

cooling system targeting high thermal power density. There are few

studies in literature which consider the performance of two-phase immersion

cooling systems including the heat exchanger. In order to achieve high thermal

power density, it is necessary to develop high performance, compact heat

exchangers. Furthermore, mechanisms for sealing the dielectric fluid pool

between the chamber and PCB substrate are required which minimise the

impact of non-condensible gases leaking into the system.
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4. Characterisation of the reduction in size of two-phase immersion

cooled power magnetic components. Boiling heat transfer is orders of

magnitude more effective than air convection. It may therefore be possible to

operate two-phase immersion cooled inductors and transformers with higher

current density in the coils and magnetic flux density in the core. This

can facilitate reduction in their size and may contribute substantially to the

development of high power density DC-DC converters for electric vehicles.

The thesis is structured as follows. Chapter 2 presents a review of existing literature

on two-phase immersion cooling for electronics applications and introduces the heat

transfer coefficient and critical heat flux as performance metrics. Chapter 3 details

theoretical models of boiling and a test apparatus/procedure used to characterise

boiling heat transfer from various power electronic components. Novec 7000 from

3M is selected as the most promising candidate dielectric fluid. Chapter 4 describes

a theoretical model and numerical solution procedure used to evaluate boiling

heat transfer on finned heat spreaders. Chapter 5 presents a practical two-phase

immersion cooling system design for a motor drive inverter in order to evaluate

electrical and thermal power densities. Experiments are presented demonstrating

reliability of the PCB substrate sealing approach. In Chapter 6, experiments

are conducted with immersed copper wire coils and ferrite cores, demonstrating

their operation at high current and magnetic flux densities. These results are

used to evaluate potential reductions in size for a two-phase immersion cooled

transformer compared with air or oil.
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Figure 2.1: Boiling curve and corresponding heat transfer coefficients for water on
platinum wire. Reproduced from data published in [12].

Prior research on two-phase immersion cooling has focused on characterising

boiling heat transfer on surfaces representative of electronic components immersed in

pools of dielectric fluid. The pool is maintained at a constant saturation temperature

9



10 2.1. Boiling Heat Transfer Background

Ts. Tc represents the component’s temperature at the surface which is exposed

to the liquid. It varies in response to the component power dissipation Qc. The

boiling heat transfer coefficient defined in Equation 2.1 provides a performance

metric normalised to the heat transfer area Ac.

h = Qc

Ac(Tc − Ts)
(2.1)

Another important property unique to two-phase systems is the critical heat

flux (CHF) defined by Equation 2.2. It represents the maximum power dissipation

per unit area and arises due to instabilities in the boiling process which cause the

component surface to become crowded with vapour.

qchf = max (Qc)
Ac

(2.2)

These quantities can be interpreted as features on the pool boiling curve. It

provides a graphical relationship between heat flux through the component surface

and its temperature rise above the surrounding fluid. Fig. 2.1 displays one such

curve for water boiling on platinum wire at atmospheric pressure. Several distinct

regimes of behaviour were identified in [12] and are detailed below. Corresponding

heat transfer coefficients are also plotted to show relative magnitudes of heat

transfer in the different regimes.

• Section (i) exhibits natural convection behaviour. The component’s surface

temperature is insufficient to generate vapour bubbles; instead, heat is

transferred via buoyancy driven convection currents. In this region, the

heat transfer coefficient is much lower than in the nucleate boiling regime.

• Point ONB represents the onset of nucleate boiling. This is the lowest

temperature sufficient to sustain stable vapour bubbles in microscopic surface

cavities. Once a bubble nucleates, it is theorized the bubble’s growth spreads

to neighbouring cavities, initiating boiling across the entire surface [13].
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• Section (ii) is the nucleate boiling regime. Heat transfer is driven by periodic

formation, growth and departure of bubbles. The heat transfer coefficient

increases substantially with increasing surface temperature and the highest

absolute value is observed in this portion of the curve.

• Point CHF is the critical heat flux. Hydrodynamic instabilities cause vapour

transport mechanisms to break down and portions of the surface become

crowded with vapour.

• Section (iii), known as transition boiling, is only observable experimentally

when the surface temperature is controlled rather than the heat flux. In this

regime, an increasing portion of the heater surface is blanketed by vapour

leading to reduction in heat transfer coefficient with surface temperature.

• Point MFB, the minimum film boiling point, is the smallest heat flux with

sufficient generation of vapour to maintain a stable film across the entire

surface

• Section (iv) is the film boiling regime where a stable vapour layer covers the

entire surface. Heat transfer occurs by thermal conduction through the vapour

and at very high surface temperatures, thermal radiation.

In electronics applications, the heat flux is set by the power dissipation of a given

component. When the critical heat flux is just exceeded, the surface temperature will

rapidly increase through the transition and film boiling regimes until a steady state

is reached at point CHF*, which is observed at 640 ◦C in Fig. 2.1. It is vital to ensure

this does not occur to prevent thermal failure of the component. Consequently,

only the nucleate boiling regime is important and critical heat flux represents a

practical limit on the amount of heat that can be extracted per unit area.
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2.1.2 Fluid Selection

While heat transfer during nucleate boiling is not fully understood, there are several

proposed mechanisms which provide insight into key fluid properties. Cyclic growth

and departure of bubbles in surface cavities induces circulation of the surrounding

liquid. This is conceptually similar to forced convection [14] and favours use of

low viscosity fluids. Another proposed mechanism is conduction through a thermal

boundary layer adjacent to the surface which is periodically stripped away in the

wake of departing bubbles. High thermal conductivity fluids are therefore required.

The latent heat is another crucial parameter which should be maximised, impacting

the rate of vaporisation during the growth of bubbles.

For power electronics applications, several electrical parameters of fluids need

to be considered. The breakdown electric field should be high enough so that

target voltage can be met without requiring large spacing between conductors which

compromises electrical design. The dielectric constant should also be minimised.

Fluids with high dielectric constants have highly polar molecules and effectively

dissolve ions which can form electrically conductive paths between components and

their enclosure [15]. Table 2.1 summarises the properties of several candidate fluids

for two-phase immersion cooling of power electronics. Included in this selection are a

Fluroinert (FC72) and a Novec fluid from 3M. These are engineered to provide high

breakdown strength, low dielectric constant and widespread chemical compatibility.

Deionized water has significantly improved thermal conductivity and latent heat but

is a highly effective solvent for ionic compounds as indicated by its high dielectric

constant. Organic solvents like methanol exhibit lower dielectric constant than

water but are rarely used due to concerns surrounding chemical compatibility or

flammability [15].

Table 2.1 also shows the atmospheric pressure boiling point Tatm for each fluid.

This determines the temperature at which an open pool at atmospheric pressure

Patm will boil. In practical two-phase immersion cooling systems, the fluid is

enclosed in a sealed chamber which has been evacuated of air prior to filling. The

fluid is therefore in a saturation state and boils at a temperature and dependent
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Table 2.1: Candidate working fluids and their physical properties. All are specified at
25 ◦C except for boiling point and latent heat which are at atmospheric pressure.

FC72 [16] Novec 7000
[17]

Methanol
[18] [19]

Water [20]
[19]

Liquid thermal
conductivity
(W/(m K))

0.057 0.075 0.200 0.598

Liquid dynamic
viscosity
(mPa s)

0.640 0.450 0.544 0.890

Latent heat
(kJ/kg)

88 142 1099 2256

Boiling
point(◦C)

56 34 65 100

Critical
temperature(◦C)

176 165 239 374

Liquid
dielectric
constant

1.75 7.40 32.70 80.10

Liquid
dielectric
strength
(kV/mm)

>15 >10 N/A N/A

pressure determined by heat flows through the system. In general, there exists a

logarithmic relationship between saturation pressure Ps and temperature Ts which

can be modelled to a first approximation by the Clausius-Clapeyron equation [14].

ln
(

Ps

Patm

)
= − llv

R

( 1
Ts

− 1
Tatm

)
(2.3)

In [21], it is observed for methanol, pentane and water that both heat transfer

coefficient and critical heat flux increase with saturation pressure and temperature

due to changes in physical properties. Fluids with low atmospheric pressure boiling

points may therefore exhibit substantial improvements in performance at the elevated

temperatures observed in power electronic systems. This comes at the expense of

higher system pressure via Equation 2.3 and thus greater mechanical stress on the

fluid chamber. Most prior work uses Fluorinert or Novec fluids with boiling points

between 30 ◦C and 60 ◦C.

A final consideration is the critical temperature, beyond which no liquid phase
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exists and the fluid behaves as a gas. Critical temperatures for FC72 and Novec

7000 exceed junction temperature ratings for most power semiconductor switches

(150 ◦C) though they may be unsuitable for use with silicon carbide devices, some

of which are rated up to 200 ◦C.

Several studies have characterised the boiling behaviour of candidate fluids under

saturation conditions. The fluid is either open to atmospheric pressure or enclosed

in a chamber with the saturation temperature and pressure set by a controllable

heat exchanger. In rare cases, boiling is characterised in a sub-cooled mode when

the surface is sufficiently hot to nucleate bubbles though the bulk liquid has not yet

reached its saturation temperature at system pressure. Several works have reported

improvements in heat transfer coefficient and critical heat flux when the liquid is

sub-cooled [22] [23]. Unless stated otherwise, results from studies reviewed in this

thesis are under saturated rather than sub-cooled conditions.

Experiments with Fluorinert and Novec fluids boiling at atmospheric pressure on

smooth, planar surfaces indicate they exhibit effective heat transfer coefficients below

1 W/(cm K) and critical heat fluxes below 30 W/cm2 [24] [25] [26]. It is anticipated

that demanding power electronics applications will impose heat flux requirements

in excess of 300 W/cm2 [27]. Consequently, a considerable quantity of research has

focused on identifying candidate fluids with better thermophysical properties. One

approach is to design new specialist fluids which are chemically inert and electrically

isolating. Computer aided molecular design was employed to identify 35 fluids with

improved thermal performance based on metrics defined in terms of the latent heat,

thermal conductivity and liquid viscosity [28] . C6H11F3 was selected as the best

performing fluid for which a synthesis procedure has been detailed in literature.

Since only a small quantity of the compound could be synthesized, a mixture of 7 %

by weight C6H11F3with Novec 7200 was tested, yielding an improvement in CHF

by 6.9 % compared with pure Novec 7200. In another work, commercially available

molecule C4H11F6was identified via computer aided design and tested as part of a

10 % by weight mixture with Novec 7200, increasing critical heat flux by 8.4 % [29].

While several promising candidates have been identified, only minor improvements
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in boiling heat transfer have been demonstrated thus far and their use is limited by

commercial unavailability and lack of knowledge about synthesis procedures.

Another approach is to develop engineering solutions which facilitate use of

deionized water or organic solvents. Water is an attractive candidate due to its

exceptional thermal properties; critical heat flux at atmospheric pressure on a smooth

surface was reported as 140 W/cm2 [21]. To overcome electrical conduction issues, it

is proposed to coat circuit boards and electronic components with micrometer thick

layers of electrically insulating Parylene-C [30]. Coating thicknesses ranging from

1 µm to 25 µm were achieved using a chemical vapour deposition process. Coated

semiconductor switches were immersed in a pool of water open to atmosphere

and maintained at room temperature, such that boiling occurs in the sub-cooled

mode. For the 1 µm coating, a switch level critical heat flux of 342 W/cm2 was

reported with maximal heat transfer coefficient of 1.8 W/(cm2 K). However, the

dielectric strength of the coating is only 78 V/µm. For applications like electric

vehicles, 400 V DC links are the norm and 800 V links are increasingly common,

so coating thicknesses in excess of 10 µm are required. Calculations indicate that

coatings thicker than 10 µm yield lower heat transfer coefficients in water than for

uncoated surfaces in Novec 7300. This is due to the thermal resistance associated

with conduction through Parylene-C, which has a low thermal conductivity of

0.1 W/(m K). It is clear the technology in its current form is only suitable for low

voltage applications where very thin coatings can be tolerated.

Alcohols have also shown potential for two-phase immersion cooling. Methanol

boiling at atmospheric pressure on a smooth surface exhibits critical heat flux of

70 W/cm2 [21]. Ethanol has slightly worse thermal properties with critical heat flux

of 49 W/cm2 [31] though is more chemically benign. A practical two-phase immersion

cooling concept with ethanol was presented in [32]. Bare die semiconductor switches

are packaged in a sealed, evacuated heat pipe made from copper and cold rolled

steel filled with ethanol. This work lends support to the notion that electrical

conduction and chemical compatibility issues for organic solvents can be addressed.

Nevertheless, only dielectric fluids will be considered in the remainder of this thesis.



16 2.2. Boiling Heat Transfer for Semiconductor Switches

2.2 Boiling Heat Transfer for Semiconductor Switches
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Figure 2.2: Diagram of an immersed semiconductor switch.

For the immersed semiconductor switch shown in Fig. 2.2, boiling can be

characterised directly via the heat transfer coefficient and critical heat flux of

Equations 2.1 and 2.2 calculated relative to the planar switch area. Given the

performance limits of dielectric fluids established in the previous section, a significant

portion of existing literature has focused on enhancing boiling heat transfer by

altering the switch surface geometry. Micro-scale features are employed to favourably

influence bubble behaviour, increasing the heat transfer coefficient and critical heat

flux. On the other hand, millimetre scale features are used to increase the heat

transfer area in contact with liquid for the same semiconductor footprint.

2.2.1 Switch Surface Micro-Enhancement

The primary function of switch surface micro-geometry modification is to create

more cavities for bubble nucleation. This can be achieved using relatively simple

methods like applying abrasive media to the surface. In [24] emery paper with

different grit counts was used to prepare copper surfaces with average roughness

varying from 0.039 µm to 0.58 µm. This produces a structure of parallel grooves

as shown in Fig. 2.3a for the roughest surface. Critical heat flux for Novec 7000

at atmospheric pressure increased from 21.6 W/cm2 to 30 W/cm2 with increasing

surface roughness. The heat transfer coefficient increased from 0.8 W/(cm2 K) to

1.9 W/(cm2 K).

Vapour blasting using a water based slurry with grit silica particles was applied
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(a) Emery paper (b) Vapour blast

Figure 2.3: Scanning electron microscope images of surfaces treated with emery paper
and vapour blasting. Reproduced from [24] and [26] respectively.

to a copper surface in [26]. As shown in Fig. 2.3b, this process removes features

left by machining or polishing steps and produces a random structure of cavities.

Only a minor increase of critical heat flux from 19.8 W/cm2 to 20.5 W/cm2 was

reported for FC72. However, more significant improvements have been observed by

sand blasting, which uses more abrasive dry media. In [33] surfaces with average

roughness up to 9 µm were prepared in this way. The roughest surface yielded

improvements in critical heat flux by factor of 1.5 and heat transfer coefficient by 3

compared with the smoothest when tested with Novec 649.

Complex surface enhancement methods produce regular patterns of micro-scale

features to increase the number of potential nucleation sites and also expand the heat

transfer area. For example, square studs of width 0.305 mm and depth 0.508 mm

were cut into a copper surface, achieving critical heat flux of 51 W/cm2 in FC72

at atmospheric pressure [26]. Micro-machining techniques have been employed to

achieve smaller feature sizes by etching directly into silicon substrates. Square

pin fins of thickness 50 µm with heights ranging from 60 µm to 270 µm (shown in

Fig. 2.4) were tested in FC72 [34]. The maximum CHF reported was 33 W/cm2

with heat transfer coefficient exceeding 2 W/(cm2 K).

Much like machined micro features, microporous surface coatings can provide
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Figure 2.4: Scanning electron microscopy images of 50 µm fins with heights 60 µm,
200 µm and 270 µm respectively. Reproduced from [34].

