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ABSTRACT

Mitigating heat generated by hot spots inside of power electronic devices is a

formidable obstacle to further increases in power density. This work presents

the first demonstration of active cooling for hot spots in compact electronics

via electric-field-enhanced (EFE) jumping-droplet condensation. To test the

viability of EFE condensation for electronic hot spot cooling, an experimen-

tal setup was developed to remove heat via droplet evaporation from single

and multiple high-power gallium nitride (GaN) transistors acting as local hot

spots (4.6 mm x 2.6 mm). An externally powered circuit was developed to

direct jumping droplets from a copper oxide (CuO) nanostructured super-

hydrophobic surface to the transistor hot spots by applying electric fields

between the condensing surface and an electrically floated circuit (directly

to the transistor) or a guard ring (surrounding the transistor). Heat trans-

fer measurements were performed in ambient air (22-25 ◦C air temperature,

20-45% relative humidity) to determine the effect of gap spacing (1-5 mm)

between the GaN transistor and superhydrophobic surface, strength of the

electric field (50-250 V/cm), and the cooling performance at different applied

heat flux conditions (demonstrated to 13 W/cm2) along with power dissipa-

tion levels (≈ 1.57 W). EFE condensation was shown to enhance the heat

transfer from the local hot spot by ≈ 200% compared to cooling without

jumping and by 20% compared to non-EFE jumping. Dynamic switching of

the electric field for a two-GaN system reveals the potential for active cool-

ing of mobile hot spots. The opportunity for further cooling enhancement

by the removal of non-condensable gases (NCGs) is discussed, promising lo-

cal hot spot heat dissipation rates approaching 120 W/cm2. This work not

only demonstrates EFE-condensation-based electronics cooling for the first

time, but also provides a framework for the development of active jumping-

droplet-based vapor chambers and heat pipes capable of spatial and temporal

thermal dissipation control.
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CHAPTER 1

INTRODUCTION

Electrification has catalyzed an increase in the power density (power-to-

volume ratio, kW/L) and the specific power (power-to-weight ratio, kW/kg)

of both stationary and mobile systems [1, 2, 3, 4, 5, 6]. For stationary sys-

tems, electrification has centered around methods for improving the power

density, specific power, and efficiency (the ratio of power out to power into

a system). Lighter and more compact converters in renewable [3, 7, 8, 9]

and high-voltage, high-power grid applications [10, 11, 12] would reduce the

installation and maintenance cost of the complete system by decreasing the

cost of the support structure and the number of technicians required to per-

form the installation, which can be a substantial portion of the overall costs.

In data centers, more efficient and compact power electronics architectures

such as series-stacking [13, 14, 15, 16, 17] can dramatically reduce wasted

energy from these growing electrical loads, which currently consume approx-

imately 2% of the energy in the United States of America [18]. For mobile

applications, this mega-trend of replacing bulky pneumatic and mechanical

systems with smaller electrical systems has catalyzed the development of

fully-electric and more-electric: automobiles [1, 19, 20, 21], off-road equip-

ment [22], trains [23, 24, 25, 26], ships [27, 28, 29, 30, 31, 32], and aircraft

[33, 34, 35, 36, 37]. Undoubtedly, electrification has created a demand for

lighter and more compact power electronics.

Yet, the ability to remove heat from internal hot spots constrains the

design of converters and inverters [5, 19, 34, 35, 36, 38, 39, 40, 41, 42, 43,

44, 45, 46, 47]. Depicted in Fig. 1.1, recent advances in the development of

high performance power converters utilizing wide bandgap semiconductors

have shown that the majority of heat can be generated locally near spatially

distributed hot spots [5, 6, 41, 42, 43, 48, 49, 50, 51, 52, 53, 54, 55], especially

for application in extreme environments [45, 46, 56, 57, 58]. Traditional

cooling schemes are stymied by these spatial as well as temporal variations
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in hot spot locations concurrent with electro-thermal optimization and novel

circuit architectures [41, 43, 51, 52, 59, 60].

To address this concern, fundamentally different, active cooling techniques

are required to mitigate hot spots. Leveraging recent advances both in wide

bandgap semiconductors and in phase-change cooling techniques, this work

outlines an active hot spot cooling method. Instead of providing uniform

single phase or two-phase cooling of the entire device, this thesis builds on

the first demonstration of active, phase-change cooling of individual gallium

nitride (GaN) transistors using jumping-droplet-based electric-field-enhanced

(EFE) condensation as described by the author [63, 64] in order to provide

a comprehensive discussion of this promising cooling method for active hot

spots in power electronic devices.

Chapter 2 discusses the basic physics governing jumping-droplet conden-

sation and highlights how this yields enhanced heat transfer compared to

traditional cooling schemes. Chapters 3 and 4 highlight the potential for

external electric [65] and magnetic fields to impact jumping droplets in order

to further enhance this heat transfer mechanism. Chapter 5 outlines how

to leverage EFE jumping-droplet condensation in a real system to provide

both spatial and temporal active cooling for GaN devices. Next, Chapter

6 discusses the construction of the experimental setup developed to inves-

tigate this process in ambient conditions. Chapter 7 highlights the model

and experimental results developed for the heat transfer analysis of the EFE

jumping-droplet condensation for these worst-case conditions of ambient en-

vironment with non-condensable gases (NCGs) and jumping against grav-

ity. Evidence of steerable cooling using external electric fields is provided in

Chapter 8. Finally, Chapter 9 summarizes the key contributions of this work

and future work already in-progress to build on these promising results.

Figure 1.1: High power density inverter with distributed hot spots spatially
and temporally based on load [41, 42, 61, 62].
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CHAPTER 2

GOVERNING PHYSICAL PRINCIPLES
FOR JUMPING-DROPLET HEAT

TRANSFER

Water vapor can condense on a surface as either a film or distinct droplets

(dropwise) depending on the surface wettability. Simply, wettability de-

scribes how well a foreign liquid deposited on either a liquid or solid surface

can adhere or spread. This phenomenon is governed by the surface energy

(energy per unit area), which can also be viewed as surface tension (force

per unit length), at the interface between the surface and the foreign liquid

[66]. The affinity for molecules in each material to attract and to interact

with similar molecules as opposed to dissimilar molecules causes the area

between the two materials to be minimized, which results in surface tension

at the interface [66]. When the foreign liquid droplet is at equilibrium with

the surface as in Fig. 2.1, three surface tensions or surface energies exist:

between the surface and air, γSA, between the surface and the foreign liquid,

γSL, and the total between the liquid and air, γLA. As depicted in Fig. 2.1,

a contact angle, θ, is formed between the droplet’s liquid-air boundary and

surface-liquid boundary. This contact angle exists because, unlike bulk liq-

uids, surface molecules do not have neighboring molecules in every direction

to provide a balanced net surface tension. Therefore, the lack of surrounding

neighboring molecules of similar type creates a net force pulling the molecules

inward, which minimizes the surface area for the lowest surface energy state.

The surface energy balance in this partial wetting case is

γSA = γSL + γLA cos(θ). (2.1)

Figure 2.1: Contribution of contact angle to the surface energy balance at
equilibrium.
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A film or highly pinned droplets would form for complete wetting if

θ = 0 ◦ and

γSA > γSL + γLA. (2.2)

These complete wetting conditions do not promote the jumping phenomenon

at the heart of this analysis and will be ignored for the purposes of this dis-

cussion. Interestingly, as θ varies between 0 ◦ and 180 ◦ for the partial wetting

case, a rich diversity of partial wetting behavior exists. This contact angle

can either be visualized at the microscale (intrinsic contact angle) or be mea-

sured at the macroscale using a microscope (apparent contact angle). Figure

2.2 summarizes how contact angles less than 90 ◦ yield hydrophilic droplets,

which are characterized by a propensity for stronger adhesion to the surface

and increased surface energy. In contrast, contact angles greater than 90 ◦

correspond to hydrophobic droplets that naturally have less attraction to the

surface and lower surface energy. As the contact angles diverge further away

from 90 ◦ in both directions, these extreme droplet behavioral states are clas-

sified as superhydrophilic for very small contact angles and superhydrophobic

for very large contact angles.

