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ABSTRACT

Phase change heat transfer is an attractive heat transfer process due to its superior heat
transfer coefficients as compared to single phase heat transfer. Among the fluids used as
refrigerants, water is of interest for its good thermodynamic properties. It is in addition widely
available, inexpensive and of no health hazards. In particular, liquid vapor phase change of water
is widely observed. Water vapor condensation is vital to many natural and industrial processes
such as building environmental control, power generation, and water desalination. Jumping-
droplet condensation of water has recently been shown to have a 10X heat transfer enhancement
compared to state-of-the-art filmwise condensation due to the removal of condensate at much
smaller length scales (~ 1um) than what is capable with gravitational shedding (~ 1mm). However,
the efficient removal of jumping droplets can be limited by droplet return to the surface due to
gravity, entrainment in bulk convective vapor flow, and entrainment in local condensing vapor
flow. If used appropriately, convective condensation has the potential to entrain droplets, hence
impeding their return to the surface. In addition, obtaining droplet size distributions is critical to
determine the heat flux on these surfaces and is still lacking in literature. On the other hand,
evaporation of these droplets can provide a cooling mechanism for small electronics components
at high flux. Demand for enhanced cooling technologies within various commercial and consumer
applications has increased in recent decades due to electronic devices becoming more energy
dense. In this work, laminar boundary layer theory was used to model the vapor flow and jumping
droplet behavior on a plate and inside the tube with condensation modeled as vapor suction. The
droplet size distribution for jumping-droplet condensation is also investigated for a stagnant flow.
On the other hand, the cooling potential of these droplets is studied for hot spots in electronics,
and is compared to a higher heat flux approach of immersion cooling in water.



ACKNOWLEDGEMENT

This work would not have been possible without the support my academic adviser Professor Nenad
Miljkovic, who continuously encouraged me (both on the academic and personal levels) to perform

at my best all throughout my journey as a graduate student.

I am thankful for the financial, logistic and emotional support of the Power Optimization of
Electro-Thermal Systems (POETS) Engineering Research Center presided by Professor Andrew

Alleyne at the University of Illinois Urbana Champaign.

| am thankful for my doctoral committee members who provided guidance and support for my

thesis work.

| am thankful for my labmates at the Energy Transfer Research Lab (ETRL) and collaborators who
are numerous to list, with a special thanks to Tarek Gebrael and Shreyas Chavan who provided

some help for this work.

I would like to thank the University of Illinois at Urbana Champaign staff and professors for their

logistic and technical support.

Lastly, | am deeply grateful for my family, my wife and my (expected) daughter. I have been

blessed to be surrounded by God’s love through these people.

Patrick Birbarah



TABLE OF CONTENTS

LISt OF FIQUIS. ..o e e viii
LISt OF TabIeS. ..ot Xi
NOMENCIALUTE. . ... et e e e e e e et e Xii
Chapter 1- IntrodUCtiON. ... ....uiei it 1
RO T ONCES. ..ttt e e e 5
Chapter 2- External Convective Jumping Droplet Condensation....................ccoeevenenn... 11
2.1 INErOTUCTION. ...t e e e e e e e e 11
0 1150y 2 13
2.2.1. Laminar External Convective Jumping-Droplet Condensation on a Flat Plate............ 13
2.2.2. Plate INCHINGLION. ......ve e e e e 17
2.2.3. Jumping-Droplet Equations of MOtion............c.couiiiiiiiiiii e, 18
2.2.4. Droplet ConSiderations. ... ...uuuueeete ettt e e et e e et a e e aeeaeeaaeenneennnn 21
2.2.5.Forceonthe Plate....... ..o 23
2.3. Solution MethodOLOgY.......c.uiuiitii i 24
2.4, SIMUIAtION RESUIES. ... ...t e 25
2.4.1. VeloCity Profiles. .......ouinii i 26
2.4.2. Droplet TraJeCtOriS. ... vttt ettt et e e e e e e e 27
2.4.3. Effect of DIroplet S1Z€.......ouviniieiii i 29
2.4.4. Effect of Initial Position alongthe Plate...............ooiiiiiii i, 34
2.4.5. Effect of Free Stream VeloCity.........cooviiiiiii e 36
2.4.6. Effect of Plate InClINation...........oiiiiiiii e 37
247 Force onthe Plate..........ooiiiiii i 41



2.4.8. MUII-HOP DYNAMICS. . ...ttt e e, 43

T B e T 10 D 48
2.5.1. Heat Transfer Performance........... ..o e, 48
2.5, 2, INtErPretaliON. ... 49
2.0, CONCIUSIONS. ..ttt e e e et e e e 50
2. R O ONICES. .. o 51
Chapter 3- Internal Convective Jumping Droplet Condensation.................cccoevvivinnnn.... 56
K T0 O 1011 0o 1ot o o 56
3.2. Internal Convective Jumping Droplet Condensation Model........................ooiail. 57
3.2 L. ASSUMIPLIONS. ...ttt ettt et ettt ee et et e et et e e et e 57
3.2.2. VelOCItY FIeld. ... 58
3.2.3. Droplet EQUations Of MOTION. ... ..ot e 65
3.3. Effect of Flow and Geometry on Internal Jumping-Droplet Condensation.................... 67
3.3.1. Droplet TraJECtONIES. ... vttt ettt 68
3.3.2. Effect Of PIPE RAUIUS. .....ouiiii e e e e 70
3.3.3. Effect of Droplet SIze.......oviniiii 71
3.3.4. Effect of Inlet Velocity and Axial POSItION..............cooiiiii 72
B MURI-NOP. .o 73
3.5, HydrauliC PerformancCe. .........ouiiii e e 77
3.5. 1. FIOW CharaCteriStiCS. .. . v ettt ettt e et et e e e e e et e nans 77
3.5.2. Energy Analysis for Pressure DIrOpP. ... .....oeiniirii e 80
TG T 5 o F 515 o] o PP 84
BT FULUIE WOTK. ..o e e e e e e e e et 86



3.8 CONCIUSIONS. o, 87

310, RO BNCES. . .ttt e 88

Chapter 4- Numerical Simulation of Jumping-Droplet Condensation.................c..cceevvuvnne. 92

I 11 0o ot 1 T o PP 92

4.2.SImulation Variables. ... 94

4.3. Individual Droplet Growth Rate.........ccoiriiri e 96

4.4, The SIMUIATION. .. ..o e e 99

4.4.1. Steady State CriterTON. ... . ittt et et e e aaeaa 104
4.4.2. Effect of Number of Simulated Sites...........ooiiiiiii e, 105
4.4.3. Steady State CoNSIAEIAtIONS. ... ...oitit it e e 107
4.5. Droplet Size Distribution FUNCLION. ... ..ot e 109
4.5.1. Effect of Nucleation Site Density.........cooieiiiiiiii e 109
4.5.2. Effect of Minimum Jumping Droplet Radius...............coiiiiiiiiii e 111
4.5.3. Effect of Maximum Jumping Droplet Radius...............ccooiiiiiiiiiiiiie 113
4.5.4. Effect of ContaCt ANGIe. ... .o 114
4.5.5. Effect of Droplet Growth Rate..........ooviiiii e 117
4.5.6. Suggested Droplet Size Distribution Fit...............coooiiiii 119
4.6. 2D VS 3D COAIESCENCE. .. ...ttt et et e e e e 119
A7 HEAL TraNS O . . e e 120
R I [T 0 ES5] o] o P 123
e O] o 1115 o] S P 125
O I =) =] €<% TP 127
Chapter 5- Jumping-Droplet Electronics Hot Spot Cooling.............c.ooevviiiiiiiiiiiiiiinn.. 130

Vi



B L INEOAUCTION. .ot e 130

5.2. Experiment and RESUILS. ..ot e 132
5.3, DISCUSSION. ...ttt et et et e e et 141
5.4, CONCIUSIONS. .. .ot 143
5., RO BNCES. . . ettt e 144
Chapter 6- Water Immersion Cooling of Electronics. ............coviiiiiiiiiniiiiiiiiiiiienenns 147
6.1, INErOTUCTION. .. ..t e e e e 147
6.2. Immersion Cooling vs Forced Air Cooling..........oooviiiiiiiii e 148
6.3. Experimental Setup and ProCedure. ...........ooviiiiii e 151
6.4. Thermal Performance of Different Immersion FIUidS................ooiiiiiiiiiiies 155
6.4.1. Experimental ReSUILS. ... ..o 155
6.4.2. Comparison With LITerature. ... .......oeinii i 159
6.5. Onset of Boiling onthe EPC2034.... ..o e 160
6.6. Effect of Thermal Pad Size for Bottom-Cooled TranSistors..............coovvvveiiiinnininnnn. 163
B.7. CONCIUSIONS. ...t e e e e e 164
8.8, RO ENCES. . .t 165
Chapter 7- CONCIUSIONS. ... ... e e e e e aa e 167

Vii



LIST OF FIGURES

Figure 2.1. Schematic of external convective jumping-droplet condensation on a flat plate...... 13
Figure 2.2. Schematic of the inclined plate..............coooooiiiii i, 18
Figure 2.3. Free body diagram on a droplet jumping froma flatplate................................ 19
Figure 2.4. Relative magnitude of the drag force to the adhesion force.............................. 23
Figure 2.5. Algorithm FIow Chart. ... ... ..o e, 25
Figure 2.6. VeloCity profiles....... ..o 27
Figure 2.7. Droplet trajectories of upward jumping droplets...............ooiiiiiiiiiiiiiine.. 28
Figure 2.8. Effect of droplet size on traveled length..............ooi i, 30
Figure 2.9. Effect of droplet size on jumping height................cooiii i, 31
Figure 2.10. FOrces analySiS. .......ouiuieii et e, 33
Figure 2.11. Effect of initial position alongthe plate...............ccooiiiiiiiiiiii 35
Figure 2.12. Effect of free stream velocity on traveled length.......................... 36
Figure 2.13. Effect of free stream velocity on jumping height....................cooiiiiiiin, 37
Figure 2.14. Droplet trajectories of downward jumping droplets.................oooiiiiiiinn... 39
Figure 2.15. Effect of plate inclination on droplet travel length......................oo 40
Figure 2.16. Critical angle of plate inclination................c.ooiii i 41
Figure 2.17. Shear force on the condenser plate............coiiiiiiiiiiii e, 43
Figure 2.18. Successive jumps and effective trajectory.............coooviiiiiiiii i 45
Figure 2.19. Effect of heat flux on multi-hop trajectory................ocooiiiiii i, 47
Figure 3.1. Schematic of internal convective jumping-droplet condensation in a pipe............ 59
Figure 3.2. Normalized axial velocity profile.......... ..o 62



Figure 3.3. Normalized radial velocity profile................cooi 63

Figure 3.4. Axial velocity profiles for a pipe of radius 10 cm...............coooiiiiiiiin.. 64
Figure 3.5. Jumping droplet trajeCtories. ........ovvie i e 69
Figure 3.6. Effect of pipe radius. .........coimiiiiii 70
Figure 3.7. Effect of droplet Size...... ..o 72
Figure 3.8. Effect of vapor inlet velocity and position along the tube.............................. 73
Figure 3.9. Upward multihop and effective trajectories...............ccoooviiiiiiiiiiiiie. 75
Figure 3.10. Downward multinop trajectories. .........c.ovini i e 76
Figure 3.11. Axial variation of vapor quality and void fraction................................. 78
Figure 3.12. Axial variation of vapor and liquid superficial velocities.............................. 79
Figure 3.13. Schematic of droplet work analysis..............ccoooiiiiiiiiii e 81
Figure 3.14. Simulated axial pressure drop...........c.oeiniiriir i e, 82
Figure 3.15. Simulated and analytical pressure drop COmpariSon...............ccovevviiinineninn, 84
Figure 4.1. Thermal resistances of a condensing drop...........cooevuiiiiiiriiiiiiiieeeeeeeene, 97
Figure 4.2. Droplet growth rate. ........c.ouiiiii e 99
Figure 4.3. Flow chart of numerical algorithm................cooii 101
Figure 4.4. Time lapse top view images of jumping droplet condensation......................... 102
Figure 4.5. Time lapse 3D images of jumping droplet condensation................................ 103
Figure 4.6. Steady state convergence of maximum droplet size.................ccooooeviiiinn.. 105
Figure 4.1. Time variation of normalized maximum droplet radius........................ooee 106
Figure 4.8. Effect of droplet mismatch on steady state...............coooiiiiiiiiiiiiiiieene, 108
Figure 4.9. Non dimensional droplet size distribution.....................cooiiiiiiiiiinnn. 110
Figure 4.10. Effect of number density on maximum dropletsize................ccooiiiiiinn 111



Figure 4.11. Effect of minimum jumping radius on droplet size distribution...................... 114

Figure 4.12. Effect of contact angle on droplet size distribution...........................oo 116

Figure 4.13. Covered and projected SUrface areas..............cooveiriiriiiiiiiiiiiieieeeaan, 117

Figure 4.14. Effect of droplet growth rate on droplet size distribution............................. 118

Figure 4.15. Ratio of 3D coalescences to 2D COaleSCeNnCeS. ..........covvivrivriiiiiiiiieieeenae, 120
Figure 4.16. Overall condensation heat flux ..., 122
Figure 4.17. Heat fluxX parameters. ..........oiriri i e e, 122
Figure 5.1. Experimental setup for jumping droplet active hot spot cooling....................... 133
Figure 5.2. Thermal spreading from GaN TranSiStor.............ccoooiiiiiiiii i, 135
Figure 5.3. Thermal circuit for GaN transistor Cooling................cocoiiiiiiiiiiiiiia, 135
Figure 5.4. Evaporation heat transfer coefficient.....................cii i, 138
Figure 5.5. Droplet trajectories towards GaN transistor..............ccooviieiiiiiiiiiiiiann, 140
Figure 6.1. Standard heat sink design for forced air cooling of electronics........................ 149
Figure 6.2. Thermal resistance analysis of immersion cooling and air cooling.................... 150
Figure 6.3. Experimental SEtUD. .........oiiiiri e 151
Figure 6.4. Hydrolysis Of tap Water........ ..ottt e 154
Figure 6.5. Immersion thermal performance of different fluids................................. 157
Figure 6.6. Temperature drop aCrOSS POXY . ... .cueurerintrenitetenetatereeeeereeeereeeanennns 158
Figure 6.7. Relative heat flux during immersion in different fluids................................. 159
Figure 6.8. Onset of boiling onthe EPC2034....... ..o, 160
Figure 6.9. Thermal resistance network for the immersion of EPC2034........................... 162
Figure 6.10. Effect of thermal pad on bottom cooled transistors.................cccooeiiiinnn., 163



LIST OF TABLES

Table 2.1.

Table 3.1.

Table 4.1.

Table 4.2.

Table 5.1.

Table 5.2.

Table 6.1.

Table 6.2.

Table 6.3.

Table 6.4.

List of independent simulation parameters...............ccocviiiiiiiiiiiiiiiennn.. 26
List of independent simulation parameters...............cooceiviiiiiiiiiiiienenns. 68
Simulation variables, nomenclature and values of constants......................... 94
Defining equations of some basic variables......................... 95
Parameters used in the thermal resistance network....................cooeviieinnnin 136
Quantitative thermal breakdown for key parameters for a single transistor...... 139

Properties of immersion fluids..................oc 154
Maximum power dissipated per footprint area of transistors........................ 157
Experimental heat transfer coefficient for the immersion of EPC2034............ 158
Experimental heat transfer coefficient for the immersion of GaNSystems Top..158

Xi



NOMENCLATURE

Symbols

A Area

a Pipe radius, geometrical distance

b Geometrical distance

Bi Biot number

Bo Bond number

C Coefficient of proportionality

c Specific heat, geometrical distance

Ca Capillary number

D Drain of transistor

d Distance, diameter

dt Time step

e Unitary vector

F Force magnitude

F Force vector

f Droplet size distribution, non-dimensional stream function, similarity function,
friction factor, fraction (between 0 and 1)

G Mass flux, Gate of transistor

g Earth gravitational constant

g Earth gravitational vector

h Heat transfer coefficient, jumping height, enthalpy

xii



I Electric current

[ Index, electric current

~J

Unitary vector along x

I Unitary vector along y

k Thermal conductivity

L Side length of square condensing surface, droplet traveled length, characteristic
length

m Mass

m Mass flux

Ma Mach number

N Number (of drops)

Nu Nusselt number

P Pressure

Pr Prandtl number

q Heat flow, heat flux

q" Heat flux

R Droplet radius, Rotation matrix, suction-based Reynolds number, thermal
resistance, thermal resistance per area, ideal gas constant

Ra Rayleigh number

Re Reynolds number

r Radial coordinate, correlation parameter (Rohsenow)

S Source of transistor

s average nucleation site spacing, correlation parameter (Rohsenow)

Xiii



Greek letters

Temperature
Time, thickness
Velocity

(Vapor) velocity tangential to plate, axial velocity for a pipe

Velocity vector

Suction velocity, Voltage

(vapor) velocity perpendicular to plate, radial velocity (pipe)
Width of plate,

Weber number

Cartesian coordinate tangent to horizontal plate

Cartesian coordinate perpendicular to vertical plate

Cartesian coordinate, axial coordinate (pipe)

Condensation accommodation coefficient, void fraction, thermal diffusivity
Thermal expansion coefficient

Surface tension

Change, hysteresis

Hydrophobic coating thickness, hydrodynamic boundary layer thickness

Non dimensional similarity variable

Contact angle, angle between tangential and perpendicular relative velocities,
angle between vector and x-axis in xy plane

Dynamic viscosity

Xiv



)

BS

Subscripts

0

amb

avg

Bot

cc
ch

coa,2D
coa,3D

coalesce

Kinematic viscosity

Density

Surface tension, standard deviation, Boltzmann constant
Wall shear stress

Average wall shear stress

Multiplier, angle between vector and Cartesian z-axis
Dimensional stream function

Angle of plate inclination (CCW), thermal resistance

Initial, inlet (pipe)

Advancing

Ambient

Average

Backside, bottom side (transistor)
Boiling

Bottom side (transistor)

Covered, condensation, convection, center
Convection cold

Convection hot

2D coalescence

3D coalescence

Average of coalescing drops

Xv



coat
cond

Cu

drop
ds,ON
end
eq

evap

GaN

hom

i+drop

j

J
jump,max

jump,min

Hydrophobic coating
Condensation

Copper

Drag

Droplet

Droplet

drain-source, during operation
End of droplet trajectory
Equivalent electric circuit
Evaporation

front, free stream, flow

difference between vapor and liquid
Relating to PCB material FR4
Gallium Nitride,Gravitational, based on velocity gradient
Geometrical, specific gas constant
Gallium Nitride

Homogeneous

Interfacial

Interfacial and droplet

Jumps

Junction (transistor)

Maximum jumping

Minimum jumping

XVi



I liquid

lo liquid only

losses Relating to thermal losses
m Maximum

max Maximum

nat Natural convection

p Projected, constant pressure, plate, Parylene C
p,film Plate with liquid film

pad Thermal pad

PCB Portable circuit board

r Receding, position

rad Radiation

rel Relative

S Saffman

S Sample, condensing surface
sat Saturation

SB Solder balls (transistor)
sf Surface

SL Saffman lift

sp Spreading

T Top side (transistor)

t Tangential, total

Top Top side (transistor)

XVii



tp Two-phase

v Vapor, velocity

w Water, wall

x Projected on x-axis
x! Projected on x* axis
y Projected on y-axis
yl Projected on y* axis
o Adhesion

Superscripts

1 In frame 1 (relative to x* and y?)
app Apparent
! Derivative

XViii



Chapter 1- Introduction

Phase change heat transfer is an attractive heat transfer process due to its superior heat
transfer coefficients as compared to single phase heat transfer. Among the fluids used as
refrigerants (hydrocarbons, CO2, water-ammonia...) water is of interest since it has good
thermodynamic properties (latent heat of vaporization, heat capacity, thermal conductivity and
viscosity). It is in addition widely available, inexpensive and of no health hazards.

Water vapor condensation is an important industrial and natural process. In an effort to
more rapidly remove condensate for enhanced phase-change heat transfer, researchers have
created non-wetting surfaces for dropwise [1] and jumping-droplet condensation [2], whereby
millimetric droplets shed due to gravity or micrometric droplets spontaneously jump away from
the surface [3], respectively. A number of recent works have fabricated superhydrophobic surfaces
to achieve jumping-droplet condensation [4-14] for a variety of applications including self-
cleaning [15-17], thermal diodes [18], anti-icing [19-22], vapor chambers [23, 24], energy
harvesting [25-27], and heat transfer enhancement [28-43].

The efficient removal of jumping droplets along with the heat transfer enhancement can be
limited by droplet return to the surface due to (1) gravitational force (2) entrainment in a bulk
convective vapor flow, and (3) entrainment in the local condensing vapor flow toward the surface
[23, 44]. The first two return mechanisms can be mitigated with suitable geometric design of the
macroscale condensing surface and vapor supply. However, local vapor flow driven droplet return
is more difficult to eliminate due to the need to conserve mass of the condensing vapor flowing

towards the surface.



While the removal of the droplets by electric fields offers a method to remove condensate
[27, 45], practical difficulties exist, mainly related to the need for energized electrodes that require
condensate to be removed from their surfaces [41]. Here, we present a solution to the
aforementioned limitations by utilizing forced bulk vapor flow to remove jumping-droplets, in
what we term convective jumping-droplet condensation.

In order to quantify the heat transfer, the droplet size distribution is needed. The overall heat
flux through the condensing surface is a weighted average of the heat fluxes through individual
droplets, with the weights relating to the number density of droplets per size range.

For dropwise condensation on hydrophobic surfaces, the steady state distribution of droplet
sizes has been studied by Rose et al. [46] for the case of droplets growing mainly by coalescence.
The droplet distribution has been verified experimentally and with numerical simulations [47].
While the Rose distribution was originally derived through empirical observations, it has also been
derived separately through the fractal theory [48]. For droplets smaller than the coalescence radius,
Abu Orabi devised the analytical population balance model to predict the size distribution function
[49,50]. The derivation relied on the Rose distribution for the boundary conditions at the
coalescence radius. However, the population balance theory has not been verified experimentally
or computationally. As for the distribution provided by Rose, although valid for classical dropwise
condensation, it cannot be applied to and does not reflect the physics governing jumping droplet
condensation. Specifically: 1) sweeping does not take place and droplet jumping is the only
mechanism for droplet removal, 2) for larger apparent contact angles that are observed on
superhydrophobic surfaces (8 > 150°), small droplets can grow in the geometric shadow of larger

droplets, a process not observed on hydrophobic surfaces (6 ~ 90°), and 3) the main growth



mechanism of droplets is via direct condensation with only a fraction of growth occurring via
coalescence.

Prior works have attempted to derive an analytical expression for the droplet size distribution
for jumping droplet condensation [43]. In addition to the uncertainty related to the population
balance theory on which these derivations relied, three main limitations exist: 1) the assumption
that droplets are removed exactly when their radius reaches half the coalescence radius defined by
the average spacing between nucleation sites. Although the coalescence radius assumption is exact
for non-random nucleation site distributions (e.g. square lattices, close-packed arrays, etc...), the
effective departure radius for randomly distributed droplets differs from that of well-ordered
distributions. 2) Droplet size mismatch is an important parameter that determines whether droplets
jump or coalesce and remain on the condensing surface, a physical phenomenon currently not
tractable with analytical solutions. 3) For jumping droplet condensation, characterized by droplets
having large apparent contact angles (8 > 150°), small droplets can grow in the geometric shadow
of larger droplets, a process not captured by past analytical solutions.