(a) Sintered (b) Electroplated

Figure 2.5: Scanning electron microscope images of sintered and electroplated microp-
orous copper coatings. Reproduced from [35] ©2022 IEEE.

higher density of nucleation sites and greater heat transfer area. A unique advantage

is the improvement of liquid circulation close to the surface due to capillary action

through the pores [36]. Commercial microporous coating processes involve sintering

copper particles which requires high pressure and temperature. An example is shown

in Fig. 2.5a. Such a coating demonstrates heat transfer coefficient 1.15 W/(cm2 K)
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in saturated Novec 649 compared with 1.01 W/(cm2 K) for copper micro-fins

[37]. Electro-plating was explored as an alternative coating method which can

be conducted at room temperature and atmospheric pressure, reducing mechanical

stress on the semiconductor switch [35]. The porous structure, shown in Fig. 2.5b

exhibits greater diversity of pore sizes than the sintered coating, with larger pores

nearer the top assisting in circulation of liquid. An improvement in heat transfer

coefficient over the sintered coating by factor of 1.5 was reported when tested in

Novec 649 [35]. Boiling of FC72 on a porous graphite foam was characterised in [23],

with maximal heat transfer coefficient of 3.3 W/(cm2 K) though only a moderate

critical heat flux of 28 W/(cm2 K) was reported.

Figure 2.6: Diagrams showing two different breathing modes for lotus copper on grooved
surfaces. Reproduced from [38].

Copper structures with pores aligned in one direction are termed lotus copper.

They offer higher thermal conductivity in the through-pore direction compared

with other porous media [27]. Furthermore, when bonded to grooved surfaces, lotus

copper creates a separation between vapour discharge and liquid replenishment

routes to the surface; this is known as the breathing effect [38]. Vapour is discharged

through grooves or pores depending on the fluid properties and liquid drawn in

via the other path as shown in Fig. 2.6. Exceptional critical heat fluxes exceeding

80 W/cm2 were reported for FC72 boiling on a surface with 1 mm wide grooves

and lotus copper with heat transfer coefficients exceeding 3 W/(cm2 K) [39]. To

the author’s knowledge, this is the best reported performance for dielectric fluid

boiling on a surface with only micro-scale enhancement.
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2.2.2 Switch Heat Spreaders
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Figure 2.7: Diagram of an immersed semiconductor switch with heat spreader attached.

For very demanding power electronics applications, a heat spreader may be

attached to the switch as shown in Fig. 2.7. Through lateral heat spreading

and features like fins, the spreader surface area Ac is several times larger than

the planar switch area Asw. The switch-level heat transfer coefficient hsw can

be defined by Equation 2.4.

hsw = Qc

Asw(Tsw − Ts)
(2.4)

A switch-level critical heat flux qsw can also be defined. Both of these metrics are

normalised to the switch area rather than the spreader area.

qsw = max(Qc)
Asw

(2.5)

Since the surface area in contact with the dielectric fluid is increased by the heat

spreader, the switch power dissipation Qc can be greater for the same switch

area. The switch-level heat transfer coefficient and critical heat flux are therefore

respectively higher than for a planar surface with no heat spreader. The end result

in practical applications is an increase in converter power density for the same

semiconductor area.

Arguably the simplest possible heat spreader has planar area equal to that of

the switch, with protruding fins utilised to increase the heat transfer area. Different

arrangements of cylindrical pin fins machined onto a square copper surface were

characterised with saturated FC72 boiling at atmospheric pressure [22]. The highest
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switch-level critical heat flux was 105 W/cm2 for a single fin enhanced with micro-

studs along the perimeter. A corresponding switch-level heat transfer coefficient

of 5 W/(cm2 K) was reported. The effect of lateral heat spreading, achieved by

designing the heat spreader base to overhang the switch, was investigated in [40]. A

40 mm square copper heat spreader was prepared with an array of 1 mm wide and

4 mm long pin fins enhanced by microporous surface coating. It is shown in Fig. 2.8.

The spreader was attached to a number of square copper heaters with lengths

varying from 37 mm down to 7.5 mm. The switch-level heat transfer coefficient with

Novec 7000 at atmospheric pressure increases from 7 W/(cm2 K) to 15 W/(cm2 K)

as the switch length decreases due to the contribution of lateral heat spreading.

Figure 2.8: Finned heat spreader with microporous coating used to investigate the effect
of lateral heat spreading, reproduced from [40] ©2006 IEEE.

Several practical implementations have been explored which address the challenge

of attaching heat spreaders to switches. In [41], it is proposed to etch heat spreader

structures in silicon, either directly into the switch material or as a separate

structure. In the latter case, the heat spreader exhibits minimal mismatch in

thermal expansion coefficient with the switch, allowing for a more reliable bond than

a metal. Finite element simulations of optimised silicon heat spreaders immersed in

FC72 at atmospheric pressure indicate an achievable switch-level critical heat flux
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of 51 W/cm2 [41].

Another approach is to press a heat spreader onto the switch by applying

mechanical force. This is a non-permanent attachment which minimises the risk

of failure compared with solder bonds, which are susceptible to fatigue under

repeated thermal cycles. In [13], a single cylindrical copper fin is pressed onto

a representative heater with varying contact pressure. Experiments with FC72

demonstrate a switch-level critical heat flux of 85 W/cm2. However, comparison

with a soldered fin indicates the contact resistance associated with the pressed fin

accounts for approximately half of the total thermal resistance.

Figure 2.9: Diagram showing assembly with bare die semiconductor switches and heat
spreaders to facilitate double-sided cooling. Reproduced from [42] ©2010 IEEE.

In [43], a silicon insulated gate bipolar transistor (IGBT) switch is soldered

to a flat heat spreader with twelve times larger planar area, enhanced with a

microporous coating. The highest switch-level heat transfer coefficient reported

with Novec 7000 is 14 W/(cm2 K) and the heat flux reaches 400 W/cm2. In a

further work, a 0.144 cm2 bare die IGBT switch is soldered to two 1.69 cm2 flat

heat spreaders as shown in Fig. 2.9 such that both sides of the switch are cooled.

To the author’s knowledge this work produced the highest reported boiling heat

transfer coefficient of 25 W/(cm2 K) and critical heat flux of 1180 W/cm2 at the

switch level using Novec 7000 at atmospheric pressure.
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2.2.3 Comparison with High Heat Flux Liquid Cooling

It is useful to compare the performance of boiling heat transfer with alternative high

heat flux cooling techniques. In general, these are based on forced flow of liquid

which does not undergo phase change. It is observed that for very narrow liquid

channels, the flow is laminar and heat transfer coefficient increases with decreasing

channel width [44]. It is therefore proposed to incorporate micro-scale channels

in close proximity to the switch, often by etching into the semiconductor material

itself. A water cooled silicon heat sink with 57 µm wide and 300 µm deep channels

demonstrates switch-level heat transfer coefficient 11 W/(cm2 K). The maximum

heat flux was 790 W/cm2, limited only by the switch temperature rise above the

water inlet [44]. Micro-channel heat sinks have been combined with arrays of jets

impinging on the channel surfaces, making use of high local heat transfer rates

around the impingement zones. This was implemented in [45] by bonding separate

micro-channel and jet array layers etched in silicon to the switch. Channels of width

150 µm yielded switch-level heat transfer coefficient with water of 11 W/(cm2 K) [45]

at the switch level. Better performance is expected with smaller channels though

these were not considered due to fabrication limitations on the jet array.

Recent advances in additive manufacturing techniques facilitate formation of

intricate micro-channel structures in metal without significant deterioration of

the physical properties. For example, additive manufactured aluminium demon-

strates thermal conductivity of 173 W K/m which is comparable to some grades

of aluminium alloy [46]. It was used to create a folded heat sink with 250 µm

channels and an integrated manifold structure to promote impinging flow. The

heat sink, shown in Fig. 2.10, cools two semiconductor switches and has a small

lateral footprint; it extends normally outwards from the switch to increase the heat

transfer area. Computational fluid dynamics simulations predict a switch level heat

transfer coefficient of 6.9 W/(cm2 K) with water cooling [46].

If water is used as the coolant, an electrically isolating thermal interface material

layer is required between the switch as shown in Fig. 2.11. The switch-level heat

transfer coefficient for a silicon micro-channel heat sink with 100 µm channels was
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Figure 2.10: Diagram of additively manufactured folded aluminium microchannel heat
sink with impinging jet flow. Reproduced from [46] ©2021 IEEE.

measured as 9.1 W/(cm2 K). This decreased drastically to 0.83 W/(cm2 K) when

mounted on a switch due to conduction through the thermal interface material

[47]. Single phase flow with dielectric fluids removes the need for thermal interface

materials. Alpha-6 fluid from DSI Ventures was characterised impinging on a finned

copper heat spreader. The chosen inter-fin spacing was 250 µm and fin height 4 mm;

the switch-level heat transfer coefficient was 5.3 W/(cm2 K) [48].

Table. 2.2 summarises heat transfer performance of single-phase liquid cooling

techniques compared with pool boiling using dielectric liquids. Since the latter

utilises passive fluid circulation, no pumping or plumbing components are required

beyond a standard electric vehicle water glycol loop save for a heat exchanger to
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Figure 2.11: Silicon microchannel heat sink coupled to a semiconductor switch by
thermal interface material. Reproduced from [47] ©2020 IEEE.

condense the vapour. Single-phase techniques require a pump to circulate fluid

and a heat exchanger to reject heat to the water glycol loop. Furthermore, when

impinging jets are employed, a manifold structure is required to direct fluid through

the jet array. System requirements for each cooling approach are summarised in

the final column of Table 2.2. Boiling of dielectric fluids with heat spreaders yields

higher heat transfer coefficients than all single phase techniques while integrating

electrical isolation and reducing system complexity.

2.3 Two-phase Immersion Cooling Systems

In a practical two-phase immersion cooling system, the dielectric fluid saturation

temperature Ts is not constant. It varies in response to the total heat load and

depends on performance of the heat exchanger, which condenses the fluid and

facilitates return of condensate. While many different types of heat exchanger

exist, they share some common features. The condenser side comprises a large

surface area exposed to the saturated fluid’s vapour. The flow side consists of

channels/ducts which direct forced flows of liquid or air. The inlet temperature at
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Table 2.2: Thermal performance and system properties of single and two phase cooling
techniques.

Cooling
method

Switch-
level heat
transfer
coefficient,
W/(cm2 K)

Switch-level
Critical heat
flux, W/cm2

Electrical
isolation?

Additional
system
components

Dielectric
fluid boiling
on smooth
surface [24]

1.9 21 Yes Heat
exchanger

Dielectric
fluid boiling
on porous
surface [39]

3.0 80 Yes Heat
exchanger

Dielectric
fluid boiling
with heat
spreader [42]

25.0 1180 Yes Heat
exchanger

Silicon micro-
channels with
water [44]

11.0 N/A No Heat
exchanger,
pump

Aluminium
micro-channel
with water
jets [44]

6.9 N/A No Heat
exchanger,
pump,
manifold

Finned copper
heat spreader
with dielectric
fluid jets

5.3 N/A Yes Heat
exchanger,
pump,
manifold

the flow side is represented by Tfl. The heat exchanger is an important consideration

as it contributes significantly to both the temperature of immersed electronic

components and overall system volume.

For power dense converter applications, it is useful to consider thermal perfor-

mance normalised to the converter volume. A useful metric is the cooling system

performance index (CSPI) defined in Equation 2.6 [49]. It is expressed in terms of

the total converter power dissipation Qconv and its volume νconv. Tj is a measure

of the average temperature internal to immersed components, for example at the



2. Literature Review 27

semiconductor junction of a switch.

CSPI = Qconv

νconv(Tj − Tfl) (2.6)

This metric is complicated by difficulty in defining the converter volume νconv

and the temperature Tj. A related quantity, the heat exchanger performance index

(HEPI) is defined by Equation. 2.7 in terms of the heat exchanger volume νhex and

the fluid saturation temperature Ts. This metric depends purely on properties of

the heat exchanger and provides an upper limit on the achievable value of CSPI.

HEPI = Qconv

νhex(Ts − Tfl) (2.7)

2.3.1 Heat Exchanger Performance

Figure 2.12: Diagram of air cooled fin and tube heat exchanger for two-phase immersion
systems. Reproduced from [50] ©2007 IEEE.

Fin and tube heat exchangers, an example of which is depicted in Fig. 2.12, are

frequently employed in two-phase immersion cooling systems. The vapour condenses

along inner surfaces of the tubes while air is blown through the fins. Several studies

have characterised thermal resistance for heat exchangers with varying fin/tube
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arrangements [50] [51] [52]. The best performing heat exchanger exhibits thermal

resistance of 0.042 ◦C/W using Novec 7000 fluid with an airflow of 2.2 m3/min [52].

The heat exchanger volume is 0.6 L yielding HEPI of 40 W/(L K).

Heat exchangers with liquid on the flow side demonstrate substantial improve-

ment over those cooled by air. Parallel plate heat exchangers comprise arrays of

metal plates which separate the two-phase working fluid from the flow side liquid. A

commercial stainless steel parallel plate heat exchanger with water on the flow side

and refrigerant R245fa on the condenser side demonstrates HEPI of 300 W/(L K)

[53]. In [54], it is proposed to use refrigerant R134a as both the two-phase working

fluid and the flow side medium. The refrigerant boils in contact with the flow side

surface and undergoes a pumped refrigeration cycle, rejecting heat to ambient air.

The custom condensation-to-boiling heat exchanger exhibits HEPI of 260 W/(L K).

2.3.2 Overall System Performance

Figure 2.13: Diagram of an immersion cooled traction inverter using gate turn on (GTO)
thyristor switches. Reproduced from [42] ©2010 IEEE.

Several practical two-phase immersion cooling systems have been proposed in

literature, for which CSPI values can be estimated. Early implementations were
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developed to cool semiconductor switches for traction inverters in trains [55] and

haulage trucks [56]. The switches are pressed together with heat spreaders attached

on both sides and submerged in a tank of dielectric fluid as shown in Fig. 2.13.

The vapour condenses in contact with the internal tank walls while the external

surface is cooled by air. The stated converter electrical power density of 1 kW/L

and efficiency of 96 % [56] can be used to estimate power dissipation of 40 W/L.

Assuming a moderate temperature rise from flow side to switch of 10 ◦C, it is clear

these systems fail to achieve CSPI above 5 W/(L K).

Another two-phase immersion cooling approach proposed in literature immerses

semiconductor switches, possibly with heat spreaders attached, in a sealed enclosure

coupled to a separate commercial air-cooled heat exchanger. To the author’s

knowledge, the best performing system exhibits CSPI of 17 W/(L K). This was

achieved by utilising highly effective double-sided cooling [42] in Novec 7000 dielectric

fluid and the best performing heat exchanger from [52]. In [53], a two-phase system

using refrigerant R245a and a water cooled parallel plate heat exchanger was

proposed to cool four Infineon Econopack+ power modules. Taking into account

volume of the heat exchanger and power modules, the CSPI value achieved is

45 W/(L K)

A novel approach detailed in [57] integrates the heat exchanger into the fluid

chamber as illustrated by Fig. 2.14. It is conceptually similar to the system proposed

in Fig.1.3. The condenser side comprises downward facing pin fins along which

condensate forms before dripping back into the fluid pool. The flow side features

parallel channels through which a water-glycol coolant is passed. Despite the use

of liquid cooling on the flow side, the proposed system achieves a CSPI of only

5 W K/L with Novec 649 dielectric fluid.

2.4 Two-phase Immersion Cooling for Magnetic
Components

There are comparatively few works in prior literature applying two-phase immersion

cooling for power inductors and transformers. Experiments have been conducted
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Figure 2.14: Renders of two-phase immersion cooled system with liquid-cooled heat
exchanger integrated into the chamber. Reproduced from [57] ©2015 IEEE.

with magnetic components configured as filter inductors and DC-DC converter

transformers immersed in dielectric fluid for thousands of hours [58]. No noticeable

difference in appearance or mass was reported, indicating chemical compatibility of

the fluid with common materials used in magnetic components such as enamelled

copper wires and ferrite cores.

In high voltage power transmission transformers, two-phase immersion cooling

with dielectric fluids has been explored as a non-flammable alternative to mineral oil

[59]. In certain applications like mine tunnels, air-cooled transformers are typically

used as the mineral oil flammability risk cannot be tolerated. By using fluorocarbon

fluid instead, corrugated fins used to increase heat transfer to ambient air can be

removed, decreasing the transformer tank volume by 50 % [60].



3
Boiling Heat Transfer for Planar

Semiconductor Switches

Studies presented in the literature with dielectric fluids boiling on smooth, flat

surfaces at atmospheric pressure demonstrate heat transfer coefficients up to

1 W/(cm2 K) and critical heat fluxes up to 30 W/cm2. Table 3.1 summarises

physical properties for several fluorocarbon and Novec dielectric fluids. All exhibit

atmospheric pressure boiling points between 30 ◦C and 56 ◦C. In electric vehicle

power electronics, the lowest system temperature is determined by the water

glycol coolant loop to which the converter rejects heat. The Advanced Propulsion

Centre UK roadmap specifies a minimum coolant loop temperature of 65 ◦C [5].