Surfaces with the unique superhydrophobic properties can be employed for

a wide variety of applications such as anti-fogging [67], anti-icing [67, 68, 69,

70, 71, 72], anti-microbial [73], self-cleaning [67, 71, 73], energy harvesting

[74], vapor chambers [75, 76, 77], thermal diodes [78], and enhanced heat

transfer [79, 80]. Interestingly, these superhydrophic surfaces also exist in

nature. The leaves of lotus plants, the wings of cicadas and butterflies, and

Figure 2.2: Understanding how contact angle yields varying hydrophilic and
hydrophobic surface behavior.
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Figure 2.3: Wenzel-like droplet morphology has stronger adhesion to
surface than Cassie-like droplet morphology.

the feet of geckos and water striders all exhibit hydrophobic and superhy-

drophobic properties [66, 81, 82].

Since the high surface roughness of superhydrophobic nanostructures facili-

tates the formation of droplets with lower surface energy as shown in Fig. 2.2,

this surface behavior type is ideal for catalyzing droplet jumping. The surface

energy of a droplet is also governed by its morphology for droplet formation

and this can dramatically impact a droplet’s capacity to jump. In general,

the droplets will exhibit either Wenzel-like morphology, where a portion of

the droplets flow into the valleys of the nanostructured surface, or Cassie-like

morphology where the droplets sit on top of the nanostructured surface. As

shown in Fig. 2.3, droplets with the Cassie-like morphology clearly have less

adhesion to the surface and therefore less surface energy than droplets with

Wenzel-like morphology even in cases where the surface roughness is the same

[66]. Thus, developing surfaces that promote the Cassie-like morphology will

be important to catalyzing the jumping behavior because the droplets will

have inherently lower surface energy [66, 76, 83, 84].

This jumping phenomenon exists when neighboring droplets merge (coales-

cence) on a superhydrophobic surface composed of nanostructures with high

surface roughness [75, 76, 85, 86]. Figure 2.4 demonstrates how the merging

of two identical droplets with the same contact angle, θCA1, radius, R1, and
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contact line radius, r1, results in a droplet where the volume is conserved:

Vn = 2V1 = 2

(
4

3
r31

)
, (2.3)

and the contact angle remains the same:

θCAn = θCA1. (2.4)

Yet, as the droplets squeeze into each other in order to maintain the same

contact angle and contact line radius with the new volume, the surface energy

of the merged droplet ends up being less than the sum of the surface energy

for each individual un-merged droplet as in Fig. 2.4. Since energy must be

conserved, some excess energy exists in the merged state compared to the

initial un-merged state. As a result of forces created internally to the droplet

from the squeezing during coalescence, this excess energy is spontaneously

converted into kinetic energy, which catalyzes the droplet to eject normal to

the surface (independent of gravity) as in Fig. 2.5. This jumping behavior,

described by the energy balance equation of the surface energies and the

kinetic energy of the merged droplet (K3):

γ1 + γ2 = γ3 +K3, (2.5)

exists also when the droplets are of differing size as depicted in Fig. 2.5

[76, 86]. The surface energy is based on the surface tension, σ, and the

Figure 2.4: Ideally, when two identical droplets merge, volume should be
conserved and the resulting contact angle should remain the same.
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surface area of the merged droplet:

γ3 = σ

(
4πR2

3

)
, (2.6)

while the kinetic energy is based on the density of the liquid (ρ), the volume,

and the velocity (Uf ) of the merged droplet:

K3 =

(
1

2
ρ

)(
4

3
πR3

3

)(
Uf

)
. (2.7)

The velocity of the jumping droplet can be determined from

Uf = C

√
6σ(r21 + r22 − (r31 − r32)2/3)

ρ(r31 + r32)
. (2.8)

Interestingly, this jumping behavior exists even though less than 6% of the

initial energy of the un-merged state is often converted into kinetic energy

during the merged state [76, 83, 84, 85]. The nanostructured surfaces are

fabricated specifically to promote the formation of droplets with diameters

between approximately 1 and 100 µm since droplets of this scale are best

suited to have excess surface energy after merging with a neighboring droplet

and to jump [75, 76, 85]. Moreover, these surfaces are also designed to

promote the Cassie-like morphology to further reduce the surface energy and

to promote jumping.

Figure 2.5: Once two droplets merge on the superdyrdophobic surface, they
jump independent from gravity due to excess surface energy. The droplet
also has a net positive charge.
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Dropwise condensation is significantly more efficient at heat and mass

transfer since the droplets can more easily shed from the surface via jump-

ing or even gravitational body force compared to adhered liquid films [85].

Additional improvements to this heat transfer can be obtained both if the

droplets jump off the surface (independent of gravity) instead of rolling off

the surface due to gravity [87] and if the droplets undergo phase change from

liquid to gas (evaporation). Furthermore, jumping-droplet condensation can

enhance heat transfer in two different ways. First, the jumping behavior

decreases the time-averaged droplet size residing on a condensing surface

such as a cold plate or pipe, which increases the condensation rate and can

increase the condensation heat transfer coefficient by several orders of mag-

nitude [76, 83]. Second, jumping also catalyzes cooling when the droplets

are attracted to a surface using latent heat while evaporating. This pro-

vides a new parallel heat transfer path from the hot to cold surface with an

ultra-high evaporation heat transfer coefficient.

Interestingly, Fig. 2.5 also demonstrates another unique aspect of the

jumping phenomenon where the droplet has a net positive charge after leav-

ing the surface. Chapter 3 examines how external electric fields impact the

droplet trajectory due to this net charge.
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CHAPTER 3

ELECTRIC-FIELD-ENHANCED JUMPING

While external factors such as the roughness of the superhydrophic coating,

gravity, and the presence of NCGs impact the jumping process, external

electric fields have been shown to impact droplet trajectory, and thus, can

maximize the efficiency of jumping-droplet cooling. Jumping droplets were

recently found to have a net positive charge of approximately 10 to 100 fC

[65, 76, 87]. As the droplets leave the superhydrophobic surface as shown

in Fig. 2.5, a small amount of OH− remains on the nanostructured surface

due to electric double layer charge separation, which yields excess H+ in

the water droplet. Figure 3.1a demonstrates how jumping droplets show no

special attraction to the electrode when no potential difference exists between

the electrode and a cold plate. Yet, when the electrode is negatively charged

with respect to the cold plate, Fig. 3.1b highlights how the trajectories of

the droplets immediately trend towards the negatively charged electrode. In

contrast, droplets are strongly repelled by the electrode if a positive potential

is applied between the electrode and cold plate.

Thus, by replacing the electrode with an electronic device such as a GaN

transistor, external electric fields could be employed to guide jumping droplets

(a) (b) (c)

V

ΔV= 0 V ΔV= -500 V ΔV= +300 V

Figure 3.1: For an exposure time of 40 ms, measurements with (a) 0 V, (b)
-500 V, and (c) +300 V between an electrode and a cold plate underscored
that jumping droplets in an electric field are attracted to a negative
potential and repelled by a positive potential [65, 76, 87].
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toward the hot electronic components. A review of the fundamentals for elec-

tric fields will ensure that the corresponding voltages and distances for EFE

jumping-droplet condensation will be practical for electronics cooling. Con-

sider an experimental setup where droplets will condense and jump from a

cold plate toward a hot GaN transistor, which will be outlined with more

detail in Chapters 5 and 6. For varying spacing and applied voltage between

the cold plate and GaN device for this experimental setup, the magnitude

of the electric field (V/m) between the cold plate and the negatively biased

GaN device can be calculated from

E =
V

d
, (3.1)

where V is the bias voltage (e.g. -100 V) and d is the separation between

the cold plate and the GaN device (e.g. 3 mm). The force (N) due to the

electric field acting on the charged jumping droplet (e.g. q ≈ 15 fC) can be

obtained from

F = qE. (3.2)

All in all, the magnitude of this force due to the electric field was calculated

for varying bias voltages and separation distances as depicted in Fig. 3.2.