On the other hand, droplets can be used to evaporatively cool devices such as electronics.
Recent advances in electronic materials and circuit architectures have catalyzed an increase in
power density (power-to-volume ratio) and the specific power (power-to-weight ratio) of both
stationary and mobile systems.[51, 52] The trend of replacing bulky pneumatic and mechanical
systems with smaller electrical systems in more-electric and fully-electric vehicles ranging from
automobiles to aircrafts 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.[53] Phase change heat transfer offers a platform to efficiently remove heat from

electronic devices and transfer it via the generated vapor phase (evaporation in heat pipes and



vapor chambers) to the outside environment.[54] However, recent advances utilizing wide
bandgap semiconductors have shown that the majority of heat can be generated locally near
spatially distributed hot spots.[55, 56] Traditional cooling schemes can also be stymied by the
temporal variation in hot spot locations concurrent with electro-thermal optimization and novel
circuit architectures.[57]

For high heat flux applications (>50 W/cm?), however, jumping-droplets are not a viable
solution. Instead, immersion cooling has emerged as a potential solution to overcome these barriers
by enabling the boiling of a cooling fluid directly from the electronics module, thereby removing
thermal interface materials [58, 59] and packaging constraints. Except for the use of treated,
deionized water for some systems [60], state of the art (SOA) immersion cooling systems [61]
utilize non-conductive dielectric heat transfer liquids due to electrical considerations [62, 63]. The
use of these fluids presents three fundamental disadvantages: 1) the low boiling point of non-polar
fluids at atmospheric pressure means that electronics components cannot exceed the boiling
temperature (= 50°C) by an appreciable amount due to the formation of a vapor blanket and critical
heat flux. 2) The maximum heat flux attainable in the system is equal to the critical heat flux of
the working fluid, which for non-polar dielectric fluids is much smaller (< 20 W/cm?) than what
is needed for next generation high power density systems (> 100 W/cm?). 3) The dielectric fluid
has relatively poor thermophysical properties such as thermal conductivity, latent heat, and surface

tension, when compared to ideal conducting fluids such as water.
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Chapter 2- External Convective Jumping-Droplet Condensation

2.1. Introduction

Water vapor condensation, whether industrially driven or occurring in nature, is a critical
process for the sustainability of ecosystems and advancement of economies. Due to the reduced
energy barrier for vapor-to-liquid nucleation, condensation preferentially occurs on high surface
energy substrates [1], forming a thermally-insulating liquid blanket, termed filmwise condensation
[2]. In an effort to shed the liquid layer and enhance heat transfer, engineers and researchers have
devised techniques for creating non-wetting surfaces to enable dropwise [3] or jumping-droplet
condensation [4], whereby non-wetting droplets shed due to gravity at millimetric length scales or
spontaneously jump away from the surface at micrometric length scales [5], respectively.
Specifically, jumping-droplet condensation, whereby microdroplets (~10-100 um) condensing and
coalescing on suitably designed superhydrophobic surfaces undergo surface-to-kinetic energy
transfer and result in the merged droplet jumping away from the surface [5-10], has recently been
shown to have a 10X heat transfer enhancement compared to state-of-the-art filmwise condensing
surfaces [11-20]. A number of works have since fabricated superhydrophobic nanostructured
surfaces to achieve spontaneous droplet removal [21-31] for a variety of applications including
self-cleaning [32-34], thermal diodes [33, 35], anti-icing [36-39], vapor chambers [40],
electrostatic energy harvesting [41-43], and heat transfer enhancement [44-55].

However, the efficient removal of jumping droplets along with the heat transfer
enhancement can be limited by droplet return to the surface due to (1) gravitational force (2)
entrainment in a bulk convective vapor flow, and (3) entrainment in the local condensing vapor
flow toward the surface [40, 56]. The first two return mechanisms (gravity and bulk vapor flow)

can be mitigated with suitable geometric design of the macroscale condensing surface and vapor
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supply. However, the third return mechanism (local vapor flow) is more difficult to eliminate due
to the need to conserve mass of the condensing vapor flowing towards the surface. Although
previous studies have experimentally characterized the effects of gravitational return, [57, 58]
further study of local vapor flow entrainment on droplet return and methods to limit this process
are needed.

One avenue to enhance droplet removal after jumping is by exploiting the fact that jumping
droplets attain a positive charge (~ +10fC) after departing the superhydrophobic surface due to
electric-double-layer charge separation at the coating-droplet interface [43]. This discovery has
allowed for the development of electric-field-enhanced (EFE) condensation, whereby an external
electric field was used to enhance the removal of jumping droplets from a radial (tube) condensing
surface by counteracting the three droplet return mechanisms described above [59]. Through the
elimination of droplet return, a heat transfer enhancement of 20X was experimentally
demonstrated, compared to state-of-the-art filmwise condensing surfaces.

While the removal of the droplets by external electric fields offers a method remove
condensate, practical difficulties exist. For example, the need for energized external electrodes
presents critical safety concerns. Furthermore, the need to remove the condensate from the external
electrode has not been addressed. Lastly, the added complexity associated with the design and
manufacture of EFE system equates to higher probability of failure once integrated into real life
applications.

Here, we present a solution to the aforementioned limitations by utilizing forced bulk vapor
flow to remove jumping-droplets, in what we term convective jumping-droplet condensation. We
provide a comprehensive modeling framework of convective jumping-droplet condensation over

a flat plate. Utilizing hydrodynamic boundary layer analysis, we couple the droplet motion to the
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external vapor flow fields to calculate droplet trajectories and surface interactions. We study the
jumping droplet traveled length along the plate and maximum jumping height as a function of the
condensation heat flux, free stream vapor velocity, jumping droplet size, location of droplets along
the plate, and plate inclination. By linking droplet return with droplet jumping (multi-hop), we
develop a framework to predict macroscopic droplet motion along the condensing plate, and offer
guidelines for the minimization of drag force and maximization of overall condensation heat
transfer. The modeling framework shown here outlines the first treatment of convective jumping-
droplet condensation which has the potential to be implemented in both water cooled and air-
cooled steam condensers for energy and water applications.

2.2. Theory

2.2.1. Laminar External Convective Jumping-Droplet Condensation on a Flat Plate

Figure 2.1 shows a schematic of the laminar external flow over a flat plate with condensation at
the wall. The wall is assumed to be superhydrophobic, having a condensed droplet-surface
adhesion less than the critical threshold for droplet jumping [6]. As saturated water vapor

condenses on the plate, droplets merge and jump normal to the plate surface into the flow domain.

Toar Ut
> ° ',-"Q"---""- ’
‘. ’
‘. " O |
2 > °
o O
Superhydrophobic surface
—_————
X Tw(x)

Figure 2.1. Schematic of external convective jumping-droplet condensation on a flat plate.
Saturated water vapor (Ts,;) flows at a free stream velocity, U, parallel to the cooled
superhydrophobic surface with wall temperature T,. As droplets nucleate, grow, coalesce and
jump away from the surface, they are entrained by the vapor flow, travel a distance, L, along the
plate (x-direction) and jump to maximum heights, h, normal to the plate prior to returning to the
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surface due to surface and body forces. The depth of the plate (w) is much larger than the
distances considered in the x -direction, allowing for a 2-dimensional analysis of the problem
(the flow being laminar).
Condensation at the wall results in the loss of water vapor from the bulk vapor flow with a
negligible added liquid volume at the wall (liquid density p, > vapor density p,). Hence

mathematically we can model the condensation process by assuming a permeable wall with a

suction velocity (V;,) that obeys the conservation of mass loss by condensation:
q= mchfg = pVthfg ’ (2.1)

where g represents the condensation heat flux, m, is the mass-loss of condensate per unit time per
unit area, p, is the density of water vapor and h, the latent heat of vaporization . Therefore we

can obtain the vapor velocity at the wall by relating it to the heat flux by rearranging Eq. 2.1:

q
V. =
v pvhfg

(2.2)

The continuity and x-momentum equations of the flow in terms of the horizontal velocity u(x, y)

and the vertical velocity v(x, y), respectively, are [60]:

LA (2.3)
ax dy ' '
ou  Odu 0%u
U—+V— =V, (2.4)

0x dy
where the water vapor is assumed to be a Newtonian, incompressible fluid (Mach number Ma <
0.3), and the flow is assumed laminar (Re, = Ugx/v, < 5 x10°) and two-dimensional. The
equations are valid sufficiently far away from the leading edge of the plate as long as the boundary

layer thickness, 6 (x) < x.
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We use a similarity solution to solve for the horizontal and vertical velocity profiles. Using the

Blasius transformation, the non-dimensional independent variable 7 is defined as:

1 ’Uf
-_ | 2.5
=3 |yx? (2.5)

and the dimensional stream function ¢ is defined in terms of the non-dimensional stream function
f(m) by:
¢ = (WUp) V2f . (26)

The horizontal and vertical velocities of the flow can be determined in terms of f and its

I“I”

derivatives. Note, we use the prime symbo to represent derivatives with respect to the

independent variable, in this case 7, as follows:

Jdp 1 |
u = E—Euff: (2.7)

ago 1 UfVV ,
V=—a=§’ 2 (mf' —1). (2.8)

Replacing u and v from equations 2.7 and 2.8 into 2.3 and 2.4 and simplifying, we obtain a non-

dimensional non-linear third order ODE for f:

f 4+ =0. (2.9)

The boundary conditions for the problem are:

u|y=0 = 0 ,
Uy = U, (2.10)
Vly:O =W,

which respectively translates to in the non-dimensional formulation:

f'(0)=o0, (2.11)
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fl() =2,

1 UfV .
-3 j;fm) =%, .

By combining Eq. 2.9 with the boundary conditions defined by Eq. 2.11, the problem can be solved
numerically using an iterative Runge-Kutta scheme with a shooting method [61].

The velocity profiles are expected to converge to the asymptotic solution [62] far downstream of
the flow, where the profiles are fully developed and do not depend on x, as shown in Eq. 2.12,

resulting in a constant boundary layer thickness.

Vwy

u=Ufl—ew) (2.12)

Note, a key assumption of our model is that the bulk vapor free stream consists of pure saturated
vapor, allowing us to forgo analysis of both concentration and thermal boundary layer
development and focus only on the hydrodynamics of the flow. This assumption can be deemed
appropriate since in the hydrodynamic fully developed regime, no change in vertical vapor velocity
exists, resulting in a constant pressure in the surface normal direction. If any temperature decrease

exited as we approach the wall, condensation with a corresponding pressure decrease would occur,

not consistent with our previous argument. Hence we can say that condensation occurs at a constant
temperature equal to the saturation temperature of the free stream and no thermal boundary layer
is present. For the entrance region, the effect of pressure change in the direction normal to the plate
is minimal such that this assumption still hold. In addition, the work done by the jumping

microdroplets on the vapor flow is assumed to be have a negligible effect on the velocity profiles.
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2.2.2. Plate Inclination

In order to develop a more comprehensive model of convective jumping-droplet condensation, we

also analyzed the case where the condenser plate is inclined by an arbitrary angle, 1, relative to

the horizontal plane (Figure 2.2).

To develop a solution for the inclined plate case, we use two reference frames: the fixed frame

(xy) and a frame attached to the plate (x'y?1), that is rotated counter-clockwise from the fixed

frame by an angle . Any vector expressed in the (xy) coordinate frame can be related to

equivalent coordinates in the (x1y?!) frame by:

where

R = (cosw —sinlp)_

siny  cosy

Note, the inverse transformation can be applied by multiplying Eq. 2.13 by R
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Figure 2.2. Schematic of convective jumping-droplet condensation on an inclined
superhydrophobic surface. The free stream and suction velocities are represented by Ur and V,,,
respectively. The schematic depicts the two simulation reference frames: reference (xy)
represents the fixed frame while reference (x'y?) represents the inclined frame attached to the
plate rotated by an angle y counterclockwise from (xy). Droplet jumping dynamics are affected
by the projection of gravity (g) onto the tangential and perpendicular components (g,: and g,

respectively) representing directions along the plate and normal to the plate.

2.2.3. Jumping-Droplet Equations of Motion

Figure 2.3 shows the free body diagram on a jumping droplet during convective condensation on
a superhydrophobic surface. The forces acting on the droplet are: the drag force Fp, the

gravitational force F_G) and the Saffman lift force [63, 64], F_S]: due to the horizontal velocity

gradient. The drag and gravitational forces can, respectively, be expressed in magnitude and

direction as:

N 1 v
Fo=5 poVrel2Cp(Reg) TR 4> lm , (2.15)
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4 i
Fe = §7TRd3P19, (2.16)

where Vr_e_f = Vf — Vg represents the relative velocity vector between the vapor flow Vf and droplet

Vc{ velocity vectors, Cp is the Reynolds number dependent drag coefficient [65, 66] Req =

|Veell (2Rq) /vy, @and py is the density of liquid water.
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Figure 2.3. Free body diagram on a droplet of radius R4 jumping against gravity from a flat plate
during convective jumping-droplet condensation on a superhydrophobic surface. The saturated
vapor flow has a uniform and horizontal free stream velocity U¢ prior to reaching the leading
edge of the plate. Close to the wall, a boundary layer (BL) of thickness ¢ is formed as the
horizontal velocity profile (u) is developed in the y-direction (BL profile shown in the figure not
to scale). Vapor mass loss due to condensation is modeled as suction at the wall with suction
velocity, 1;,. The forces experienced by the droplet include the vapor drag force (Fp), the
gravitational body force (F;), and the Saffman lift force (Fs;) due to the velocity gradient in the
boundary layer.

The Saffman lift force is expressed as:
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oul

oyt

05
. dul! -
Fs. = ¢s(Reg, Rey) [6.46Rd2 (uvpv ) sgn <6_yl> (ut — udl)]ﬂ i (2.17)

The velocity gradient can be determined by:

ou'  dn ou' (2.18)
dyt  dy' an’ '
out 1 |U¢
EIR o f (2.19)

where ¢g is the Saffman multiplier that extends the lift force to higher droplet Reynolds number
flows [67]. The multiplier ¢ is a function of the droplet Reynolds number Rey and the gradient
Reynolds number Reg = |0ul/dy|(2R4)? /vy,. The symbol sgn is used to define the sign function
(sgn(0ut/oy') = +1 for oul/oy* > 0, and sgn(out/oy') = —1 for dul/dy' < 0). The
droplet horizontal velocity is represented by u4?, and Fis the elementary vector in the y?-
direction. The equations of motion in the (xy) frame for the center of mass of the droplet are

hence:

aud

1
W = a [FD COS 0 + FSL'x] ) (2.20)

avd_ 1

. (2.21)
? = E [—mg + FD sin @ + FSL,y] )

where 8 = tan™ (v /ure)) is the angle between the relative velocity vector and the x-axis, and
Fs1, . and Fgy, ,, are obtained using the transformation shown in Eq. 2.14. Due to the relatively small
size of departing droplets (~10-100 um), we assume that the shape of droplets remained spherical
during flight. This assumption is justified given that the Bond, Webber, and Capillary numbers are
all much less than one (Bo = pjgR4%/y < 1,We = p,u®Rq/y < 1,Ca = p,u/y < 1, where y =
73 mN/m is the water surface tension and u, is vapor dynamic viscosity ). The effect of residual

surface charge on the trajectories of the droplets was assumed to be negligible away from the wall.

20



The initial position coordinates of the center of mass of the droplet are: x3 = 10 cm, y2 = Rj.

The initial velocity of the center of mass is obtained by balancing the excess surface energy and
kinetic energy of the jumping droplet, with a proportionality constant C = 0.23 that accounts for
the efficiency of this energy conversion and that best fits the experimental data [6]. For a droplet

jumping perpendicular to the plate we can write:

vdo _ 0.23 .

2.2.4. Droplet Considerations

In order to determine whether stationary condensing droplets are removed prior to jumping by the
vapor flow induced shear force, we compare the magnitude of the droplet-surface adhesion via
contact line pinning to the horizontal drag force on the droplet. Due to the relatively low apparent
contact angle hysteresis (A62PP ~ 10°) required to ensure droplet jumping, the adhesion force is
very low and needs to be compared to the vapor shear force. For the case of a horizontal plate
where gravitational force acts transverse to the shear force [68, 69], the contact line pinning force
F; can be determined by [49]

E, = 2yRy sin 62PP (cos 62PP — cos 62PP) (2.23)

Where 62PP and 62PP are the apparent advancing and receding contact angles, respectively, and
02PP = cos™* (0.5 cos B PP + 0.5 cos B:FP) is the apparent equilibrium contact angle on the

(<]

superhydrophobic surface.
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The droplet drag force (Eq. 2.15) can be approximated by using the boundary layer velocity at the

droplet center location, y. = R4/ 1 — sin?6,. We use the general expression of the projected area

A, of astationary droplet in terms of .7, defined as 4, = Rq*(6"" + sin 6°P fl — sin26:PP).

Figure 2.4 shows the ratio Fj/F; as a function of the stationary droplet radius for Uz = 20 m/s, q
=1 W/cm?, at x = x,. The results show that adhesion force is dominant for R4 < 100 um with
150° < 92PP<170°, and 140° < §7PP<160°, indicating that individual droplet sweeping due to vapor
shear is not likely during convective jumping-droplet condensation. The relative magnitude of the
drag force increases at higher droplet radii since the flow velocity u. reach higher values at
elevated heights away from the plate. Increased contact angle hysteresis acts to increase adhesion
and thus reduce the likelihood of a droplet being swept off by vapor flow. As the droplet departure
location moves downstream, we expect a decreased drag force because the velocity profile
becomes less steep whereas increased suction (heat flux) would have the opposite effect.

We also investigate whether the granularity of the droplet affects the numerical results, since the
droplet was modeled as a point mass, and the finite size of the droplet was neglected. The highest
gradients occur as the droplet experiences a horizontal velocity gradient along the y!-direction.
Numerically, the most significant value of the relative velocity change across the radius of the
droplet is ou'/u! ~ 50% near the wall. However, the gradient is close to linear at the wall
(0%u'/ut ~ 0.5%), making the center of mass velocity an acceptable average velocity between
the bottom and top values of the flow velocity across the droplet. Furthermore, variations in the
vertical velocities are < 1% for the microscale droplets considered here, resulting in negligible

error in the numerical simulations due to the point mass approximation.
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Figure 2.4. Relative magnitude of the drag force Fy, to the adhesion force F, between a
stationary droplet of radius R4 and the solid horizontal surface. Different combinations of
advancing and receding contact angles (83P and 85P" respectively), in degrees, are considered.
Us =20 m/s, g =1 W/cm? and x = x,. It is clear that for droplets less than 100 um in radius the
adhesion force is dominant whereas the drag force becomes more important as the radius
increases (the horizontal flow velocity reaches higher values). Increased contact angle hysteresis
and decreased hydrophobicity both increase adhesion of the droplet to the surface.

2.2.5. Force on the Plate

To determine the force on the plate during convective jumping-droplet condensation, we computed

the shear stress at the wall t,,, defined as:

ou_ (2.24)
Tw =MW1 :
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Substituting Eq. 2.19 into Eq. 2.24, we obtain

1 Ug
Tw = ZUV

£"(0) (2.25)

vyx!
In order to obtain the force per unit depth (w) of the plate acting over a distance d along the plate,

we integrate the shear stress along x?:

x3+d

F, = 7,,dx? (2.26)

2.3. Solution Methodology

The flow chart shown in Fig. 2.5 outlines the solution methodology adopted to solve for the
coupled flow field and droplet trajectory equations. The iterative solution starts with the initial
conditions in terms of position and velocity of the droplet in the fixed frame. Then we apply the
frame transformation to obtain these components in the inclined frame, where we can solve for the
flow field with suction (at that location). Having solved for the horizontal and vertical velocities
of the flow in the inclined frame, we then apply the inverse frame transformation to obtain the
velocities in the fixed frame where we apply the equations of motion and solve for the next position
and velocity of the droplet. The steps outlined above are iterated until the droplet reaches the

surface (y! < 2Ry).
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Figure 2.5. Flow chart representing the iterative algorithm used to simulate the jumping droplet
trajectory. The green arrow represents the initiation step. The simulation time (~1 s) is longer
than the total flight time of the droplet (~1-100 ms). The time step considered is 100 ps. The
algorithm was implemented using MATLAB software. The stopping condition was the droplet

reaching the surface (y'< Rq).
2.4. Simulation Results
Due to the large number of independent variables governing convective jumping-droplet

condensation, we first performed parameter identification (Table 1) along with default value

selection for each critical parameter based on previous experiments and theory.
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Table 2.1. List of independent parameters governing the numerical simulation of the jumping
droplet trajectory. Each parameter is attributed a default value that is maintained when the
designated parameter is not explicitly varied. The default values have been chosen based on
previous experimental observations to provide realistic physical quantities.

Parameter Symbol Default value References

Droplet Radius Ry 10 pm [4]

Sufficiently large for
Blasius to be valid

x3 10 cm ( i—z « 1) where &, is
the boundary layer
thickness at x, [62]

.. — y
Initial speed V. 0.23 |— 6
p 17 e

Initial position along
the plate

Initial jumping | Perpendicular  to [70]
direction the plate
Industrial condensers
2
Heat Flux q 1 W/cm [71-74]
Free stream velocity Us 20 m/s Industrial ~condenser

flow rate [71-74]

2.4.1. Velocity profiles

To verify our flow solution, we computed the saturated vapor velocity profiles and compared them
to well established results for laminar boundary layer flow over horizontal plate with suction at
the wall. Figure 2.6 shows the horizontal and vertical velocity profiles near the wall (y < §), at
different horizontal locations from the leading edge of the plate, for a free stream velocity Us = 20

m/s and a heat flux g = 1 W/cm?. It can be seen that the profiles converge to the asymptotic solution
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Figure 2.6. Water vapor (a) horizontal velocity, u and (b) vertical velocity, v as a function of the
vertical distance y from the horizontal plate, for a free stream velocity Uy =20 m/s, and a heat
flux of 1 W/cm?. The velocity profiles are shown for different horizontal locations (x) along the
plate in meters. Far downstream from the leading edge (x = 5 m) the velocity profiles converge
to the asymptotic suction solution (dashed line) presented in equation 2.12. The boundary layer
thickness, 9, increases from ~ 1.3 mm to 11 mm for x = 1 cm to x —o0. We note that the length

of the entrance region would also depend on the heat flux.

for a laminar flow over a flat plate with suction (Eg. 2.12), in agreement with previous studies. We
note that the hydrodynamic entrance length is dependent on the condensation heat flux. Larger

heat fluxes result in increased boundary layer suction and decreased entrance lengths.

2.4.2. Droplet Trajectories

Figure 2.7 shows the trajectories of 5, 10, 20, 30, 50 and 80 um radii umping droplets (g = 1
W/cm?) on a horizontal superhydrophobic surface with convection (Ug = 20 m/s, flow from left to
right). The droplets jump initially perpendicular to the plate, 10 cm away from the leading edge.
The trajectories are parabolic, and it can be seen that the traveled distance L and the maximum

jumping height h can be = 4.5x and =~ 4x greater, respectively, for a 50 um-radius droplet when
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compared to its 10 um counterpart. The jumping height was ~1 mm, while the travel distance was

as ~10 cm,

—
R,;=5 um

_ L -.\"\. —-—R=10 um |
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4 = ", - T e \‘\ ‘\\ Rd 30 ]J'm_

E .'I / / \.. - - - Rd=50 Mm
- .u - N \ -

& KIAR \ .===- R,=80 um
[—" [ ?,I \ S B ]

\ N\
>0 !’ "\ \, '
2 - \\ * N\ .\ -
’ ‘\ o\ "
L \ N \ .
I '/'\. \ R K ]
- \' ‘\\ \. \ \.‘ -
1 1
0 | 1 \-. ‘.l ] , s |\ \

20 40 60 80
X [cm]

Figure 2.7. Trajectories of 5, 10, 20, 30, 50 and 80 um radii (R4) jumping droplets for a
condensation heat flux of 1 W/cm? on a horizontal superhydrophobic surface with convective
condensation and free stream velocity Ug = 20 m/s (flow from left to right). The droplets jump

perpendicular to the plate, 10 cm away from the leading edge, and are entrained in the vapor
flow resulting in lateral motion parallel to the plate prior to returning to the surface.

showing the promise of convective vapor flow to effectively remove droplets laterally down the
condensing surface, and potentially avoid flooding due to droplet return[59, 75]. Interestingly, the
travel distance down the plate shows a non-linear behavior, with an optimum droplet size for the

maximum travel distance. This is attributed to the balance between the gravitational body force at
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large droplet length scales (Fc ~ R¢®) and the Stokes drag force due to boundary layer suction at

small droplet length scales (Fp ~ Rq).