Consequently, when applying two-phase immersion cooling, the dielectric fluid boils

at a saturation pressure higher than atmosphere.

Experiments with water and organic solvents boiling at elevated pressures

demonstrate improvements in both heat transfer coefficient and critical heat flux with

increasing pressure [21]. This effect is explained by the reduction in liquid surface

tension and increase in vapour density with saturation pressure and temperature.

It is experimentally observed this leads to smaller bubble diameters in deionized

water [61], which favourably influences boiling heat transfer. Furthermore, higher

densities of active nucleation sites are observed in water at higher pressures [62]

31
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which accounts for a proportional increase in the boiling heat transfer coefficient.

The purpose of this chapter is to characterise the boiling heat transfer coefficient

and critical heat flux at elevated saturation pressures and temperatures for flat,

planar surfaces representative of semiconductor switches. A temperature range of

65 ◦C to 100 ◦C was selected, representing the condition in an electric vehicle motor

drive. Existing nucleate boiling and critical heat flux models with temperature

dependent physical properties are employed to predict performance of each candidate

fluid. An experimental apparatus is detailed which incorporates a realistic heat

exchanger design and a water cooling loop at 65 ◦C. It is used to validate theoretical

predictions for Novec 7000 dielectric fluid. The experimental results provide practical

limits for flat semiconductor switches in a two-phase immersion cooled converter.

3.1 Fluid Thermophysical Properties

For the dielectric fluids in Table 3.1, liquid thermal conductivity, specific heat

capacity, dynamic viscosity, liquid density and saturation pressure can be evaluated

at different temperatures using expressions provided by the manufacturer. Addi-

tional models for the temperature dependence of liquid surface tension, vapour

density and latent heat are required in order to predict the boiling heat transfer

coefficient and critical heat flux.

3.1.1 Surface Tension

Liquid surface tension can be modelled using the Eötvös rule in Equation. 3.1

[66]. It predicts a linear decrease of surface tension with temperature until zero at

the critical point. The Eötvös constant kE is evaluated from the surface tension

at 25 ◦C provided in the data sheet.

σl = kE(Tcrit − Ts)
M

ρl

− 2
3

(3.1)
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Table 3.1: Thermophysical properties for candidate dielectric fluids. Liquid properties
are at 25 ◦C while phase change properties are at atmospheric pressure.

FC72 [16] FC87 [63] FC3284
[64]

Novec
649 [65]

Novec
7000 [17]

Molar mass M
(kg/mol)

0.338 0.288 0.299 0.316 0.200

Liquid thermal
conductivity kl
(W/(m K))

0.057 0.056 0.062 0.059 0.075

Specific heat cp
(kJ/(kg K))

1.1 1.1 1.1 1.1 1.3

Liquid density
ρl (kg/m3)

1680 1650 1710 1600 1400

Liquid dynamic
viscosity µl
(mPa s)

0.64 0.45 0.71 0.64 0.45

Liquid surface
tension σl
(mN/m)

10.0 9.0 13.0 10.8 12.4

Latent heat at 1
atm llv (kJ/kg)

88 103 105 88 142

Boiling point at
1 atm (◦C)

56 30 50 49 34

Saturation pres-
sure Ps (kPa)

30.9 81.1 35.7 40.0 65.0

Critical
pressure Pcrit
(kPa)

1830 2130 1940 1880 2480

Critical temper-
ature Tcrit (◦C)

176 150 161 169 165

3.1.2 Vapour Density

For saturation pressures significantly lower than the critical pressure, the vapour

phase can be modelled as an ideal gas with density predicted by Equation 3.2.

ρv = MPs

RTs
(3.2)

To validate this assumption, vapour densities are also calculated numerically using

the cubic Redlich-Kwong equation. Fig. 3.1 compares the values predicted by

the ideal gas model with the Redlich-Kwong equation for all fluids across the

temperature range of interest. The largest deviation between the two models is
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Table 3.2: Comparison of data-sheet values for latent heat at atmospheric pressure
boiling point with calculations via Equation. 3.3.

FC72 FC87 FC3284 Novec
649

Novec
7000

Latent heat llv
(kJ/kg)

88 103 105 88 142

Estimated
latent heat
(kJ/kg)

87.8 102.2 104.5 92.6 146.8

Percentage er-
ror (%)

0.23 0.78 0.48 4.84 3.38

25 % for FC87 at 100 ◦C. The remaining fluids deviate by between 12 % and 18 %

at 100 ◦C. The ideal gas model is deemed sufficiently accurate to provide estimates

of boiling heat transfer performance.

65 70 75 80 85 90 95 100
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FC3284
Novec7000
Novec649

Figure 3.1: Ratio of vapour densities calculated by ideal gas equation and Redlich-Kwong
equation.

3.1.3 Latent Heat

The Clapeyron equation below provides an expression for the gradient of saturation

pressure with respect to temperature [14]. Since the relationship between saturation

pressure and temperature is provided for all fluids, dPs
dTs

is known and Equation 3.3
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can be rearranged to calculate latent heat.

dPs

dTs
= llv

Ts
(

1
ρv

− 1
ρl

) (3.3)

Table. 3.2 compares calculated latent heats with data-sheet values at 25 ◦C for

all fluids. The percentage difference is less than 5 % in each case.

3.2 Pool Boiling Models

3.2.1 Nucleate Boiling

Due to the complexity of underlying physical phenomena, nucleate boiling is usually

modelled by empirical relationships derived from experimental data. In general,

the boiling heat transfer coefficient of Equation 2.1 is expressed as a non-linear

function of the difference between the surface temperature Tc and the fluid saturation

temperature Ts

The Rohsenow correlation postulates heat transfer occurs predominantly from

surface to liquid, which is agitated in the wake of departing bubbles [67]. A forced

convection formulation is proposed which yields Equation 3.4 for the heat transfer

coefficient. The Prandtl number exponent m is 1.7 and parameter Csf is fit to

experimental data to account for the specific combination of fluid and surface.

Exponent n is 0.33 so the model predicts an approximately square dependence of

the boiling heat transfer on the surface temperature rise.

h = µlllv
(Tc − Ts)

1−n
n(

Csfllv
cp

Prm
) 1

n

(
σl

g(ρl − ρv)

)− 1
2

(3.4)

The Stephen-Abdelsalam model was derived as a relationship between dimen-

sionless groups by fitting to a large dataset. Different correlations are proposed

for each of four general classes of fluids. The correlation for hydrocarbons is

expressed in Equation 3.5 [68].

h =

0.0546 kl

d0

(ρv

ρl

)0.5
d0

klTs

0.67 (
ρlcpllvd2

0
kl

)0.248 (
ρl − ρv

ρl

)−0.433


3

(Tc − Ts)2

(3.5)
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The Stephen-Abdelsalam incorporates a direct dependence of heat transfer coefficient

on the bubble departure diameter d0, defined by Equation 3.6. As the saturation

pressure increases, Equation 3.5 predicts an increase in heat transfer coefficient

due to the corresponding decrease in bubble diameter.

d0 = 0.723
(

σl

g(ρl − ρv)

)0.5

(3.6)

Reduced pressure models are based on the observation that all substances exhibit

similar behaviour when normalised to the critical point properties. Nucleate pool

boiling correlations can be expressed only in terms of the reduced pressure Pr, which

is normalised to the critical pressure. One example is Mostinski’s correlation in

Equation 3.7 [69]. The reduced pressure formulation directly predicts an increase

in heat transfer coefficient with saturation pressure.

h = (0.00417P 0.69
crit (1.8P 0.17

r + 4P 1.2
r + 10P 10

r ))3.3(Tc − Ts)2.3 (3.7)

The Cooper correlation is another reduced pressure model which a accounts for

surface properties via the roughness rp [14].

h = (55P 0.12−0.4343 ln rp
r (− log10 Pr)−0.55M−0.5)3(Tc − Ts)2 (3.8)

A study across several different fluids and surfaces [70] compares the accuracy of

Rohsenow’s correlation with fitted parameters and several generalised correlations

depending only on physical properties. Rohsenow’s correlation was found to agree

with experiments to within 40 % while the other models deviated by up to 300 %.

In the absence of experimental data, the Stephen-Abdelsalam correlation is used

to predict the boiling heat transfer coefficient, shown in Fig. 3.2. The surface

temperature is set 25 ◦C higher than the saturation temperature. There is a

significant increase in heat transfer coefficient with saturation temperature for all

fluids across the entire range considered; this is attributed to the increase in vapour

density and decrease in the bubble departure diameter. FC87 was identified as the

best performing fluid across the entire temperature range. This is explained by

its high vapour pressure which yields highest vapour densities.
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Figure 3.2: Heat transfer coefficient as a function of fluid saturation temperature.

3.2.2 Critical Heat Flux

The most widely accepted explanation of critical heat flux is the incipience of

hydrodynamic instability in close proximity to the switch surface. Once this occurs,

mechanisms which transport vapour away from the surface become insufficient to

contend with the rate of vapour generation rate and bubbles start to crowd the

surface. An analytical model for this phenomenon was proposed by Zuber [71],

yielding an estimate of critical heat flux on infinite flat surfaces denoted by qzub.

qzub = π

24ρv
1
2 llv(g(ρl − ρv)σ) 1

4 (3.9)

Based on experiments characterising critical heat flux for objects with varying shape,

it is suggested the effect can be accurately modelled by applying geometry-dependent

corrective factors to Equation 3.9 [72]. For large flat surfaces as considered in this

chapter, the following correction is applied to calculate the critical heat flux qchf.

qchf = 1.14qzub (3.10)

Previous studies [21] have reported an increase in critical heat flux with fluid

saturation temperature. However, both the liquid surface tension and latent

heat tend to zero as the saturation temperature approaches the critical point.
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Equation 3.10 thus predicts an eventual decrease in CHF, reaching zero at the

critical temperature. This is not observed for any fluid within the range of saturation

temperatures considered in this work as shown in Fig. 3.3. The critical heat flux

increases consistently with temperature and is highest for Novec 7000 due to

the high latent heat.
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Figure 3.3: Critical heat flux as a function of fluid saturation temperature.

3.3 Experimental Verification

Novec 7000 and FC87 were identified as the most promising dielectric fluids. Despite

the lower heat transfer coefficients, Novec 7000 was selected for further investigation.

In addition to the larger critical heat flux, it also exhibits lower vapour pressures

and a higher critical temperature, both of which are desirable in a practical system.

An experimental approach was developed to characterise heat transfer from the

surface of semiconductor switches immersed in Novec 7000. The switch is represented

by a facsimile machined in metal. Using this approach, the heat flow can be set

using simple resistive heating elements and a thermocouple inserted close below

the facsimile surface can provide approximate measurements of the corresponding

switch surface temperature Tc. As illustrated in Fig. 3.4, each facsimile has the
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same planar area exposed to fluid as the switch. All surrounding material which

facilitates heat flow is insulated from the fluid.

Heat flow

Thermocouple
Tc measurement

Insulation

Switch

(a) Semiconductor switch (b) Switch facsimile

Surface temperature Tc
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Figure 3.4: Diagram showing correspondence between a planar semiconductor switch
and its facsimile.

3.3.1 Test Apparatus

The experimental apparatus consists of an open-ended cylindrical borosilicate

chamber which encloses the fluid by sealing between a heater block and heat

exchanger via an arrangement of nitrile O-rings shown in Fig. 3.5. The chamber

wall thickness was chosen as 3.5 mm. Calculations indicate this is sufficient to

withstand absolute pressures of 2000 kPa; the vapour pressure of Novec 7000 at

100 ◦C is significantly lower at 700 kPa.

The heater block is machined in aluminium 6082 with six 12.6 mm x 5.6 mm

protrusions, each designed as a facsimile for one 150 A, 650 V GS-065-150-1-D2

bare die switch from GaN systems [73] in three-phase inverter configuration. Four

cartridge heaters insert into the underside of the block to set the power dissipation

through the switch facsimiles. K-type thermocouples insert to a depth of 1 mm

beneath each switch facsimile to provide measurements of the surface temperature.

A polyetheretherketone (PEEK) part fits tightly around the facsimiles to inhibit

heat transfer from the heater block bulk into the fluid. It also provides a groove to

house an O-ring seal around the borosilicate chamber. The heater block sides and

bottom are insulated with PEEK to minimise heat loss to ambient air.

The heat exchanger is a custom circular aluminium 6082 part designed to fit

the borosilicate chamber dimensions. The condenser side features a 45 mm surface

exposed to the vapour, enhanced with pin fins; design of the fin arrangement is
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Figure 3.5: Section views of experimental apparatus. All dimensions are in millimetres.

discussed in more detail in Chapter 5. A Polyscience AP15R-40-A11B refrigerated

circulator pumps water through the flow side channels at temperature set point of

65 ◦C. Two thermocouples embedded in the heat exchanger measure the temperature

close to the condenser fin base. A polytetrafluoroethylene (PTFE) part supports a

second O-ring seal around the borosilicate chamber top.

A Bourns BPS130 absolute pressure sensor is mounted on a port in the heat

exchanger and 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 and free of air. A simple evacuation and

filling procedure is followed to purge air from the apparatus: The chamber is
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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 the evacuation port until

the desired fill height is reached. The evacuation port is then closed, leaving a

completely sealed system saturated with working fluid. Pressure was continuously

monitored over the course of several days following the fill procedure. As the

system cooled, the measured pressure approached the room-temperature vapour

pressure of Novec 7000. There was negligible further increase in pressure, indicating

minimal leakage of air into the system.

3.3.2 Data Collection

Experiments were performed by incrementally increasing the heat flux through

the switch facsimiles by stepping the voltage applied to the cartridge heaters by a

EA-PS2084-05B power supply. After each increment, the system is allowed to reach

steady state. This condition is identified by averaging 50 sequential temperature

measurements for each thermocouple. Once the difference between two subsequent

averages for all thermocouples falls below 0.1 ◦C, steady state is determined and

ten further sequential measurements of each quantity are recorded and averaged.

The steady state temperature measurement for each of the six switch facsimiles is

used to calculate the average facsimile temperature Tc.

The heat exchanger features 6 mm thickness of aluminium between the condenser

side and the liquid cooled side to support measurement ports and fittings. Two

thermocouples are embedded in this layer and the measurements are averaged to

calculate the condenser fin base temperature Tb. This layer is also intended to

spread heat laterally and provide a near-isothermal condition at the thermocouple

height regardless of any temperature rise of the water as it flows from inlet to

outlet. The saturation temperature of the fluid Ts is determined from the measured

pressure by inverting Equation 3.11 which is provided in the data sheet [17].

Ps = exp
( −3548.6

Ts + 273.15 + 22.978
)

(3.11)

The power at each step is calculated by multiplying the voltage and current

from the power supply for each cartridge heater. A correction is made to account
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for power dissipated in the cartridge heater leads. The power is also compensated

to account for heat losses from the insulated surfaces of the heater block to ambient

air. A test was conducted with the heater block detached from the chamber/heat

exchanger and the switch facsimiles covered by insulating wool. All power applied

by the cartridge heaters in this test was lost to ambient air through the PEEK

insulation. A linear relationship plotted in Fig. 3.6 is derived between the heat loss

and the average facsimile temperature increase above the ambient air temperature

Ta. Assuming the temperature does not vary appreciably across the heater block,

this relationship can be used in all tests to calculate the heat loss through the

insulation.
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Figure 3.6: Heat loss to ambient air through heater block insulation as a function of the
facsimile temperature increase above ambient.

Sources of uncertainty associated with the experimental equipment are sum-

marised in Table 3.3. Standard error propagation techniques are used to evaluate

percentage uncertainties for all derived values and these are displayed as error

bars on subsequent figures. More detail concerning the error propagation method

is provided in Appendix A. The maximum percentage error for the heat transfer

coefficient is 23.1 %. This occurs at the smallest value of the temperature difference

Tc − Ts due to the relatively large uncertainty associated with the thermocouple.
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Table 3.3: Summary of sources of experimental uncertainty.