For a large bias voltage of -100 V, the magnitude of the force is 1.5 ×10−9 N

for a separation of 1 mm and 5 ×10−10 N for a separation of 3 mm. As the

bias voltage was reduced to -1 V, the smallest force calculated was still 5 ×
10−12 N. This force is greater than the force due to gravity on these droplets

[65, 76, 87]. Thus, external electric fields have a significant impact on droplet

trajectory and have the capacity to enhance the efficiency of heat transfer

due to jumping-droplet condensation for power electronics applications.
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Figure 3.2: Magnitude of the force due to the electric field on the charged
jumping droplet (color scale) for varying bias voltages and distances
between the droplet and the GaN device.
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CHAPTER 4

IMPACT OF MAGNETIC FIELDS ON
JUMPING DROPLETS

Since electric fields were shown to have a significant impact of jumping

droplet trajectory, will magnetic fields have a similar impact? To address

this question, a review of magnetic fields from first principles is valuable.

Simply, a moving charge generates a magnetic field. The cylindrical coor-

dinate system is convenient for solving problems involving magnetic fields

because the conservation of magnetic flux ensures that magnetic flux lines

must form complete loops. Fig. 4.1a provides an overview of the cylindri-

cal coordinate system. For problems with symmetry, Ampere’s law simplifies

the magnetic field calculations as compared to the Biot-Savart law. Ampere’s

law can be employed by drawing an Amperian loop around the infinite line

of current as shown in Fig. 4.1b. The current passes through the Amperian

loop along the z-axis and generates a magnetic field with the direction found

by the right hand rule. The differential length of the Amperian loop in cylin-

aΦ
aρ

aZ

Z axis

X axis

-X axis

-Y axis

Y axis

-Z axis

Idc

BTOP

BBOTTOM
dl = ρdΦ aΦ

Z axis

X axis

Y axisΦ ρ

z

r

ds = ρdΦdρ aZ

ρdΦ
dρ

dzds = -dzdρ aΦ

ds = ρdΦdz aρ

ρ

(a) (b)

Figure 4.1: (a) Review of cylindrical coordinates and (b) Amperian loop for
infinite line of current.
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drical coordinates as shown in Fig. 4.1b is

dl = ρdφaφ. (4.1)

The magnetic field clearly depends on ρ, the distance from the line of

current [m], and can be expressed formally. For this discussion, vector quan-

tities have bold typeface and scalar variables have regular typeface. From

Ampere’s law, the magnetic field along the closed Amperian loop is equal to

the current enclosed by the loop as in

∮
H · dl = Ienc (4.2)∮ (

Haφ
)
·
(
ρdφaφ

)
= Ienc (4.3)

ρH

φ=2π∮
φ=0

dφ = Ienc (4.4)

2πρH = Ienc. (4.5)

Recalling that the magnetic field is in the aφ direction, the magnetic field

vector, H [A/m], for this symmetric current flow is

H =
Ienc
2πρ

aφ. (4.6)

The actual magnetic field for the jumping-droplets circuit board, which is

discussed in detail in Section 6.2, is slightly more complicated than this fun-

damental example as depicted in Fig. 4.2, but this assumption for symmetry

and ideal conditions will provide an upper bound for this initial “order of

magnitude” analysis for the impact of magnetic fields on jumping droplets.

Next, the magnetic flux density can be found by multiplying the result for

the magnetic field by the permeability of the material through which the

field is flowing. In this case, the material is free space, so the permeability

is µo = 4π × 10−7 H/m. Thus, the magnetic flux density, B [T], can be

13



calculated from

B = µoH (4.7)

B = µoIenc

2πρ
aφ. (4.8)

As shown in Fig. 4.3, the magnetic flux density falls off quickly with dis-

tance. This is an important observation because the magnetic flux density

will determine how much magnetic fields will impact the trajectory of a jump-

ing droplet. In other words, the magnetic flux density is directly proportional

to the force exerted on the charged droplet. Prior research has shown that

jumping droplets have a positive charge of approximately 15 fC [65, 76, 87].

From the magnetic portion of the Lorentz force law, the force, FB [N], on

this moving jumping-droplet charge by the magnetic field from the current

in the circuit can be found:

FB = qv ×B. (4.9)

Recalling that the cross product depends on the sine of the angle between

the vectors, the maximum force will exist when the droplet’s trajectory (ve-

locity vector) is perpendicular to the magnetic flux density vector. If this

case alone is assumed, an upper limit on the Lorentz force can be obtained

for various droplet velocities and external magnetic flux densities. From

{

 2 mm

BTOP of 

PCB

BBOTTOM

of PCB

Idc

Figure 4.2: Artistic rendering of magnetic fields generated by dc current
flow in jumping droplets PCB described in Chapter 6 and Appendix A.
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Figure 4.3: How magnetic flux density from the 15 A dc current in the
circuit board change with distance.

Figure 4.4: Magnetic portion of the Lorentz force (color scale) based on
changing droplet velocity and external magnetic flux density.

Fig. 4.4, the maximum force estimated for a droplet 3 mm away from the

GaN device (B = 1 mT) was 1.5 × 10−20 N for a droplet velocity of 1 mm/s

and 1.5 × 10−15 N for a droplet velocity of 100 m/s. If the same two droplet
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velocities are considered when the droplet spacing from the GaN FET is only

10 µm (B = 0.2 T, which is a very large magnetic field), the magnetic Lorentz

force is still only 3.5 ×10−18 N and 3.5 ×10−13 N respectively.

As the bias voltage in the electric field study of Chapter 3 was reduced

to -1 V, the smallest force calculated was still 5 ×10−12 N, which is orders

of magnitude greater than the 1.5 ×10−15 N magnetic Lorentz force seen at

this same distance even for a high velocity of 100 m/s. This analysis has

shown that the magnetic Lorentz force is several orders of magnitude smaller

than the force due to an electric field. This agrees with intuition since the

magnetic flux densities and droplet velocities in this experiment are small.

For the magnetic Lorentz force to be significant, the droplet velocity and the

external magnetic field would need to be very large as shown in Fig. 4.5.

Since these ranges for external magnetic field and droplet velocity are not

physically possible for the proposed experiment, the impact of the magnetic

field on the trajectory of jumping droplets can be neglected without loss of

generality.

Figure 4.5: Large magnetic fields and droplet velocities are needed for the
magnetic portion of the Lorentz force (color scale) to be significant.
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CHAPTER 5

PROPOSED ACTIVE COOLING METHOD

Wide bandgap transistors incorporating GaN and silicon carbide (SiC) are

catalyzing the development of higher power density and higher efficiency

converters by providing lower parasitics, such as on-state resistance, pack-

age inductance, and output capacitance, and smaller physical package size.

Yet, as the package size decreases and the power processed remains the same

(and possibly increases), the surface area to cool the device dramatically de-

creases and the capacity to extract heat with conventional methods becomes

very difficult and ultimately constrains improvements in power density and

specific power of the complete system due to the necessity of a large heat

sink. Figure 5.1a provides an example infrared (IR) thermal photo of a hot

spot for a compact GaN transistor shown in Fig. 5.1b. The integration of

an advanced cooling technique with chip-scale wide bandgap transistor pack-

ages would improve reliability and device performance by maintaining lower

device junction temperatures.

Methods for incorporating phase-change materials into heat sinks for power

electronics have focused primarily on hybrid heat sinks with metal foams [90]

and alkane isomers such as n-eicosane [91, 92]. Similarly, liquid to gas phase-

change refrigerant materials have been employed as a passive means to cool

downhole electronics for drilling applications [93, 94]. This transition (i.e.

solid to liquid or liquid to gas) acted as a passive cooling mechanism to

mitigate heat from the high peak power transients of low duty-cycle pulsed

power supplies for applications such as aircraft landing gear or downhole

drills [93, 94, 95]. While phase-change heat transfer is commonly applied

to low duty-cycle power electronics converters like aircraft landing gear us-

ing waxes that transition from solid to liquid [90], few commercial power

electronics systems utilize closed-loop evaporation and condensation-based

phase-change cooling techniques. Thus, jumping-droplet condensation is an

appealing mechanism to investigate for liquid-to-gas phase-change cooling of
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Figure 5.1: (a) Thermal photo of GaN with conduction losses from 15 A of
dc current and (b) structure of EPC2034 GaN transistor [88, 89].

high power density electronics. Moreover, since modern power converters

have hot spots that vary spatially and temporally, traditional passive tech-

niques are not sufficient and pose a major obstacle to increasing the power

density and specific power of the system. Therefore, enabling active cooling

with EFE jumping droplets would truly be disruptive if both spatial and

temporal active cooling can be demonstrated.