2.4.3. Effect of droplet size

The forces acting on the droplet (Eqns. 2.15, 2.16 and 2.17) all have size dependence with varying
exponents, leading to different trajectories for droplets having different sizes. Figures 2.8 and 2.9
show the traveled length and the maximum jumping height, respectively, as a function of the
droplet radius for heat fluxes ranging from 0.1 to 5 W/cm?. For any heat flux, the curves have a
concave shape, with an optimal droplet radius R4 = 30 um, which varies negligibly with heat flux.
As droplets approach the limit of infinitesimal size (Rq — 0), Stokes drag becomes dominant and
droplet travel distance decreases. Conversely, as droplets become large (Rq — o), gravitational
body forces dominate and droplet travel distances diminishes. Between these two limits (0 < R4 <
), a delicate balance between drag, gravity, and Saffman lift force yields the observed optimum
behavior for both jumping height and travel distance. For most cases, increasing the condensation
heat flux acted to reduce the travel length as suction to the wall is increased at higher heat fluxes
(Eq. 2.2).

To better understand the relative breakdown between the three fundamental forces in the optimum
travel distance regime, we analyzed the results to determine the horizontal and vertical forces on
the droplets as a function of the horizontal distance (Fig. 2.10). As shown in Fig. 2.10 b,d and f,
the net vertical force on departing droplets is negative, resulting in a vertical deceleration
throughout their trajectories. For small droplets (R4 = 10 um), inertia is reduced and surface

forces are elevated, resulting in short droplet trajectories along the flat plate. For large droplets
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(Rq =80 um), gravity begins to dominate, as can be seen from the relative sharp decline in the

horizontal

et et et ——
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Figure 2.8. Droplet horizontal distance traveled (L) as a function of jumping droplet radius (Ry)
for jumping upward against gravity, Us = 20 m/s, 0.1 < g <5 W/cm?, and xo = 10 cm. The

results show that an optimal value of R4 exists capable of obtaining the maximum traveled
length. In the small droplet regime (R4 — 0), droplets have reduced inertia and are sucked to the
plate rapidly after jumping by the suction drag, resulting in a small travel length. In the large
droplet regime (Rq — o0), gravitational force dominates, resulting in rapid return of jumping
droplet to the surface. In between the low and high droplet regimes, an optimal droplet size exists
(R4 = 30 um) where the droplet strikes a balance between inertia, drag force, and adverse
gravitational force. For the majority of droplets, the net effect of the increasing q is to decrease L
due to increased suction drag force perpendicular to the surface. However, increased g can also
increase L for specific conditions (Rq = 84 um, 0.1 < g < 1 W/cm?) as increased suction acts to
bring faster moving fluid closer to the wall and enhance horizontal momentum transfer to the

droplet.
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forces in a and e. For the intermediate droplet size (Rq = 50 um), the horizontal forces decline at
a slower rate (c). The curves a, ¢ and e are in general self-similar since the droplet experiences the
same stages of flight. This behavior also applies to the vertical forces b, d and f. The Saffman lift

force has a net effect of increasing the traveled distance as the greatest product of relative velocity

T T Ve T
- ----q=0.1 Wem® 1
8'_ L —---q=0.5W/cm® ]
| —-—g=1Wcm*> |
- /! N g=2Wecm* -

I 'L DTN —qg=3Wecm* ]
;) ‘L . — — g=5W/cm?

- -

h [mm]
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Figure 2.9. Jumping droplet height (h) relative to the horizontal superhydrophobic surface as a
function of droplet radius, R4 for a free stream velocity Uy = 20 m/s, initial jJumping location of
10 cm from the leading edge of the plate, and condensation heat flux 0.1 < g <5 W/cm?. The
behavior of small droplets (Rq < 10 um) is dictated by their small inertia and the suction drag
force despite the increased initial velocity with respect to larger droplets (Eq. 2.22), which results
in the lowest jumping height. For large droplets (R4 > 60 pum), the smaller initial velocity and
increased gravitational force result in low jumping heights. Within these asymptotic limits, an
optimal droplet size exists (Rq = 30 um) for which the jumping height is maximum.
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and velocity gradient occurs during the first part (ascending from the plate) of the flight. However,
the Saffman lift force is a surface force that has optimal performance for the intermediate-sized

droplet.
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Figure 2.10. Forces acting on a droplet jumping from a horizontal plate during jumping-droplet
condensation (g = 1 W/cm?, Us =20 m/s, x, = 10 cm) as a function of the distance from the
leading edge of the plate. (a) and (b) represent the horizontal (x-direction) and vertical (y-
direction) forces on a 10 um-radius droplet, respectively. (c) and (d) represent the horizontal
and vertical forces on a 50 um-radius droplet, respectively. (e) and (f) represent the horizontal
and vertical forces on an 80 um-radius droplet, respectively. For the horizontal direction (a, c
and e), the drag force (projection of Eq.2. 15 on the x-axis ) is the only force acting in the x-
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direction. The results show that the horizontal drag on the droplets peak rapidly as the droplet
jumps away from the surface to regions where the horizontal velocity of the flow is much larger
than the horizontal velocity of the droplet (initially zero). As the droplet is accelerated, it
reaches a the horizontal velocity of the flow, which reduces the net force to zero in the x-
direction. Further downstream, as the droplet returns to the surface after reaching a horizontal
velocity close to free stream conditions, the net relative velocity of the flow in the x-direction
becomes negative, resulting in a net negative force that decelerates the droplet until it reaches
the wall. For the vertical direction (b, d and f), the relevant forces include the vertical drag force
(projection of Eq. 2.15 on the y-axis), the Saffman lift force (Eq. 2.17), and gravitational body
force (Eq. 2.16). Vertical drag initially acts against the motion of the droplet (negative y-
direction). As the droplet reaches the velocity of the vapor flow in the x-direction, the vertical
force becomes zero due to the small relative vertical velocity. Further downstream, the velocity
of the flow in the y-direction lags behind the negative velocity of the droplet that is being
accelerated downwards as shown by the negative total net force. The Saffman lift force
changes direction from positive to negative as the relative velocity between the flow and the
droplet becomes negative. The shape of the horizontal velocity gradient as a function of
distance is parabolic as the droplet climbs up and down the velocity profile, whereas the
relative velocity decreases monotonically with distance, explaining the shape of the Saffman
curve and the secondary peaks observed in d and f. Results a-f demonstrate that as the droplet
increases in size (10 um to 80 um) the ratio of the average horizontal force to the average
vertical force goes through a maximum (Figs. 2.8 and 2.9).

2.4.4. Effect of initial position along the plate

Due to the uniform rate of condensation along the plate, droplets do not only jump from the leading
edge, hence it was important to analyze droplet trajectories initiating further down the flat plate
where the flow field approach the asymptotic limit (Eq. 2.12). The effect of the starting position
(xo) of the droplet horizontal travel distance along the horizontal plate is shown in Fig. 2.11. As
the jumping location approaches the leading edge (x, decreased from 50 cm to 0), the distance
traveled increases by a factor up to 5 (for the case of Ur = 20 m/s and g = 1 W/cm?). The enhanced
travel distance can be explained by the change in the velocity profiles along the length of the plate
in the developing region which affects the trajectory in a non-linearly fashion. It can be observed
that the dependence on x, decays at large x, (> 50 cm) which is consistent with the development

of the asymptotic velocity profile (Fig. 2.6). We note that as x, — 0 the boundary layer equations
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used (Eqns. 2.3 and 2.4) are no longer valid since the ratio of the boundary layer thickness to
starting position is no longer much less than 1. As expected, lower condensation heat fluxes

resulted in longer travel distances for all x, due to the lower suction drag force.
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Figure 2.11. Droplet horizontal travel distance (L) as a function of the initial jumping position
(x¢) along the horizontal plate for a 10 um radius droplet jumping upward against gravity. The
simulation results are obtained for a range of free stream velocities (1 < Ug < 20 m/s) and
condensation heat fluxes (0.1 < g < 10 W/cm?) that span the realistic parameter space. While the
effect of the initial jJumping position depends on the free stream velocity and condensation heat
flux, for sufficiently large distances from the plate leading edge (x, > 50 cm), the hydrodynamic
boundary layer becomes location independent as the boundary layer thickness and velocity
profiles approach the asymptotic solution (Eg. 2.12, Fig.2.6).
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2.4.5. Effect of free stream velocity

To study the effects of horizontal free stream velocity, and its effect on droplet trajectory, we
computed the horizontal travel distance (Fig. 2.12) and jumping height (Fig. 2.13) for 1 < U < 30
m/s, and 0.1 < g < 5 W/cm?. We observe a quadratic dependence of the free stream velocity on
both the horizontal travel length and jumping height due to the quadratic drag force dependence
(Eg. 2.15) on the free stream velocity. At increased heat fluxes, increased suction at the wall acts

to shifts the curves down due to larger suction drag force towards the wall.

80 —.—g=5w0em’ .
[ ——g=1Wicm? ;]
L - - - g=0.5Wcem? / .
60F - - ¢g=0.1wWem? / -

Figure 2.12. Droplet horizontal travel distance along the flat plate (L) as a function of free stream
velocity (Ug) for a 10 um radius droplet jumping upward against gravity at and x, = 10 cm. The non-
linear increase in L arises due to the increased horizontal drag at elevated U. The net effect of increasing
heat flux (q) from 0.1 to 5 W/cm? decreases L due to the increased downward drag (~R4) exceeding the
effect of the reduced boundary layer thickness and steeper velocity profiles (higher Saffman force) at
elevated suction velocities.
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Figure 2.13. Droplet jumping height, h, as a function of the free stream velocity, Us for 0.1 < q
<5 W/cm? and x, = 10 cm. As Uy increases, the velocity gradient in the boundary layer
increases due to the no slip boundary condition at the wall, resulting in an increase in the

Saffman lift force (Eq. 2.17). As the condensation heat flux increases, the vertical drag force on

the droplet increases, resulting in lower jumping height.

2.4.6. Effect of plate inclination

Due to the fact that not all condensing surfaces are horizontal with the gravitational force directed
normal towards the plate, we studied the effect of plate inclination, y (Fig. 2.2) on the droplet
jumping dynamics. Figure 2.14 shows the case of droplets jumping downwards from a horizontal

plate (yp= 180°) for 10 um < Ry < 50 pm. The results show that smaller droplets return to the
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surface (Rg = 10 um, R4 = 15 um), while larger droplets (R4 = 20 um, R4 =50 um) are completely
removed from the plate. The effect of plate inclination has great sensitivity to the distance traveled,
especially at radii where the fundamental forces approach one another in magnitude. As the droplet
size increases from 10 to 15 um, the distance traveled is increased from 30 cm to 200 cm. The
results indicate that for certain plate orientations, surface engineering to favor the departure of
larger droplets with higher gravitational body force, although detrimental to overall condensation
heat transfer, is beneficial for the aversion of progressive flooding due to droplet return.

In the case of convective jumping-droplet condensation on inclined plates having orientation
between the limits of right side up and upside down, we computed the travel distance as a function
of the inclination angle (Fig. 2.15). As expected, the maximum travel length for 10 um and 15 pm
droplets occurs when droplets jump directly downwards (y = 180°) with gravity.

The sensitivity of the travel length to the inclination angle increases with increasing droplet radius
due to the fact that inclination reflects the projection of gravity on the travel distance direction,
which is increased as the droplet size increases. Intersection between curves of different droplet
radii occurs due to the trade-off between optimal droplet size (Figs. 2.8 and 2.9) and inclination
angle. The distance traveled by the droplet can span orders of magnitude as the plate is tilted,

especially for Rg > 15 pum.
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Figure 2.14. Droplet trajectories of 10, 15, 20 and 50 um radii droplets jumping downward (q =

1 W/cm?) on a horizontal superhydrophobic surface undergoing convective condensation (Us =

20 m/s, vapor flow from right to left). The droplets jump initially perpendicular to the plate, 10

cm away from the leading edge. For these forced convection conditions, droplets having a radii
larger than 19 um leave the surface with no return.

Figure 2.15 shows that for larger droplets, there exists a critical inclination angle , Y., beyond
which the droplet no longer return to the plate. Figure 2.16 shows .; as a function of the jumping
droplet size, Rq. For Ry <19 um, Y is not defined as droplets always return to the surface. Note,
this return threshold is valid for a heat flux of 1 W/cm? and will vary for differing heat fluxes as
the vapor drag returning the droplet changes. For R4 > 19 um, as the droplet size increases, P it

decreases in absolute value demonstrating the effect of the increased projected gravitational pull

along the inclined plate.
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Figure 2.15. Effect of plate inclination angle ¥ on the droplet travel length (L) along the plate
for 10, 30, and 50 um radii droplets jumping perpendicular to the surface.Ugs =20 m/s, q=1
W/cm?, x§ = 10 cm. The sensitivity of the travel length to the inclination angle increases with
increasing droplet radius due to the fact that inclination reflects the effect of gravity which is
increased as the droplet size increases.
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Figure 2.16. Critical angle of plate inclination () as a function of droplets radius (1 pm <
R4 < 100 pm) jumping from the superhydrophobic surface with U = 20 m/s, x3 = 10 cm, and q
=1 W/cm?. The critical angle, ¥, represents the angle beyond which the droplet does not
return to surface for (a) counterclockwise plate rotation (3 > 0) and (b) clockwise (¥ < 0) plate
rotation (corresponding to ¥ > 180° in Fig. 2.2). For Rq < 19 um, ¥ is not defined as
droplets always return to the surface. For Rq > 19 um, as the droplet size increases, P it
decreases in absolute value demonstrating the effect of the increased gravitational pull.

2.4.7. Force on the plate

To gain an understanding of the hydrodynamic forces on the condensing plate during convective

jumping-droplet condensation, we computed the force on the plate per unit depth (F,) acting on a

distance d from a starting position of 10 cm away from the leading edge (Fig. 2.17). As expected,
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higher condensation rates increase the force on the plate due to larger velocity gradients closer to
the wall. The force increase can be as much as one order of magnitude when comparing the no-
heat flux case (g = 0) to moderate heat fluxes (g = 5 W/cm?). Verification of our calculations

showed that the results for g = 0 are consistent with the analytical solution of the flow over a flat

plate [76] (7 = 0.664p,U?/Re,*/?), where 7 is the average shear stress on the plate.
To compare convective jumping-droplet condensation to state-of-the-art (SOA) condensation, we
computed the equivalent laminar forced convection filmwise condensation skin friction coefficient

on a horizontal plate [77, 78]. The force on the plate, F;, ¢, for SOA condensation is ~103 times

larger than convective jumping-droplet condensation due to two main contributions. First, the ratio
of liquid to vapor dynamic viscosities, y; and u, respectively, is p, /u, ~ 102, Second, we can think
of the film boundary layer to be thinner than the vapor boundary layer for a given mass flow rate
due to the large density difference between the two phases, leading to a higher velocity gradient at
the wall for when boundary conditions on velocity do not differ much. It is important to note that
our analysis is approximate due to the fact that the external vapor flow experiences additional
resistance due to work done by the jumping droplets on the flow. The incorporation of droplet

work will diminish the difference between the SOA and convective jumping-droplet condensation.
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Figure 2.17. Shear force on the condenser plate per unit depth, Fp, as a function of the distance
d from a starting position of 10 cm from the leading edge. The heat flux, q, is varied from 0
W/cm? (no suction case) to 5 W/cm?. With increased suction, the horizontal velocity gradient at
the wall is increased (thinner boundary layer), which increases the shear stress on the plate.

2.4.8. Multi-Hop Dynamics

Up to this point, the developed model has focused solely on the coupled dynamics between
individual jumping droplets and the external saturated vapor flow. To gain a more holistic picture
of the jumping droplet process in the presence of vapor flows, we must consider the effects of
multi-hop droplet dynamics. Recent studies have shown that droplets departing from a jumping
droplet surface, if returned, will in fact re-coalesce and jump again in a serial manner until they

either pin to the surface at local defect sites, or become too large (Rq = 250 um) to overcome the
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gravitational body force acting on them. These multiple-jumping or multi-hop effects become
crucial when estimating the total travel distance of individual droplets. To estimate the total multi-
hop travel distance, we computed the distance traveled by the droplet after successive jumps until
the droplet reaches a size where it is too heavy to jump (R4 = 250 um). To more rigorously compute
the droplet trajectory, we took into account the returning droplet momentum on the next droplet in

x and y-direction just prior to jJumping. Applying the conservation of linear momentum, the initial
velocities of the i jump in the x and y- directions, [ué_o]i and [vcli'O]i respectively, are modified

from Eq. 2.22 with incorporated momentum of the previous droplet just prior to touching the

surface (y =0.5£ 0.1 mm).

1
[u’é,O]i = E [ucli,end]i_l :

(27)
14 10
pi{Rali "2 [vd’end]i‘l '

[vdo]. = 0.23

The ratio of 1/2 results from the initial-to-next jumping event droplet mass ratio, m;_,/m;,

assuming that coalescence happens between two equally sized droplets. The final x and y

velocities of the returning droplet from the (i — 1)" jump are [u}i,end]i_1 and %[vé,end]i_li
respectively, while [Ry4]; represents the droplet radius of the current (i) jump. The velocities are
expressed in the coordinate frame fixed to the plate (as shown by the superscript “17”). By
conservation of mass, [Rq]; = 2'/3[R4]i-1-

Figure 2.18 depicts trajectories of droplets that initially jump with a radius R4, and that are
assumed to coalesce with droplets of the same size upon return prior to the next jump. The results

clearly show that the combined trajectory (dashed lines) present a much larger effective traveled

distance (~100 cm) when compared to individual droplet jumping lengths (~10 cm).
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Figure 2.18. Successive jumps of droplets of different starting radius Rq4, on a horizontal plate
(= 0) with g = 1 W/cm?, U = 20 m/s and x = x=10 cm. (@) Rqo =5 um. (b) Rqo = 10 pm.
() Rgo =20 pm. (d) Rgq =30 pm. (€) Rqo = 50 pm. (f) Rq = 100 um. For all droplets, as
observed in Eq. 2.27, two main parameters affect the behavior: the decrease in initial vertical
velocity due to the momentum of the previous jump and the decrease in initial vertical velocity



due to the increased droplet size for the successive jump. For smaller droplets (Rqo =5 UM, Rq0
=10 um), these two effects nearly balance each other, without any large differences in

consecutive jumps until the droplet becomes too heavy. For larger droplets, (20, 30, 50 and 100

pm), the negative momentum of the previous jump strongly affects the successive jump. The
latter, because of the smaller jumping height (or flight time), has a sufficiently small final

vertical velocity, hence negligibly impacts the successive jump. We can hence see alternating
high and low jumps until the initial vertical velocity is decreased due to the large droplet size.

The dashed lines show the effective trajectory of the droplet resulting from the successive jumps.

It is interesting to note that successive jumps with alternating low-high jumping heights has been
observed before experimentally [79]. Although not as pronounced as in Figure 2.18c-f due to low
condensation heat fluxes, the previous experiment offer an excellent verification of this interesting
multi-hop alternating jumping behavior.

At elevated condensation heat fluxes (g > 0.1 W/cm?), the larger suction velocity acts to bring
faster moving fluid closer to the wall. The higher momentum at the wall results in larger
momentum transfer to jumping droplets and longer overall multi-hop travel distance. Figure 2.19
shows the multi-hop droplet trajectory for three different condensation heat fluxes (q¢ = 0.1, 0.5,
and 1 W/cm?). The velocity profiles have been overlaid as dashed lines to underscore the effect of
suction of the horizontal velocity profile, which is the main factor affecting the total trajectory of
the droplet. The results indicate that although higher condensation rates act to decrease individual
droplet jumping height, multi-hop dynamics act to lengthen the overall droplet trajectory. It is
important to note, the assumption used here of returning multi-hop droplets coalescing with
identically sized droplets for each serial event is valid only for surface undergoing progressive
flooding along the length of the condenser plate with gradually increasing droplet sizes. If the
droplet distribution was uniform (=10 um), Eq. 2.27 would need to be altered to account for re-

coalescence with constant sized droplets residing on the surface.
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Figure 2.19. Effect of heat flux q on the multi-hop trajectory of a droplet initially jumping with
a radius of 10 um. (a) g = 0.1 W/cm?. (b) g = 0.5 W/cm?. (c) g = 1 W/cm?. In order to mitigate
the effects of the entrance region, the droplet is assumed to start jumping far from the leading
edge (xo =5 m). The horizontal velocity (u) profile is shown for all three cases of 0.1, 0.5and 1
W/cm? in dashed lines, with the scale on the top axis, for a free stream velocity U = 20 m/s. It
should be noted that these profiles are not the asymptotic profiles described by Eq. 2.12 because
of the heat flux dependence of the entrance length.
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2.5. Discussion

2.5.1. Heat Transfer Performance

Prior studies of jumping droplet condensation from quiescent saturated water vapor have shown
heat transfer coefficients approaching ~100 kW/m?K. As previously developed for both dropwise
and filmwise condensation [80, 81], the presence of forced vapor convection acts to enhance the
condensed liquid removal mechanism and does little to enhance heat transfer due to single phase
convection. The modeling results shown here indicate that convective jumping-droplet
condensation has the potential to enhance droplet removal and prevent return to the surface for
length scales approaching ~1 m. For efficient operation, the maximum droplet travel distance
presents a geometric design guideline for the development of enhanced jumping droplet
condensers. If condensers are larger than the maximum droplet travel distance, condensate
accumulation at the end of the plate is possible, and the condenser becomes ineffective.

Future cases considering non-uniform condensation heat fluxes can be implemented using our
model by discretizing the plate and solving for a stepwise varying heat flux, which is physically
analogous to a larger number of condensing droplets per unit time emanating from the surface.
Furthermore, in the entrance region, where an acceleration of the vapor towards the surface exists,
a pressure decrease occurs as we approach the wall. The decreased pressure corresponds to a
decrease in vapor saturation temperature. However, this change of vapor pressure is negligible for
the suction velocities considered (g < 1 W/cm?), such that a negligible pressure and temperature
gradient, and hence thermal boundary layer, exist.

It is important to note that although convective jumping-droplet condensation can delay
progressive flooding, nucleation mediated flooding still poses a limitation to the outlined approach.

The coupled dynamics of convective condensation with nucleation mediated flooding need to be
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investigated as droplet shear of microscale Wenzel state droplets have been shown to induce

droplet motion and result in enhanced flow condensation heat transfer [82].

2.5.2. Interpretation

The present work presents a comprehensive model for individual and multi-hop droplet trajectories
and dynamics during convective condensation. Future models should make an effort to more
holistically integrate multi-droplet events in the vapor flow. For example, individual droplet
charging has the potential to separate droplets mid-flight and alter the droplet trajectories[43]. In
addition, the presence of vigorous droplet jumping at elevated heat fluxes has the potential to
disturb the laminar hydrodynamic boundary layer, and induce turbulence and mixing at reduced
Reynolds numbers. Future models need to take this into account.