Quantity Measurement
approach

Uncertainty

Switch facsimile tempera-
tures

Thermocouple ±1.5 ◦C

Cartridge heater voltage Desk power supply ±0.2 %
Cartridge heater current Desk power supply ±0.3 %
Saturation pressure Absolute pressure sensor ±1 % full scale
Switch facsimile length Machining tolerance ±0.2 mm
Switch facsimile width Machining tolerance ±0.2 mm
Average switch facsimile
temperature Tc

Calculation ± (1.2 %-2.0 %)

Saturation temperature
Ts

Equation 3.11 ± (0.5 %-1.2 %)

Tc − Ts Calculation ± (4.8 %-23.1 %)
Power Calculation ± (2.0 %-3.1 %)
Heat flux Calculation ± (4.7 %-5.5 %)
Heat transfer coefficient Calculation ± (5.1 % - 23.1 %)

As both power and the temperature difference increase, the heat transfer coefficient

becomes less sensitive to thermocouple uncertainty and the percentage error drops

as low as 5.1 %.

3.3.3 Experimental Results
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Figure 3.7: (a) Measured temperatures Tc, Ts and Tb and (b) saturation pressure Ps at
different power dissipations.
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Fig. 3.7 shows the average facsimile temperatures Tc, fluid saturation temperature

Ts and condenser base temperature Tb, as well as saturation pressure Ps as a function

of the compensated total power. The apparatus was tested up to 182 W at which

point the experiment was halted due to observation of critical heat flux. The

maximum observed fluid saturation temperature is 93 ◦C; this corresponds to a

maximum saturation pressure of 593 kPa.
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Figure 3.8: Heat flux dependence on difference between average facsimile temperature
Tc and fluid saturation temperature Ts.

Fig. 3.8 demonstrates the variation of heat flux with temperature difference

between the facsimile surface and the fluid. Critical heat flux was observed at

43 W/cm2 by a sudden increase in the average switch facsimile temperature and a

corresponding decrease in the saturation pressure. For comparison, the value

calculated by Equation 3.10 is 37.7 W/cm2. To validate the predicted trend

of increasing critical heat flux with fluid saturation temperature, two further

experiments were conducted with the flow side water temperature at 35 ◦C and

50 ◦C. In these tests, CHF was observed at saturation temperature of 66 ◦C and

81 ◦C respectively; the three experimental CHF values are shown in Fig. 3.9. The

model under-predicts the measurements by only 6 % to 13 %. The discrepancy can

be explained in part by under-prediction of the vapour density using the ideal gas



3. Boiling Heat Transfer for Planar Semiconductor Switches 45

65 70 75 80 85 90 95
0

10

20

30

40

Figure 3.9: Experimental and theoretical critical heat fluxes at different fluid saturation
temperature.

model.

The heat transfer coefficient defined by Equation 2.1 is derived from experimental

data for 65 ◦C flow side water and plotted in Fig. 3.10 as a function of the facsimile

temperature rise above the fluid saturation temperature. The highest value is

1.5 W/(cm2 K), notably higher than results reported with Novec 7000 boiling at

atmosphere, due to the elevated saturation temperature and pressure. Corresponding

theoretical values are also calculated using the four boiling correlations detailed in

Section 3.2. The Mostinski and Stephen-Abdelsalam models significantly under-

predict the heat transfer coefficient across the majority of data points. Cooper’s

correlation was evaluated with surface roughness of 1 µm (recommended for unknown

surfaces). Improved agreement is observed for temperature rises up to 15 ◦C.

However, beyond this point as the heat flux approaches its critical value, the model

drastically departs from the experimental data. In fact, all three correlations

predict rapid growth of the heat transfer coefficient with increasing temperature rise.

From the data, it is observed this trend does not persist up until the critical heat

flux. Instead the increase of heat transfer coefficient diminishes and even becomes
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Figure 3.10: Experimental and theoretical heat transfer coefficients.

negative just before critical heat flux. Similar behaviour has been demonstrated in

literature for experiments with Novec 7100 and Novec 649 [25]. It is attributed to

bubble coalescence at higher heat fluxes leading to formation of larger bubbles and

eventually vapour jets as critical heat flux is approached [33].

Also shown in Fig. 3.10 are predictions derived using a least-squares fit for

the Rohsenow correlation, which yielded parameters Csf = 0.0042 and n = 0.5351.

The fitted correlation agrees with experiment to a mean percentage error of 13 %.

Several works in the literature have proposed that a single power law correlation is

insufficient to accurately reproduce the entire pool boiling curve up to the critical

heat flux [22] [74]. It is advocated instead to subdivide the curve into segments,

each modelled by a separate power law. The Rohsenow correlation was used with

parameter Csf and exponent n chosen to fit each segment of the data. Table 3.4

presents the values obtained and the temperature ranges over which they are valid.

The exponent n for temperature rises below 10.4 ◦C is 0.3695, close to the value

of 0.33 recommended by Rohsenow [67].
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Table 3.4: Parameters used to evaluate the Rohsenow correlation for different portions
of the pool boiling curve.

Quantity Csf n
Tc − Ts ≤ 10.4 0.0042 0.3695
10.4 < Tc − Ts ≤ 14.8 0.0039 0.5262
14.8 < Tc − Ts ≤ 19.1 0.0034 0.6432
19.1 < Tc − Ts 0.0027 0.7798

3.4 Conclusions

Based on the work presented in this chapter, several conclusions have been drawn

surrounding the boiling heat transfer on flat smooth surfaces representative of

switches in immersion cooled inverters.

• The boiling heat transfer coefficient and critical heat flux increase with

saturation temperature due to the increase in vapour density and decrease

in bubble diameter. This is demonstrated by applying temperature depen-

dence of thermophysical properties to existing models and validated through

experiment.

• In a practical two-phase immersion cooled inverter for electric vehicle appli-

cations, it is reasonable to expect to dissipate up to 43 W/cm2 from planar

semiconductor switches. This result agrees to within 13 % with models of

critical heat flux based on hydrodynamic instability mechanisms.

• The highest heat transfer coefficient observed is 1.5 W/(cm2 K). Experimental

measurements deviate from the trends predicted by nucleate pool boiling

models at higher heat fluxes.
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4
Boiling Heat Transfer for Finned Heat

Spreaders

In the previous chapter, experiments with Novec 7000 boiling on a flat planar surface

indicate a maximum heat transfer coefficient of 1.5 W/(cm2 K) and a critical heat

flux of 43 W/cm2. In prior literature, both heat spreaders and surface enhancement

techniques have been employed to maximise the allowable power dissipation per unit

area of semiconductor switch. Effective heat transfer coefficients up to 25 W/(cm2 K)

and critical heat fluxes up to 1110 W/cm2 have been demonstrated [42]. However,

such high performance necessitates use of heat spreaders with planar area several

times larger than the semiconductor switch. This approach may not be suitable for

PCB-based converters where it is desired to minimise distance between all of the

semiconductor switches and their ancillary components.

This chapter investigates the achievable improvements in boiling heat transfer

using heat spreaders which comply with practical geometrical constraints for PCB-

based converters. The proposed heat spreader has the same planar area as a GS-065-

150-1-D2 semiconductor switch from GaN systems and uses normally protruding

fins to increase the heat transfer area. A theoretical model for square pin fins

immersed in boiling fluid is developed, incorporating non-linear dependence of

the heat transfer coefficient on temperature. While analytical solutions to this

49
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problem exist in special cases, a numerical solution procedure is adopted and

explained in this chapter. Effective heat transfer coefficients and critical heat fluxes

are predicted for several designs of finned heat spreader immersed in Novec 7000.

These predictions are validated experimentally for the best heat spreader design.

Finally, grit blasting is applied to characterise potential further improvements

offered by simple surface enhancements.

4.1 Boiling Fin Model
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Figure 4.1: Diagrams depicting model of an immersed fin and discretisation into segments
for numerical solving.

Fig. 4.1a depicts a square pin fin of width tf and length L immersed in a pool of

fluid at saturation temperature Ts. T denotes the temperature at a distance x along

the fin length. Boiling of liquid along the fin sides is modelled as a temperature

dependent heat transfer coefficient h. The fin material has a thermal conductivity

kf. The Biot number indicates the relative importance of thermal conduction within
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a solid body compared to heat transfer from its surface. For the fin depicted in

Fig. 4.1a, the Biot number is defined by Equation 4.1 [75].

Bi = htf

2kf
(4.1)

For Biot numbers significantly less than 1, it can be assumed the fin temperature

is constant across its cross section and only varies with distance along its length. If

the maximum heat transfer coefficient value is 1.5 W/(cm2 K) and the fin is made

from aluminium with thermal conductivity 170 W/(m K), the Biot number for a

5.6 mm width fin (i.e. the width of one GS-065-150-1-D2 switch) is 0.26. The one-

dimensional heat equation for the depicted fin can be then expressed as follows [14].

d2T

dx2 = 4h

kftf
(T − Ts) (4.2)

A constant temperature Tc is imposed at the fin base (x = 0). The fin tip x = L

is exposed to the same heat transfer coefficient as the sides, evaluated at the tip

temperature. This yields the following boundary condition.

kf
dT

dx

∣∣∣∣∣
x=L

= h|x=L(T |x=L − Ts) (4.3)

The total heat Qf transferred through the fin is calculated using Equation 4.4

derived by applying Fourier’s law at the fin base.

Qf = −kft
2
f
dT

dx

∣∣∣∣∣
x=0

(4.4)

4.1.1 Numerical Solution Procedure

The fin heat transfer problem is solved numerically by dividing the fin into an integer

number of segments N with equal length ∆x, which defines N unknown tempera-

tures T1, T2, ...Ti...TN and corresponding heat transfer coefficients h1, h2, ...hi...hN

as shown in Fig.4.1b. Equation 4.2 is discretised using the central difference

approximation for the second derivative. This yields N −1 equations with the form of

Equation 4.5 in terms of the N unknown temperatures and the base temperature Tc.

Ti+1 − 2Ti + Ti−1

∆x2 = 4hi

kftf
(Ti − Ts) (4.5)
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Equation 4.6 is obtained from the tip boundary condition by applying the

backwards Euler approximation for the derivative, completing the system of N

equations in N unknowns.

kf
TN−1 − TN

∆x
= hN(TN − Ts) (4.6)

These equations can be combined to form a single non-linear equation relating

tip temperature TN to base temperature Tc which is solved numerically for TN to

a specified error tolerance. The total heat transfer through the fin is calculated

by applying the forwards Euler approximation to Equation 4.4.

Qf = kft
2
f
Tc − T1

∆x
(4.7)

4.1.2 Comparison with Analytical Solutions
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Figure 4.2: Percentage error for fin heat and mean percentage error for fin temperature
with varying error tolerance ϵ and number of segments N .

To verify accuracy of the numerical solution procedure, it is compared against

the analytical solution for a fin subject to a constant heat transfer coefficient.

The number of segments N per mm of fin length and the error tolerance ϵ are

varied and a mean percentage error for the temperature is computed, shown in

Fig. 4.2b. The fin heat percentage error is also shown in Fig. 4.2a. For both

quantities, when N is large, the error converges to a constant value irrespective of
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N which is determined only by the error tolerance. This final error value is observed

to decrease considerably with decreasing error tolerance until ϵ = 0.01%; only

negligible improvements were observed at smaller values. One thousand segments

per millimetre was selected; with these parameters the heat transfer percentage

error is 0.016 % and mean percentage error for temperature is 0.0024 %.

It is necessary also to consider the accuracy of the numerical method for cases

where the heat transfer coefficient depends on fin temperature. One example for

which an analytical solution exists is a constant heat flux q. The fin heat equation

can then be expressed as follows.

d2T

dx2 = 4q

kftf
(4.8)

Solving for the temperature subject to a convective boundary condition at the fin

sides and tip yields Equation. 4.9. A derivation is presented in Appendix B.

T = 2q

kftf
x2 −

(
q

kf
+ 4qL

kftf

)
x + Tc (4.9)

The fin heat transfer evaluated via Equation 4.4 can be expressed as below.

Qf = qt2
f + 4qLtf (4.10)

One thousand fins of length 1 mm to 10 mm and widths 0.5 mm to 5 mm with

heat flux between 1 W/cm2 and 10 W/cm2 were evaluated using both the numerical

method and the analytical solution. Fig. 4.3b shows the ratio of fin heats computed

numerically and analytically. The largest percentage deviation is 0.1 %. The mean

ratio of temperature along the fin is also displayed in Fig. 4.3a with a maximum

percentage error of 0.05 %. The numerical approach is thus deemed sufficiently

accurate to inform design procedures for practical heat spreaders.

4.2 Heat Spreader Design

In this work, heat spreaders are designed for the target application of a PCB-based

converter with compact electrical layout using GS-065-150-1-D2 switches from GaN

systems. As shown in Fig. 2.7, the heat spreader would attach to an immersed
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Figure 4.3: (a) Mean ratio of numerically computed fin temperature to analytical
solution and (b) Ratio of numerically computed fin heat to analytical solution for 1000
different fins.

semiconductor switch and comprises a baseplate with normally protruding fins. It

is desirable to integrate ancillary components like ceramic capacitors and control

circuitry in close proximity to the switch. This imposes several practical constraints

on the heat spreader geometry and fin arrangement.

• The heat spreader should not extend laterally outwards beyond the planar

area of the semiconductor switch surface as this necessitates spacing out of

switches and surrounding components. All fin arrangements considered fit

within the 12.6 mm by 5.6 mm footprint of the GS-065-150-1-D2 switch.

• The maximum useful fin length is set to 4 mm. A survey of ceramic capacitors

in 2220 package indicates the largest height available is 5.4 mm. A spreader

with baseplate of thickness 1 mm with 4 mm fins can be bonded to the 0.27 mm

GS-065-150-1-D2 die with no penalty on the converter height and volume.

• Tool size limitations associated with the milling process used to prepare finned

surfaces restrict the spacing between fins to be greater than 1.2 mm. In

previous research, it is recommended the fin spacing should be greater than

the bubble diameter to prevent coalescence of bubbles within the gaps [22]. To

ensure this condition is met, the bubble diameter is estimated for Novec 7000
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using Equation 3.6 for fluid saturation temperatures from 65 ◦C to 100 ◦C

and plotted in Fig. 4.4. The minimum fin spacing is over twice the maximum

bubble diameter which is sufficient to prevent vapour crowding.
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Figure 4.4: Bubble departure diameter for Novec 7000 as a function of saturation
temperature.

For fins of length 4 mm with widths 0.5 mm to 5.6 mm satisfying the above conditions,

an area enhancement value is calculated and plotted in Fig. 4.5. This represents

the ratio of heat spreader area Ac to the switch area Asw. For a heat spreader

with Nf fins, it can be expressed as below.

Area enhancement = Asw + 4NftfL

Asw
(4.11)

The area enhancement is observed to increase linearly with fin width in segments.

At the end of each segment, the number of rows or columns must decrease to

accommodate a wider fin and this is accompanied by a substantial reduction in area.

Three candidate fin arrangements are identified. The first has 18 fins with width

1 mm, which yielded the highest area enhancement. The 2 mm fin offers slightly lower

surface area than 1 mm though the increase in fin width will improve conduction heat

transfer through the cross section. Finally, two fins of 5.6 mm width are considered.
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Figure 4.5: Area enhancement for heat spreaders with varying fin width.

4.2.1 Modelling Finned Heat Spreaders

For the semiconductor switch with attached heat spreader depicted in Fig. 2.7, the

total power dissipated by the switch can be calculated by summing the following

three contributions .

1. Heat transferred to fluid via the surface at the fin base. This is modelled

using the piecewise fitted Rohsenow correlation for boiling Novec 7000 on

horizontal surfaces detailed in Chapter 3, evaluated at temperature Tc.

2. Heat transferred through the baseplate sides. Assuming temperature variation

within the baseplate is negligible, this can also be evaluated using the piecewise

fitted Rohsenow correlation at temperature Tc.

3. Heat transferred through the fins. This is calculated via the numerical

solution procedure using the piecewise fitted Rohsenow correlation to model

the temperature dependent heat transfer coefficient. This assumes the vertical

orientation of the fin sides does not impact boiling behaviour.
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The semiconductor switch surface temperature Tsw is estimated from the fin base

temperature Tc and baseplate thickness tsp using Fourier’s law via Equation 4.12.