In contrast, this work proposes the development of an active cooling method

for power electronics. Figure 5.2 illustrates two possible realizations of this

heat transfer method where external electric fields enable active, steerable

cooling of hot spots inside of a power electronics package. In both cases,

this setup comprises a vapor chamber containing a colder surface connected

to a larger heat sink or a cooling loop and a hotter surface connected to

the hot spots within the power electronic device. While GaN transistors

have been selected to represent generic power electronics hot spot genera-

tors for these examples and experiments, these hot spot generating devices

could be any passive (i.e. inductor, capacitor), active (i.e. transistor, diode,

etc.), or support logic (e.g. gate driver, digital isolator, microcontroller, etc.)

component. In the realization of Fig. 5.2a, the vapor chamber serves as a

high-heat-flux heat spreader or heat sink in order to route heat away from

the small form factor GaN transistor [75, 76]. The vapor chamber would need

to be joined to the GaN devices with the lowest possible thermal impedance
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Hot Spots from GaN Transistors

Figure 5.2: Employing external electric fields in a vapor chamber for active
cooling with jumping droplets either as an external heat spreader or heat
sink [75, 76] for the hot spot or (b) enclosing the hot spot.

(e.g. soldered, etc.) since this series thermal impedance would ultimately be

the limiting factor for extracting heat from the GaN transistor. Moreover,

the GaN devices could also be placed within the vapor chamber in order to

avoid the series thermal impedance of the contact mechanism proposed in

the first realization altogether. Depicted in Fig. 5.2b, this scheme would

require the superhydrophilic coating or an additional thin layer to provide
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electrical isolation between other components within the chamber.

Using the realization of Fig. 5.2a as an example, Fig. 5.3 summarizes the

four constantly repeating steps of the heat transfer cycle within the vapor

chamber. To facilitate droplet jumping inside of the vapor chamber, a su-

perhydrophobic coating is deposited on the colder surface so that the vapor

stored at a low pressure within the chamber will condense on this surface

as in Fig. 5.3a. When the droplets jump from cold surface, external elec-

tric fields can either be turned on actively or passively in order to steer the

droplets toward the hot spots with EFE jumping as in Fig. 5.3b. EFE also

Hot Spots from GaN Transistors

Figure 5.3: Overview of jumping-droplet heat transfer cycle with (a)
droplets condensing on cold superhydrophobic surface, (b) jumping and
following electric field lines to hot superhydrophilic surface, (c) droplets
evaporate when the hit the hot surface or wick toward hot spot, and (d)
vapor returns through the chamber cavity to the cold surface so that the
cycle can continue.
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increases the percentage of droplets that reach the hot side instead of imme-

diately returning back to the cold surface after jumping. One way to realize

active control would involve decisions from a microcontroller about which

portions of the hot side to bias with external electric fields in order steer

the droplets appropriately. This type of control could be determined based

on feedback from temperature measurements, or a priori knowledge of the

gate signals or the mission profile of the hot spot device would allow cooling

to be coordinated with the activation of this device (e.g turn-on and turn-

off of a GaN transistor). In contrast, the parasitic capacitances and large

dv/dt transitions within switching power supplies could also potentially be

harnessed as a means for generating these external electric fields. Once the

droplets reach the hot side, a superhydrophilic coating can be integrated in

order to enable droplets that did not reach the hot spots to wick toward the

hot spots as in Fig. 5.3c. When cold droplets evaporate off the hot surface,

they extract tremendous heat. As shown in Fig. 5.3d, this heat is transferred

through the open chamber to the cold side as vapor due to latent heat. When

this vapor reaches the cold superhydrophobic surface, the heat is transferred

into the surface as the vapor condenses back into droplets. In summary, this

proposed active cooling approach can enable a disruptive improvement in

heat transfer because it is closed-loop, has the capacity for active cooling of

hot spots via external electric fields, and does not require capillary paths to

transfer the vapor back to the cold side for condensation like those in heat

pipes.

For this study, the cooling scheme depicted in Fig. 5.2b was selected so

that the jumping behavior and heat transfer with and without EFE could

be examined. Chapter 6 describes the design and development of this exper-

imental testbed. Instead of immediately analyzing this phenomenon at low

pressure, these experiments were implemented in the ambient environment

where the natural atmosphere served as the vapor chamber boundaries and

medium.
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CHAPTER 6

JUMPING-DROPLET CONDENSATION
EXPERIMENTAL TESTBED

6.1 Overview of Experimental Setup

To investigate jumping-droplet electronics cooling, a printed circuit board

(PCB) with multiple integrated GaN field-effect transistors (FET, EPC2034)

was positioned above a nanostructured superhydrophobic CuO surface as in

Figs. 6.1 and 6.2. The PCB with the hot transistors was placed above the

cold CuO sample in order to test the worst case scenario of droplet jump-

ing against gravity. The droplet condensation and jumping behavior were

examined during the experiments with a high resolution PhantomCinemagII

video camera with a Canon macro lens. Section 6.2 provides rationale for the

Figure 6.1: (a) Side view schematic and (b) photograph of the experimental
setup for characterizing jumping-droplet cooling of GaN transistors.
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Figure 6.2: (a) Critical aspects of experimental hardware. (b) Scanning
electron micrograph of a C4F8 functionalized (≈ 50 nm) superhydrophobic
CuO surface.

design of the circuit and the PCB layout for this testbed. The sample fabri-

cation process employed to develop the superhydrophobic samples depicted

in Fig. 6.2b is described in Section 6.4 [83, 96, 75, 76, 97].

6.2 Design and Layout of PCB

The structure of the chip-scale EPC2034 enhancement mode GaN-on-silicon

power MOSFET shown in Fig. 5.1b does not have a large surface area for

cooling and has been designed with a smaller thermal impedance from the

junction to the top surface compared to the thermal impedance from the

junction to the bottom of the device [88, 89]. Thus, this device was incor-

porated into the circuit of Fig. 6.3 in order to evaluate the proposed cooling

technique with and without contribution of external electric fields. The elec-

tric field could be developed by electrically floating either the source pins

of the transistor or the ring of copper placed around the power devices to

a negative potential. Three EPC2034 GaN transistors were placed in par-

allel as shown in Fig. 6.4. The GaN devices were placed 3 mm apart on

the circuit board so that, as shown in Figs. 6.1 and 6.2, they could be cap-

tured within the same frame of the high-resolution PhantomCinemagII video

camera. Kelvin connections to measure the voltage directly across the drain
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Figure 6.3: Schematic for PCB to probe proposed cooling method.

and source pins of each GaN device were also included so that the power

dissipated by each transistor could be measured with high precision. Addi-

tionally, the gate connection for each GaN device was routed to a connector

so that this could be controlled externally. Since rubber spacers with specific

thicknesses (1 mm to 5 mm) were used to ensure uniform spacing between

the GaN transistors and the cold superhydrophobic sample, 30 mm of empty

space was intentionally designed at the left and right edge of the PCB so that

PCB could sit directly on top of these rubber spacers. Metal binder clips,

which sandwiched the rubber spacers between the PCB and cold plate to-

gether, also ensured that the experimental setup did not move during testing

as in Fig. 6.2a.

As a first step, the conduction losses for various currents were evaluated.

As shown in Fig. 5.1a, the GaN FET quickly becomes a hot spot with 15 A of

dc current flowing. Since experimental evidence with the first revision of the

PCB revealed that electrically floating the source pins of the transistor was

more effective at steering the droplets as discussed in Chapter 8, a second

revision of the circuit was developed to provide complete isolation between

two GaN devices as shown in the schematic of Fig. 6.5 and the hardware

photograph of Fig. 6.6. Schematics and PCB artwork created on KiCad

EDA for both generations of this testbed can be found in Appendix A.
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(b)

Guard Ring 

For External 

Electric Field

(c)

Figure 6.4: (a) Back and (b) front of a PCB developed to probe cooling
with and without external electric fields by electrically floating either (c) a
guard ring around the EPC2034 devices or the source pin of the devices.