The use of convective jumping-droplet condensation has much potential to enhance the
performance of condensation in the presence of non-condensable gases (NCGs). Much work has
been done to show the importance of vapor flow and droplet shedding on condensation heat
transfer enhancement in the presence of NCGs via boundary layer mixing [83-85]. In the future, a
more comprehensive analysis is needed that can couple the hydrodynamic and concentration
boundary layer equations in order to predict overall performance. In addition, even no-flow
jumping droplet condensation presents an opportunity to enhance condensation in the presence of
NCGs due to the potential for significant boundary layer mixing created by high-frequency droplet
jumping. The outlined convective jumping-droplet condensation approach therefore has high
promise for applications such as water harvesting, desalination or dehumidification, where the

relative driving potential for condensation is low and NCGs are present [86].
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The analysis outlined here presents a stepping stone for the development of more advanced models
which are representative of more complex condenser geometries. In the future, it would be
interesting to extend the developed external flow model to more advanced surface topologies such
as tubes or parallel fins, where surface-surface interactions may dominate droplet trajectory and
vapor flow dynamics. Furthermore, the present analysis provides a modeling methodology capable
of extension to internal condensing flows commonly seen in air-cooled condensers. This work
provides quantitative guidelines for future experimental measurements of droplet trajectories in a

convective vapor flow.

2.6. Conclusions

We have developed a comprehensive physical model of external convective jumping-droplet
condensation a flat plate. A boundary layer approach was used to model the vapor flow over the
plate with condensation modeled as a suction at the wall. The jumping droplet trajectories were
simulated accounting for the Saffman lift force of the shear flow. Using our model, we showed
that the distance traveled by the droplets can range from millimeters to meters whereas the jumping
height was less than a centimeter for the parameters considered. The results indicated that a delicate
balance between drag, lift and gravitational force leads to optimum trajectories in terms of both
height and distance traveled for a droplet radius of = 30 um. Increasing condensation heat flux acts
to shortens the trajectory of the droplet as it leads to an increased suction, however it can have the
opposite effect for very small (~1 pum) or very big droplets (~100 um) as it can cause a downward
shift of the horizontal velocity profile and greater transverse momentum transfer. Using our
individual droplet model, we then incorporated multi-hop jumping, showing that multi-hop

jumping droplet condensation has the potential to increase the total travel distances along the plate
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by a factor of 10X. The present analysis outlines a condensation methodology to delay progressive
flowing and enable the steady heat transfer coefficients of >100 kW/m?K at low supersaturations.
The findings presented here have significant relevance to the applications of convective jumping-
droplet condensation for efficient phase change heat transfer applications. Furthermore, the
developed boundary layer based modeling approach presents a design framework for future
models and designs of jumping droplet condensers having more complex geometries, flow

conditions, and heat fluxes.
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Chapter 3- Internal Convective Jumping Droplet Condensation

3.1. Introduction

Water vapor condensation is an important industrial and natural process. In an effort to
more rapidly remove condensate for enhanced phase-change heat transfer, researchers have
created non-wetting surfaces for dropwise [1] and jumping-droplet condensation [2], whereby
millimetric droplets shed due to gravity or micrometric droplets spontaneously jump away from
the surface [3], respectively. A number of recent works have fabricated superhydrophobic surfaces
to achieve jumping-droplet condensation [4-14] for a variety of applications including self-
cleaning [15-17], thermal diodes [18], anti-icing [19-22], vapor chambers [23, 24], energy
harvesting [25-27], and heat transfer enhancement [28-43].

The efficient removal of jumping droplets along with the heat transfer enhancement can be
limited by droplet return to the surface due to (1) gravitational force (2) entrainment in a bulk
convective vapor flow, and (3) entrainment in the local condensing vapor flow toward the surface
[23, 44]. The first two return mechanisms can be mitigated with suitable geometric design of the
macroscale condensing surface and vapor supply. However, local vapor flow driven droplet return
is more difficult to eliminate due to the need to conserve mass of the condensing vapor flowing
towards the surface.

While the removal of the droplets by electric fields offers a method to remove condensate
[27, 45], practical difficulties exist, mainly related to the need for energized electrodes that require
condensate to be removed from their surfaces [41]. Here, we present a solution to the
aforementioned limitations by utilizing forced bulk vapor flow to remove jumping-droplets, in
what we term convective jumping-droplet condensation. We provide a comprehensive modeling

framework of internal convective jumping-droplet condensation inside a tube. Utilizing
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hydrodynamic boundary layer analysis, we couple the droplet motion to the internal vapor flow
fields to calculate droplet trajectories and surface interactions. We study the jumping droplet
traveled length along the tube as a function of the condensation heat flux, tube entrance vapor
velocity, jumping droplet size, location of droplets along the tube, and radial location of jumping.
By linking droplet return with droplet jumping (multi-hop), we develop a framework to predict
macroscopic droplet motion along the tube axis, and offer guidelines for the minimization of drag
force and maximization of overall condensation heat transfer. We also develop a framework for
analyzing internal flow jumping-droplet condensation pressure drop and compare it to
conventional two-phase flow pressure drop calculations for homogeneous and separated flows.
The modeling framework shown here outlines the first treatment of internal convective jumping-
droplet condensation which has the potential to be implemented in air-cooled steam condensers

for energy and water applications.

3.2. Internal Convective Jumping Droplet Condensation Model
3.2.1. Assumptions

Our model for the convective jumping droplet condensation in a tube is based on several
assumptions:
1) Jumping droplets are much smaller (Rq¢ < 250 um) than the radius of the pipe (a > 1 cm),
hence the droplets have a negligible effect on the vapor velocity field in the pipe.
2) The condensation at the pipe inner wall can be modeled mathematically as a suction
velocity (equivalent to a porous pipe) due to the negligible change in volume during the
process (p, < py) [46, 47]. The suction velocity V,, can be expressed in terms of the heat

flux g, vapor density p, and latent heat of vaporization of water hg, as:
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q
v, = (3.1)
v pvhfg

3) The flow is laminar. Although we consider transitional Reynolds numbers (Re ~ 11,000)
at the pipe inlet, the wall suction is assumed to retard transition to turbulence [48].

4) The flow is fully developed, meaning the axial velocity of the vapor has a self-similar
profile along the tube, and the radial velocity does not depend on the axial location.

5) Heat flux is assumed to be uniform along the circumference of the pipe and along the axial
location. Because of constant velocity around the circumference of the pipe, the flow is

axisymmetric.

3.2.2. Velocity Field

Figure 3.1 shows a schematic of the internal flow problem coupled with jumping droplet
condensation. The problem is treated in cylindrical coordinates, z and r representing the axial and
radial coordinates, respectively. The pipe considered has a radius a and the axial and radial
velocities are represented by u and v, respectively. The suction velocity at the wall due to vapor
condensation and the circular droplet (blue circle) are contributions from jumping droplet

condensation.
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Figure 3.1. Schematic representation of the fully developed laminar flow in a pipe of radius a,
with jumping droplet condensation on the inner surface (orange arrows). The heat flux q is
assumed to be constant, creating a vapor flow with constant velocity at the wall due to mass

conservation (blue arrows). The depicted velocity profiles (orange and blue arrows) are
schematics only and do not represent realistic results. The vapor velocity at the wall V,,, can be
related to the heat flux, vapor density p,, and the latent heat of vaporization hy,4. In the fully
developed regime, the axial velocity u is considered to be self-similar along the pipe, and the
radial velocity v is only a function of radial position r.

The problem of a fully developed laminar flow in a tube has been solved analytically and

numerically via series solutions by R.M. Terrill and P.W. Thomas [49]. We will present only the

main findings here. Considering the non-dimensional similarity variable:
r’ (3.2)
n= 22’
the axial and radial velocities can be expressed as:

2Vyz\ _, (3.3)

a

Vwf ()
= —Tll 7z (3.4)
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where fis the similarity function, and the symbol prime denotes the derivative with respect to the
independent variable,  in this case.
The Navier- Stokes equations reduce to the following 4™ order non-linear ordinary differential

equation (ODE):

. R
T]flv + zflll _I_E(flfll _fflll) — O, (3.5)

where R is the (suction based) Reynolds number (based on pipe radius a):

Vwa
R = ,
vy (3.6)

with v, representing the kinematic viscosity of water vapor.

The boundary values for this ODE are as follows:

( f(0)=0
=1
F1)=0 1)

lim /2" ) = 0.

The conditions represent the: 1) zero radial velocity v at the center of the tube (in order to get
continuity of the function at r=0), 2) suction velocity at the wall; 3) no slip condition for the axial
velocity u; and 4) symmetry of the radial profile with respect to the z-axis, obtained by setting
du/0r to be zero at r = 0, respectively.

In the original paper, Terrill et. al. present a series solution to the problem [49]. In the current
study, we solve directly for the similarity function f using an iterative numerical scheme via
MATLAB. Since the problem is a boundary value problem, we use a shooting method [50] to turn

it into an initial value problem. Figure 3.2 shows f'(n) as a function of n'/? = r/a, which
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represents the non-dimensional profile of the axial velocity normalized by the mass averaged

velocity u/u,,,, for different suction based Reynolds numbers, R. We can see from the case of

R = 0 (no suction case) that the velocity at the center of the pipe (r=0) is twice as large as the
average velocity. This is consistent with the classical result of the Poiseuille flow in a pipe [51].
Beyond the R = 0 case, we observe three different regimes. The first regime (0 < R < 2.3) is
characterized by a decrease in the velocity gradient at the wall and an increase in the concavity of
the profile showing increased laminar-like behavior. The second regime (2.3 <R < 10) is a
region of instability. Mathematically, the ODE does not have a solution for the range of 2.3 < R <
9.1 [49]. We were able to find a solution the value of R = 10, which shows patterns of instability
as an inflexion point is observed in the profile rendering the maximum velocity at a location
different from the center. The third regime, which is for values of R > 10, represents an increased
turbulent-like behavior where the velocity profile is mostly uniform along the radial direction, the

gradient at the wall increasing as R is increased.
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Figure 3.2. Normalized axial velocity (u/ug,,4) as a function of the non-dimensional radial
position along the pipe (r/a). The solution for £’ is obtained by numerically solving equation 3.5,
for different suction Reynolds numbers, R. For the no suction case (R = 0), u/u4yg = 2, Which
corresponds to Poiseuille flow in a pipe. The flow experiences 3 regimes as the suction
parameter R is increased. For 0 < R < 2.3, the velocity gradient at the wall decreases as R is
increased. This trend breaks down for R > 2.3. Mathematically, no solution is possible for 2.3 <
R < 9.1, as the numerical scheme does not converge [49], which is indicative of a regime of flow
instability. Beyond the transition regime (R > 10), we observe a regime that exhibits turbulent-
like behavior as the profile shows increasing uniformity with increasing R. We note that R = 80
represents the upper bound for the R values for which numerical convergence was obtained.

The results for the normalized radial velocity v/V,, profiles are shown in Fig.3.3. The same
regimes observed in Fig.2.2 illustrate a transition from a parabolic-like to linear profile passing
through a region of instability as R is increased. The linear profile is evidence of mixing as it

represents the fastest route between the boundary conditions.
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Figure 3.3. Normalized radial velocity (v/V,,) as a function of the normalized radial position
along the pipe (r/a), as obtained from Eqg. 3.4. As the suction Reynolds number, R, increases to
2.3, the radial velocity profile looks concave. Above R = 9.1, convergence to a linear behavior is
observed. The curve R = 10 reflects instability that is observed mathematically by the non-
convergence of the numerical scheme for 2.3 <R <9.1.

To gain more physical insight about the effect of the droplet location along the z-axis, we assume
an average velocity of U,= 15 m/s (a representative value of actual velocities in large industrial
condensers [52-54]), a pipe radius a = 10 cm typical for air-cooled condensers, and different heat
fluxes at the wall (g = 0.03, 0.5 and 1 W/cm?). Figure 3.4 shows the axial velocity profile (Eq.

3.3) at different locations along the pipe (z = 0, 4, 8 m). We observe that the axial velocity is
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increasingly affected in magnitude as the heat flux is increased, since additional mass is converted

to liquid.
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Figure 3.4. Axial velocity (u) profiles for a pipe of radius 10 cm at: (a) z=0, (b) z=4 m, and (c)
z = 8 m axial locations along the pipe. As expected, for small heat fluxes (q = 0.03 W/cm?) the
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magnitude of the velocity is affected negligibly due to the small condensation rates. However,
the vapor velocity decreases significantly for larger heat fluxes (q = 1 W/cm?) along the pipe. We
note that the self-similar profile results from the fully developed flow.

3.2.3. Droplet Equations of Motion

In order to solve for the trajectories of droplets having radii Ry in the presence of the vapor flow,
we consider the free body diagram on the jumping droplet. The acting forces include the
gravitational force Fg = (4/3)mR4° p1d, the drag force Fyy and the Saffman lift force Fg, [55]. The
buoyancy force has been neglected since the vapor density is much smaller than the liquid density.

The drag force can be determined by assuming the generalized drag equation on a sphere:

Fp = EpVVreIZCD (Red,t)ﬂ:Rd2 |VZZ:| ’ (3.8)

where Wef is the relative velocity vector between the vapor flow velocity and the droplet velocity,
which can be expressed in Cartesian coordinates (x,y, z), with x is into the page and y vertical

(based on Fig.3.1), using the position polar angle 6, as

Vielx = VCOS O — Vg 5
. o
Viel§ Vrely = vSin 6, —vg,,

3.9
Vrel,z =UuU-—uUq. ( )

The drag coefficient Cp, is dependent on the Reynolds number based on the total velocity vector
Regy = [Vier (2Ra) /vy [56].

The Saffman lift force arises when the fluid surrounding the droplet has a velocity gradient (shear
flow). Qualitatively, it can be seen as a difference in pressure between higher and lower velocity

regions, or by the moment created on the droplet due to unequal forces at the top and at the bottom

of the droplet, similar to the Magnus effect [57]. The Saffman force is derived for low Reynolds
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numbers based on the droplet size, and can be extended for arbitrary Reynolds numbers by

incorporating a pre-multiplying factor:

SN ou 0.5 ou B
Fsi, = ¢s(Reg, Req) l6-46Rd2 (livpv I ) sgn (5) (u— ud)l er, (3.10)

where ¢g is the Saffman multiplier that extends the lift force to higher droplet Reynolds number
flows [58]. The multiplier ¢s is a function of the droplet Reynolds number Reyq =
(u — uq)(2Ry) /v, and the gradient Reynolds number Reg = |du/dr|(2R4)?/vy. The symbol sgn
is used to define the sign function (sgn(du/dr) = +1 for du/dr > 0, and sgn(du/dr) = —1 for
du/dr < 0). The droplet axial velocity is represented by ug4, and e;. is the unitary vector in the
radial direction, where the main velocity gradient is present.

Having considered the forces applied on the droplet, we can now write the equations of motion at

the droplet center of mass in Cartesian coordinates:

v
mq a(ti'x = Fp cos ¢ cos b, + Fg;, cos 6,
v
mq a(z'y = —mgyg + Fp cos ¢ sin 8, + Fg sin 6., (3.11)

ou
md(’)_td= Fpsing,

where ¢ and 6, are the angles formed by Wef and z-axis, and the projection of Tel on the xy-
plane and the x-axis, respectively. These angles can be found from the components of the relative
velocity vector.

Equation 3.11 represents a system of differential equations that can be solved using a Runge-Kutta
numerical scheme with initial conditions of position and velocity. The initial speed of the center

of mass is obtained by balancing the excess surface energy and kinetic energy of the jumping
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droplet, with a proportionality constant C = 0.23 that accounts for the efficiency of this energy

conversion and that best fits the experimental data [59]. The droplets are assumed to jump

perpendicular to the surface [60] leading to a radial initial speed of v = 0.23,/y/p;Rq Where y =
73 mN/m is the water surface tension. Due to the relatively small size of departing droplets (~10-
100 pm), we assume that the shape of droplets remained spherical during flight. This assumption
is justified given that the Bond, Webber, and Capillary numbers are all much less than one (Bo =
pgR4% )y < 1,We = p,u®Ry/y < 1,Ca = pyu/y < 1, where u, is the vapor dynamic
viscosity). The effect of residual electrostatic surface charge [27] on the trajectories of the droplets
was assumed to be negligible away from the wall. The relative magnitude of drag and adhesion in
during droplet jumping has been studied in previous works [61]. It has been shown that unless
droplets are in the order of millimeters in diameter, adhesion to the surface dominates, rendering
growing droplets on the surface to be stationary in the vapor flow conditions. Numerically, the
most significant value of the relative velocity change across the radius of the droplet du/u may
reach values of = 50% near the wall. However, the gradient is close to linear at the wall (9%u/u? <
1%), making the center of mass velocity an acceptable average velocity between the bottom and

top values of the flow velocity across the droplet.

3.3. Effect of Flow and Geometry on Internal Jumping-Droplet Condensation

It is important at this stage to list the parameters studied herein and their respective default values
that are not changed unless specified. Table 3.1 summarizes the parameters considered in this
study, which have been chosen from representative A-frame air-cooled condenser (ACC)

applications due to the use of internal-flow convective condensation.
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Table 3.1. List of independent parameters governing the numerical simulation of the jumping droplet
trajectory. Each parameter is attributed a default value that is maintained when the designated parameter is
not explicitly varied.

Parameter Symbol | Default value References and Quantification
Droplet Radius R4 10 pm [2-8]

Pipe radius a 10 cm Industrial ACC condensers [52-54, 62]
Heat flux q 1 W/cm? Industrial ACC condensers [52-54, 62]
Inlet average velocity Uy 15 m/s Industrial ACC condensers [52-54, 62]
;T(i)trilzl Zc_ircj)i?‘lee‘z:ttiggsition Z 0 Fully developed flow

Jumping direction - Downward/upward Limiting cases

3.3.1. Droplet Trajectories

Figure 3.5 shows a few representative cases of the numerically simulated droplet trajectories.
Figure 3.5(a) represents droplets jumping upward (emanating from the bottom of the tube inner
surface), whereas Figs. 3.5(b) and (c) show downward jumping droplets (emanating from the top
of the tube inner surface). The results show that smaller droplets (Rg < 20 um) jumping
downwards return to the surface due to drag and lift dominated motion. Droplets having R4 > 20
pum fall downward due to gravity while traveling very large distances (meters) in the axial direction
as compared to centimeters (Fig. 3.5a). Figures 3.5(d) and 3.5(e) show droplets jumping from

arbitrary radial locations (side and front view respectively).
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Figure 3.5. Jumping droplet trajectories in a pipe of radius 10 cm, with a saturated vapor average
velocity at the inlet of 15 m/s and heat flux of 1 W/cm?. Trajectories show droplets jumping from
the pipe inlet (z = 0) with a radial initial velocity given by the capillary-inertial scaling, for (a)
jumping upward, and (b) jumping downwards and returning to the surface, with drag dominated
motion (droplet radius R; < 20 um). (¢) Bigger droplets (R4 > 20 um) jumping downwards
travel large distances (meters in contrast to centimeters) as gravity pulls them down slowly
towards the bottom of the tube. (d) Side and (e) front view of droplets jumping at angles 8, with
respect to horizontal, experiencing intermediate behavior between the two cases of jumping
downward and upward. Note, the aspect ratio is not 1:1 in (e).
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3.3.2. Effect of Pipe Radius

By varying the pipe radius a, the main parameter affected is the suction based Reynold number R
since it is directly proportional to a. We can see this effect in Fig. 3.6, where we plot the axial
distance traveled by the droplet before landing back on the surface, L, and the time of arrival t, as
a function of a, for both jumping upward (Fig. 3.6a) and jumping downward (Fig. 3.6b). For both
cases, the effect of the channel size is only important in the regime where large boundary layer
effects are observed (0 < R < 2.3). This dependence becomes increasingly negligible for large R.
The concave shape of the distance traveled curve is due to the transition between the two opposing
trends (Figs. 3.2 and 3.3): parabolic-like behavior of the velocity profile for R < 2.3 and turbulent-
like behavior for R > 10. We can see that the time of arrival and traveled length are almost perfectly
correlated. We also observe that droplets jumping downward travel longer distances since gravity
is pulling them away from the surface while suction and drag keep them in a quasi-equilibrium in

their radial position.
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Figure 3.6. Distance traveled, L (left axis, circles), and time of travel, t, (right axis, squares), of
a droplet of radius 10 um jumping (a) upward and (b) downward as a function of the pipe radius
a. The vapor velocity at the inlet and heat flux are 15 m/s and 1 W/cm?, respectively. Although
the effect of the pipe radius is important for small channels (a < 1 cm), the effect becomes
negligible for larger pipes (a > 5 cm). This is attributed to the large deviations in the velocity
profiles for laminar flows as compared to turbulent-like flow (Fig. 2).

3.3.3. Effect of Droplet Size

Figure 3.7 shows the effect of droplet size on the distance traveled L for heat fluxes of 0.05, 0.3
and 1 W/cm?. The result curves have a concave shape, leading to an optimal droplet radius for

maximum traveled length. This occurs when surface forces (drag and lift) balance with
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gravitational forces, and is consistent with previous studies on external convective flow jumping-
droplet condensation on a flat plate [61]. The jumping downward case (Fig. 3.7b) shows a jump
of order of magnitude in the distance traveled between small (< 20 um) and large (> 20 pm)
droplets, which is the result of a droplets transitioning from returning to the top surface to returning

to the lower surface, respectively.
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Figure 3.7. Droplet axial travel length L as a function of droplet radius R for a vapor flow
entering the tube at an average velocity of 15 m/s and droplets jumping (a) upward and (b)
downward. For upward jumping, an optimal size exists (R4 = 30 um) for which the traveled
length is maximum. The optimum is due to the balance between surface forces such as drag and
lift and volumetric forces such as gravity. Decreasing the heat flux, g, from 1 to 0.05 W/cm?
reduces the velocity gradient at the wall and hence decreases the overall distance traveled. For
downward jumping droplets, the distance traveled increases by orders of magnitude suddenly as

droplets reach the size where they fall back down due to gravity (R4 = 20 pm).

3.3.4. Effect of Inlet Velocity and Axial Position

Figure 3.8 depicts the effects of the mass averaged velocity at the inlet U, (a) and the axial position
of the droplet before jumping (b) on the maximum droplet axial travel distance. From Fig. 3.8(a),
we observe that the travel length increases due to increased axial drag and lift forces (for both
upward and downward jumping) carrying the droplet down the tube. However, Fig 3.8(b) shows
that the droplet travel length decreases as a function of initial axial jumping location for both
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upward and downward jumping due to the decrease in the bulk vapor velocity caused by the wall

suction and conservation of mass.
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Figure 3.8. Droplet axial travel length L as a function (a) average vapor velocity at the inlet (Uy)
and (b) position of initial droplet jumping along the tube for a 10 um radius droplet and heat flux
of 1 W/cm?. The effect of free stream velocity acts to increase the drag and lift forces causing the
droplet to travel farther. Droplets jJumping downward experience a gravitational push away from
the surface causing L to be higher than in the jumping upward case. Further down the tube, as
vapor condenses, vapor velocity decreases due to expansion, causing lower drag force on the
droplets and hence lower travel length.