Tsw = Tc + tsp

kfAsw
Qc (4.12)

The switch-level heat transfer coefficient can then be evaluated by Equation 2.4.

It is plotted in Fig. 4.6 for the three selected fin arrangements with lengths from 0 mm

to 4 mm. Fluid saturation temperature Ts is 100 ◦C and the fin base temperature

Tc is 125 ◦C. The heat spreader with eight 2 mm wide and 4 mm long fins exhibits

the highest switch-level heat transfer coefficient of 3.5 W K/cm. Furthermore, it

is clear that further increase in fin length would yield negligible improvement in

switch-level heat transfer coefficient at the expense of increased system volume.

This is because of resistance to thermal conduction through the fin length .
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Figure 4.6: Switch-level heat transfer coefficients for three candidate heat spreader
arrangements with fins of varying length.

In previous work, it is observed that once critical heat flux occurs at the fin

base, portions of the fins remain free of vapour [40]. Consequently, the increase in

temperature associated with critical heat flux is moderate compared with for flat

surfaces and it may be possible to sustain higher switch level power dissipations.

Nevertheless, in this work, the highest useful switch power is computed as that
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which incipits critical heat flux on the baseplate surface. This is shown in Fig. 4.7

for three fin arrangements with varying lengths. Once again, the 2 mm wide fin

yields best performance with switch-level critical heat flux of 114 W/cm2 at a fin

length of 4 mm. This is 2.7 times greater than the critical heat flux measured

for a flat surface. Based on these results, the 2 mm fin spreader was selected for

experimental characterisation in Novec 7000 fluid.
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Figure 4.7: Switch-level critical heat fluxes for three candidate heat spreader arrange-
ments with fins of varying length.

4.3 Experimental Verification
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Figure 4.8: Diagram showing correspondence between a semiconductor switch with heat
spreader and its facsimile.

The experimental approach used to validate the predicted performance of
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Table 4.1: Experimental uncertainties on calculated quantities for smooth and grit
blasted heat spreader facsimiles.

Quantity Smooth facsimile Grit blasted facsimile
Average switch facsimile
temperature Tsw

± (1.4 %-2.1 %) ± (1.4 %-2.2 %)

Saturation temperature
Ts

± (0.5 %-1.2 %) ± (0.4 %-1.3 %)

Tsw − Ts ± (9.1 %-37.8 %) ± (12.1 %-59.1 %)
Total power dissipation ± (0.2 %-0.3 %) ± (0.2 %-0.3 %)
Effective heat flux ± 1.6 % ± 1.6 %
Effective heat transfer co-
efficient

± (9.3 %-37.8 %) ± (12.2 % - 59.2 %)

finned heat spreaders is based on the facsimile concept. Fig. 4.8 illustrates the

correspondence between a semiconductor switch with heat spreader attached and

its facsimile machined in metal. The thermocouple insert is offset from the facsimile

surface such that it provides measurements of the switch temperature Tsw.

The experimental apparatus used was the same as that detailed in Chapter 3. A

modified heater block was prepared with additional 1 mm thickness of aluminium

added to each facsimile and protruding fins machined into the top. Thermocouple

inserts terminate 1 mm below the facsimile surface. In a further step, the exposed

surfaces of all facsimiles were grit blasted in an effort to favourably modify the

surface geometry; data was collected for both smooth and grit blasted facsimiles.

Heat loss to ambient air through the PEEK insulators was separately char-

acterised for the modified heater block though the linear relationship between

facsimile temperature and heat loss was very close to that obtained in Chapter3.

Table 4.1 summarises the experimental uncertainty associated with calculated

quantities for experiments with smooth and sand-blasted facsimiles. It should be

noted the high experimental uncertainties occur for low values of effective heat

transfer coefficient since Tsw − Ts is small and highly sensitive to the thermocouple

absolute uncertainty of 1.5 ◦C.

Due to safety limits on the system pressure, the apparatus was not tested beyond

a total power dissipation of 186 W. This was insufficient to reach critical heat flux.

The highest measured temperature at the maximal power dissipation was 110 ◦C
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for the smooth facsimile and 107 ◦C for grit blasted.

4 6 8 10 12 14 16 18
0

0.5

1

1.5

2

2.5

3

Figure 4.9: Experimental and theoretical switch-level heat transfer coefficients for the
smooth heat spreader facsimile.

Fig.4.9 plots the experimentally derived switch-level heat transfer coefficient

and corresponding theoretical predictions calculated at the measured saturation

temperature and switch facsimile temperature. The model reasonably agrees with

the data, with a mean absolute percentage difference of 12 %. Fig. 4.10 shows

switch-level heat transfer coefficients for the smooth and grit-blasted heat spreader

facsimiles compared with results for the planar bare switch facsimile from Chapter 3.

It is clear the proposed finned heat spreader improves performance by a factor of

1.7; this increased further to a factor of 2.3 by applying grit blasting.

In an effort to characterise critical heat flux for the smooth heat spreader facsimile,

an experiment was conducted with PEEK caps covering five of the six facsimiles.

Power was supplied via two of the four cartridge heaters which were closest to the

exposed facsimile. The switch-level heat flux calculated by normalising the total

power dissipation to the area of a single switch facsimile is shown in Fig. 4.11.

The maximum heat flux tested was 126 W/cm2 with no apparent indication of

critical heat flux. For comparison, the value predicted by the model is 101 W/cm2.

The discrepancy between experiment and theory could be due to heat transfer
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Figure 4.10: Experimental switch-level heat transfer coefficients for the smooth and grit
blasted heat spreader facsimiles as well as the planar facsimile from Chapter 3.
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Figure 4.11: Measured switch-level heat fluxes for a single smooth heat spreader facsimile
compared with theoretical prediction.

from the covered up switch facsimiles which could not be completely eliminated.

Nevertheless, both theory and experiment indicate that heat fluxes in excess of

100 W/cm2 can be sustained by the proposed heat spreader.
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4.4 Conclusions

This chapter provides several key insights into boiling heat transfer on pin fins

arrays which can be used to instruct design of heat spreaders for two-phase

immersion cooled systems.

• By considering practical geometrical constraints, heat spreaders can be

designed for electrically compact PCB-based converters to increase the power

dissipation per unit switch area with negligible impact on system volume. This

is demonstrated by design of a heat spreader for the GS-065-150-1-D2 switch.

Experiments indicate that a grit-blasted heat spreader yields switch-level heat

transfer coefficient of 3.4 W/(cm2 K), over two times greater than that for a

planar surface.

• Theoretical predictions and experimental results indicate the proposed heat

spreader can sustain switch-level heat fluxes in excess of 100 W/cm2. This is

2.4 times greater than the value observed for a planar surface.

• The switch-level heat transfer coefficient for a finned heat spreader can

reasonably be predicted using experimentally derived boiling correlations

to model the temperature dependent heat transfer coefficients on the fin

sides and tip. Due to the non-linear dependence of heat transfer coefficient

on temperature, numerical methods can be applied to solve problems and

these have been verified by comparing with simple cases for which analytical

solutions exist.



5
Power Density of Two-Phase Immersion

Cooled Converters

Previous studies on two-phase immersion cooling for electronics have largely focused

on systems where semiconductor switches are submerged in a fluid pool coupled to

a separate commercial heat exchanger which condenses the fluid. These systems

demonstrate CSPI values of 17 W/(L K) when the heat exchanger flow side is air-

cooled [42] and 45 W/(L K) using water cooling [53].

The two-phase immersion concept considered in this work is intended for

converters on PCB substrates and is depicted in Fig. 1.3 The dielectric fluid

is enclosed by two chambers which seal to the top and bottom sides of the PCB with

heat exchanger integrated into the top chamber. This chapter aims to demonstrate

a practical design of the concept which can achieve high CSPI, paving the way

towards high power density converters on PCB substrates. The target application is

an electric vehicle motor drive inverter with six GS-065-150-1-D2 switches immersed

in Novec 7000 fluid. As per the Automotive Centre UK recommendations, the heat

exchanger flow side is cooled with 65 ◦C water.

A preliminary contribution is development of a theoretical model and numerical

solution approach for condensation heat transfer on downward-facing fins. The

model can be employed to design the condenser side for heat exchangers and is
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verified against experimental data collected with the apparatus of Chapter 3. Based

on the experimental performance of the heat exchanger, a practical two-phase

immersion system is designed for the inverter and characterised in terms of the

CSPI and HEPI metrics defined previously.

During operation, it is important to ensure the system contains only pure

vapour with minimal quantities of non-condensible gases. In the final part of the

chapter, preliminary experiments are conducted to explore the impact of leakage

and outgassing on performance.

5.1 Condensation on Finned Surfaces

Tc

Ts
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(a) Fin model
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Figure 5.1: Diagrams depicting model of gravity-driven condensation on a fin and
discretisation into segments for numerical solving.

Fig. 5.1 depicts the mechanism of heat transfer for a square pin fin of thickness tf,

length L and material thermal conductivity kf in contact with a vapour at saturation

temperature Ts. In most engineering applications, the condensate fully wets the

surface, forming a film of varying thickness δ along the fin sides. Assuming heat

is transferred predominantly by conduction through the condensate with thermal
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conductivity kl the heat equation for the fin temperature T can be expressed as

follows. It is subject to a constant temperature boundary condition Tb at the fin base.

d2T

dx2 = 4kl

kftfδ
(T − Ts) (5.1)

Under the influence of gravity and surface tension, condensate drains down the

fin sides and gathers at the tip, with droplets periodically detaching and returning

to the fluid pool. Since the condensate layer is comparatively thick at the fin tip

for significant portions of the time, negligible heat transfer through this surface is

assumed. The boundary condition at the tip is expressed by Equation 5.2

kf
dT

dx

∣∣∣∣∣
x=L

= 0 (5.2)

The condensate film shape is governed by the balance of gravitational and

surface forces acting on the film. Assuming gravity is the dominant force, the

film thickness can be modelled by Equation 5.3 derived in Nusselt’s theory of

condensation on vertical walls [14].

δ3 dδ

dx
= µlkl(Ts − T )

llvρl(ρl − ρv)g (5.3)

To verify this assumption, the Bond number can be used to characterise the

relative importance of gravity and surface tension. It is defined in Equation 5.4 [14].

Bo = (ρl − ρv)gL2

σl
(5.4)

Fig. 5.2 plots the fin length corresponding to different Bond numbers for Novec

7000 at temperatures from 65 ◦C to 100 ◦C. For fins longer than 1 mm, the Bond

number is greater than one for all temperatures, meaning gravitational forces

dominate over significant portions of the length.

5.1.1 Numerical Solution Procedure

The equations for heat transfer through a fin subject to surface condensation

are solved using a numerical approach similar to that discussed in Chapter 4,

modified to incorporate solution of Equation 5.3 for the film thickness. Figure. 5.1b
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Figure 5.2: Lengths of fin corresponding to different Bond numbers for varying fluid
saturation temperature.

demonstrates discretisation of the fin into N equal segments of length ∆x, defining

N temperatures T1, T2, ...Ti...TN and N film thicknesses δ1, δ2, ...δi, ...δN . Applying

the central difference approximation for second derivatives yields the discretised

heat equation below.

Ti+1 − Ti + Ti−1

∆x2 = 4kl

kftfδi

(Ti − Ts) (5.5)

Film thickness is evaluated by approximating the first derivative as a forward

difference, leading to Equation 5.6.

δi+1 = δi + µlkl(Ts − Ti)∆x

llvρl(ρl − ρv)gδi
3 (5.6)

Since film thickness δ0 at the fin base iz zero, this expression yields infinite

film thickness δ1 after the first segment. Consequently, a backward difference

approximation is used for this case only, resulting in the following relation. All

remaining film thicknesses are evaluated via Equation 5.6.

δ1 =
(

µlkl(Ts − T1)∆x

llvρl(ρl − ρv)g

) 1
4

(5.7)
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The insulated tip boundary condition can be approximated using a forward

difference, yielding Equation 5.8.

kf
TN−1 − TN

∆x
= 0 (5.8)

This approach yields a set of 2N non-linear equations in terms of N film

temperatures and N film thicknesses which can be combined to yield one equation

in terms of a single temperature. This can be solved numerically to some error

tolerance.

To validate the numerical approach for calculating the fin thickness, it is

compared against the analytical solution which can be derived from Equation 5.3

when the fin is isothermal at temperature Tb.

δ =
(

4µlkl(Ts − Tb)x
llvρl(ρl − ρv)g

) 1
4

(5.9)

Fig. 5.3 shows the mean percentage error in film thickness with varying number

of segments for a fin of length 10 mm and temperature 65 ◦C in contact with

Novec 7000 vapour at 100 ◦C. For 1000 segments per mm, the mean percentage

error is only 0.07 %.
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Figure 5.3: Mean percentage error in film thickness for different numbers of segments.
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5.1.2 Heat Exchanger Design

The experimental apparatus detailed in Chapter 3 features a borosilicate glass

chamber with internal diameter 45 mm; this size was selected to accommodate

six GS-065-150-1-D2 semiconductor switches. The heat exchanger condenser side

thus also features a 45 mm diameter surface exposed to saturated vapour which is

enhanced with square pin fins to increase the contact area. In Chapter 4 for pin

fins immersed in boiling Novec 7000, it was observed that 2 mm thick fins offered a

good compromise between surface area and conduction through the cross section.

Furthermore, inter-fin spacing was set as 1.2 mm, the smallest value accommodated

by the CNC machining process. 117 such fins were incorporated into the condenser

side.

Fig. 5.4 shows the predicted total heat transfer across the heat exchanger for

fin lengths up to 10 mm. Longer fins were not considered due to restrictions on

cutting depth. The vapour saturation temperature is 100 ◦C and the fin base is

at 65 ◦C. A fin length of 7.5 mm was selected for the heat exchanger. Only minor

improvement was observed with further increase in fin length, at the expense of

greater heat exchanger volume. The predicted heat transfer was 300 W. Also shown

is the predicted heat transfer of 57 W for condensation on a planar surface without

fins. This was calculated using the model proposed in [76] by Gerstmann and

Griffith where surface tension is the primary mechanism for condensate drainage

and determines the film shape. That the presence of fins increases the heat transfer

by a factor of five indicates the importance of features to maximise surface area.

5.2 Experimental Results

The proposed heat exchanger condenser side model is verified against data collected

with Novec 7000 dielectric fluid in Chapter 3. Specifically, the thermocouples

embedded in the heat exchanger provide measurements of temperature at the fin

base Tb. These are plotted for the flat, smooth finned and grit-blasted finned

switch facsimile tests in Fig. 5.5a. The fluid saturation temperature is obtained
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Figure 5.4: Total heat transfer across heat exchanger for a flat surface and enhanced
with fins of varying length.

from the pressure measurement via Equation 3.3 and shown for all three switch

facsimiles in Fig. 5.5b. Temperature measurements agree closely for the three tests,

demonstrating repeatability of the heat exchanger performance.
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Figure 5.5: Fin base temperature and fluid saturation temperature for experiments
conducted with three different switch facsimile types.

Fig. 5.6 shows the difference between the fluid saturation temperature Ts and the

fin base temperature Tb as a function of the total power dissipation. For comparison,

values computed using the film condensation model are also shown. The theory
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under-predicts temperature rise at low power dissipations but accurately reproduces

the experimental results for high power.
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Figure 5.6: Temperature difference between fluid and fin base as a function of
temperature. Experimental results and model predictions are shown for comparison.

Fig.5.7 shows the measured switch facsimile temperature, fluid saturation

temperature and fin base temperature for the flat and grit blasted finned facsimiles

at their respective maximum power dissipations. The heat exchanger flow side

inlet temperature is maintained at 65 ◦C by the circulating water bath. For the

flat facsimile, the total power dissipation is 182 W and the measured facsimile

temperature is 126 ◦C, yielding a thermal resistance of 0.34 K/W to the flow side

inlet. Almost half of the thermal resistance is due to boiling on the facsimile surface.

For the grit-blasted finned facsimile, the total power dissipation is 186 W and the

measured facsimile temperature is 107 ◦C with a thermal resistance of 0.23 K/W.

The heat exchanger condenser side is now the most significant contributor to

thermal resistance, accounting for 44 %.
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Figure 5.7: Temperatures measured at the fin base, the fluid and the switch facsimile
for flat and grit-blasted fin facsimiles.