Figure 6.5: Schematic for revision 2 of the testbed containing GaN
tranistors with complete electrical isolation.
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Figure 6.6: Heat transfer enhancement with and without external electric
fields can be examined by electrically floating either (a) a guard ring
around the EPC2034 devices or the source pin of the devices located on the
(b) front of a PCB. The GaN devices are electrically isolated. Connections
to the testbed can be made to connectors on the (c) back of the PCB.

6.3 Measuring Temperatures and Controlling Power

Supplies

Yet, the inability to view the device while integrated with the superhydropho-

bic surface required the use of thermocouples. By attaching thermocouples

to the transistor and the cold plate, quantification of the GaN FET steady-

state temperature for various spacings (1 mm to 5 mm) between the circuit

and cold superhydrophobic sample was studied. The thermocouple mea-

surements were acquired using a National Instruments USB X Series Multi-

function DAQ. Through USB-to-GPIB, the same LabVIEW program could

update the voltage and current settings of the Agilent E3631 and HP6033A

power supplies in real-time. More information about data acquisition and

control of the experimental setup can be found in Appendix B.

26



6.4 Preparation of the Superhydrophobic Sample

The CuO nanostructures of Fig. 6.2 were grown on commercially purchased

800 m thick Cu tabs with overall length and width dimensions of 50 mm by

50 mm. Figure 6.7 summarizes the five steps of the sample cleaning and fab-

rication process. First, each Cu tab was cleaned in an ultrasonic bath with

acetone for 10 minutes and rinsed with ethanol, isopropyl alcohol, and deion-

ized (DI) water. The tabs were then dipped into a 2.0 M hydrochloric acid

solution for 10 minutes to remove the native oxide film on the surface, then

triple rinsed with DI water and dried with clean nitrogen gas. Nanostructured

CuO films were formed by immersing one of the cleaned tabs into a hot (≈
98 ◦C) alkaline solution composed of NaClO2, NaOH, Na3PO4·12H2O, and

DI water (3.75: 5: 10: 100 wt. %) [75, 76, 83, 96, 97]. During the oxidation

process, a thin (≈ 300 nm) Cu2O layer was formed that then re-oxidized to

form sharp, knife-like CuO oxide structures with heights of h ≈ 1 m, a solid

fraction of φ ≈ 0.02 and a roughness factor of r ≈ 10. To render the CuO

tabs superhydrophobic, a C4F8 hydrophobic coating was applied with chem-

ical vapor deposition. This process allowed for the development of a highly

conformal polymer layer on the CuO surface (≈ 50 nm thick). Goniometric

measurements, also known as contact angle measurements, using a MCA-3

Kyowa Interface Science microscope of ≈ 300 nL droplets on a smooth C4F8-

coated silicon wafer surface showed advancing and receding contact angles of

θa = 121 ± 5.1 ◦ and θr = 105 ± 9 ◦, respectively. Meanwhile, the apparent

advancing and receding contact angles on the superhydrophobic CuO surface

were measured to be θappa = 166 ± 6 ◦ and θappr = 156 ± 7 ◦, respectively. Step

5 of Fig. 6.7 depicts an example measurement of these apparent advancing

and receding contact angles for the CuO nanostructured superhydrophobic

samples.
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Figure 6.7: Fabrication of CuO surfaces with superhydrophobic behavior
from C4F8 nanostructures.
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CHAPTER 7

HEAT TRANSFER IN AMBIENT
CONDITIONS

7.1 Overview of Proposed Thermal Resistance

Network

The thermal resistance of the network for this experimental setup is depicted

in Fig. 7.1. This thermal network simplifies the calculation of the heat

transfer breakdown for the system. The GaN device was assumed to have a

uniform temperature, Tg, due to the low Biot number (Bi ≈ 10−2) for the

cooling conditions and geometry studied here. By attaching thermocouples to

Figure 7.1: Thermal resistance network for experimental setup.

29



the transistor and the cold plate, an examination of the transistor’s steady-

state temperature for various spacings of the GaN transistor and the cold

superhydrophobic sample was implemented. For 15 A of dc current flowing

through an on-state resistance of 7 mΩ (corresponding to the manufacturer

measurement of on-state resistance at 25 ◦C [88, 89]), 1.57 W of Joule heating,

Qg, for the GaN was observed. Using

Ψg =
Qg

Ag
, (7.1)

this heat was combined with the cross-sectional area for this EPC2034 GaN

FET to generate a heat flux of 13.2 W/cm2. Assuming that the rubber

gaskets offer ideal insulation, the cooling benefit can be separated into its

contributing factors of radiation, convection, conduction through the back

of the PCB to the ambient air of Ta = 23 ± 0.5 oC, and heat removed by

evaporation via jumping droplet condensation from the cold superhydropho-

bic surface, Ts = 5 ± 0.5 oC. Miscellaneous losses to ambient air have been

lumped into a thermal resistance, Rlosses, and were determined through cal-

ibration during the no-jumping condition.

Figure 7.2: Composition of PCB with normal (n) and tangential (t)
directions shown relative to the thickness, tb. Layer thicknesses are not to
scale.
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7.2 Modeling Spreading Resistance in PCB

The thermal impedance for the back of the PCB, RB, involves spreading

resistance within the PCB and convection to air with convection heat transfer

coefficient (HTC) to ambient, hnat. As a first step toward developing a model

for the spreading resistance, the thermal conductivity of the PCB, kb, must be

determined. This spreading resistance is composed of tangential and normal

components as depicted in Fig. 7.2. The tangential thermal conductivity,

kb,t, through the length of the PCB composed of FR-4 and copper was found

using

kb,t =
kf tf + kctc
tf + tc

, (7.2)

where the material parameters and thicknesses are summarized in Table 7.1.

To simplify this expression, tc represents the combined thickness of both 2

Oz copper layers in the PCB. The contributions of the solder mask layers

were neglected for these heat transfer approximations since the thickness

and thermal conductivity for these layers are negligible compared to those

of FR-4 and 2 Oz copper. Using the parameters from Table 7.1, the thermal

conductivity of the PCB in the normal direction as indicated by Fig. 7.2 was

obtained from

kb,n =
( tf
tf + tc

1

kf
+

tc
tf + tc

1

kc

)−1

. (7.3)

Last, the tangential and normal thermal conductivities can be combined in

a weighted sum to find the PCB’s total thermal conductivity, kb, as in

kb =
( tb
wb

)
kb,t +

(
1− tb

wb

)
kb,n, (7.4)

which was recorded in Table 7.1.

Since the PCB is significantly wider than it is thick, the normal compo-

nent of the spreading thermal conductivity has dramatically more weight

and represents the main path for heat flow. PCB vias near the GaN FETs

were included to increase heat transfer in this normal component direction.

Observations using an infrared camera in the laboratory also support this

modeling assumption. The spreading of heat from the source into the PCB

was modeled using an ellipsoid geometry with axes of tb, wb, and rg. The
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Table 7.1: Dimensions and Material Parameters for Experimental Setup

Parameter Definition Values Units

As area of the 6.25 cm2

superhydrophobic sample

Ag cross-sectional 0.12 cm2

area of GaN FET

Ab area of entire PCB 16.29 cm2

wb width of the PCB 5.2 cm

wg width of GaN FET 2.6 mm

lg length of GaN FET 4.6 mm

rg radius for GaN FET 1.8 mm

tf thickness of FR-4 302.5 µm

tc combined thickness of 140 µm
both 2 Oz copper layers

tb thickness of the PCB 1.6 mm

kf thermal conductivity of FR-4 0.2 to 0.3 W/mK

kc thermal conductivity of 355 to 390 W/mK
2 Oz copper

kb thermal conductivity of PCB 33.6 to 36.1 W/mK

hnat convection HTC to ambient 1 to 10 W/m2K
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radius for GaN FET modeled as a circular source is

rg =
[
(wglg)/(π)

]−1/2
. (7.5)

Including the contribution of the thermal impedance of convection to air,

the thermal resistance through the back of the PCB would be the sum of the

spreading resistance and the resistance of natural convection on the PCB:

RB =
1

πkbrg
tan−1

(tb + wb
rg

− π

4

)
+

1

hnatAb
(7.6)

where coefficients and board parameters are summarized in Table 7.1.