3.4. Multi-hop

The aforementioned results have shown droplet trajectory dynamics for a single jumping event.
However, in reality, droplets can jump more than once due to coalescence with other droplets upon
landing[7, 63, 64], leading to an overall trajectory of multiple jumps or “Multi — hop”. To account
for this behavior, we simulate the case of the droplet merging with another droplet of the same
size, before jumping again. We adjust the initial position and velocity of the next jump by
accounting for the position and momentum of the previous jump upon landing. Applying the
conservation of linear momentum, the initial velocities of the i jump in the x, y and z- directions
are modified as follows:
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1
[Vd,x,o]i = 0.23 [COS Hr]i + E [vd,x,end]i_1 ’

)4
pi[Rali

_ 1
[Sln er]i +5 [Ud,y,end]i_1 ’ (3.12)

[Vayol. = 0.23 >

Y
pi[Rali

1
[ugl; = 2 [ud,end]i_l )

where the ratio of 1/2 results from the initial-to-next jumping event droplet mass ratio, m;_, /m;,
and the subscripts “0” and “end” denote initial and final terms, respectively. Figure 3.9 shows
droplet trajectories that initially jump upward with a radius Rq4 o and that coalesce with droplets of
the same size upon return prior to the next jump, the maximum jumping radius being set to 250
pum. It is interesting to note that successive jumps with alternating low-high jumping heights has
been observed before experimentally [65]. Although not as pronounced as in Figure 3.9(d-f) due
to low condensation heat fluxes, the previous experiments offer an excellent verification of this

interesting multi-hop alternating jumping behavior.
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Figure 3.9. Droplet vertical travel distance, y, as a function of axial location z down the tube for
multi-hop upward jumping droplets having initial radii of: (a) Rzo =5 um, (b) R4 = 10 um, (c)
Rio=20pm, (d) Rgo =30 um, (€) R4 =50 pm, and (f) R4 o = 100 pm. The multi-hop
phenomena was modeled as sequential coalescence of landing droplets with droplets of the same
mass for g = 1 W/cm?and U, = 15 m/s. The droplets eventually become too heavy to jump
(~250 um). For larger droplets (R4 o > 20 pm), the negative momentum of the returning droplet
becomes relevant and results in lower jumping heights. Jump events with lower heights do now
impart as much negative momentum on the sequential, hence creating the observed pattern of
alternating high and low jumps until the droplet becomes sessile.
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Droplets jumping downwards can also exhibit multi-hop behavior (Fig. 3.10) up to radii of
approximately 20 um, before they fall down to the bottom of the tube from the first jump. In Figs.
3.9 and 3.10 we can see that multi hop increases the overall travel distance of the droplets,
especially for downward- jumping droplets, since the droplets grow to a size that enables gravity
to overcome lift and drag forces, pulling droplets towards the core flow. Hence the droplets travel
large distances (meters) before returning to the bottom of the tube, as compared to upward-jumping

distances of tens of centimeters.
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Figure 3.10. Multi-Hop trajectory of a droplet jumping downward having an initial radius Rg ¢ =
10 um. As the droplet reaches a critical radius of = 20 um (at z = 0.8 m), it does not return to the
upper wall of the pipe, resulting in a large axial travel distance (Fig. 3.7). The large axial travel
distance from 100 < z < 800 cm results from a balance of gravitational and drag forces due to
radial vapor flow.
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3.5. Hydraulic Performance

In order to gain a better understanding of the thermal-hydraulic performance of internal convective
jumping-droplet condensation, we focused on determining the pressure drop along the axial
direction of the tube geometries and condensation conditions considered in this study.

3.5.1. Flow Characteristics

Convective internal jumping droplet condensation represents a particular regime of two-phase
flows, since it lies somewhere between the homogeneous flow case, where the droplets travel at a
terminal velocity equal to the velocity of the flow (mist flow), and the separated flow case such as
annular and stratified flow where the vapor and liquid phases are completely separated with two
different velocities [66]. We therefore developed a pressure drop analysis different than the
classical two-phase flows approach. Figure 3.11 shows the vapor quality (x) and the void fraction
() variation along the pipe length. The void fraction represents the cross-sectional area of the
vapor divided by the cross-sectional area of the pipe, and is calculated from the Lockhart-
Martinelli correlation assuming a separated flow [66]. Curves are plotted for heat fluxes of 0.5, 1
and 5 W/cm?. We can see that the void fraction stays very close to 1 whereas the quality decreases
linearly with the axial length z, reflecting the negligible change in volume of the vapor after
condensation due to a large difference in densities between the vapor and the liquid. We note that
the discontinuity in the void fraction in Fig. 3.11 is due to the transition from laminar to turbulent
flow. Increasing heat fluxes (0.5 — 5 W/cm?) impose a faster decay of the vapor quality as a
function of the axial distance along the pipe (from 18m to 2m), since more condensation occurs

on the walls and mathematically higher suction velocity is imposed on the surface (Eg. 3.3).
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Figure 3.11.Vapor quality (X, dashed lines) and void fraction («, solid/dotted lines) as a function
of the axial distance z along the pipe. The quality was calculated from the heat flux similar to
Eq.3.3 and the void fraction was calculated using the Lockhart-Martinelli correlation for a
separated flow. The results illustrate the large gap between the quality and void fraction decays,
also giving the limiting pipe lengths for different heat fluxes. The discontinuities observed in a
correspond to transition to turbulence.

Figure 3.12 shows the vapor (u,) and the liquid (u;) bulk velocities as a function of axial location,

z, for the quality and void fraction shown in Fig. 3.11. The fluid velocities can be expressed as:

", = Gx (3.13)
pyva
NG Gt (3.14)
U a(l-a)
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where G = p, U, is the mass flux. The results show that the vapor velocity is orders of magnitude
higher than the liquid velocity for a steady mass flux. In addition to underscoring the relative
density effect, the velocity behavior helps us understand the different pressure drop behavior for

homogeneous and separated flow.

' L L L l L L L l v L L l L L L ' L L L ' L L L l
— =u,5Wlcm?

u, 5Wiem’
- =u, 1 Wiem?
u, 1 Wiem?
- =u,0.5Wcm?
\ —u,0.5Wcm?

Figure 3.12. Vapor velocity u,, and liquid velocity u; as a function of the axial distance z along
the pipe. The velocities are calculated from the quality and the void fractions (Fig. 3.11). The
discontinuities observed correspond to transition to turbulence. We can observe that the
velocities differ by order of magnitudes which is consistent with the large difference in density
between water vapor and liquid water.
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3.5.2. Enerqgy Analysis for Pressure Drop

The approach adopted for determining the pressure drop for the jumping droplet case is based on
the conservation of energy applied on the vapor stream. Vapor energy is lost either by friction at
the wall (since droplets will be jumping and not sticking to the surface) or by work done on the

droplets (acceleration/deceleration). The shear stress on the wall can be determined by:

ou
r=ug (3.15)
Eqg. 3.13 can be rewritten in terms of f with the use of the chain rule as:
o) = 222 (uy - 2%, 2) (D) (3.16)
We can obtain the change in pressure due to shear at the wall, AR,, as:
AP,(z) = Znafzr(z’)dz’ (3.17)
0

Figure 3.13 shows a schematic of the approach used to determine the energy decrease due to work
done by the vapor on the liquid (jumping droplets). We consider the work done on a monodisperse
distribution of droplets of radius R4 (mass my), traveling a distance L, in atime At. By considering
a section L of the pipe, and decomposing it into n segments of length dl, we can calculate the
pressure drop by computing the work done on the droplets jumping within this section, from each
of the segments. For each segment, we multiply the work done on the droplet by the number of

droplets of this size Ng ; that nucleate within the time At, expressed as :

At
U L (3.18)
' mdhfg
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Figure 3.13. Schematic of analysis of the work done by the vapor on the droplets within a
section L of the pipe representing the length traveled by the droplet size of the monodisperse
distribution considered. The time taken to travel the distance L is represented by At. The pipe
section is divided to n segments of length dl from which trajectories are shown up to L, and

work is accounted along these portions of the trajectories.

The pressure drop due to vapor flow work on jumping droplets, AP ., can be expressed as:

L
2iNa, fzi Fpdz

L(ma?) '’ (3.19)

APCI,L =

where z; is the center of each segment i.

Since the mass of the liquid increases linearly with L, we can consider an upper bound for the
pressure drop in the following section as 2AP;, 3AP;,, and so forth. In reality, vapor flow decreases,
resulting in smaller differential quantities of work being extracted. However the following analysis
can be taken as a conservative estimate of an upper bound of pressure drop. The sum of the
differential pressure drops represents the sum of an arithmetic series, which can be written in terms

of the total length as:

z1+
APy, = APLZ >

L (3.20)
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We note that this approximation is also based on the fact that droplets are jumping independent of
gravitational orientation which is true for small droplets (up to 20 um). Also, vertical work on the
droplet has been assumed negligible compared to the horizontal work (higher force, longer
distance).

Figure 3.14 shows the results of the pressure drop calculation (—AP) as a function of distance z
based on 3 different droplet sizes considered (R4 =10, 30 and 50 um). We can see that the vapor
shear stress increases almost linearly with distance since heat flux is constant. The work done on
droplets increases with droplet size, since droplets have increased inertia, showing curves

monotonically increasing as determined from Eq. (3.20).

100 ——mm™m™—™™—m—™—™———m—m——————————
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Figure 3.14. Pressure drop (-AP = Pinet — Poutiet) in the pipe as a function of the pipe length, z.
The pressure drop consists of the vapor shear stress at the wall and the work done by the vapor
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flow on the jumping droplets. The pressure drop due to acceleration/deceleration of droplets (Eq.
3.20) is shown for monodisperse radii of 10, 30 and 50 um. As expected, bigger droplets result in
larger pressure drops due to the higher acceleration force from the flow.

Figure 3.14 shows that the jumping-droplet pressure drop is bounded by the two theoretical limits
defined by Eqgns. (3.21-23) (homogeneous and separated flow), closer to the homogeneous flow

Case,

[d)loz (2fl_ogzv1) + GZUIV% (3.21)

)

(dP) _
dz/hom

where ¢,% = (ftp/fio)[1 + (p1/py — 1)x] is the multiplier written in terms of the friction factors

dvy
dp

1+ G%x
of the two-phase flow f;,, (using average properties) and the friction factor of the liquid only case
fio as if the liquid was flowing by itself in the pipe with the same mass flux, d represents the
diameter of the pipe, v,, v; and vy, represent the specific volumes of the liquid, vapor and their
difference (v, = v, — 1), respectively. Using the ideal gas law, we can write:

dvy Tsat (3.22)

P~ TEp?’
where T, and P, are the saturation temperature and pressure taken at 40°C for this calculation.

The separated flow pressure gradient is:

dP |, 22AHG*(1 - x)*n
- (E)Sep N <¢’ d )

dx <2xvv _2(a- x)vl> da <(1 - x)%y, xzv‘,)l (3.23)

dz |\ « 1-a dx\ 1-a)? a2

+ G?
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where f; is the friction factor of the liquid flowing in its own cross-section area at the liquid flow
rate, and compressibility effects have been neglected. Equation (3.21) and (3.23) can be integrated

to obtain the pressure drop within any section of the pipe.

250} e .;

[ /// — — Hom. Flow ]
r—200 | / — = Sep. Flow -
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P_-I1 50 F / ——SimR,=30um
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Figure 3.15. Pressure drop (—AP) in the pipe as a function of the pipe length z for homogeneous
flow (Eq. 3.21), separated flow (Eg. 3.23) and an upper bound for the pressure drop given by an
analysis of the work done by the flow on droplets with a monodisperse radii of 10, 30 and 50 pm
(Eg. 3.20). As expected, the calculated jumping-droplet pressure drop is bounded by the two
limiting cases of homogeneous and separated flow.

3.6. Discussion

The presence of internal flow during jumping droplet condensation is assumed to enhance the

condensation heat transfer measured in quiescent condensation conditions (h > 100,000 W/m?K
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[2]). Vapor flow will enhance vapor mixing, and will convect departing droplet away from the
surface and down the tube where they can be collected in a liquid reservoir. As shown through the
results of Figs. (3.6-8), proper consideration of the droplet jumping location, direction, heat flux,
and tube geometry, will have large effects on the droplet trajectory. With careful design, tube
geometries can be made such that all departing droplet are convected to the end of the tube,
avoiding progressive flooding from returning droplets [45]. Although nucleation mediated
flooding will still exist and poses a problem for the maximum attainable heat flux available for
condensation, post-flooding performance has the potential to reach ultra-high heat transfer
coefficients due to the shearing effect of vapor on the growing condensate droplets [67].
Furthermore, if non-condensable gases (NCGs) are present in the vapor, convection will disrupt
the buildup of the NCG boundary layer and should enhance thermal performance [68, 69]. In
addition, the removal of the condensate from the surface at micrometric length scales reduces the
required subcooling towards the end of the tube (typically seen in internal-flow convective
filmwise condensation), increasing the ratio of latent heat to sensible cooling, rendering the
condensation more efficient.

We anticipate that the easier removal of droplets from the top as compared to the bottom surface
will most likely lead to the bottom region of the pipe having larger droplet distributions over time,
resulting in a radially dependent heat flux along the tube length, particularly for applications
having long internal flow passages (a << L).

Thus far, our analysis has focused on calculations involving geometries and fluid flow parameters
characteristic of air-cooled A-frame condensers (ACCs). The main barrier for ACC heat transfer
is the air side and not the internal steam condensation side [52-54, 70]. Enhancing the air-side heat

transfer coefficients sufficiently for the desired condenser performance is extremely challenging
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due to the low heat capacity and thermal conductivity of air, as well as limited opportunities to
significantly modify air flow while maintaining a low air side pressure drop and fan power
consumption [70]. However, the internal convective jumping-droplet condensation approach
developed here can enable the reduction in cross-sectional area of the steam channel without
minimal penalty in pressure drop. Therefore, a larger number of steam tubes can be used, thereby
increasing the exterior fin area and improving the performance of the system through decreased

steam condensation temperatures, which can translate to increased net power production.

3.7. Future Work

The results presented in this paper construct a quantitative framework for the investigation of
internal convective jumping-droplet condensation. Our simulations have considered the case of
single droplet behavior inside a tube. Although the single-droplet analysis provides insight into the
physics of the problem, a more holistic approach should consider: 1) multiple droplets
simultaneously jumping from different radial locations with possible fluidic and electrostatic
interactions between the droplets [27], 2) the droplets’ effect on the vapor flow at high heat fluxes,
and 3) the effects of polydisperse droplet distributions on the thermal-hydraulic performance. In
the future, the effects of vapor flow turbulence should be modeled, as many internal condensing
applications have turbulent flow conditions. Although in some cases the Reynolds number in our
simulations was on the order of several thousand, which lies in the transitional region between
laminar and turbulent single phase flows in tubes, future work should focus on investigating the
retardation of the laminar-to-turbulent transition due to wall suction, as observed in external flow
where the boundary layer is drawn closer to the surface when suction at the wall is imposed [71].
The developed model and concept of internal jJumping-droplet convective condensation has much
potential for unique and enhanced thermal-hydraulic applications. It would be interesting to utilize
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convective jumping-droplet condensation for humidification and dehumidification systems. By
properly designing the tube or channel for an inlet flow of moist air, jumping droplet can be
collected in the core flow, developing a central humid stream, and a near-wall dry stream that can

be separated and distributed at the exit.

3.8. Conclusions

Our work presents a comprehensive analysis of the laminar, fully developed flow jumping-droplet
condensation inside tubes. The dynamics of the droplets jumping from the inner superhydrophobic
surface of the pipe were determined in the context of constant heat flux at the wall. With
condensation modeled as a suction velocity boundary condition at the wall, the velocity profiles
of the saturated vapor were solved via numerical simulation with a careful examination of the
problem parameters such as pipe radius, droplet size, initial jumping droplet location (radial and
axial), heat flux, and inlet vapor mass flow rate. The possibility of the droplets undergoing multiple
jumps inside the tube (multi-hop process) was considered and effective traveled lengths of the
droplets quantified. An analysis of the pressure drop was developed, based on energy conservation,
showing that forced convection internal jumping-droplet condensation is bounded by the two
limiting cases of homogeneous and separated flow. The modeling framework developed here has
the potential to be implemented for the design of advanced condensers for energy and water

applications.
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Chapter 4- Numerical Simulation of Jumping-Droplet Condensation

4.1. Introduction
Dropwise condensation has been widely studied since its discovery in 1930[1]. Dropwise
condensation on non-wetting surfaces has the potential to enhance heat transfer performance by
up to 2000% when compared to filmwise condensation on wetting surfaces[2-5]. A more recent
study revealed that dropwise condensation on suitably-designed low-adhesion superhydrophobic
surfaces has the potential to achieve even higher heat transfer coefficients, approaching 100%
higher than observed on hydrophobic dropwise condensing substrates [6,7]. The heat transfer
enhancement stems from the coalescence-induced jumping of condensate droplets from the surface
[8,9]. Termed “jumping-droplet condensation”, the coalescence-induced removal of condensate
leads to a lower average droplet size on the condensing surface, and hence lower vapor to surface
thermal resistance [10,11]. For thin hydrophobic coatings (< 1 um, k = 0.2 W/m-K), smaller
droplets (100 nm to 10 um in radii) contribute to a higher heat transfer coefficient since their
conduction thermal resistance is lower as compared to larger droplets (>10 um to Imm in radii).
However, the overall heat flux through the condensing surface is a weighted average of the heat
fluxes through individual droplets, with the weights relating to the number density of droplets per
size range. Hence, in order to characterize the overall surface heat transfer for dropwise and
jumping droplet condensation, the droplet size distribution must be known.

For dropwise condensation on hydrophobic surfaces, the steady state distribution of droplet
sizes has been studied by Rose et al. [12] for the case of droplets growing mainly by coalescence.

The droplet distribution has been verified experimentally and with numerical simulations [13].
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While the Rose distribution was originally derived through empirical observations, it has also been
derived separately through the fractal theory [14]. For droplets smaller than the coalescence radius,
Abu Orabi devised the analytical population balance model to predict the size distribution function
[15,16]. The derivation relied on the Rose distribution for the boundary conditions at the
coalescence radius. However, the population balance theory has not been verified experimentally
or computationally. As for the distribution provided by Rose, although valid for classical dropwise
condensation, it cannot be applied to and does not reflect the physics governing jumping droplet
condensation. Specifically: 1) sweeping does not take place and droplet jumping is the only
mechanism for droplet removal, 2) for larger apparent contact angles that are observed on
superhydrophobic surfaces (8 > 150°), small droplets can grow in the geometric shadow of larger
droplets, a process not observed on hydrophobic surfaces (6 ~ 90°), and 3) the main growth
mechanism of droplets is via direct condensation with only a fraction of growth occurring via
coalescence.

Prior works have attempted to derive an analytical expression for the droplet size distribution
for jJumping droplet condensation [9]. In addition to the uncertainty related to the population
balance theory on which these derivations relied, three main limitations exist: 1) the assumption
that droplets are removed exactly when their radius reaches half the coalescence radius defined by
the average spacing between nucleation sites. Although the coalescence radius assumption is exact
for non-random nucleation site distributions (e.g. square lattices, close-packed arrays, etc...), the
effective departure radius for randomly distributed droplets differs from that of well-ordered
distributions. 2) Droplet size mismatch is an important parameter that determines whether droplets
jump or coalesce and remain on the condensing surface, a physical phenomenon currently not

tractable with analytical solutions. 3) For jumping droplet condensation, characterized by droplets
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having large apparent contact angles (8 > 150°), small droplets can grow in the geometric shadow
of larger droplets, a process not captured by past analytical solutions.

Here, we provide a comprehensive analysis of droplet size distributions during jumping
droplet condensation. We start by rigorously examining the criteria for achieving steady state
condensation. After achieving steady state, the droplet size distribution was obtained for several
nucleation site densities. The effect of number of droplets simulated, droplet growth rate, apparent
advancing contact angle, minimum jumping radius, and maximum jumping radius was studied. A
numerical correlation for the droplet distribution function is provided and the overall heat transfer

on the condensing surface is quantified.

4.2. Simulation variables

The variables considered for this work are summarized in tables 1 and 2.

Table 4.1. Simulation variables, nomenclature and values of constants

density function

Name Symbol (value) Name Symbol (value)
Total covered area A Area of 2D coalescences Acoa2D
Area of 3D
A Total projected area A
coalescences coa,3D proj P
Constant relating .
. Constant expressing the

coalescing droplets Cg ratio R /s Cm
sizes max

. Droplet size distribution
Time step dt P f

Latent heat of
vaporization of water

hgg =~ 2300 K] /kg

Liquid vapor interfacial
heat transfer
coefficient[17]

hi ~ 0.4 MW/ (m? -
K)[17]

Combined interfacial

Thermal conductivity of

sites

coalescences

dditen | by |JSEEE =020 10
Thermal conductivity of ke Side length of condensing
liguid water ~ 0.6 W/(m-K) (square) surface L
Number of nucleation Number of 2D
NO Ncoa,ZD
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Table 4.1. (cont)

Number of 3D
N, Number of jumps N;
coalescences coa,3D Jume )
Overall condensation " Droblet heat transfer
heat flux q P dd
. Average radius of
Droplet Radius R . R
P coalescing droplets coalesce
- Maximum jumping
Specific gas constant R ) R
P g g droplet radius jump,max
Minimum jumping R. _ Maximum droplet radius R
droplet radius Jump,min on the surface max
. Temperature of
Time t P . T
condensing surface
. Condensation
Saturation . a
Tsat accommodation
temperature .
coefficient
Surface tension (liquid- Thickness of hydrophobic
(lia y = 72 mN/m . yarop é
vapor) coating
Apparent advancing - .
0 Liquid water densit ~ 998 kg/m?3
contact angle q y pr~ 998 kg/
Standard deviation
Water vapor density Dy (population) of the radius OR coalesce
of coalescing droplets
. Coating thermal
Thermal resistance .
2 resistance Peoat
Droplet conduction Interfacial thermal
. l/)drop . lpi
thermal resistance resistance

Table 4.2. Defining equations of some basic variables

Name Symbol (Formula) Equation number
N
Number density of nucleation sites Ng = L_;’ (4.1-a)
Average spacing between random _ 1
. . 18 S = (4.1'b)
nucleation sites 4N,
S
Coalescence radius R. = > (4.1-c)
4, —
Standard deviation for site spacing o5 = (- (4.1-d)
471Ny
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Table 4.2. (cont)

Droplet radius of the largest droplet present 2y Tsat
Rin = ~ 10 nm -
on the surface T pihe AT (4.1-¢)
Condensation temperature potential AT =Tgqr — T (4.1-f)
. OR,coalesce
Droplet coalescence mismatch parameter m=———- (4.1-g)
Rcoalesce
Biot numb Bi M (4.1-h)
iot number i=———— -
Rsinf k,,
h.
Nusselt number Nu = Lr_(’p (4.1-)
kwR sin@

4.3. Individual Droplet Growth Rate

The growth rate of a single droplet condensing on a non-wetting surface is modeled with a thermal
resistance approach[15]. The thermal resistances (y) include the liquid-vapor interfacial resistance
(eqg. 4.2), droplet conduction resistance (eq. 4.3), hydrophobic coating resistance (eq. 4.4), and

temperature drop due to droplet curvature:

1

= , 4.2
Vi h;i2mR?%(1 — cos 0) (4-2)
__ (4.3)
Yarop = 4Rk, sin6’ '
o)
Yeoat = K (4.4)

coat™R? sin? 6~

Figure 1 depicts the thermal resistance breakdown. For smaller droplets (R <100 nm), the
coating thermal resistance dominates, whereas at larger length scales (R > 1 mm), the droplet
conduction thermal resistance dominates. The coating thickness (&) is an important parameter that

affects the thermal resistance circuit and is chosen here to be 1 pm, with a thermal conductivity of
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0.2 W/(m-K)[15]. The temperature drop due to droplet curvature is only important for very small

droplets (R ~ Ry,in < 100 nm) and is accounted for in the droplet growth rate calculation.

a 2 b 2
p—y 10 ' :10 —— W 5=100 NM
= - = l‘Vcor=1t'(5:1 um
;. 103} Ro1mm T 3_10'3 F—-— @ ., 5=10 um R
N .“.’ .
g . . R=100um _ _.—-—"" - NE 4
= 10%y .-~ 1 .§,10 3
X
R=10p
: 10-5 _________ Lm ----- . I—I10-5r J
& Y
R=1 -
‘T\'Q_ 10f __ - - | Rio®}
o S
= R =100
S 107} — . . 4 107E, . . . .
920 110 130 150 170 920 110 130 150 170
0 [deg] 0 [deg]

Figure 4.1. Thermal resistance (ypmR?) of a droplet having radius, R, condensing on a
hydrophobic surface as a function of the apparent advancing contact angle, 8. The thermal
resistances depicted are the (a) droplet conduction resistance (wdmanZ eq. 4.3), and (b)

hydrophobic coating resistance (Y ,q:TR?, €q. 4.4) with the liquid-vapor interface resistance
shown (;wR?, eq. 4.2).