5.3 Motor Drive Inverter

5.3.1 Two-Phase Immersion Cooling Performance

A two-phase immersion cooling system for motor drive inverter is shown in Fig. 5.8.

The converter circuit consists of six GS-065-150-1-D2 switches on a PCB substrate.

14 decoupling capacitors of value 0.2 µF are incorporated to mitigate effects of

parasitic inductance in the power loop. Total decoupling capacitance is over 100

times greater than the semiconductor switch output capacitance [73], in line with

recommendations from the literature [7]. Gate driver circuitry would be laid out on

the bottom side of the circuit board in close proximity to the switches in order to

minimise gate loop inductance. It is assumed a grit-blasted heat spreader with 8

fins of thickness 2 mm is attached to each switch.

The heat exchanger is a rectangular aluminium part designed to give comparable

thermal performance to the circular heat exchanger employed in experiments.

Consequently, the condenser side consists of 120 7.5 mm long fins and the flow side

features an arrangement of channels with the same surface area as in experiments.

The heat exchanger volume is 0.04 L. From Fig. 5.7, the total thermal resistance
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Figure 5.8: Diagram of the proposed motor drive inverter on PCB substrate enclosed in
a two-phase immersion cooling chamber.

associated with the heat exchanger (i.e. from the dielectric fluid to the flow side

inlet) is 0.15 K/W. The heat exchanger performance index can be calculated

via Equation 2.6 as 167 W/(L K).This is significantly better than the 40 W/(L K)

demonstrated by commercial fin/tube radiators [50] and approaches the performance

of parallel plate water heat exchangers (300 W/(L K) [53]) with the additional
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advantage of integrating the fluid chamber and heat exchanger as a single part.

To seal the dielectric fluid, it is proposed to use elastomer O-rings. These

would sit in glands formed between a groove in the chamber wall and an exposed

copper trace on the circuit board. Consequently, a portion of the PCB extends

outward beyond the chamber wall. Terminals used to pass power into and out

of the converter are located externally to the chamber; connections between the

circuit and terminals would be made by copper traces in internal layers such that

the sealing trace can be unbroken. The boxed volume enclosing the circuit board

and fluid chamber is 0.15 L. The thermal resistance from switch surface to flow side

inlet is equal to the experimentally measured value of 0.23 K/W for grit blasted

fins. A CSPI value of 30 W/(L K) is thus achieved. This substantially improves on

the 5 W/(L K) previously demonstrated for a similar integrated chamber and heat

exchanger design [57]. Furthermore, it exceeds the best performance of systems

with separate air-cooled radiators (17 W/(L K) [42]) and approaches that offered

by parallel plate liquid heat exchangers (45 W/(L K) [53]). while also facilitating

close integration of switches, decoupling capacitors and gate drivers.

5.3.2 Leak Testing

In practical two-phase immersion cooling systems, it is desirable to purge both

chamber and fluid of non-condensible gases (NCGs) prior to operation. This is

because they can stratify close to the condenser surface, drastically degrading

its performance [15]. Furthermore, elevated pressures due to presence of NCGs

can elevate the switch surface temperature required for boiling incipience [77].

When purged of NCGs, the chamber is saturated with dielectric fluid vapour and

the internal pressure is usually sub-atmospheric at room temperature (i.e. when

the converter is not in operation). In this case, there are several mechanisms by

which gases can enter the chamber.

• Leakage through the O-rings which seal the fluid chambers to the PCB.

• Outgassing of contaminants from the PCB and elastomer seals under sub-

atmospheric pressure.
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(a) Leak test PCB

(b) Leak test apparatus

Figure 5.9: Photographs of printed circuit board and full test apparatus used to
investigate leakage of non-condensible gases.

• Leakage through sealing elements like bonded seals which connect fittings/ports

to the chamber.

• Release of gases dissolved in the working fluid under sub-atmospheric pressure.

An experimental apparatus was developed, shown in Fig. 5.9, to investigate the
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impact of non-condensible gas on performance during repeated power cycles. A

printed circuit board was fabricated with unmasked electroless nickel immersion

gold (ENIG) finish copper traces on the top and bottom layers. Two aluminium

chambers are fastened to either side of the PCB using six M2 bolts. Grooves are

machined into the aluminium chamber wall surfaces which contact the exposed

trace on the circuit board, forming a gland which fits a 1 mm thick nitrile O-ring.

Novec 7000 dielectric fluid is delivered to the chamber through a fill port attached

via a bonded seal. The fill port is then closed with a clip and a small quantity of

fluid is boiled off to atmosphere through the evacuation port which is subsequently

also closed. The chamber is then sealed and full of saturated vapour.

A coil of bare copper wire is soldered to the circuit board; its power dissipation

was set by controlling the current flow via an Adaptive Power Systems DDP25-200

power supply. Thermal cycles were applied by dissipating 300 W for between two

and three hours, then allowing the system to cool down to room temperature. Two

cycles were applied within 24 hours of each other. The system was then left at

room temperature and sub-atmospheric pressure for two weeks, after which two

further cycles were conducted within 24 hours. Pressure was recorded throughout the

thermal cycling test by a Bourns BPS130 absolute pressure sensor; the measurements

are shown in Fig 5.10. After the first two thermal cycles, pressure reached a steady

state value of 70.2 kPa. After the final cycle, the steady state pressure value was

63.4 kPa; the reduction was attributed to variation in ambient conditions such as

temperature in the laboratory. It is clear the rate of air leakage and contaminant

outgassing during the two week period is sufficiently small that it can not be

distinguished from other contributing factors. This indicates that, on short time

scales at least, the proposed two-phase immersion cooling system is unaffected by

non-condensible gases. Longer term testing is required to draw conclusions about

performance over the lifetime of a power converter.
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Figure 5.10: Pressure measurements taken over a period of two weeks with four thermal
cycles applied.

5.4 Conclusions

In this chapter, a practical two-phase immersion cooling system was proposed for

an electric vehicle motor drive on PCB substrate. The following key observations

were made concerning the performance of such systems.

• Condensation heat transfer on downward facing fins is accurately predicted at

high power using theoretical models based on conduction through the liquid

film. For heat exchangers with a finned condenser side and water channels

on the flow side as shown in Fig. 1.3, heat exchanger performance index of

167 W/(L K) was demonstrated.

• When considering the whole converter, the cooling system performance index

achieved is 30 W/(L K). This is competitive with the best previous efforts

detailed in literature while offering the unique advantage of cooling the entire

converter rather than just semiconductor switches.
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• Preliminary experiments with a two-phase immersion apparatus using O-rings

and bonded seals indicates that air leakage and contaminant outgassing have

negligible impact on performance over one month timescales.
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6
Power Density of Two-Phase Immersion

Cooled Magnetic Components

Another important class of components for power electronic systems is magnetics.

These consist of one or more coils of electrical conductor wound on a magnetic

core. Conventional cooling approaches rely on natural or forced flows of air around

the coils and core. High power transformers may be immersed in tanks of mineral

oil such that heat is transferred by single phase liquid convection. The aim of

this chapter is to explore the potential for increased volumetric power density

of magnetic components by applying two-phase immersion cooling with Novec

7000 dielectric fluid. It is anticipated improved surface heat transfer can facilitate

operation of a given magnetic component at higher currents, voltages and powers.

Table 6.1 summarises the heat transfer coefficients which can be achieved by air

and oil cooling based on previous literature. For comparison, the highest recorded

heat transfer coefficient for boiling Novec 7000 from Chapter 3 is 1.5 W/(cm2 K).

Magnetic components suffer two main loss mechanisms associated with the wire

coils and magnetic core respectively. Wire losses are generated by Joule heating

associated with resistance to current flow. The first contribution of this chapter is

a theoretical model and subsequent experimental validation of the current at which

a two-phase immersion cooled wire will fail due to Joule heating. For pure copper

79
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Table 6.1: Heat transfer coefficients for different magnetic component cooling techniques.
These are selected based on values proposed in the respective reference.

Cooling approach Heat transfer coefficient
(W/(cm2 K))

Reference

Natural convection in air 0.0005 [78]
Forced air cooling 0.005 [79]
Mineral oil with aluminium
oxide nanoparticles

0.05 [80]

Boiling heat transfer with
Novec 7000

1.5 Chapter. 3

wire, this limit arises from the incipience of critical heat flux on the wire surface.

Experiments are also conducted with Litz wire, which consists of many individually

insulated copper strands. An alternative failure mechanism is identified whereby

the insulation material melts, fusing strands together and effectively short circuiting

them. This limits the current carrying capacity for Litz wire relative to bare copper

wires of comparable diameter. Expected improvements compared with air and oil

cooling are quantified for both types of wire.

In magnetic cores excited by periodic alternating voltages, power losses are

dependent on the maximum magnetic flux density which in turn depends on

the magnitude and frequency of the voltage excitation. By applying two-phase

immersion cooling, power losses for a toroidal ferrite magnetic core are characterised

at frequencies up to 1.6 MHz and flux densities approaching saturation of the core.

This is a wider range of operating conditions than is typically provided by core

material data-sheets and is facilitated by improved heat transfer from the core

surface. A thermal model of the chosen core is proposed and used to evaluate the

maximum flux density as a function of frequency for two-phase immersion, oil and air

cooling. In a final step, the experimental results and models developed are employed

to design transformers in air, oil and Novec 7000 in order to compare their volumes.
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6.1 Coil Current Limits

When alternating current with frequency f flows in a conductor, the current density

is highest near the surface and decreases towards the centre. Skin depth δe, expressed

in Equation 6.1, provides a measure of how far current penetrates into a conductor

with electrical resistivity ρe and magnetic permeability µm [81].

δe =
√

ρe

πfµm
(6.1)

If the diameter of a wire coil is less than twice the skin depth, the skin effect

can be neglected; the coil resistance and losses are approximately the same as for a

direct current [81]. Fig. 6.1 plots the largest frequency for which this condition is

satisfied for copper wire at 65 ◦C. The maximum frequency for a 1 mm diameter

wire is 20 kHz. This was selected as a practical lower bound on the switching

frequency so larger diameter wires were not considered.
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Figure 6.1: Maximum frequency for copper wire coils of varying diameter based on skin
effect.
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6.1.1 Bare Copper Windings

A wire coil can be modelled as a thermally conductive cylinder with diameter dw

and material thermal conductivity kw. The coil rejects heat from its surface to a

surrounding medium at temperature Ts, at a rate characterised by the heat transfer

coefficient h. The Biot number for the wire is defined in Equation 6.2 [14]. If the

material is copper with thermal conductivity 390 W/(m K) and the surface heat

transfer coefficient is 1.5 W/(cm2 K)the worst case Biot number is 0.04 for a 1 mm

diameter wire. This value indicates the temperature can be considered uniform

across the cross section and is everywhere equal to the surface temperature Tc.

Bi = hdw

kw
(6.2)

When current I passes through a coil, it will heat up to the temperature

at which the Joule heating power losses are equal to the heat transferred from

surface to surroundings. This condition can be expressed per unit length of wire

by Equation 6.3.

4ρe

πd2
w

I2 = hπdw(Tc − Ts) (6.3)

Copper exhibits an increase in electrical resistivity with temperature as indicated

by the positive value of the temperature coefficient α in Equation 6.4 [82].

dρe

dT
= αρe (6.4)

For sufficiently high currents, thermal runaway can occur whereby the tempera-

ture increases rapidly until the wire melts. This is illustrated in Fig. 6.2 which plots

the per-length power loss and surface heat transfer (the right and left hand sides of

Equation 6.3) as functions of wire temperature for three different currents. For the

smallest current of 15 A there are two intersections, defining two potential thermal

equilibria which are labelled according to their stability. The highest theoretical

current, 26 A, is that for which only one (unstable) equilibrium occurs. For yet

higher currents, the lines do not intersect; the surface heat transfer is everywhere

smaller than the power loss and the wire temperature will increase until it melts.
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This mechanism imposes a limit on the current carrying capacity of coils. These

limits are plotted in Fig. 6.4 for the heat transfer coefficients detailed in Table 6.1

and surrounding temperature of 65 ◦C.
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Figure 6.2: Per length values of power loss and surface heat transfer as a function of
wire temperature at different currents.

For two-phase immersion cooled coils, it is important to also consider the critical

heat flux. For small horizontally oriented cylinders, a model has been proposed in

literature based on a modification to the Zuber instability theory; it is expressed

by Equation 6.5 [72]. This model predicts a decrease in critical heat flux with

wire diameter as shown in Fig. 6.3.

qchf = 0.94
 dw

2
√

σl
g(ρl−ρv)

− 1
4

qzub (6.5)

Equating the power losses and surface heat transfer at critical heat flux yields

Equation 6.6 for the maximum coil current. For simplicity, the electrical resistivity

is evaluated at the temperature Ts of the surrounding fluid plus 35 ◦C. Fig. 6.4

demonstrates the critical heat flux current limit for wire coils immersed in Novec

7000 fluid with saturation temperature of 65 ◦C. It is apparent these currents are

lower than the thermal runaway limits evaluated with a heat transfer coefficient
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Figure 6.3: Critical heat flux for a small horizontal wire as a function of its diameter
according to the Zuber model of Equation 6.5.

of 1.5 W/(cm2 K) so critical heat flux is the mechanism by which the wire will

fail. Nevertheless, the failure currents are up to three times greater than for oil

and almost eight times larger than with forced air.

I =
√

π2d3
wqchf

4ρe
(6.6)

To validate the predicted critical heat flux current limits for two-phase immersion

cooled coils, a modified version of the experimental apparatus from Chapter 3 was

built, depicted in Fig. 6.5. The borosilicate chamber, heat exchanger and O-ring

sealing arrangement remain unchanged; the insulated aluminium heater block is

replaced with a solid PEEK block. To pass electrical current through the component

under test, two M4 threaded brass studs are inserted into the block. A bonded

seal is secured to either side of the PEEK by a nut to prevent leakage of fluid.

A power supply is connected to the exposed portion of the stud external to the

chamber. The apparatus can be applied to any two-terminal component, including

wire segments or inductors wound on a magnetic core, by connecting each end to

the corresponding stud internal to the chamber. Prior to each test, the apparatus



6. Power Density of Two-Phase Immersion Cooled Magnetic Components 85

0 0.2 0.4 0.6 0.8 1
0

50

100

150

200

250

300

350

400

Figure 6.4: Current limits based on thermal runaway and critical heat flux as a function
of wire diameter.

is filled with Novec 7000 and evacuated of air as outlined in Chapter 3.

20 cm lengths of coiled bare copper wire with varying diameters were tested by

applying a direct current increased incrementally until critical heat flux was observed.

The current flow is set by an Adaptive Power Systems DDP25-200 power supply

connected to the apparatus via power leads. Separate sense leads are attached

to the external brass stud immediately after the sealing nut and fed back to the

supply, providing wire voltage measurements which do not include the resistive

voltage drop due to current flow in the power leads. Measured voltages facilitate

estimation of the power dissipation and critical heat flux. Importantly, they are

also used to identify the incipience of critical heat flux, which is accompanied by a

sudden increase in wire resistance and voltage. By setting appropriate protection

limits on the power supply, the test could be terminated automatically after critical

heat flux without causing the wire to burn out.

Table 6.2 summarises theoretical and experimental critical heat fluxes and

currents for wires of diameter 0.315 mm, 0.4 mm and 0.5 mm. The theoretical values

are evaluated at the fluid saturation temperature calculated from the corresponding

pressure measurement. In the absence of accurate wire temperature measurements,
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Figure 6.5: Experimental apparatus used for testing of magnetic components.

it is assumed to be 35 ◦C hotter than the fluid saturation temperature when

evaluating the electrical resistivity for Equation 6.6. This value was chosen based on

experimental observations from Chapter 3. The experimentally measured currents

are smaller than the predictions by between 2 % and 4 %. This is due to the

overestimation of critical heat flux by the model. A possible explanation for this

discrepancy relates to orientation of the cylindrical surface when coiled. It is

reported in previous literature that critical heat flux on planar surfaces decreases

as the orientation varies from zero to 90◦, so certain portions of the wire may be

more susceptible to critical heat flux than a horizontal cylinder [83].

6.1.2 Litz Wire Windings

For high frequency magnetic components, Litz wire is employed in order to mitigate

the skin effect. It is made up of many individually insulated wire strands, each

smaller than the skin depth, bundled and twisted together. A Litz wire will exhibit

lower current carrying capacity than a pure copper wire of the same diameter
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Table 6.2: Calculated and experimentally determined values of critical heat flux and
failure current for different wire diameters.