7.3 Validating Spreading Resistance Model

Two different schemes were employed to verify independently both the model

for the spreading resistance in the PCB and the thermocouple temperature

measurements of the GaN devices and the PCB. First, an infrared (IR) cam-

era can provide a map of heat spreading such as Fig. 7.3a corresponding

to the conduction losses of 15 A of dc current through the GaN transistor,

but not absolute temperature measurements because the emissivity of the

PCB and components are difficult to determine. For this experiment, a piece

of opaque Kapton was placed on the PCB to provide a reference emissivity

of approximately 0.95 to calibrate the IR measurement. In contrast, ther-

mochromic liquid crystals (TLCs) are a tool to observe the absolute temper-

ature of the PCB and the components. TLCs reflect visible light in response

to temperature. The time delayed images of Fig. 7.4a track how the heat

map changes as the system approaches thermal steady state for a continuous

drain current of 15 A in each transistor from startup. Thermal steady-state

was reached at 30 seconds. The TLCs from LCR Hallcrest (Product Num-

ber: SPN100R70C20W) used in this study had an activation temperature

of 70 ◦C and a bandwidth of 20 ◦C. The PCB and components were coated

first with black paint before applying the TLCs such that all reflected light

would correspond to a continuous mapping of color to temperature from 70
◦C (red) to 90 ◦C (violet). Both the black paint and the TLCs were applied

uniformly using an airbrush.
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Specifically, the images corresponding to t = 10 seconds and t = 30 sec-

onds highlight the validity of the assumption that the spreading resistance

follows a three-dimensional ellipsoid. Thus, the measurement obtained with

the TLCs supplements the IR and the thermocouple measurements with an

independent probe of the system’s heat map during thermal steady state.

7.4 Thermal Paths from Junction to Case of GaN

Device

Heat generated based on Eq. 7.1 dissipates from the GaN transistor’s junc-

tion to the top and bottom of the package following the thermal resistance

network of Figs. 7.1 and 7.3b. For the EPC2034 GaN device utilized in this

study, the thermal resistances from the junction both to the case top, Rj−tc,

and to the case bottom, Rj−bc, are summarized in Table 7.2 [88, 89]. These

high performance devices favor top-side cooling since Rj−tc is slightly more

than a tenth the size of Rj−bc.

Figure 7.3: (a) IR thermal photo of a GaN device with the (b) thermal
impedance network from the junction.
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Figure 7.4: (a) Composite time-lapse liquid crystal thermochromic images
of the two GaN devices during startup where the (b) visible color map
translates to temperature.

Table 7.2: Thermal Resistances for EPC2034 Device [88, 89]

Parameter Definition Value Units

Rj−tc junction to case top 0.45 K/W

Rj−bc junction to case top 3.9 K/W
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7.5 Thermal Impedances Between GaN FET and

Superhydrophobic Sample

Next, the thermal impedance between the GaN transistor and the cold su-

perhydrophobic sample can be subdivided into five parts with experimental

setup dimensions and material parameters described in Table 7.1 and the

HTCs for these front side thermal network components summarized in Table

7.3. First, the natural convection from the hot GaN device, Rch, can be

captured by a thermal resistance of

Rch =
1

hchAg
. (7.7)

Similarly, the natural convection from the cold superhydrophobic sample,

Rcc, has a thermal resistance equivalent to

Rcc =
1

hccAs
. (7.8)

Table 7.3: Heat Transfer Coefficients and Material Parameters for
Calculations

Parameter Definition Values Units

As area of the 6.25 cm2

superhydrophobic sample

hch convection HTC 1 to 10 W/m2K
on hot surface

hcc convection HTC 1 to 10 W/m2K
on cold surface

hnat convection HTC 2 to 5 W/m2K
to ambient

hcond condensation HTC 100 to 1,000 W/m2K
for ambient

hrad radiation HTC 5 to 9 W/m2K

hevap evaporation HTC due parameter W/m2K
to jumping droplets under test
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The condensation on the superhydrophobic sample, Rcond, can be modeled

by a thermal resistance of

Rcond =
1

hcondAs
. (7.9)

Based on the Stephan-Boltzmann’s constant, the GaN device temperature,

Tg, and the superhydrophobic sample temperature, Ts, the HTC for radiation

can be found

hr = 5.67 ∗ 10−8(T 2
g + T 2

s )(Tg + Ts). (7.10)

Thus, the radiation thermal resistance from the hot GaN FET to the cold

superhydrophobic sample is

Rrad =
1

hradAg
. (7.11)

While hevap is one of the main parameters under test, the thermal impedance

associated with evaporation from the GaN transistor is

Revap =
1

hevapAg
. (7.12)

All in all, the equivalent thermal impedance for the network on the front side

of the PCB corresponds to

RF =

[( 1

hchAg
|| 1

hevapAg

)
+
( 1

hccAs
|| 1

hcondAs

)]
|| 1

hradAs
. (7.13)

where coefficients and board parameters are summarized in Table 7.1 and

|| represents a parallel impedance operation required to obtain the correct

result. The temperatures in the thermal network of Fig. 7.1 are the measured

GaN FET device temperature, Tg, the measured superhydrophobic sample

temperature, Ts, and the approximate temperature of the ambient 25 ◦C

laboratory, Ta.
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7.6 Determining Miscellaneous Losses of Model Based

on Experimental Measurements

Based on measurements of current passing through and voltages across the

GaN transistor under test, the heat generated by the GaN device, Qg, for each

experimental condition can be determined. Similarly, experimental measure-

ments of the package temperature and the superhydrophobic sample temper-

ature were also obtained for each case. These measurements are summarized

in Table 7.4. Based on these measurements, updated calculations and refined

ranges for several of the HTC are also provided in Table 7.4.

Table 7.4: Refining Parameter Definitions Based on Experimental
Measurements and Calculations

Parameter [Units] No Jumping Jumping EFE Jumping

Qg [W] 1.6 ± 0.4 1.6 ± 0.4 1.6 ± 0.4

Tg [◦C] 90 ± 1 88 ± 1 87 ± 1

Ts [◦C] 5 ± 0.5 5 ± 0.5 5 ± 0.5

Ag [cm2] 0.12 ± 0.01 0.12 ± 0.01 0.12 ± 0.01

hnat [W/m2K] 2 to 5 2 to 5 2 to 5

hcond [W/m2K] 100 to 1,000 100 to 1,000 100 to 1,000

hrad [W/m2K] 7.60 7.52 7.48

Employing Eqs. 7.2 through 7.13, the thermal resistances introduced

in Fig. 7.1 were calculated and recorded in Table 7.5. These thermal

impedances will serve as the foundation of a quantitative model to deter-

mine the miscellaneous thermal losses, which form a resistance in parallel

with the thermal resistance through the back of the PCB to ambient, RB.

An estimate of these miscellaneous losses must be obtained before the HTC

associated with the evaporation due to jumping-droplet condensation can be

calculated.

Experimentally, without jumping droplets (hevap = 0), the temperature of

the GaN device was measured to be Tg = 90 ± 1 ◦C. Based on Fig. 7.5, the

intersection of various Rlosses curves and hevap = 0 corresponds to the curve

with Rlosses = 100 ± 5 K/W. Assuming this value for Rlosses, the hevap for

each experimental case can be determined.