The overall heat transfer rate through a droplet can be determined from the vapor-to-surface
temperature difference (AT) and the thermal resistances, which has been shows previously to be
15:

ATTR?(1 — Ryyin/R)

(kcoat sin2 | Tk, sind@ T 2h;(1 — cos 9))

(4.5)

The heat transfer through a droplet can also be calculated from the enthalpy dissipated by the

condensing vapor:

= pihemR2(1 0)%(2 HdR
4a = PhigmR?(1 = cos 6)2(2 + cos 6) . @6)
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In order to determine the interfacial heat transfer coefficient, we used the kinetic theory

formulation to obtain a close form solution presented in the past [9,17,19]

2a 1 pyhg
C2-a 2R, T, T

h; (4.7)

where « is the condensation accommodation coefficient. The accommodation coefficient
represents the fraction of vapor molecules that will be captured by the liquid droplet. It is often
assumed that the accommaodation coefficient is equal to unity [9,15]. At ambient conditions, h; =
0.4 MW/(m? - K)[17], and is held constant throughout the simulations.

Recent simulations have suggested that the isotherm model provided in the aforementioned
analysis for droplet conduction resistance (eq. 4.3) is inaccurate and results in an infinite heat flux
at the contact line [20]. A more recent work proposed a modified correlation for the interfacial
resistance and the droplet conduction thermal resistance. The non-dimensional correlation
represents the Nusselt number (Nu, eq. 4.1-i) as a function of Biot number (Bi, eq. 4.1-h) and the

apparent advancing contact angle (6). The modified individual droplet heat transfer becomes:

ATmR?(1 — Rppin/R)

dd,chavan = 5 1 .
( — 1 2) (4.8)
kcoat Sin? 8 ~ Nu(6, Bi)k,,R sin 6 TR

In order to determine the individual droplet growth rate, eq. (4.5) and (4.6) were equated. The
parameters used in the model were AT = 10 K, Ry, =10 nm, § = 1 um, k,, = 0.6 W/m-K,
h; = 0.4 MW/m?-K, p; = 1000 kg/m®, he, = 2.3 MJ/KG, kcoqe = 0.2 W/m-K. The apparent advancing

contact angle was 8 = 175°, unless explicitly noted.

98



Figure 4.2 depicts the two independent droplet growth rate calculations. While the approaches
agree with each other for small droplets (R < 10 um), they differ for larger droplets (R > 10 um).

For our current study, eg. (4.8) was used to calculate the individual growth rate during simulations.
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Figure 4.2. Droplet growth rate (dR/dt) as a function of droplet radius R. The heat transfer
through the droplet was calculated via eq. (4.5) for the thermal resistance model (Kim &

Kim,[15]) and via eq. (4.8) for the more recent model (Chavan,[20]). The hydrophobic coating
thickness was assumed to be 1 um.

4.4. The Simulation

The simulation begins by randomly distributing the number of condensate nucleation sites, N,, on
the surface (Fig. 4.3). Next, we initiated a droplet on each nucleation site with a size equivalent to
the critical nucleation radius as specified by eq. (4.1-e). Prior to iterating in time, the time step was
chosen such that the product of the maximum growth rate and the time step resulted in a change
of radius equivalent to a tenth of the average spacing between droplets, or a fifth of the average

coalescence radius. The finite and small time step guaranteed adequate granularity to access the

99



direct droplet growth mode prior to coalescence. After initiating time iteration, coalescence checks
were made for each iteration such that clusters of droplets that intersect were captured. From the
intersecting droplets, the radius of the resulting coalesced droplet was calculated via conservation
of mass. If the calculated radius (post-coalescence) resided between the minimum jumping radius
(Rjump,min = 1 pm) and the maximum jumping radius (Rjymp,max = 100 um)[21], an additional
check was performed for droplet size mismatch. Past studies have observed experimentally that
when two coalescing droplets merge, if one has a radius exceeding 150% of the other, there is a
reduced chance of jumping [22,23]. For a multi-droplet (more than 2 droplets merging)
coalescence events, we generalize the problem by setting the constraint that jumping occurs if m
< 0.2, where m represents the mismatch between droplets as expressed by the ratio of the radius
standard deviation (population-based) to the mean radius (eq. 4.1-g). When all of the
aforementioned conditions are met, droplets jump and are hence artificially removed from the
simulation domain.

At each iteration, the number of jumping events (N;) was recorded. The next step in each
iteration was the growth of droplets and droplet re-nucleation. For re-nucleation, we checked
whether the initial nucleation sites were covered by an existing droplet. Only if a nucleation site
was “free” (i.e. not covered), then a droplet with radius R,;, was seeded at that location. The
seeding step marked the end of each iteration. The algorithm was repeated until the number of
jumping events had reached a specified value. Figure 4.3 shows a schematic breakdown of the
algorithm steps used in the simulation. Figure 4.4 shows representative top-view snapshots of the
surface at multiples of the time step dt. The outlined regions mark jumping events that occurred
due to coalescence on the superhydrophobic surface at consecutives time steps. It is important to

note, although Figure 4.4 shows a top view two-dimensional projection, the numerical model was
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implemented in three-dimensions. Figure 4.5 shows representative three-dimensional isometric

snapshots during condensation on the superhydrophobic surface with a higher magnification than

Figure 4.4.

Initialization
1. Ny nucleation sites (random center locations X,y) ,R = Rpin, Z = —R cos @

2. Droplet growth rate selection and time step selection, dt = 0.1 -—

()
dt/max

3. Set maximum of number of jumps Nj nax

Droplet Coalescence Check
1. Droplet i,j with centers at (x;, y;, z)), (x;, ¥}, )

J(xi —x)?+ (i — ¥)?+(z — )’ < R + Ry

2. Regroup all intersecting droplets and form clusters

Jumping Check
1. Rpin<Coalesced droplet radius < Ryax

2. Mismatch factor m < 0.2

3. If Yes> Remove droplets, update N;

v

Droplet Growth + Renucleation at free nucleation sites

Time iteration until N; = Nj max

Figure 4.3. Flow chart of the numerical algorithm used to implement the jumping droplet
simulation.
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4.4. Time-lapse top-view images of simulated jumping droplet condensation. Black
represents liquid condensate while white represents the superhydrophobic surface. Snapshots are
taken at different multiples of the time step (dt = 0.3 ms for this simulation). Areas outlined in
red boxes reveal droplet jumping. Simulation parameters: Ny = 5000 sites, L = 2.2 mm,

6 =175°.
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Figure 4.5. 3D time lapse images of jumping droplet condensation simulation, No = 1000,
L=2.5mm, #=170° and dt = 0.3 ms. (a) Droplets are small shortly after the start of the simulation
(5 dt), as compared to (b) at 20 dt. (c) and (d) are taken within 2 time steps from each other at
steady state (>200 dt). Areas outlined in a red circle depict jumping droplets that disappear
between (c) and (d) whereas the green circle depicts a small droplet feeding the large droplet

from within the latter’s geometric shadow.
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4.4.1 Steady State Criterion

We hypothesize that one way of tracking whether steady state has been achieved during jumping-
droplet condensation is by checking the maximum droplet radius on the surface. If the maximum
radius reaches a constant value that is bounded, then we know that the droplets on average are not
growing anymore. An alternate method to check steadiness is to check if the droplet distribution
is changing over time, by calculating a standard cumulative error. The latter method, however,
lacks physical insight compared to the former, hence we tracked the maximum radius on the
surface as an indicator of achieving steady state, double checking the result with the obtained
distribution.

Figure 4.6 depicts the maximum droplet size (R,,,x) Obtained as an ensemble average over 50

simulations as a function of the number of jumping events (N;) that have occurred on the

condensing surface (1 mm? with N, = 1,000 sites). The simulation used the droplet growth rate
formulation developed in the previous section with 6 = 175°, and droplet mismatch not considered
(i.e. all coalescing droplets jumped). The cumulative average and the right-half (RH) cumulative
average were plotted as metrics for convergence. The RH cumulative average was calculated from
half the data points taken from the right side as opposed to the whole dataset, both in cumulative
terms. It was observed, as expected, that the RH cumulative average converged faster than the
cumulative average since the starting set of data (left half) was dispatched during the calculation.
The number of jumping events to steady state, however, was expected to vary as the number of
nucleation sites vary, and possibly for different number densities. Therefore we normalized the
number of jumping events by the number of initial nucleation sites, and plotted convergence curves
for multiple cases. The results shown in Figure 4.6(b) prove that the unified steady state criterion

could be formulated in terms of the number of jumping events, N;, normalized by the number of
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sites simulated, N,. Simulations for N, = 1,000, N = 103sites/mm?, N, = 1,000, N = 10° sites/mm?
and N,=10,000, N, = 10°sitessmm? were performed. The simulations enabled us to change the
droplet number density while keeping the number of sites constant and vice versa. The results
showed that steady state was reached (within 3% error of the average of R,,,x) When the number
of jumping events reached =20N,, independently of the number density, Ng. The number of

droplets simulated did not affect the final value of R,,,, as will be discussed in the next section.
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Figure 4.6. Steady state convergence of the maximum droplet size R,,,., taken as an ensemble
average over 50 simulations, as a function of the (a) number of jumping events (N;) that have
occurred on the condensing surface having dimensions 1 mm? with 1,000 nucleation sites,

6 = 175°, and droplet mismatch not considered. The cumulative and right half (RH) cumulative
time averages are plotted as metrics for convergence. The RH cumulative average was calculated
from half the data points taken from the right side as opposed to the whole dataset, both in
cumulative terms. The average spacing, s, between nucleation sites was calculated from Eq. 4.1-
b. (b) The RH cumulative average (c.a.) as a function of the number of jumping events
normalized by the number of sites simulated. The average value was reached within a 3% error
when the number of jumping events reached ~20N,.

4.4.2. Effect of Number of Simulated Sites

The initial number of droplets simulated (number of nucleation sites), N,, was varied for a constant
number density (changing condensing area), in order to determine its effect on the jumping droplet

distribution. We observed that increasing N, from 1,000 to 10,000 increased the maximum droplet
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radius on the surface. Figure 4.7 shows the normalized maximum droplet radius R, . as a function
of the normalized number of jumping events (representing the time axis). For a nucleation site
density of Ny = 10° sites/mm?, the steady state average of R, increased by 19% as N, is increased
from 1,000 to 5,000 nucleation sites. Furthermore, the steady state average of R, increased by
35% as N, was increased from 1,000 to 10,000 sites. The same increasing behavior was observed
at larger nucleation site densities (Ng = 10° sitesfmm?), where the respective increases in Ry,.x
were 17% and 30%. The increase in R, Was justifiable since R, is correlated with the
maximum spacing between two nearest droplets as defined by the number of nucleation sites. As
the sample size was increased, a higher probability for deviation from the mean occurred.
However, the distribution of nucleation site spacing becomes more narrow at higher number
densities (as shown by the decreasing standard deviation in eq. 4.1-d ). Nevertheless, the effect
of the number of sites simulated on the overall droplet size distribution was shown to be negligible

even at lower nucleation densities (Ng = 10° sites/mm?).
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Figure 4.7. Normalized maximum droplet radius R,,,.,/s as a function of time, as represented

by the number of jumping events normalized by the number of nucleation sites simulated,
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N;/N,. The curves are plotted for two different number densities (N = 10 and 10° sites/mm?),

with variation of the number of simulated sites (N = 1,000, 5,000, and 10,000). For both
nucleation densities, R,,,4, remained below four times the average spacing, s, with an increasing
value correlated with the increase in sample size.

4.4 .3. Steady State Considerations

As a first attempt to obtain physical insight into the validity of the developed simulation, we tested
our hypothesis stating that the droplet size distribution reaches steady state when the maximum
jumping radius ceases to change. For surfaces where droplet return is not present (vertical surface
or horizontal facing downward with minimal vapor flow entrainment)[24-27], with droplets
jumping without the droplet size mismatch constraint, the simulations demonstrated that steady
state was reached for all conditions except for very low droplet number density where R, .«
exceeded the maximum jumping radius (=100 um). The latter was only the case for small
nucleation sites densities N < 600 sites/mm? (assuming R,y is bounded by ~5s, Fig. 4.6), much
lower than real life practical cases (Ns ~ 50,000 sites/mm?, 4).

Without the droplet mismatch constraint, droplets cannot grow indefinitely as they would
touch other droplets, coalesce, and jump eventually, regardless of their size compared to the
coalescing droplets. In a real experiments, however, coalescing droplets do not jump regardless of
their respective sizes. Droplets having large size mismatch (R; /R, > 1.5) do not jump, partly due
to loss of momentum transfer in the direction normal to the surface. The inability for droplets to
jump at any radius mismatch[28-36] required us to implement a mismatch constraint in the
simulations, which required that the population based standard deviation of the coalescing droplets
is 5X (based on two droplet coalescence analogy) less than their average. In order to determine
whether the droplet mismatch constraint affected our steady state criteria, we plotted R, as a

function of time for both low (Ng =102 sites/mm?) and high (N =10° sitesfmm?) nucleation site
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densities. We compared the results to the cases where droplet mismatch was not considered
(Fig. 4.8), with simulations performed for N, = 1,000, 5,000, and 10,000 sites. Figure 4.8(a) shows
that for Ng = 103 sites/mm?, R,,.x kept growing over time. This behavior was not observed for
higher number densities (N, = 10° sites/mm?, Fig. 4.8b). The results indicated that droplet
mismatch can hinder the simulation from achieving steady state at low number densities (< 103
sites/mm?) as large droplet spacing allows for droplets to reach large sizes (=50 um) compared to
the jumping radius (=1 um) resulting in large mismatch being more likely to occur during
coalescence. At higher number densities (> 10° sites/mm?) the continued R,,.x growth behavior
disappeared since the maximum droplet size (< 6 um) was comparable to the jumping radius of 1
um. The results indicated that steady state is achieved if Rpax/Rjump,min < 50. For realistic
number densities during jumping droplet condensation (N, > 50,000 sites/mm?), steady state was
easily achieved, and the remainder of the study will focus on the distribution density function of

simulated cases representing realistic conditions.
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Figure 4.8. Effect of the droplet mismatch criterion on steady state behavior of jumping droplet
condensation for nucleation site density of (a) Ng = 10° sites/mm? and (b) N = 10° sites/mm?.
Each graph shows the maximum droplet radius R, as a function of time, as represented by the
number of jumps normalized by the number of nucleation sites simulated (N;/N,). For
N, = 10% sites/mm?, the mismatch constraint led to R« continuously growing and hence
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preventing the achievement of steady state in cases where R,,x > 50 um. For Ng = 10°
sites/mm?, the mismatch constraint did not affect the achievement of steady state and R .«
matched with the case of no mismatch constraint applied (Fig. 4.6).

4.5. Droplet Size Distribution Function

After determining the criteria for achieving steady-state, we performed simulations with
N, = 1,000 sites. Using steady state defined as N;/N, > 20 for Ng = 10* sites/mm?, we simulated
jumping droplet condensation to study the droplet size distribution for a variety of conditions.

4.5.1. Effect of Nucleation Site Density

Figure 4.9 shows the droplet size distribution (f) as a function of droplet radius for varying
nucleation site densities (Ng). To achieve a more physical comparison, we non-dimensionalized
the curves by normalizing the droplet radius (R) by the characteristic length scale (s) and the
distribution function by Ng/s. Figure 4.9 shows that the droplet population has a fractal-like
behavior. While the curves for Ng = 10* and 10° sites/mm? show similar behavior in terms of their
decay characteristics, distributions with larger nucleation densities increasingly deviated from the
norm (Fig. 4.9, inset). For N, = 10* and 10° sites/mm?, the left side of the distribution function
(R/s < 0.1) asymptoted to a constant value. However, for N; = 10° and 107 sites/mm?, the
asymptotic behavior was not attained since the coalescence radius (s) approached the critical
nucleation radius (R,;,). The tail of the distribution also changed at higher droplet densities due
to the minimum jumping radius criteria. To gain more insight into the distribution, we plotted the
normalized maximum radius (Rpax/s) as a function of the number of jumps (N;) (figure 4.10). We
observed that increasing the nucleation site density from 10*to 10° sites/mm? slightly increased
the coalescence based growth rate (slope of the straight line *2). Furthermore, the increase in

nucleation site density tended to decrease R,,.x/S, as expected, due to the decreasing standard
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deviation of site spacing (Eq. 4.1-d). The highest nucleation density (107 sites/fmm?) revealed a

different regime that will be explored in the next section.
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Figure 4.9. Non-dimensional droplet size distribution (f) as a function of normalized droplet
radius (R/s). Inset: Dimensional droplet size distribution functions as a function of droplet
radius (R) prior to non-dimensionalization. Error bars arise due to the random error (standard
deviation) obtained by repeating the simulation 50 times and have been made partially
transparent for clarity.
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Figure 4.10. Normalized maximum droplet radius (R,,4x/S) as a function of the number of
jumps (N;) for different nucleation site densities (N). The number of simulated sites was set to
N, = 1000 droplets for all simulations. The increase in N from 10* to 10° sites/mm? slightly
increased the coalescence based growth rate (slope of the straight line). The highest nucleation
density (N = 107 sites/mm?) revealed a different regime.

4.5.2. Effect of Minimum Jumping Droplet Radius

The minimum jumping droplet radius (Rjumpmin) Was varied in order to study how it effects the
droplet size distribution. Physically, Rj,mp,min has been shown to depend on the droplet-surface
adhesion, manifested macroscopically by the contact angle hysteresis on the condensing surface.
Experimentally, the minimum jumping droplet departure radius for water has been shown to be as
low as Rjump,min = 375 NM, and as high as Rjympmin = 100 um[37]. Theory reveals that inertial-
capillary forces govern droplet coalescence even at nanometric length scales[37,38]. It is important
to note that as droplet radii approach 300 nm, jumping ceases to happen after coalescence due to
viscous effects starting to dominate inertial-capillary forces in the coalescing bridge at small length
scales®.

For Ng = 10° sitessmm? with N, = 1000 sites, we ran simulations for Rjumpmin =0.1, 1, 3,6

and 10 um, with an average droplet spacing s = 1.6 um. Figure 4.11 shows the jumping droplet
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distribution as a function of droplet radius for varying Rjymp min- The results show that the right
side of the distribution flattens for large Rj,mp min (> 6 um) similarly to the curve for large number
density (Ng=10"/mm?), indicating that curve flattening was due to the average spacing between
droplets becoming small compared to the minimum jumping radius. For N, = 1000 sites, we
observed that the maximum radius of droplets residing on the surface at steady state reached
approximately three times the average spacing between droplets (=3s, Fig. 4.6). However if the
maximum droplet radius exceeded the jumping radius, then the maximum radius on the surface
became the jumping radius, as given by the equation:

. (4.9)
Rpax = mln(cm °S, Cg : Rjump,min) )

where C,, is a constant depending on the number of droplet simulated. For N, = 1000, C,, = 3.
However, for N, = 10% C,, ~ 3.9 (Fig. 4.6) and can increase further at a decreasing rate for
higher Ny. The increase of C,, as a function of N, was observed to mitigate at higher droplet
densities. The factor C; (0 < C, < 1) represents the ratio of pre-to-post coalescence radius and
depends on the average size mismatch between coalescing droplets. The factor C, can be obtained
from the conservation of volume at a constant condensate density. For n equally sized coalescing
droplets, C, = 1/n'/3, (=0.8 for n = 2). For the cases simulated here, Cg =~ 1 showing that droplets
close to the minimum jumping radius merged with smaller droplets on average. Hence, the
distribution flattening can be explained by the fact that all droplets were well beyond their natural
maximum spacing and would jump as soon as they reach the jumping radius. The curve flattening
was observed to initiate at R ~ 2s, increasing as the difference between Cy, - s and Rjymp min

increased, as seen from the cases of Rjymp,min = 3 and 6 pm. The case of Rjymp min = 3 wm shows
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a transient regime where the Ry, approaches the value of 3 um expressed by Rjymp,min. A clear

cut-off in the tail of the droplet distribution appears for Ry,.x = 6 um and R, = 10 um.

4.5.3. Effect of Maximum Jumping Droplet Radius

The radius at which droplets coalesce and jump need not be fixed, and can exhibit a range of

values®®. One way to modify Rjump,max 1S by microstructuring the surface to pin droplets between
pre-designed structures such as pillars. In our simulations, for values where Rj,mp max Was higher
than the maximum droplet radius on the surface at steady state, changing Rjumpmax had no effect
on the droplet distribution. If, however, Rj,mp max Was lowered to a value below the maximum

radius on the surface (C,, - s), then steady state was not reached as droplets existed on the surface

that would not jump.
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Figure 4.11. Droplet size distribution as a function of droplet radius for varying minimum
jumping radius (Rjump,min)- AS Rjumpmin increased from 0.1, 1, 3, 6 to 10 um, the distribution
tail flattened. The flattening behavior explained the trends observed in Figures 4.8 and 4.9 for
large droplet densities. Inset: Maximum droplet radius on the condensing surface (R,,qx) @S @
function of time represented by the number of jumping events (N;). Error bars have been made
partially transparent for clarity.

4.5.4. Effect of Contact Angle

The contact angle affects both the droplet growth rate (Eqns. 4.6, 4.8), and droplet coalescence
due to the 3D geometry of droplets in the superhydrophobic state. Figure 4.12 shows the
distribution function for apparent advancing contact angles of @ = 150°,160° and 175° while
keeping all other parameters constant (N = 10° sites/mm?, Ny = 1000 sites). It is important to

note, although the apparent advancing contact angle is used here for simulations due to droplets

114



residing in the advancing state during growth[39], the apparent receding contact angle is of equal
importance as it is a macroscopic measure of whether jumping occurs (adhesion)[37,40]. Our
simulations incorporate the contact angle hysteresis through the specification of Rjymp min. 1.€. the
lOWEr Rjympmin, the lower the hysteresis. The inset of Figure 4.12 depicts the maximum droplet
radius for the simulated scenarios, showing that the distribution is negligibly altered at the tail end
of the distribution (R >2 um, s = 1.6 um). The results show that the maximum droplet radius
residing on the surface increases from 3.8 um to 4.2 um (~10%) when the apparent advancing
contact angle increases from 150° to 175°. The increase in maximum radius can be explained by
the increased coalescence beneath large droplets at elevated contact angles[41]. Small droplets
coalescing with large droplets “feed” the large droplets without any subsequent jumping (large
size mismatch, figure 4.5-d). However, this shadowed coalescence phenomenon does not perturb
the distribution significantly. The lack of distribution change is observable in figure 4.13 where
the normalized covered surface area (4./L?), projected surface area (4p /L?) and their ratio are
plotted as a function of the apparent advancing contact angle. The values (A./L?) and (4,/L*)

are calculated by integrating the distribution function times the base area and projected area

respectively. The ratio A,/A. follows the square of the ratio of the droplet radius to base radius

(1/ sin®), a consequence of the invariance of the distribution with apparent advancing contact
angle. Although the apparent advancing contact angle directly affects 3D coalescence effects, it

also plays a large effect on individual droplet growth rate.
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Figure 4.12. Droplet distribution as a function or droplet radius for varying apparent advancing
contact angles 6. Inset: maximum droplet radius (R,,4,) as a function of time as expressed by the
number of droplet jumping events (N;) on the surface. Simulation parameters: Ny = 1000 sites,
N, = 10° sites/mm?. Larger apparent advancing contact angles cause a slight increase in the
droplet size for R > 2 pum due to increased coalescence with smaller droplets within their
geometric shadow. Error bars have been made partially transparent for clarity.
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Figure 4.13. Normalized covered surface area (A./L) , projected surface area (4, /L) and their
ratio as a function of apparent advancing contact angle (@). The values are calculated by
integrating the distribution function (f) times the base and projected areas, respectively. The
Ratio 4,,/A, follows the square of the ratio of the droplet radius to the base radius (R/R sin 0),
which is a consequence of the invariance of the distribution with the apparent advancing contact
angle.