Diameter (mm) 0.315 0.4 0.5
Theoretical
CHF (W/cm2)

40.9 39.2 37.6

Experimental
CHF (W/cm2)

37.5 37.0 36.4

Theoretical cur-
rent (A)

35.8 49.9 68.0

Experimental
current (A)

35 48 65

for several reasons. Firstly, the copper fill factor is reduced which increases the

resistance per unit length. Furthermore, the insulation material can introduce

significant thermal resistance to heat flow through the cross section. According to

prior literature, if Litz wire is considered a homogenous porous material, its effective

thermal conductivity is only 1 W/(m K) to 2 W/(m K) compared with 390 W/(m K)

for pure copper [84].

At 1 MHz, Litz wire manufacturers recommend use of 46 American Wire Gauge

(AWG) strands with diameter 0.04 mm. A Litz wire with 300 46 AWG strands

was selected for experimental characterisation to determine the current carrying

capacity with two-phase immersion cooling. It is a type 2 Litz wire, meaning the

strands are divided up and twisted together to form bundles. The wire diameter

was measured with a calliper as 0.96 mm. The insulation material has a melting

temperature of 155 ◦C. In a preliminary test, it is observed the coil stiffens after

passing a sufficiently high direct current. Inspection of the cross section indicates

the insulation has melted and fused adjacent strands together. Fig. 6.6c depicts

a fully fused section of wire after testing at 90 A. This can cause short circuits

between strands and an accompanying large increase in AC electrical resistance due

to skin effect. Consequently, the highest practical current is that just insufficient to

melt the insulation.

Further testing was conducted by finding two currents which bracket the

maximum current, one which causes strands to fuse and one which does not.
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By testing the midpoint between these currents, the search space can be halved

with each test. This is a time consuming process which requires disassembly of

the experimental apparatus after each test to check the wire. Thus, the maximum

current reported may not be exact but is deemed sufficiently close to the actual

value.

Fig. 6.6a shows the wire after testing with 62 A. All of the strands could be

separated from each other and there was no indication the insulation had melted. At

73 A, as shown by Fig. 6.6b strands within the same bundle were observed to have

fused though the bundles could be separated from each other. This was selected as

the current which is just sufficient to cause failure.

(a) 62 A (b) 73 A (c) 90 A

Figure 6.6: Pictures showing different degrees of strand fusing for 300/46 Litz wire
tested at three different current values.

Theoretical predictions for oil and air cooled coils are calculated to compare

with the experimental result. Assuming the chosen Litz wire is homogenous with

thermal conductivity of 2 W/(m K) the Biot number with oil cooling is 0.24. This

is deemed sufficiently low to assume uniform temperature throughout the cross

section and the model is analogous to that for bare copper discussed previously. For

a Litz wire with Nst strands each with diameter dst, Equation 6.3 can be modified

to yield the expression for current below. The failure values are found by evaluating
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Table 6.3: Failure currents for 300/46 Litz wire cooled by air, oil and Novec 7000.

Forced air Oil Novec 7000
Current (A) 12.5 39.6 73.0
Derived from Equation 6.7 Equation 6.7 Experiment

Equation 6.7 with a wire temperature of 155 ◦C and are summarised in Table 6.3.

I =

√√√√Nstπ2dwd2
sth(Tc − Ts)
4ρe

(6.7)

Two-phase immersion cooled Litz wire can sustain currents which are almost

double those for oil and 6 times greater than forced air. It is noteworthy that

Equation 6.7 predicts a failure current of 216 A for a heat transfer coefficient of

1.5 W/(cm2 K) representing boiling in Novec 7000. The fact that only 73 A was

achieved indicates conduction through the cross section becomes significant.

6.2 Magnetic Cores

When a periodic voltage waveform is applied to a coil wound on a magnetic core,

a periodic flux is induced in the core with peak value proportional to the voltage

magnitude. It is beneficial to operate magnetic components at high peak flux

densities as this facilitates reduction of the core size for the same voltage. However,

magnetic saturation places a limit on the maximum flux density; this is a property

of the core material and is independent of its geometry. A second limit arises due

to the dependence of magnetic core power losses on the peak flux density. For

sufficiently high flux densities, sections of the core may heat up beyond the Curie

temperature of the material. Once this occurs, magnetic permeability drops rapidly

to zero and the component no longer functions as designed. This limit depends

both on the material and core geometry. Table6.4 summarises dimensions and

material properties for the 5977001401 toroidal ferrite core from Fair-rite which

was selected for characterisation of flux density limits.
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Table 6.4: Material properties and dimensions of the Fair-rite 5977001401 magnetic
core.

Property Value [85]
Core outer diameter (mm) 25.40
Core inner diameter (mm) 15.50
Core height (mm) 8.15
Saturation flux density at 100 ◦C (T) 0.4
Curie temperature (◦C) 215
Thermal conductivity (W/(m K)) 0.45

6.2.1 Curie Temperature Thermal Model

Although the chosen core has a rectangular cross section, it is modelled as a cylinder

with thermal conductivity kcr and diameter dcr chosen to conserve the perimeter-

to-cross section ratio for simplicity. The Biot number, evaluated via Equation. 6.2

with heat transfer coefficient of 1.5 W/(cm2 K) is 150. This indicates conduction

through the core can not be neglected and temperature T varies throughout the

cross section with radial distance r from the core centre. The heat equation can

be expressed in terms of the volumetric power dissipation Q′′′ which is assumed

to be generated uniformly throughout the core [14].

1
r

d
dr

(
rkcr

dT

dr

)
= −Q′′′ (6.8)

Equation 6.8 can be solved analytically subject to a boundary condition which

sets a heat transfer coefficient h on the core surface. By equating the highest

temperature, found at the core centre r = 0, to the Curie temperature Tcr, the

following expression is obtained. It can be used to calculate the maximum volumetric

power loss. A full derivation of the solution is presented in Appendix B.

Tcr = Ts + Q′′′d2
cr

16kcr
+ Q′′′dcr

4h
(6.9)

If instead the boundary condition is a constant critical heat flux qchf, the following

relation exists between the volumetric power loss and the heat flux.

Q′′′ = 4qchf

dcr
(6.10)
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Fig. 6.7a shows the Curie temperature limit on volumetric power loss for the

chosen core with surface heat transfer coefficients up to 1.5 W/(cm2 K). The

surrounding medium is taken to be at 65 ◦C. It is observed the volumetric power

loss tends towards a maximum value which is independent of further increase in

heat transfer coefficient. This can be explained by considering Fig. 6.7b, which plots

the temperature increase from fluid to core surface and from core surface to centre

at the Curie temperature power dissipation limit. As the heat transfer coefficient

increases, the total temperature rise at the core centre becomes dominated by the

component from surface to centre which depends only on the material thermal

conductivity and the core geometry.

Also shown is the volumetric power loss corresponding to critical heat flux in

Novec 7000 evaluated using the Zuber model of Equation 3.10. It is clear that the

Curie temperature will always be reached at the centre well before the power loss

is sufficient to incipit critical heat flux on the surface.
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Figure 6.7: (a) Power dissipation limits imposed on the chosen magnetic core by Curie
temperature and critical heat flux. (b)Temperature difference from fluid to core surface
and from core surface to centre at the Curie temperature limit.

6.2.2 Magnetic Core Experiments

The Steinmetz equation is commonly used to evaluate the losses in a magnetic core

excited by a sinusoidal flux. It is an empirical relationship which expresses the
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per volume power loss in terms of the peak flux density ∆B and the excitation

frequency f . It incorporates empirical parameters c, a and b which are derived

from experimental data [86].

Q′′′ = cfa∆Bb (6.11)

In order to relate the Curie temperature power loss limit to the flux density via

Equation 6.11, it is necessary to derive values for the Steinmetz parameters. While

the core manufacturer provides some loss data, it is limited to frequencies below

400 kHz and flux densities below 0.2 T. By making use of improved two-phase

immersion cooling, the selected core is tested up until magnetic saturation or Curie

temperature limit for frequencies up to 1.6 MHz. An inductor comprised of three

Litz wire turns with 300 strands of 46 AWG was wound on the selected core and

enclosed within the test chamber of Figure. 6.5. DC voltage is set by an EA-PSI

8720-15 power supply and converted into a square wave with magnitude V by a full

bridge converter controlled via a field programmable gate array (FPGA) platform

previously developed within the Power Electronics Group. Frequency f of the square

wave voltage is varied by changing the converter switching frequency via the FPGA.

The square wave voltage excitation produces a triangular flux waveform whose peak

depends on the number of winding turns Nw and the core cross-sectional area Acr.

∆B = V

4fNwAcr
(6.12)

By varying the power supply voltage in increments up to the converter rated value of

150 V, the flux density is set via Equation 6.12. For each combination of frequency

and flux density, the total power dissipation is calculated from the DC voltage

and current provided by the power supply, which were measured with Keithley

DMM6500 multimeters. Implicit in this approach is the assumption that all input

power is dissipated in the core i.e. the power loss in the Litz wire, converter and

connecting cables are negligible. This assumption is justified by the fact that current

magnitudes, and thus Joule heating losses, are small.

The current waveform is continuously monitored via a current clamp connected
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to an oscilloscope. Under normal operation of the inductor, current waveforms are

observed to be triangular. As the flux density increases, deformation to the current

waveform shape occurs, indicating the inductor no longer works as expected either

due to core saturation or parts of the core reaching the Curie temperature. When

this is observed for a particular frequency, the test is ended and higher voltages

are not applied. It should also be noted that at 1.6 MHz, current deformation was

not observed; rather, the test was halted due to overheating of the semiconductor

switches in the converter.
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Figure 6.8: Measured volumetric power dissipations for different flux densities and
excitation frequencies (shown as dots). Steinmetz equation fits are also shown as straight
lines.

Fig. 6.8 shows the measured volumetric power loss as a function of flux density

and frequency. The Steinmetz parameters were computed as a = 2.2360, b = 1.8766

and c = 1.7962 × 10−5 by multivariable regression. Power dissipations computed

via the fitted Steinmetz equation are also displayed.

By combining the thermal model with the fitted Steinmetz equation, it is possible

to estimate the maximum flux density as a function of frequency. This is shown in

Fig. 6.9 for frequencies up to 2 MHz for each of the cooling methods from Table 6.1.

For low frequencies, core saturation rather than Curie temperature imposes a limit
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on flux density, accounting for the flat portion of each line. At higher frequencies,

Curie temperature is reached before saturation and a decrease in flux density with

increasing frequency is observed. The model predicts a two-phase immersion cooled

winding can operate at flux densities 1.3 times greater than in oil and 2.8 times

greater than in air.
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Figure 6.9: Predicted peak flux density as a function of frequency for different heat
transfer coefficients at the core surface. Experimentally measured values for the core
immersed in Novec 7000 are also displayed.

The figure also includes the experimentally measured flux densities beyond

which current deformation was observed. These values follow a similar trend as

the theoretical predictions. For frequencies up to 500 kHz, saturation occurs at a

flux density of 0.3 T. This is smaller than the data sheet value provided at 100 ◦C

and likely reflects a reduction in saturation flux density with core temperature. For

600 kHz and up, the maximum flux density decreases with frequency, indicating

the Curie temperature is the limiting factor.

6.3 Transformer Power Density

In order to quantify the improvements in power density facilitated by two-phase

immersion cooling, a sizing approach is developed to estimate the volume of a
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transformer cooled via forced air, oil and boiling Novec 7000. The target application

is an isolated DC-DC converter in an electrical vehicle. The voltage excitation

magnitude is set to 800 V as this is an increasingly common choice for battery pack

voltage. The excitation frequency is 1 MHz. The load current is selected as 73 A.

The transformer consists of primary and secondary Litz wire coils each with twelve

turns; it has unity turns ratio. The magnetic core is toroidal with circular cross

section and made from Fair-rite material 77.

For the two-phase immersion cooled transformer, 300/46 Litz wire can conduct

the full load current. For oil and air, AWG Litz wires with 300, 330, 420, 550,

660 and 1000 strands of 46 AWG were considered. For each, the number of wires

which must be connected in parallel to conduct the load current is determined. The

toroidal core inner diameter is sized to accommodate both coils with 0.6 mm spacing

between adjacent turns to prevent vapour coalescence. Finally, the core cross section

diameter must be selected to avoid saturation or Curie temperature limits.

6.3.1 Core Sizing

To determine core cross section diameter, it is useful to consider how it effects

the magnetic flux. Increasing the diameter will decrease the flux density for

the same voltage excitation via Equation 6.12. However, it will also reduce the

volumetric power loss (and hence peak flux density) at which the Curie temperature

is reached at the centre. By combining Equations 6.12,6.9 and 6.11, the following

expression can be derived.

d2b
cr

d2
cr

16kcr
+ dcr

4h

=
(

V

Nwπ

)b cfa−b

Tcr − Ts
(6.13)

It can be shown the left hand side of Equation 6.13 is a monotonically increasing

function of core diameter and the smallest allowable core diameter is that for which

the Curie temperature is just reached at the centre. This is found by solving

Equation 6.13 iteratively using Newton’s method for the corresponding heat transfer

coefficient from Table 6.1. More detail concerning the solution procedure is presented

in Appendix C.
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Table 6.5: Design parameters and calculated volume for transformers cooled in air, oil
and boiling Novec 7000.

Air Oil Novec 7000
Number of Litz
strands

1000 660 300

Number of parallel
wires

2 1 1

Diameter of Litz
wire (mm)

2.29 1.65 0.96

Core inner diame-
ter (mm)

45.2 18.0 12.4

Core cross section
(mm)

26.6 18.1 16.4

Transformer vol-
ume (cm3)

221.8 47.1 28.6

Table 6.5 summarises chosen parameters for the three transformers. For each,

the volume is estimated by a cylindrical envelope which encloses the core and

windings. The results indicate that two-phase immersion cooling can reduce the

transformer volume by a factor of 1.6 compared with oil and 8 compared with air.

The three transformers are depicted graphically in Fig. 6.10.
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Figure 6.10: Plots showing dimensions of transformers cooled in air, oil and Novec 7000.

6.4 Conclusions

The experiments detailed in this chapter provide important insights into the

performance of magnetic components cooled by two-phase immersion.
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• For bare copper wires immersed in Novec 7000, the current capacity is limited

by the occurrence of critical heat flux on the surface. These currents are

predicted to be three times greater than oil and eight times greater than

air. For enamelled Litz wire, failure occurs by melting of the insulation and

subsequent fusing of strands. This mechanism was found to substantially

reduce the maximum current compared with bare copper wire of the same

diameter.

• Immersion of a ferrite core in Novec 7000 enabled loss characterisation up to

the saturation flux density and for frequencies in excess of 1 MHz, which is

typically not possible when testing cores in air. Thermal modelling indicates

the temperature difference across the core cross section is significant and the

volumetric power dissipation is limited by occurrence of the Curie temperature

at the core centre.

• Improved surface heat transfer offered by two-phase immersion cooling fa-

cilitates reduction of transformer volume by a up to 8 times compared with

air.
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7
Discussion and Future Work

Throughout this thesis, theoretical analysis of boiling and condensation phenomena,

along with experiments, were applied to provide answers for the research questions

posed in Chapter 1. Based on the results, several important conclusions can be

drawn concerning application of two-phase immersion cooling to enable power

dense converters on PCB substrates. These conclusions are discussed in this

chapter and avenues for future research within the topic of two-phase immersion

cooling are also proposed.

7.1 Conclusions

1. Identifying the limits of boiling heat transfer performance for planar

horizontal switches in closed systems. Experimental results support the

hypothesis that boiling heat transfer in dielectric fluids improves with elevated

saturation temperatures and pressures occurring in closed systems. For a

practical electric vehicle motor drive with water-glycol temperature of 65 ◦C,

critical heat flux of 43 W/cm2 and a heat transfer coefficient of 1.5 W K/cm2

can be expected with Novec 7000 dielectric fluid, compared with 20 W/cm2

and 0.85 W K/cm2 at atmospheric pressure [24].

It is observed that the Zuber model based on hydrodynamic stability theory

99
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predicts the experimental critical heat flux to within 13 %. Boiling correlations

proposed by Stephan, Mostinski and Cooper failed to match experimental

results up to the critical heat flux. The Rohsenow correlation with fitted

parameters Csf and n reasonably agrees with experiment to a mean absolute

percentage error of 12 %.