38



Table 7.5: Calculations for Thermal Impedances of the Network

Thermal Resistance Description Value

Rnat [K/W] Natural convection on PCB back 32

Rsp [K/W] Spreading resistance in PCB 47.2

RB [K/W] Backside resistance 79.2

Rch [K/W] Natural convection at hot GaN device 4,806

Rcc [K/W] Natural convection at cold sample 80

Rcond [K/W] Condensation on sample 0.4

Rrad [K/W] Radiation thermal resistance 1114

Figure 7.5: Evaporation HTC, hevap, in terms of the GaN temperature for
different values of Rlosses.
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7.7 Comparing Model and Experimental Results

The thermal resistance network of Fig. 7.1 was solved by inputting the rel-

evant experimentally measured temperatures from Table 7.4 and solving for

all of the relevant heat transfer pathways during circuit operation for the

no-jumping, no-field jumping, and EFE jumping cases. This utilizes the

previously calculated thermal impedance values from Table 7.5 and the esti-

mation for Rlosses. The bottom sections of Table 7.6 and Fig. 7.6 summarize

the calculated results in each experimental case for the HTC of evaporation,

hevap, the temperature reduction due to thermal network on the front side of

the PCB, qf , and the heat flux due to the thermal network on the front side

of the PCB, Ψf .

Although only modest GaN FET temperature decreases (≈ 2 ◦C) were

obtained by jumping-droplet cooling with EFE, the EFE condensation was

shown to have significant impact on heat transfer. For these ambient exper-

iments, EFE condensation enhanced the heat transfer from the hot spot by

≈ 200% compared to cooling without jumping and by ≈ 20% compared non-

EFE jumping, respectively. The relatively low heat fluxes dissipated by this

cooling approach were mainly due to the presence of NCGs in this ambient

vapor environment. This 1 W/m2K is comparable to heat flux achieved by

very low flow rate air blowing across a well-designed heat sink for a GaN

device.

As discussed in the seminal paper [98], even trace amounts of NCGs hin-

der heat transfer by creating a “blanket effect.” These gases lower the partial

pressure of the water vapor, which reduces the droplet condensation rate.

The counterdiffusion of water vapor to the surface, coupled with the diffusion

of NCGs away from the surface, significantly deteriorates the condensation

heat transfer process, and hence decreases the effective surface-to-vapor tem-

perature difference. This can account for a more than 99% reduction in heat

transfer. Therefore, the removal of NCGs under a vacuum environment will

facilitate higher heat transfer by promoting faster jumping-droplet conden-

sation, which will accelerate the liquid to gas phase change-cooling process.

Also, hcond will increase to 100,000 W/m2K in vacuum. Based on [76, 87, 98],

the removal of NCGs alone should increase the number of jumping droplets

reaching the GaN FET enough to improve the heat flux by two orders of

magnitude to roughly 120 W/cm2.
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Figure 7.6: Examining how (a) hot spot temperature, (b) evaporation
HTC, and (C) heat flux from front surface change based on experimental
conditions.
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7.8 Estimating Limits of EFE Jumping-Droplet

Condensation Heat Transfer

To provide insight into the experimental results and to project the maximum

potential of jumping-droplet cooling, we estimated the maximum possible

thermal concentration of droplets that could reach a GaN FET using the

image processing techniques coupled to previous condensation heat transfer

measurements in pure vapor environments. Assuming that all of the depart-

ing droplets leave the superhydrophobic surface and reach the GaN device,

the maximum jumping-droplet cooling heat flux is

Ψ = Ψc
Ac
Ag
, (7.14)

where Ψc is the critical flooding heat flux for CuO superhydrophobic surfaces

having conformal hydrophobic polymer coatings and Ac is the condenser area

which is able to provide jumping droplets that move laterally from their

jumping location to the GaN transistor. If L is the maximum horizontal

distance that droplets can travel even with EFE, then this area can be found

Table 7.6: Quantitative Thermal Breakdown for the Key Single GaN
Device Experiment and Analysis Parameters

Parameter [Units] No Jumping Jumping EFE Jumping

Qg [W] 1.6 ± 0.4 1.6 ± 0.4 1.6 ± 0.4

Ts [oC] 5 ± 0.5 5 ± 0.5 5 ± 0.5

Ag [cm2] 0.12 ± 0.01 0.12 ± 0.01 0.12 ± 0.01

hnat [W/m2K] 2 to 5 2 to 5 2 to 5

hcond [W/m2K] 100 to 1,000 100 to 1,000 100 to 1,000

hrad [W/m2K] 7.60 7.52 7.48

Tg [oC] 90 ± 1 88 ± 1 87 ± 1

hevap [W/m2K] ≈ 0 100 ± 25 150 ± 25

qf [W] 0.036 ± 0.03 0.082 ± 0.03 0.105 ± 0.03

Ψf [W/cm2] 0.3 ± 0.25 0.69 ± 0.25 0.92 ± 0.25
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from

Ac ≈ 9Ag. (7.15)

Assuming Ψc = 13 W/cm2 based on this study, ∆Tg = 10 oC, and hevap

= 10,000 for conditions without NCGs, then Ψf = 120 W/cm2 should be

attainable in pure vapor environments for gap spacings of 3 mm for the

GaN devices studied. This heat flux is comparable to the heat flux obtained

from high flow rate air blowing across a well-designed heat sink for a GaN

transistor.
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CHAPTER 8

STEERABLE COOLING

To investigate the possibility of using jumping-droplet EFE condensation to

achieve dynamic spatial-temporal control of cooling for mobile hot spots using

the setup of Fig. 6.1, the experiments were repeated with the second revision

of the PCB comprising two GaN devices spaced 3 mm apart in the horizontal

direction and complete electrical isolation between the two transistors as

described in in Section 6.2 and Appendix A. Two different methods were

proposed for probing the capability of active, steerable cooling. Electric fields

could be applied between the condensing surface and either an electrically

floated circuit (directly to the transistor) or a guard ring (surrounding the

transistor). The method of floating the source pins was found experimentally

to be more effective than the external guard ring method in the ambient

environment at attracting the droplets directly to the GaN devices.

Using the rear lighting scheme of Fig. 6.2a, long exposure images and

videos of the jumping droplets were obtained for post-processing. Figure 8.1

reveals the impact of external electric fields on the trajectory of jumping

droplets. If the electric field had not been present, then low exit trajectory

droplets would not have followed the electric field lines leading to the GaN

device as depicted in Fig. 8.1. The unique parabolic path in the right side

of Fig. 8.1 also reveals how the droplets are accelerating toward the power

devices due to the electric field. Accelerations between 3 and 6 m/s2 for the

droplets attracted by the electric fields were observed from measurements

when a -100 V potential was applied across a 2.5 mm spacing between the

cold plate and the GaN transistor. This corresponds to an electric field of

-40 V/m pointing toward the GaN transistor. Thus, external electric fields

will enhance the cooling capability by improving the rate and the number

of droplets that reach the GaN FET by preventing droplet return due to

gravitational forces as well as vapor flow entrainment back to the condensing

surface.
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1 μm Condensation on Superhydrophobic
 Surface, Grounded Cold Plate (0 V)

500 μm 

Electric 
Field
Lines

GaN Device with
Source Pins Floated
To Negative Voltage

g

Figure 8.1: Composite image of several successive frames from a high speed
video of electric-field-enhanced jumping-droplet condensation toward a
GaN transistor with -100 V biased source pin with respect to the grounded
superhydrophobic sample. The droplet trajectories clearly follow (are
influenced by) the electric field lines, which are depicted by red arrows.
Inset: top-view scanning electron micrograph of a C4F8 functionalized
superhydrophobic CuO surface used in these experiments.

Electrically floating the source pin was found experimentally to direct the

droplets closer to the GaN transistor than the external guard ring. Since the

source pin approach involves electrically floating pins underneath approxi-

mately half of the total device surface as shown in Fig. 7.3b and Appendix

A, the electric field lines attract all of the droplets directly toward the GaN

FET. In contrast, some of the droplets attracted by the external guard ring

would have to wick from the guard ring toward the package of the GaN

device.