4.5.5. Effect of Droplet Growth Rate

Although the magnitude of the growth rate varies as a function of apparent advancing contact angle
(eq. 4.8), the previous section showed that the contact angle did not significantly affect the
distribution function. To reconcile the effect of individual droplet growth rate on the distribution
function, we conducted additional simulations with differing growth rate functions. Although the

growth rate of a condensing droplet in pure saturated vapor is well defined, additional thermal and
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mass transfer resistances can change the experimentally observed growth rate of individual
droplets[20,42,43]. We perform simulations for different growth rate functions with respect to the
droplet radius R. The growth rate obtained from the droplet heat transfer analysis was fitted with
a quadratic curve (log f ~ (log R)?) that captures the shape closely, a linear curve (log f ~ (log R))
and a constant value (fig. 4.14). A different hydrophobic coating thickness (§ = 1 nm), which acted
to change the growth rate by more than an order of magnitude, was also investigated. Despite the
growth rate changes, the distribution did not alter in any considerable way. The results are in
agreement with past studies of dropwise condensation on smooth surfaces which have shown the

droplet distribution to be invariant with surface heat flux or droplet growth rate dynamics[44,45].
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Figure 4.14. Condensate droplet size distribution as for varying individual droplet growth rates.
Quadratic (log f ~ (log R)?), linear (log f ~ (log R)) and constant growth curves were simulated.
A different coating thickness (6 = 1 nm) was also investigated. Error bars have been made
partially transparent for clarity.
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4.5.6. Suggested Droplet Size Distribution Fit

Based on the aforementioned results, we suggest the following curve fit for the non-dimensional
droplet size distribution during jumping droplet condensation (Fig. 4.15) for realistic number
densities (Ng > 105 mm2) with an overall correlation coefficient 72 > 0.995.

y = { —0.25X* — 1.37X? — 2.88X? —2.84X - 0.61 | X <0.15 .
—3.18X2 — 3.67X — 0.73 X>015" (4.9)

where X = log,o(R/s), and Y = log;o(fs/Ns).

4.6. 2D vs 3D coalescence

The high contact angles (6>150°) observed on superhydrophobic surfaces create a 3D aspect for
the coalescence that is not present on hydrophobic surfaces (6 ~90°). We highlight this effect by
counting, at steady state, the number of coalescences that would have been counted if the
simulation were 2D (N¢,,2p) and the number of coalescences that are effectively happening in
3D, (Noa3p)- The ratio of the latter to the former is plotted for several nucleation densities when
the growth rate is taken for § =1 um, 6=175° and L = 1 mm (fig. 4.15). The 3D coalescence is
highlighted further as we plot the ratio of the base areas associated with the 3D and 2D
coalescences respectively, Acoasp/Acoazp- The error bars arise from the repeated (10)
measurements on snapshots taken at steady state. The results reveal the paramount importance of
3D coalescence as Ncoasp/Ncoazp reaches values of =~10% and Acoasp/Acoa2p ~5% for
nucleation site densities Ny > 10* mm2, which results in a very large error if the simulation was
performed in 2D instead of 3D. The inset in figure 4.15 reveals the case where a 2D coalescence

is present but a 3D coalescence is not (6 =~160°).
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Figure 4.15. Ratio of the number of 3D coalescence events (Noa 3p), and the corresponding
base area of coalescing droplets (A¢oa3p), to the number of 2D coalescence events (N¢oa 2p)
and its corresponding base area (Aqa2p) at steady state as a function of the nucleation site
density (Ng). The inset depicts the schematic of a 2D coalescence that is not a 3D coalescence of
2 droplets.

4.7. Heat Transfer
The main purpose of quantifying the droplet distribution function was to predict the overall

(average) condensation heat transfer on the surface. The overall heat flux g can be obtained by:

q= f qafdR. (4.10)
R

min
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The value of the overall heat flux was plotted as a function of apparent advancing contact angle
for four different coating thicknesses (6 = 1 um, 100 nm, 10 nm, and 1 nm) with a nucleation site
density Ny = 10° mm2 (figure 4.16). The results reveal a diminishing overall heat flux as a function
of increasing apparent advancing contact angle due to the increased droplet conduction thermal
resistance for more spherical droplet geometries. Numerically, the results make sense as the droplet
distribution is not changed significantly with increasing apparent advancing contact angle (fig.
4.12), while the droplet base area is decreased. The simulations reveal that the overall heat flux
can reach values approaching 80 W/cm? for thin coatings (6 = 1 nm) with condensation heat
transfer coefficient of 80 kW/m2K (AT = 10 K) which is consistent with previous experimentally
measure values °.

To gain a better understanding of physical mechanisms governing jumping droplet
condensation heat transfer, the cumulative heat flux fraction (¢" .umu/q’’) Was calculated as a
function of droplet radius R, for Ny = 10° mm?and 6 = 175° (figure 4.17, right axis). Figure 4.17
(left axis) shows the droplet distribution function (f), heat transfer per droplet (qq4), heat transfer
per droplet size (fqq), and total area per droplet size (fR?) as a function of condensing droplet
radius. All variables were normalized by their maximum over the plotted range for ease of
visualization. The results show that the biggest contributors to the overall heat flux are droplets in
the size range 800 nm < R < 1.2 um. The peak observed for the heat transfer per droplet size
matches well with the peak in total area covered by this size range, indicating that the area covered
by droplets residing in this size range (800 nm < R < 1.2 um) is the largest amongst other size

ranges, hence contributing most to the overall heat transfer.
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Figure 4.16. (a) Overall condensation heat flux (g") as a function of apparent advancing contact
angle (8) for varying hydrophobic coating thickness for Ng=10° mm2. To compare the
simulation results to analytical theory, a previously developed analytical model?° was used to

calculate the heat flux.
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Figure 4.17. Jumping droplet heat transfer parameters as a function of individual droplet radius
(R). The left axis plots the labeled normalized heat transfer variables. The variables have been
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normalized by their maximum over the plotted range and represent: 1) the droplet size
distribution f, 2) the total heat transfer per droplet q4, 3) the total heat transfer per droplet
radius, g4 f, and 4) the total area covered by droplets of finite size, fR?. On the right axis (blue),
the cumulative fraction of the total heat flux (" cumu/q’’) is plotted on a linear scale. The
cumulative plot is the integral of the heat transfer per droplet size, q4f.

4.8. Discussion

The simulations provided in this work from the first complete 3D framework that enable modeling
of condensation heat transfer on superhydrophobic surfaces with jumping-droplets. Prior modeling
work® suggest that the distribution of droplets below the coalescence radius is governed by the
population balance theory which does not agree the current results. In addition, a recent numerical
simulation performed by Meng et. al. [46] does obtain the distribution for jumping droplet
condensation on vertical surfaces, by assuming non ideal behavior of the jumping droplets
(droplets can grow until they become large enough to be swept from the surface), while this model
assumes no defect on the surface and provides a clear study of the achievement of steady state for
jumping droplet distributions. The model provided by Meng et. al. does not include any 3D
behavior which is critical in determining droplet growth (fig. 4.15), while it has been studied
separately in other works for dropwise condensation with no jumping[47]. Hence our work
represents the first comprehensive model with 3D coalescence and jumping droplet physics. In
addition to the latter contributions, we generalize the mismatch dynamics for multiple droplet
coalescence and investigate the effects of parameters such as the number of droplets simulated,
droplet growth rate, contact angle, minimum and maximum jumping radius and different
nucleation site densities. We provide a numerical correlation depicting the non-dimensional

distribution for the expected range of nucleation site densities.
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Future work
This work provides a framework for potential avenues still to be explored in modeling of jJumping
droplet condensation.

1. It would be physically significant to implement contact angle hysteresis and droplet
jumping physics from the standpoint of droplet coalescence and the different
regimes it involves (). Although right now the model just makes droplet disappear
and relies on empirical evidence for jumping criteria (i.e. minimum size, maximum
size mismatch), in the future, it would be good to implement all of this together in
one unified code. This may require iteration between a finite element software such
as ANSYS and our Matlab/C++ code. This will enable a better fundamental
understanding of the mismatch effect for multiple droplets that has been lumped as
one parameter in this study.

2. It would be good to implement this algorithm for dropwise condensation to validate
the previously derived Rose distribution[12] and population balance[16] in one
continuous distribution. This would require optimization of the algorithm to be able
to handle a large size range of droplets. The algorithm can be enhanced with the
use of parallelization for the simulated domain.

3. The current code does not consider vapor side effects which can significantly be
altered due to jumping. It would be useful to use our code to develop a boundary
condition for a coupled vapor side code to see the effects in terms of mass transfer
enhancement. The droplet jumping does perturb the vapor flow and this effect is

still to be modeled, in terms of the hydrodynamic and thermal boundary layers
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mixing, and potential concentration boundary layers for condensation in the
presence of non-condensable gases.

4. Droplet return to the surface is not considered in this paper. In the future, it would
be interesting to determine the effect of droplet return to the surface due to the drag
exerted by the vapor flow, of gravity depending on the orientation, droplet size and

heat flux[24].

4.9. Conclusions

In this study, we provide a numerical simulation of jumping-droplet condensation on horizontal
surfaces, in order to determine the steady-state time-averaged droplet size distribution on the
condensing surface. In order to characterize steady state, we track the maximum radius on the
surface. At steady-state, the maximum radius oscillates around an average value in time. The

achievement of steady state requires that Ryax/Rjump,min< =50, Which is satisfied for typical

nucleation site densities (Ng~5x10* mm). The droplet size distribution is obtained in its non
dimensional form, and effects of the minimum jumping radius (0.1um — 10 pum), maximum
jumping radius, contact angle (150° — 175°), and droplet growth rate are provided. The minimum
jumping radius flattens the tail of the distribution only if it reaches high enough values (> =~ 3X
average spacing), whereas the maximum jumping radius is not shown to modify the distribution
unless it drops below (= 3X average spacing), where it prohibits the achievement of steady state.
The contact angle and growth rate are shown to have negligible effect on the distribution. In this
study, we provide a suggested numerical fit for the droplet size distribution with an overall
correlation coefficient greater than 0.995. The heat transfer performance is evaluated with the

derived distribution and is highly sensitive to contact angle and coating thickness as dictated by
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the droplet growth rate. The obtained heat fluxes agree well with previous studies of jumping

droplet condensation.
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Chapter 5 — Jumping-Droplet Electronics Hot Spot Cooling

5.1. Introduction

Recent advances in electronic materials and circuit architectures have catalyzed an increase in
power density (power-to-volume ratio) and the specific power (power-to-weight ratio) of both
stationary and mobile systems.[1, 2] The trend of replacing bulky pneumatic and mechanical
systems with smaller electrical systems in more-electric and fully-electric vehicles ranging from
automobiles to aircrafts 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.[3] Phase change heat transfer offers a platform to efficiently remove heat from electronic
devices and transfer it via the generated vapor phase (evaporation in heat pipes and vapor
chambers) to the outside environment.[4] However, recent advances utilizing wide bandgap
semiconductors have shown that the majority of heat can be generated locally near spatially
distributed hot spots.[3, 5] Traditional cooling schemes can also be stymied by the temporal
variation in hot spot locations concurrent with electro-thermal optimization and novel circuit
architectures.[6]

In this work, we experimentally demonstrated jumping droplet-based active cooling of
electronics hot spots with nanoengineered superhydrophobic surfaces. Recent studies have shown
that when small water droplets (=1-100 pm in diameter) merge on superhydrophobic
nanostructured surfaces, droplets can spontaneously eject via the release of excess surface energy
irrespective of gravity.[7-9] A number of works have since fabricated superhydrophobic
nanostructured surfaces to achieve spontaneous droplet removal for a variety of applications
including self-cleaning,[10, 11] condensation heat transfer enhancement,[12-16] thermal

diodes,[17] vapor chambers,[18] electrical energy harvesting,[19] and anti-icing.[20] Furthermore,
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we recently discovered that these jumping droplets are positively charged (=10-100 fC), due to
electric-double-layer charge separation at the hydrophobic coating/condensate interface,[21] and
can be manipulated with electric fields.[21-23] Here, we take advantage of this unique droplet-
charging phenomenon to demonstrate electric-field-enhanced (EFE) jumping-droplet hot spot
cooling, where the charged droplets jump between superhydrophobic copper oxide (CuO)
condensers and either single or multiple high power gallium nitride (GaN) transistors acting as
local hot spots to remove heat via droplet evaporation. We experimentally demonstrated spatially
and temporally-controllable jumping-droplet based cooling of ~1 W/cm? and describe near term
approaches to increase heat fluxes to 120 W/cm?.

The utilization of droplet-jumping and active electric fields to locally cool mobile hot spots
builds on state-of-the-art vapor chamber designs with several significant advantages as follows:
(i) The electronics act directly as the evaporator and minimize thermal resistance as typically
observed through the utilization of thermal-interface-materials and channel walls.[24] If integrated
into a jJumping-droplet vapor chamber geometry due to electrical isolation concerns, the mass flow
rate of the liquid inside the jumping-droplet vapor chamber is not dictated by the height of the
wick structure, but by the jumping frequency since the condenser liquid is returned through the
vapor space.[18] (ii) Spatial and temporal control of the jumping droplet motion is possible with
electrostatic fields such that mobile hot spots can be sensed and cooled as needed.[22] (iii) The
low Bond number of the jumping droplets (Bo ~ 107°) 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.[18]
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5.2. Experiment and Results

To investigate jumping-droplet electronics cooling, a printed circuit board (PCB) with a single
active integrated GaN field effect transistor (FET, EPC2034)[25] was positioned above the
nanostructured superhydrophobic CuO surface. The circuit board was placed on top in order to test
the worst case scenario of droplet jumping against gravity (Figure 5.1(a)-(c)). The CuO
nanostructures (Fig. 5.1(d), inset) were grown on commercially purchased 800 pm thick Cu tabs
with overall dimensions of 50 x 50 mm. Each tab was cleaned in an ultrasonic bath with acetone
for 10 min and rinsed with ethanol, isopropyl alcohol, and deionized (DI) water. The tabs were
then dipped into a 2.0M hydrochloric acid solution for 10 min 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, NasPO4+12H-0, and DI water (3.75: 5: 10: 100 wt. %).[26] During
the oxidation process, a thin (=300 nm) Cu20 layer was formed that then re-oxidized to form sharp,
knife-like CuO oxide structures with heights of h = 1 um, a solid fraction ¢ ~ 0.02 and a roughness
factor r = 10. To render the CuO tabs superhydrophobic, a C4Fg hydrophobic coating was applied
with chemical vapor deposition. This process allowed for the development of a highly conformal
(=50-nm thick) polymer layer on the CuO surface. Goniometric measurements (MCA-3, Kyowa
Interface Science) of ~ 300 nl droplets on a smooth C4Fs-coated silicon wafer surface showed
advancing and receding contact angles of 6, = 121 + 5.1° and 6, = 105 = 9°, respectively.
Meanwhile, the advancing and receding contact angles on the superhydrophobic CuO surface were
measured to be 6:PP = 166 + 6° and 62PP = 156 + 7°, respectively.

To initiate jJumping-droplet hot spot cooling, the temperature of the CuO tab was reduced to =

5°C via a cooling water flow (Fig. 5.1(a,c)) until jumping-droplet-condensation occurred. To
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Figure 5.1. (a) Side view schematic and (b) photograph of the experimental setup for
characterizing jumping droplet cooling of GaN transistors. (c) Side view image of the
experimental setup showing the GaN electrical contact (green), the PCB with GaN devices (red),
and superhydrophobic surface resting on the cold plate. (d) Composite image of several
successive frames from a high speed video of electric-field-enhanced jumping-droplet
condensation toward a GaN transistor. Electric field lines are depicted by red arrows. 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 C4Fs functionalized (=50 nm)
superhydrophobic CuO surface used in these experiments.

visualize the behavior, a gap between the parallel devices was observed with a high speed camera.
Due to electric-double-layer charge separation at the liquid-hydrophobic coating interface,[21] the
jumping droplets departed the surface with a droplet radius dependent electrostatic charge (~10
fC). The jumping droplets travelled from the CuO surface to the circuit board, resulting in
evaporative cooling of the hot GaN FET. In order to quantify cooling, EFE jumping droplet
condensation for a single GaN device for cases with and without an external electric field of -100
V for the guard ring or the source pin potential of the GaN FET was studied.

Using rear lighting and long exposure time imaging, images and videos of jumping droplet
phenomena in the gap were obtained. In the no-field condition, droplets jumping with insufficient
inertia fall back to the superhydrophobic surface. In contrast, an external electric provides
sufficient force to guide droplet’s with insufficient inertia along electric field lines to the GaN

device as depicted in Figure 5.1(d). The unique parabolic path in the right hand side of Figure
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5.1(d) also reveals how the droplet accelerate toward the power devices due to the presence of an
electric field. Accelerations between 3 and 6 m/s? for the droplets attracted by the electric fields
were observed from measurements when a -100 V potential was applied across a 3 mm spacing
between the cold plate and the GaN transistor, thus, enhancing the cooling capability by improving
the rate and the number of droplets that reach the GaN FET. The applied fields (200 — 300 V/cm)
are very similar to the critical fields needed to overcome gravity and drag forces as shown in
previous studies.[23]

Steady-state infrared imaging (Fig. 5.2(a)) of the active GaN FET (Fig. 5.2(b)) as well as
transient time-lapse liquid crystal thermography (Fig. 5.2(c)) were able to provide qualitative
information about the GaN device temperature and its high temperature localization (hot spots)
and to highlight how heat spread in the PCB (see Supplementary Material, section S2). Yet, the
inability to view the device while integrated with the superhydrophobic 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 (2 — 4 mm) between the circuit and
cold superhydrophobic sample was studied. Figure 5.2(d) shows the thermal circuit corresponding
to the experimental setup. The GaN device was assumed to have a uniform temperature, T due to
the low Biot number (Bi ~ 107?) for the cooling conditions and geometry studied here. Joule heating
of 1.57 W was generated inside the GaN transistor at a rate of RI? where R = 7 mQ is the internal
electrical resistance of the GaN FET, and I = 15 A is the DC current flowing through the device.
The heat is dissipated either to the backside (through the board, then to ambient air, Ty, = 23 £
0.5°C), or to the front side (towards the superhydrophobic sample, T; =5 £ 0.5°C). Miscellaneous
losses to ambient air have been lumped into a thermal resistance, R;ysses, Which was determined

through calibration during the no-jumping condition .

134



: Tog,.
Ryl” m Tj
GaN FET SR

-
'2D Electron
§ Gas Layer

Ritc 25.2
T Aluminum
S iN D
Atm. t. R Rioas! Nitride

; s =
FOV . L : : <
” g = ForIsolation e s g

Figure 5.2. (a) Thermal infrared image of GaN FET with (b) detailed device structure. (c) Top
view time-lapse liquid crystal thermographic images of the two GaN device during startup.
Thermal steady-state was reached at 30 seconds. Red corresponds to 70°C and violet corresponds
to 90°C. For infrared and liquid crystal thermography experimental details, please see
Supplementary Material, section S2. (d) Thermal resistance network of experimental setup. For a
detailed model description, please see Supplementary Material, section S1. (e) Top view
photograph of the two-GaN PCB.
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Figure 5.3. Thermal Circuit for GaN transistor cooling

Figure 5.3. shows the thermal circuit corresponding with the experimental setup. The GaN
transistor is considered with a lumped temperature Tg. Joule heating is generated inside the GaN
at a rate of RI? where R = 0.007 + 0.002 Q is the internal electrical resistance of the GaN
transistor, and I = 15 A is the current running through the transistor. The heat is dissipated either

to the backside (through the board, then to ambient air, T,,,,, = 23 £+ 1°C), either to the front side
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(towards the superhydrophobic sample, Ty, = 5 £+ 1°C). Miscellaneous losses to ambient air have

been lumped into a thermal resistance R),sses- Table 5.1. summarizes the parameters used.

Table 5.1. Parameters used in the thermal resistance network

Symbol / Equation Thermal Resistance Value (K/W)
Rg = Rgp + Ryat Backside resistance 79.2
Rsp Spreading resistance within the 47.2
PCB
1 Natural convection on the PCB 32
Rnat = 7————
hnatAPCB
Riosses Miscellaneous thermal losses to -
ambient air
R = 1 Natural convection at the hot 4806
D haAc side
R = 1 Natural convection at the cold 80
7 he A side
1 Evaporation of jumping droplets -
Revap = A 2
evap“lG
R = 1 Condensation on the 0.4
4= — :
N h ondAs superhydrophobic sample
1 Radiation thermal resistance 1114
Ryaq =
hradAG

Where the heat transfer coefficients and areas are as expressed in Table 5.1., and :

Rrag = 0(Te> + Ts2)(T; + Ts) , 0 = 5.67x10-8 W/m?K* is Stephan-Boltzmann’s constant,

Apcg = 62 cm? is the PCB backside surface area

The spreading resistance was found by :

R e (5.1)
P TCkpcg
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Where a=1.6 mm and b = 5.2 cm are thickness and width of PCB, respectively, and ¢ = 1.8 mm
represents the radius of the GaN if it were a circular spot. The thermal conductivity of the PCB,

kpcg, is found by

kpcg = fikpcpe + (1 — fe)kpcpn (5.2)
kpratera + kcutc
kPCB,t = 4t 4+ t - (5-3)
Fra T tcu
K _ ( tFRra 1 + tcu 1 )_1 (5.4)
PCB ™ \tppa + teu kera  trra + tew Keu '

tcu = 140 pm is the thickness of copper layers, tgrs =302.5 pum is the thickness of FR4 layers,
kpcg ¢ is tangential thermal conductivity weighted by f; and kpcg ,, is normal thermal conductivity,

which has been weighted to 95% as most of the spreading was normal in this geometry.

In order to determine the value of the miscellaneous losses in our system, we plotted the results of

hevap in terms of the GaN temperature for different values of Ryqsses, as shown in figure 5.4:
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Figure 5.4. Evaporation heat transfer coefficient in terms of the GaN temperature for different
values of Rjygges-

Experimentally, without jumping droplets (heyap = 0), the temperature of the GaN was determined to
be 90 + 1 °C which results in Rjygses= 100 £5 K/W. With this value of Rjysses, We can determine the value

of heyap for different GaN temperatures.

Using the cross-sectional area of the GaN FET (Ag,n = 0.12 cm?),[25] a total heat flux of 13.2
W/ecm? was dissipated. The cooling benefit can be separated into its contributing factors of
radiation, convection, conduction through the back of the PCB, and heat removed via jumping

droplet condensation and subsequent evaporation from the GaN device.
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Table 5.2 summarizes the measured and calculated performance, showing that although only
modest GaN FET temperature decreases (~ 2°C) were obtained by jumping droplet cooling, EFE
condensation enhances the heat transfer from the hot spot by = 200% and 20% when compared to
cooling without jJumping and non-EFE jumping, respectively.