2. Exploring improvements in boiling heat transfer for semiconductor

switches with finned heat spreaders on PCB substrates. A one-

dimensional model for heat flow through pin fins subject to a temperature-

dependent heat transfer coefficient was proposed. Through numerical solution,

the model can be applied to predict performance of heat spreader designs

subject to constraints imposed by the PCB substrate. By modelling the

heat transfer coefficient with a piecewise Rohsenow correlation fitted to

experimental data , switch-level heat transfer coefficient predictions can be

obtained which match experimental values with a mean absolute percentage

error of 12 %.

Experiments with Novec 7000 indicate finned heat spreaders can improve

the switch-level heat transfer coefficient from 1.5 W K/cm2 to 2.5 W K/cm2.

This was increased further to 3.4 W K/cm2 by grit blasting the fin surfaces

to favourably influence micro-geometry. This performance was achieved with

simple machining and surface treatment techniques using a heat spreader

geometry that neither compromises converter electrical layout nor requires an

increase in total volume.

3. Design and evaluation of a complete sealed two-phase immersion

cooling system targeting high thermal power density. A heat exchanger

design for two-phase immersion cooling was presented. It features downward

facing pin fins on the condenser side, water-glycol coolant channels on the flow

side and a separating material layer in between. This allows the condenser side

fins and the flow side channels to be configured independently of each other.

The flow side channels can be sized using conventional design paradigms
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to achieve high convective heat transfer with acceptable pressure drop. A

theoretical model for film condensation on downward facing fins was presented

and solved numerically. This allows for simulation aided design of the

condenser side geometry. Experimental results indicate the heat exchanger can

achieve HEPI of 167 W/(L K). It approaches the performance of commercial

liquid cooled heat exchangers with the additional advantage of integration into

the fluid chamber and can be constructed using simple CNC manufacturing

techniques.

Based on the proposed heat exchanger, an electric vehicle motor drive

inverter on PCB substrate was designed and evaluated in terms of thermal

power density metrics. The converter achieves CSPI of 30 W/(L K) which is

competitive with the best previous efforts in literature, while incorporating

decoupling capacitors and gate drivers in close proximity to semiconductor

switches. This performance indicates the potential of two-phase immersion

cooling to enable power dense PCB-based converters with low inductance

electrical layouts.

A sealing concept to enclose dielectric fluid between a chamber and the PCB

substrate was proposed based on elastomer seals. Experiments were conducted

over the course of a month to investigate the impact of non-condensible

gases leaking into the system and contaminant outgassing. Results indicate

performance of was unaffected after several thermal cycles. However, longer

term tests are required to draw conclusions over the lifetime of a converter.

4. Characterisation of the reduction in size of two-phase immersion

cooled power magnetic components. Experiments with bare copper wires

immersed in Novec 7000 dielectric fluid indicate their current capacity is

limited by the occurrence of critical heat flux at the surface. Maximal currents

measured for different diameters of wire agree closely with predictions derived

using Zuber’s theory of critical heat flux. The values are three times greater

than theoretical estimates for oil-cooled wires and almost eight times greater

than with air-cooling. For Litz wires, sufficiently high currents cause the
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insulation to melt which fuses strands together and increases AC resistance.

This current was identified experimentally for a 300/46 Litz wire as 73 A,

almost double the theoretical value for oil and six times greater than air.

Analysis of heat transfer through a magnetic core cross section demonstrates

the volumetric power dissipation is restricted due to the core centre reaching

the material Curie temperature. A limiting value on power dissipation occurs

when conduction through the core alone causes this to occur. Immersing ferrite

cores in Novec 7000 fluid significantly improves heat transfer from the surface

and allows the core to operate close to the conduction limit. This enables

characterisation of loss mechanisms in magnetic materials at higher flux

densities than are typically provided in material data-sheets. Furthermore, it

facilitates reduction in core size for the same voltage excitation and frequency.

The combined effect of two-phase cooling both core and coils is to reduce the

volume of air-cooled transformers and inductors by a factor of almost 8.

7.2 Future Work

Exploration of alternative heat transfer fluids for two-phase immersion

cooling: Experiments conducted in Chapters 3 and 4 demonstrate that boiling

heat transfer performance for dielectric fluids can be improved substantially by

combining high fluid saturation temperature operation, finned heat spreaders and

surface micro-geometry enhancement. In order to achieve yet higher switch-level

heat transfer coefficients and critical heat fluxes, it is important to consider fluids

with more favourable physical properties. This would additionally improve heat

transfer associated with the heat exchanger condenser side. Further research would

therefore seek to address issues which currently obstruct use of alternative fluids,

including chemical compatibility for solvents like methanol and electrical conduction

for water.

Preliminary investigations in the literature using ethanol demonstrate adequate

chemical compatibility with semiconductor dies in short tests [32]. Furthermore,

tests were conducted during the course of this DPhil involving immersion of a printed
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circuit board in ethanol. These experiments were not discussed in the main body

of the thesis. However, there were no clear indications of chemical damage to the

PCB, semiconductor switches, passive components or silicone seals over the course

of one week. With more time, long term testing would be conducted using various

alcohols with a wider range of electronic components including transformer/inductor

assemblies.

If alcohols prove to be feasible candidate fluids for electronics cooling, several

further avenues of investigation follow. One example is the use of binary aqueous mix-

tures. In [87], small quantities of methanol or 2-propanol are mixed with water, yield-

ing improvements in critical heat flux by factor of 1.6 and 2 respectively compared

with pure water. This is explained by the reduction in surface tension of the mixture

relative to pure water, reducing bubble size while retaining favourable bulk thermal

properties. Future work in this area would consider the performance of mixtures with

fluids other than water as the base liquid in order to address electrical conduction is-

sues.

Novel heat exchangers to achieve greater power density: In Chapter 5, it is

observed that when finned heat spreaders and surface enhancement techniques are

used to enhance boiling heat transfer from the semiconductor switch surface, the

heat exchanger condenser side accounts for the majority of thermal resistance from

the flow side inlet to the switch. This is due to the separation between dielectric fluid

and water glycol and the effect of conduction through the condenser side pin fins.

In order to improve the achievable CSPI of two-phase immersion cooled systems,

it is necessary to consider novel heat exchanger designs which reduce separation

between the two fluids with minimal compromise on the surface area available for

condensation and liquid convection. Preferably, these would also be machinable

using conventional CNC milling techniques. A possible example is depicted in

Fig. 7.1. It consists of alternating parallel channels separated by a folded layer of

material. The dielectric fluid condenses in the downward facing channels and returns

to the pool under gravity. Water-glycol flows through the upward facing channels
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and the two are coupled thermally via a thin separating wall. The condensing

Figure 7.1: Diagram showing section view of alternative heat exchanger structure which
minimises separation between dielectric fluid and water-glycol coolant.

surface geometry is now closely related to the flow side channel arrangement. Future

research would focus on optimising such structures to achieve the best compromise

between condensation and convective heat transfer while maintaining acceptable

pressure drop across the flow side.

More drastic departures from the heat exchanger concept of this thesis could

also be considered. In [88], it is proposed to condense dielectric fluid vapour

by direct contact with water. Due to the high density of Novec 7000 fluid,

it will stratify at the bottom of a mixture with water. Bubbles forming in

the dielectric fluid layer rise and accumulate at the interface between the two

liquids. When a sufficiently large bubble forms, it penetrates the interface, con-

denses in direct contact with surrounding water and returns to the Novec 7000

layer. This approach yields high condensation heat transfer coefficients and a

large heat exchange area. Research would focus on addressing concerns sur-

rounding the electrical isolation capability, particularly in non-static applications

like electric vehicles, where mixing of the dielectric fluid and water may occur.

Practical implementation of two-phase immersion cooling in electric
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vehicle applications: In Chapter 5, experiments were conducted which demon-

strate a negligible impact of air leakage over the course of one month for fluid

chambers sealed to PCB substrates via elastomer O-rings. Given more time, longer

term thermal cycling tests would be conducted. The results could be extrapolated

over the lifetime of a power converter to determine the feasibility of a sealed-for-

life approach. Furthermore, development of techniques for in-situ detection and

purging of non-condensible gases would be investigated. Such techniques work by

periodically venting NCGs stratified on top of the vapour space, which is inevitably

accompanied by loss of dielectric fluid [42]. In electric vehicle applications where

volume is severely constrained, a feasible degassing approach must minimise the

associated loss rate to reduce the excess fluid volume required to ensure components

remain submerged over the converter lifetime.

Another challenge in electric vehicle applications which warrants further investi-

gation relates to the impact of vehicle motion on two-phase immersion cooling perfor-

mance. This work would consider methods to ensure all electronic components can

remain submerged under changes in orientation. This could include incorporation of

porous structures to induce capillary driven return of liquid from the condenser, as

is commonly employed in heat pipes [14]. Alternative chamber designs could also be

considered which allow for effective heat exchange from all surfaces rather than just

one single surface which is located vertically above the electronic components. This

could facilitate gravity-driven return of condensate in multiple different orientations.

Realisation of power dense, transformer isolated DC-DC converters:

Further research would build on findings concerning magnetic components in Chapter

6 to demonstrate power dense DC-DC converters with transformers for galvanic

isolation. This is useful in applications like on-board chargers for electric vehicles

where volume minimisation is a key objective. An important component of this work

relates to novel design procedures for two-phase immersion cooled transformers.

Preliminary investigations in the literature tested chemical compatibility between

dielectric fluids and materials used in conventional transformer assemblies. Ferrite
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core, polyurethane enamelled wires, epoxy adhesives and polymer spacers/coil

formers all demonstrated no observable damage or signs of chemical attack [58].

Future work may consider novel transformer designs which take full advantage of

improved cooling. This can be achieved by spacing out the coils and magnetic core,

allowing the dielectric fluid to fill the gaps and maximise heat transfer from their

surfaces.

Another avenue of investigation may consider the electrical performance of

circuits immersed in dielectric fluid. Operation of resonant converter topologies

is sensitive to the inductances and capacitances associated with the isolating

transformer. In [58], it is observed that immersion yields negligible impact on

magnetic properties of the core and hence on inductances. However, the dielectric

constant of the fluid, which floods the gaps in between adjacent coil turns, impacts

the inter-turn capacitance. A simulation analysis performed in [89] indicates this

can lead to voltage overshoots, oscillations and greater energy loss during switching

transients. This provides an imperative for increasing the inter-turn spacing. There

is a clear trade-off between parasitic capacitance and volume which depends on

the turn spacing and could be investigated in further work.
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A
Uncertainty Evaluation

In Chapters 3 and 4, uncertainties are reported for heat fluxes and heat transfer

coefficients which were calculated from measured temperatures, pressures, voltages

and currents. This appendix details the procedure used to propagate uncertainties

in the measurements to obtain uncertainties for derived values.

A quantity Y is calculated from independently measured quantities Xa, Xb, ...Xz

via the functional relationship Φ.

Y = Φ(Xa, Xb, ...Xz) (A.1)

Measurements xa, xb, ...xz of these quantities are taken with uncertainty ∆xa, ∆xb, ...∆xz.

In general, the uncertainty ∆y in the corresponding calculated quantity can be

estimated using Equation A.2 [90].

∆y =

√√√√√( ∂Φ
∂Xa

∣∣∣∣∣
Xa=xa

∆xa

)2

+
 ∂Φ

∂Xb

∣∣∣∣∣
Xb=xb

∆xb

2

+ ...

(
∂Φ
∂Xz

∣∣∣∣∣
Xz=xz

∆xz

)2

(A.2)

Most of the calculated uncertainties in Table. 3.3 can be derived by combining

standard rules for sums, products and quotients which follow from Equation. A.2.

The only exception is the saturation temperature, which is related to the pressure

by Equation. A.3.

Ps = exp
( −3548.6

Ts + 273.15 + 22.978
)

(A.3)
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To calculate its uncertainty, it is necessary to evaluate derivative dTs
dPs

via the

following expression

dTs

dPs
= 3548.6

Ps(22.978 − log(Ps))2 (A.4)



B
Analytical Solutions of the

One-Dimensional Heat Equation

B.1 Pin Fin with Uniform Surface Heat Flux

In Chapter 4, analytical solution for a pin fin subject to a uniform heat flux on all

surfaces was discussed. The heat equation for this problem is expressed below.

d2T

dx2 = 4q

kftf
(B.1)

By integrating both sides of the equation twice, the following relationship is derived

where A and B are constants of integration.

T = 2q

kftf
x2 + Ax + B (B.2)

A constant heat flux boundary condition is applied at the fin tip:

−kf
dT

dx

∣∣∣∣∣
x=L

= −kf

(4qL

kftf
+ A

)
= q (B.3)

Applying the boundary condition and rearranging yields the following expression

for the constant A.

A = −
(

q

kf
+ 4qL

kftf

)
(B.4)
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The fin temperature at the fin base, T |x=0 is constant at Tc. This yields the

following equation for constant B.

B = Tc (B.5)

The heat transfer through the fin can be evaluated via Equation B.6.

Qf = −kft
2
f
dT

dx

∣∣∣∣∣
x=0

= −kft
2
f A = qt2

f + 4qLtf (B.6)

B.2 Cylindrical Magnetic Core with Uniform Power
Dissipation

In Chapter 6, the heat equation for cylindrical magnetic core cross sections with

volumetric power dissipation was discussed. A more detailed derivation of the

solution is presented here. The heat equation is expressed in polar coordinates below.

1
r

d
dr

(
kcrr

dT

dr

)
= −Q′′′ (B.7)

Rearranging and integrating twice leads to the following expression in terms

of integration constants A and B.

T = B − Q′′′r2

4kcr
+ A log(r)

kcr
(B.8)

In order for the temperature to remain bounded at the core centre, constant

A must be equal to zero. If the core is subject to a heat transfer coefficient at its

surface r = dcr
2 , the boundary condition can be expressed as follows.

−kcr
dT

dr

∣∣∣∣∣
r= dcr

2

= Q′′′dcr

4 = h(T |r= dcr
2

− Ts) = B − Q′′′d2
cr

16kcr
− Ts (B.9)

This yields the following expression for constant B.

B = Ts + Q′′′d2
cr

16kcr
+ Q′′′dcr

4 (B.10)

By equating the highest temperature, found at the core centre r = 0, to the Curie

temperature Tcr, the following expression is obtained.

Tcr = Ts + Q′′′d2
cr

16kcr
+ Q′′′dcr

4h
(B.11)
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If the heat flux at the core surface reaches critical heat flux, the boundary condition

can be expressed as follows.

−kcr
dT

dr

∣∣∣∣∣
r= dcr

2

= Q′′′dcr

4 = qchf (B.12)
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C
Transformer Core Sizing

In Chapter 6 the following expression was derived relating the diameter of a magnetic

core dcr to its electrical and thermal parameters. The left hand side of the equality

is denoted as a function ϕ of core diameter.

ϕ(dcr) = d2b
cr

d2
cr

16kcr
+ dcr

4h

=
(

V

Nwπ

)b cfa−b

Tcr − Ts
(C.1)

The derivative ϕ′(ddc) can be evaluated using the quotient rule, yielding Equa-

tion C.2.

ϕ′(dcr) =
(2b − 2)d2b+1

cr
16kcr

+ (2b − 1)d2b
cr

4h(
d2

cr
16kcr

+ dcr
4h

)2 (C.2)

Since 2b > 2, the derivative is always positive and ϕ(dcr) is a monotonically increasing

function of core diameter. This is illustrated in Fig. C.1 which plots the left and

right hand sides of Equation C.1 for different values of core diameter and Curie

temperature. For a given temperature, there exists a single solution for the core

diameter. Furthermore, it is clear the smallest core diameter occurs for the largest

temperature at the core centre i.e. when it reaches the Curie temperature of the

material.

The core diameter is calculated numerically by Newton’s method using the
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Figure C.1: ϕ(dcr) plotted as a function of core diameter. Also shown is the right hand
side of Equation C.2) for various values of Curie temperature.

following relation to iteratively update an estimate to the solution.

dcr = dcr −
ϕ(dcr) −

(
V

Nwπ

)b cfa−b

Tcr−Ts

ϕ′(dcr)
(C.3)
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