Building on these initial external electric field experiments, the two-transistor

PCB was utilized to investigate the capacity of this technique for spatial and

temporal steering of droplets toward specific GaN devices conducting cur-

rent and generating hot spots on the PCB. By observing droplet trajectories

through high speed imaging, the trajectories of droplets from the superhy-

drophobic surface to the GaN devices with no-field 8.2b, EFE condensation

with the electric field biased towards only one GaN transistor (GaN #1) as
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Figure 8.2: Demonstration of droplet steering for (a) experimental
hardware (b) without electric field (shaded red), (c) electric field applied to
the left GaN transistor (GaN #1, shaded green), and (d) electric field
applied to the right GaN transistor (GaN #2, shaded green)

depicted in Fig. 8.2c or the electric field biased towards the other GaN FET

(GaN #2) as in 8.2d were plotted. In contrast to Fig. 8.2b where no external

electric fields are employed, Fig. 8.2c and 8.2d underscore how an external

electric field dramatically increases the average number of droplet trajecto-

ries directed toward a specific GaN transistor. This is evidence of steerable

cooling both spatially and temporally. The droplet trajectories in Fig. 8.2d,

which appear to stop before reaching the GaN FET, are a good example of

droplets leaving the plane of focus for the high resolution video camera. In

this case, the droplets will reach the GaN device due to the external electric

field.

The droplets’ initial velocity, as measured from the videos, did not show a

significant deviation from the inertial-capillary scaling, consistent with pre-

vious works on jumping droplets [79, 86, 87, 99, 100] that have deduced that

the separation of charge on the superhydrophobic surface happens as a result

of jumping, which leads to electrostatic interaction contributions only after

the jump. The frequency of jumping was also not increased with the appli-

cation of electric fields during the experiment. However, over the course of
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long experiments, the reduced average droplet size on the surface will result

in an increase in the number of droplets that are within the jumping range,

causing an increased jumping frequency as an indirect effect of the applied

field. Finally, Fig. 8.2 also demonstrates how EFE dramatically reduces the

number of droplets that return to the cold plate immediately after jumping.

In addition to the benefits of steerable cooling with EFE, this is another

important feature of EFE jumping.
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CHAPTER 9

CONCLUSION AND FUTURE WORK

This work outlines the first demonstration of the active cooling for electronic

devices with EFE jumping-droplet condensation. For a worst-case scenario

of a test environment with NCGs and droplets jumping against gravity, the

jumping-droplet condensation was measured to have a significant impact on

the cooling of conduction losses from a GaN transistor. Heat flux dissipa-

tions of 1 W/cm2 in these ambient conditions were observed, which can be

improved in the near-term to 120 W/cm2 by removing the impact of NCGs

using vacuum. As discussed in Chapter 5, this could be realized using a

small, closed vacuum chamber that either acts as a heat spreader on top of

the hot spot or encloses the hot spot. Yet, before one of these realizations

of this advanced heat management system can be optimized, the theoret-

ical limits of various design parameters should first be evaluated. Since a

small, closed vacuum chamber would not allow for an examination of the

jumping behavior inside based on different electrical and thermal conditions,

the ambient experiments from this study should first be repeated inside of a

large, vacuum compatible chamber with view ports for imaging and electrical

feedthroughs for connections to the external power supplies. In this way, var-

ious performance as well as lifetime studies can be implemented with a simple

method of obtaining quantitative measurements using the feedthroughs and

view ports.

External electric fields were shown to be a mechanism to steer the jumping

droplets toward specific hot spots for active cooling. This provides a frame-

work for the development of active jumping-droplet-based vapor chambers

and heat pipes capable of spatial and temporal thermal dissipation control.

The utilization of droplet-jumping and active electric fields to locally cool mo-

bile hot spots builds on state-of-the-art vapor chamber designs with several

significant advantages as follows: (i) The electronics act directly as the evap-

orator and minimize thermal resistance as typically observed through the
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utilization of thermal-interface-materials and channel walls. If integrated

into a jumping-droplet vapor chamber geometry due to electrical isolation

concerns, the mass flow rate of the liquid inside the jumping-droplet vapor

chamber is dictated not by the height of the wick structure, but by the jump-

ing frequency since the condenser liquid is returned through the vapor space.

(ii) Spatial and temporal control of the jumping-droplet motion is possible

with electric fields such that mobile hot spots can be sensed and cooled as

needed. (iii) The low Bond number of the jumping droplets (Bo ≈ 10−3)

allows operation independent of gravitational orientation. (iv) The out-of-

plane jumping return is scalable and particularly suitable for planar systems,

unlike conventional vapor chambers with capillary return along wicked walls,

where longer liquid return paths are expected for devices of larger areas.

The EFE jumping-droplet cooling method demonstrated here is similar

to, but fundamentally different from, prior jumping-droplet vapor chamber

concepts in the literature. Spatial and temporal control of droplet motion

is not possible in prior jumping-droplet vapor chamber concepts, whereas in

the proposed device, active sensing of hot spots can be used as a feedback to

locally direct droplets using electric fields. Furthermore, active application

of electric fields may not be necessary, as the EFE concept developed here

has future possibility of exploiting the inherent electric fields generated by

the high voltage switching action (dv/dt) from power semiconductor devices

to tailor the electric field to provide localized, directed cooling for the power

devices. In addition to improved cooling, this effect may also realize a method

to better equalize temperatures, a key design challenge for power sharing

among parallel-connected devices. In the future, it would be interesting

the investigate the performance of the device in pure vapor environments in

vacuum due to: (i) the significant condensation thermal resistance added by

NCGs, and (ii) the potential for droplet charge dissipation in the presence of

NCGs. Furthermore, future studies should also investigate the durability of

the superhydrophobic surfaces on internal sealed condenser devices, as any

practical implementation will require a longevity of years if not decades.

EFE condensation was shown to enhance the heat transfer from the hot

spot by ≈ 200% compared to cooling without jumping and by ≈ 20% com-

pared to non-EFE jumping, respectively. Thus, these experimental observa-

tions complement additional theoretical results suggesting that an increase in

the charge per droplet will have the most significant impact on further heat
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flux enhancement since the effect of the electric field attrition force and area

ratio can be increased (Ac ≈ L2). A secondary and more practical approach

to increase the hot spot heat flux is to optimize the condenser-to-FET spacing

or applied EFE voltage in order to attract more droplets. The experiments

conducted here were limited to -100 V due to safety considerations; however,

higher applied voltages are possible in closed systems. Additionally, the heat

flux will improve for orientations where gravity helps the droplet trajectories.

All in all, this study demonstrated jumping-droplet hot spot cooling, whereby

charged droplets jump between superhydrophobic copper oxide condensers

and electrical circuits to cool local hot devices actively with evaporation.

Through experiments and modeling, heat flux dissipations of 1 W/cm2 were

demonstrated, which can be improved in the near-term to 120 W/cm2. The

demonstrated spatial and temporal steering of droplets via external electric

fields underscores the great promise of EFE jumping-droplet condensation

as an active cooling scheme for mitigating hot spots in compact power elec-

tronics packages.
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APPENDIX A

HARDWARE SCHEMATICS

The following figures provide the schematics and PCB artwork for revision

A and revision B of this project. For revision A, three GaN devices share a

common source pin connection, but have separate guard rings. In contrast,

revision B reduced the number of active devices to two GaN transistors and

separated their source connections. The guard rings were also included in

revision B. Gerber files generated by KiCad EDA, an open source circuit

layout tool, can be viewed using the free software, Gerbv (Gerber Viwer

Version 2.6.1).

Figure A.1: KiCad schematic for revision A.
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Figure A.2: PCB artwork for drill locations and for the front copper, front
mask, and front silk layers of revision A.

Figure A.3: PCB artwork for drill locations and for the back copper, back
mask, and back silk layers of revision A.
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Figure A.4: KiCad schematic for revision B.

Figure A.5: PCB artwork for drill locations and for the front copper, front
mask, and front silk layers of revision B.

Figure A.6: PCB artwork for drill locations and for the back copper, back
mask, and back silk layers of revision B.
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APPENDIX B

LABVIEW PROGRAM

The thermocouple measurements were acquired using a National Instruments

USB X Series Multifunction DAQ. Using a producer-consumer loop, data

was sampled and stored to an Excel file for post-processing. The voltage and

current settings of the Agilent E3631 and HP6033A power supplies can also

be updated in real-time using an event structure within the main while loop

of the consumer loop. Both DAQmx and NI 488.2 (at least version 15) are

required to provide the drivers for LabVIEW to acquire data from the DAQ

device. The front panel display is depicted in Fig. B.1.
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Figure B.1: Front panel of LabVIEW program.
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