Table 5.2. Quantitative thermal breakdown for the key single-GaN experiment parameters.
H.T.C. stands for heat transfer coefficient.

Parameters S—‘/”!bo' (a) no (b) . gc) EEE
[Units] jumping jumping jumping
Heat generated q [W] 16+04
Sample temperature T, [°C] 5+05
GaN area Ag [cm?] 0.12 £0.01
Sample area A [cm?] 25 +0.1
Nat. convection H.T.C. | hy,¢ [W/M?K] 2-5
Radiation H.T.C. h .4 [W/m?K] 7.60 7.52 7.48
i hcond _
Condensation H.T.C. [W/m?K] 100 - 1000
GaN temperature Tgan [°C 90 £1 88 =1 87 =1
: hevap

.T.C. = 100+ 2 150+ 2
Evaporation H.T.C [W/m?K] 0 00 £ 25 5025
Heat removed from 0.082 +
front qs [W] 0.036 £ 0.03 0.03 0.105 +0.03
Heat flux from front | q¢' [W/cm?] 03+025 |[0.69+0.25| 0.92+0.25

The relatively low heat fluxes dissipated by our device was mainly due to the presence of non-
condensable gases (NCGs) in the vapor environment. The condensation of water vapor leaves
behind NCGs (air) that blanket the superhydrophobic surface and act as a diffusion barrier for

water vapor.[27, 28] The counter diffusion of water vapor to the surface, coupled with the diffusion
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of NCGs away from the surface, significantly deteriorate the condensation heat transfer process,
and hence decrease the effective surface-to-vapor temperature difference.

To investigate the possibility of using jumping-droplet EFE condensation to achieve dynamic
spatial-temporal control of cooling for mobile hot spots, we repeated the experiments with a
modified two transistor circuit having two GaN devices spaced 3 mm apart in the horizontal
direction (Fig 5.2(e)). By observing droplet trajectories through high speed imaging, we were able
to plot the trajectories of droplets from the superhydrophobic surface to the GaN devices with no-
field, EFE condensation with the electric field biased towards only one GaN FET (GaN1) or the

electric field biased towards the other GaN FET (GaN2) (Fig. 5.5).
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Figure 5.5. Droplet trajectories (a) without electric field (shaded red), (b) electric field applied to
the left GaN transistor (shaded green), and (c) electric field applied to the right GaN transistor
(shaded green). Gap spacing, voltage, and electric field strength were: 2.5 mm, -100 V, and -40

V/mm. E-Field is pointing toward the GaN devices as described in Figure 5.2. In addition to
directing jumping droplets to the active transistor, the electric field also prevented droplet return
due to gravitational forces as well as vapor flow entrainment back to the condensing surface.

In contrast to Figure 5.5(a) where no external electric fields are employed, Figures 5.5(b) and
3(c) underscore how an external electric field dramatically increases the average number of droplet
trajectories directed toward a specific GaN transistor, and demonstrates spatially controllable
cooling. The droplet trajectories in Fig. 5.5(c), 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 droplet’s
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initial velocity, as measured from the videos, did not show a significant deviation from the inertial-
capillary scaling, consistent with previous works on jumping droplets[8, 21, 22] 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 jJumping
was also not increased with the application of electric fields during the experiment. However, we
expect that on the long run, 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. 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 approximately half of the
total device surface as shown in Fig. 5.2(b), 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.
5.3. Discussion

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.[29] Assuming that all of the
departing droplets leave the superhydrophobic surface and reach the GaN device, the maximum
jumping-droplet cooling heat flux can be calculated as q” = q.”Ac/Agan, Where g.” is the critical
flooding heat flux for CuO superhydrophobic surfaces having conformal hydrophobic polymer
coatings (= 13W/cm? from h=10,000 W/m?K & AT = 10°C), and A is the effective condenser area

which is able to provide jumping droplets that move laterally from their jumping location to the
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GaN device (4. = L?, where L is the maximum horizontal distance from which jumping droplets
will travel to the device). Analyzing figures analogous to Figure 5.5(d) to estimate L during EFE
condensation (Ac ~ 94¢,y), our analysis suggests that heat fluxes of ¢” ~ 120W/cm? should be
attainable in pure vapor environments for gap spacings of 3 mm and the GaN FET geometries
studied here. We note that in a closed system, no heat flux limitation is present due to wicking as
in conventional heat pipes and vapor chambers[18, 30]. Our analysis suggests that increasing in
the charge per droplet is the most important parameter to obtain enhanced heat flux since the effect
of the electric field attrition force and area ratio can be increased (A ~ L?). 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.[16]

The EFE jumping droplet cooling method demonstrated here is similar to but fundamentally
different from the jumping-droplet vapor chamber.[18] In the jumping droplet vapor chamber,
spatial and temporal control of droplet motion is not possible, whereas in our 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 to investigate the performance of the

device in pure vapor environments in vacuum due to: (i) the significant condensation thermal
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resistance added by NCGs, and (ii) the potential for droplet charge dissipation in the presence of
NCGs. Indeed, a scaling analysis using previous EFE condensation visualization studies in pure
vapor environments[22] indicates that the thermal concentration ratio (A¢/Agan) €an be well over
100 for gap spacing of the same order of magnitude studied here (5 mm), inferring that q” =
q."Ac/Agan =~ 1kW/cm? can be achieved.
5.4. Conclusions

In summary, we 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, we demonstrated heat flux
dissipations of 1 W/cm?, which can be improved in the near-term to 120 W/cm?. Future enclosed
devices with pure vapor environments, and optimized geometrical designs have the potential to
achieve higher active cooling rates approaching 1 kW/cm?. However, for a reliable practical
application, it is crucial to investigate the durability of the superhydrophobic surfaces, determining
their possible mechanical degradation within months or years. 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 6 — Water Immersion Cooling of Electronics

6.1. Introduction

Thermal management of power electronic systems is a key bottleneck to power densification [1-
7]. Single phase cooling is limited to low heat transfer coefficients [8] (< 2000 W/m2K) while
two-phase cooling such as flow boiling suffers from hydrodynamic instabilities [9]. Immersion
cooling has emerged as a potential solution to overcome these barriers by enabling the boiling of
a cooling fluid directly from the electronics module, thereby removing thermal interface materials
[10, 11] and packaging constraints. Except for the use of treated, deionized water for some systems
[12], state of the art (SOA) immersion cooling systems [13] utilize non-conductive dielectric heat
transfer liquids due to electrical considerations [14, 15]. The use of these fluids presents three
fundamental disadvantages: 1) the low boiling point of non-polar fluids at atmospheric pressure
means that electronics components cannot exceed the boiling temperature (= 50°C) by an
appreciable amount due to the formation of a vapor blanket and critical heat flux. 2) The maximum
heat flux attainable in the system is equal to the critical heat flux of the working fluid, which for
non-polar dielectric fluids is much smaller (< 20 W/cm?) than what is needed for next generation
high power density systems (> 100 W/cm?). 3) The dielectric fluid has relatively poor
thermophysical properties such as thermal conductivity, latent heat, and surface tension, when

compared to ideal conducting fluids such as water.

In this study, we propose using water as the immersion fluid which has significant advantages over
SOA systems in addition to the increased availability and reduced cost. The ultra-high latent heat
of phase change (2.4 MJ/kg for water-glycol vs. 0.3 MJ/kg for oil) and surface tension (50 to 73

mN/m for water-glycol mixtures vs. 5 mN/m for oil) of water and water-glycol mixtures enable
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highly efferent pool boiling heat transfer that has an order of magnitude increase in crucial heat
flux when compared to dielectric liquids. Furthermore, operating temperatures of electronics at
atmospheric pressures could be extended to 100°C for water or higher for water glycol mixtures
(107°C for water-ethylene glycol mixture of 50%-50% by volume).Water based fluids are
currently utilized in many applications such as automotive cooling and hence would eliminate the
need for additional working fluids for immersion cooling of electronics. The main challenge of
implementing water immersion cooling is the electrical conduction of water due to its polar nature
and the ionization it induces. To solve this problem, we first coat the electronic components such
as Gallium Nitride (GaN) transistors on a PCB with an ultra-thin (=1-25 um) and ultra-conformal
high dielectric constant [16] (78 V/um) Parylene C coating, hence electrically passivating and
isolating these components from the working fluid. Here, we demonstrate the capability of a 5 pm
layer of ParyleneC to insulate the board and run up to 20 A of current through a GaN transistor
without any short circuit occurring. We extract the heat transfer characteristics of the system (q vs
AT and h vs AT) for water, water-glycol mixture (50% by volume) and dielectric fluids, and
demonstrate an enhancement in the heat dissipated before transistor failure. This study not only
demonstrates immersion cooling in water and water-glycol mixtures of high-power density
electronics, but develops the design guidelines for cooling of electronic components through the

use of novel coatings.

6.2. Immersion cooling vs forced air cooling

Prior to the experiments, we motivate the study with a comparison between forced air cooling of
electronics and immersion cooling. In figure 1, we consider a standard geometry of a finned heat
sink designed for the cooling of an intel Core 2 Quad processor. The geometry considered is used

for quantifying the fin resistance: 10 square fins (5cm x 5cm) with a 2 mm thickness cover the
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PCB area (5 cm x 5 cm), with a fin spacing of 3 mm. Underneath the heat sink, is a gap pad (1 mm
thick) that is made of a rubber-like material with an advanced thermal conductivity of kp,q=17
WI/(m.K), a state of the art thermal conductivity for gap pads. The gap pad and the heat sink sit on
top of the PCB and air is blown towards the heat sink, with a convection coefficient h. The heat
sink is assumed to be made of copper k,=385 W/(m.K). We calculate the fin resistance associated
with this configuration and plot the total thermal resistance of the forced air cooling strategy (figure
2-a), and compare it to water immersion with a insulating layer of Parylene C (k,=0.1 W/(m.K)),
and immersion in a dielectric fluid (figure 2-b). Water boiling is assumed to have a 100,000 W/m?K

heat transfer coefficient with the dielectric boiling one order of magnitude below that.

Convection, h

10 fins, 2 mm thick
— Copper, kcy= 385 Wm1K?

Core’2 Quad

Gap pad, 1mm thick

Kpaa=17 Wm-K-: 5cm

PCB

Figure 6.1. Standard heat sink design for forced air cooling of an intel Core 2 Quad CPU.
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Figure 6.2. Thermal resistance (R) analysis of (a) forced air cooling for electronics cooling as a

function of the convection coefficient h, and (b) immersion cooling in a dielectric fluid and in

water with a Parylene C coating for electrical insulation as a function of the Parylene thickness
tp.
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6.3. Experimental setup and procedure

......

.....

~ EPC
be b ““2034

tz

t%
i M

Dual gates

Figure 6.3. (a) Experimental setup for immersion cooling. 1: Glass immersion tank, 2: Printed
circuit board, 3: Support for PCB, 4: thermocouple reader, 5: Power supply, 6: digital
multimeter. (b) Zoom-in picture of transistors: GaN Systems top cooled (GST), GaN Sys
Systems bottom cooled (GSB) and EPC 2034 (EPC). Thermocouples (TC) are attached to the
surface of the transistors via epoxy. (c), (d) and (e) Dimensions and footprints of GST, EPC and
GSB respectively

Figure 3-a represents the setup that is used for the immersion cooling of the transistors. The printed
circuit board (PCB) is immersed in a glass tank that holds the immersion fluid. The PCB is held
vertically with a clamp that is attached to an aluminum rod support structure with screw clamps,

giving freedom of operation in the vertical plane and in the horizontal inclination. The support

structure itself stabilizes through the base weight and can be easily repositioned. We use an
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HP6033A power supply to apply the constant voltage to the transistors that operate in diode mode
(gate-source shorted, Vsp >0). The diode regime enables us to dissipate enough heat to induce
boiling of the immersion fluid, as opposed to pure conduction mode (Vgs = 5V, ips> 0) that is
characterized by little thermal losses as the on-state resistance varies from R4qson=10 mQ (EPC
2034) to 50 mQ (GS66508B, GS66508T). The voltage drop across the drain and source is
measured via a Keysight 34465A digital multimeter, through Kelvin connections that provide
direct access to the drain and source eliminating the error due to voltage drop across the connecting
wires[16].

Standard FR-4 printed circuit boards (PCBs) are used, with all exposed copper coated with gold
to prevent oxidation. The FR4 layer is 1.6 mm thick, sandwiched between two 71.12 um thick
copper layers (2 oz. Cu). In order to constrain the heat near the transistors, the copper leads on the
PCB were designed thin (=1 mm wide) as compared to the leads further away from the transistors
on the PCB (=5 mm wide) in oder to generate less heat in the wires and decrease the thermal
resistance simultaneously. For the bottom-cooled GaN Systems devices, open plated through-hole
vias are added to drive heat to the thermal pads created on the bottom copper layer. They are spaced
0.64 mm apart, both vertically and horizontally, with a diameter equal to 0.3 mm, as recommended
for preventing solder wicking through the vias[17].

On the surface of the transistor, we mount a PFA insulated K type thermocouple with a diameter
of 80 um and fix it via a pre-mixed epoxy paste (Duralco 128) that is left 24 hours to cure at room
temperature. The epoxy is deposited to form a small drop ( <Imm x 1mm, fig.3-b) in order to
minimize the error on the temperature measurement while providing enough adhesion for the
thermocouple. However, the temperature error can still be high for high heat flux, which was

depicted in some of our error bars.
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Three types of transistors are used in the experiments (figure 3). EPC2034 is a top-cooled transistor
with solder balls on its back (PCB side) that are used for soldering purposes. The EPC2034 is rated
for a drain-source voltage Vps=200V, drain current ip=48 A, with an ON state resistance
Rpson=10 mQ. The EPC2034 is used for high frequency DC-DC conversion, motor drive,
industrial automation, class-D audio and other[18]. On the other hand, the two transistors provided
by GaN Systems, GS66508B (bottom-cooled) and GS66508T (top cooled), are surface-mount
devices that are placed directly on the surface of the PCB. For the bottom-cooled device, thermal
vias (spacing and diameter) are added to the footprint in order to route the heat generated into the
thermal pad located on the back of the board. In the case of top-cooled transistors, heat is dissipated
to the fluid through the top thermal pads that are added by the manufacturer. They are both rated
for Vps=650V, drain current ip=30 A, with Rpg on=50 m€2, with applications in high efficiency
and high power density power conversion (AC-DC and DC-DC), uninterruptable power supplies,
and other[19, 20].

As for the immersion fluid, we use two distinct dielectric fluids (3M Novec 72DE[21], 3M Novec
7300[22]) in addition to tap water and a mixture of water and ethylene glycol 50% -50% by
volume. The properties of the fluids are depicted in table 1[21-28]. For water and water-ethylene
glycol mixtures we had to add a few drops of a commercial non-ionic surfactant (Plex Mate) to
eliminate the adhesion of pre-dissolved air on the transistor as the temperature increases and the

solubility of air decreases in the fluid.
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Table 6.1. Properties of the immersion fluids at ambient temperature and at saturation temperature
at atmospheric pressure.

T=25°C T = T}, (boiling temperature)
Property Novec | Novec | Water | 50/50 | Novec | Novec | Water | 50/50
72DE | 7300 WEG | 72DE | 7300 WEG
Ty - - - - 43 98 100 107.3
cp [KI/kg-K] ~1.1 [1.14 4173 3412 |~11 |1.14 [4.217 |[3.65
heg [kI/Kkg] ~235 |92 2438 ~1500 | 217.6 | =84.2 | 2257 ~1380
p [kg/m?] 1280 1645 997 1079 ~1143 | 1467 957.8 | 1030
py [ka/m?] 2.19 1.06 0.025 | =0.02 | =27.3 |13.2 0.6 ~0.02
8
k [W/m-K] ~0.06 | 0.063 0.6 ~0.37 | =0.06 | 0.063 | 0.68 ~0.4
o [mN/m] 19 14.15 72 57 ~11.6 | 8.64 58.9 45
5
p X106 [Pa-s] 450 1000 855 2800 ~190. | 423 279 700
7
Pr ~8.25 | 18.78 5.95 ~25.8 | = 3.37|7.65 1.76 6.38
£x108 [KY] ~ 1300/ 1300 276 210 - - - -

Prior to testing with water and water-glycol mixture, the boards are coated with a thin (1-25 pm)

coating of dielectric (Parylene C, Es=78 VIm, kyaryiene =0.1 W/m.K) via chemical vapor

deposition (CVD, Specialty Coating Systems corporation). The coating is conformal and is tested

in tap water prior to experimentation for current leakage through the PCB. The gate is connected

EPC 2034

Figure 6.4. Hydrolysis of tap water for transistor in reverse diode mode.

to the source without any activation voltage, and the voltage between drain and source is increased

up to 200 V without any observed current or hydrolysis of the water. Without any coating, bubbles
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are observed rising from the transistors due to hydrolysis (Fig. 4), demonstrating that the coating
was the inhibitor of hydrolysis.
6.4. Thermal performance of different immersion fluids

6.4.1. Experimental Results

The immersion heat transfer performance is evaluated for the different fluids considered (Novec
72DE, Novec 7300, tap water and water-ethylene glycol 50%-50% by volume). For conductive
fluids (water and water-glycol mixture), we conduct experiments for the 3 different thicknesses of
Parylene C (1um, 5um and 25 um). We plot the power dissipated per transistor as a function of
the temperature potential between the surface temperature of the transistor and the ambient fluid.
In addition, we compare the performance of two different topologies for top-cooled transistors
(EPC 2034 and GST). In figure 5-a we plot the results for the EPC2034 transistor. The power in
the transistor was increased until the device failed. The curves depict the regime of single phase
natural convection as well as the boiling regime. For the dielectric fluids, a critical heat flux is
reached and leads to device failure. The power dissipated does not exceed 14 W and critical heat
flux is achieved at AT ~60°C or T, ~80°C (Tymp =~ 20°C) for Novec 72DE (T,=43°C) and at
T, =120°C for Novec 7300 (T,=98°C). As for water and water-glycol mixture, the device failure
occurs in the nucleate boiling regime due to the junction temperature exceeding its rated value
(150 °C). The boiling curve should not theoretically vary for the different parylene thicknesses for
a given fluid, since the heat flow would not change for a given heat transfer coefficient and the
same temperature difference between the surface of the transistor and the ambient temperature.
This is in good agreement with the experimental curves showing little variation within the same
fluid, except that the maximum power obtained can vary greatly between thicknesses, which

relates to the overall resistance (including the parylene thermal resistance). The maximum power
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dissipated per device is shown in table 2 for the different curves plotted in figure 5-a. As for the
transfer coefficient (figure 5-b), there is some difficulty in determining exactly its value since the
area through which the heat is being dissipated is greater than the footprint area due to heat
spreading in the PCB. For that reason, we plot the area-multiplied heat transfer coefficient (hA) in
terms of AT, and a corresponding heat transfer coefficient based on the footprint area on the right
axis. The observed heat transfer coefficients are summarized in table 3.

The error on the temperature is obtained by repeating the experiment for at least two different
boards (2-5 experiments per curve), while accounting for the error on the thermocouple (+1°C).
The error in the heat dissipated is minimal as the voltage Vpswas measured with Kelvin
connections and did not include any losses from the wires. The error on the power was on average
less than 0.5 W. While the power error bars were insignificant, some temperature error bars
observed were relatively large (50°C). This is due to the small variation (<0.5 mm) in the thickness
of the epoxy used (k.poxy=2.88 W/mK) to attach the thermocouple. In figure 6, we plot the
temperature drop across the epoxy for a heat flux ranging from 1 to 100 W/cm? (which is roughly
the critical heat flux for water that has not been reached in the experiments), when the epoxy

thickness t takes on values of 0.1 mm, 0.25 mm and 0.5 mm. The estimation relied on the 1-

epoxy
dimensional linear thermal resistance of the epoxy. The maximum temperature drops range from

35K for tepoxy=0.1 mm to 170K for t.p,0x,=0.5 mm, which explains the error bars observed, and

is a limitation of the temperature measurement technique employed.
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Figure 6.5. (a) Power dissipated per transistor (EPC2034) as a function of the temperature
difference AT between the top surface of the transistor and the ambient fluid temperature. On the
left axis is plotted the power per footprint area (12.5 mm?),q”’. (b) Overall area-multiplied heat
transfer coefficient (UA) as a function of AT. Experiments are conducted for two dielectric fluids
(Novec 72DE and Novec 7300) as well as for water and water-ethylene glycol mixture for 3
different thicknesses of dielectric Parylene C coating (1 um, 5 pm and 25 pm). (c) and (d)
Power-AT and UA-AT for GST.

Table 6.2. Maximum power dissipated per footprint area of transistors during immersion.

Maximum Power Dissipated per footprint area [W/cm?]
Device 72DE | 7300 50/50 WEG Water
- 25um | Spm |l pm 25pum [Spm | 1 pum
EPC2034(12 mm?) 90 111 103 298 452 108 299 562
GST(31.5 mm?) 37 42 49 124 314 51 136 | 139

157




Table 6.3. Experimental heat transfer coefficient (based on footprint area) for natural
convection and nucleate boiling for the immersion fluids considered for the EPC2034

(12mm? footprint area)

Fluid h [kKW/m?K] — based on footprint area
Natural convection Nucleate Boiling
Novec 72DE 2+0.34 — 5.4+0.54 5.420.54 — 20.8+4.2
Novec 7300 1.9+0.05 —4.2+1.17 4.2+1.17-9.744.9
50/50 WEG 2.5+0.11 — 74£0.36 7.0+0.36 — 27.9+7.83
Water 3.3+0.25 - 9.2+2.08 9.242.08 — 49.2+8.16

Table 6.4. Experimental heat transfer coefficient (based on footprint area) for natural
convection and nucleate boiling for the immersion fluids considered for the GST (31.5 mm?

footprint area)

Fluid h (kw/m?K) — based on footprint area
Natural convection Nucleate Boiling
Novec 72DE 1.27+0.06 — 2.4+0.21 2.4+0.21 - 6.2+0.44
Novec 7300 1+0.19 — 2+0.086 2+0.086 — 4.240.11
50/50 WEG 1.5+0.22 — 2.3+0.29 2.3+0.29 — 8.6+£2.57
Water 2.1+0.32 — 3.2+0.46 3.2+0.46 — 17.8+1.37
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Figure 6.6. Temperature drop across the epoxy as a function of heat flux for different epoxy
thicknesses. One dimensional linear thermal resistance is assumed for the estimation of

temperature drop.
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6.4.2. Comparison with Literature
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Figure 6.7. (a) Relative heat flux comparison for several fluids as a function of the temperature
difference T -T,,p, for natural convection from the current experiment and previous
correlations[29]. (b) Nucleate boiling relative heat flux from current experiment and Rohsenow
model[30]

In order to compare the relative performance of the fluids in both the single phase (natural
convection) regime and the two-phase (boiling) regime with existing literature, we refer to the
well-known Churchill correlation[29] for laminar natural convection (Eq. 1) and the well-known

Rohsenow model (Eq. 3)[30].

_hD 0.67Ra'/* . ©D
Nu =—~=0.68 + —75» Ra <10
[1 + (0.492/Pr)ﬁ]
gﬁ(Ts - Tamb)L3 (62)
Ra =
va
(6.3)

1 1
" — uh [g (o1 — pv]l/z i o pr-s/T ‘p (TW B Tsat) a

r=0.33, s=1 for water and s=1.7 for other fluids. The surface coefficient C;;=0.013 for water,
0.0022 alcohol (water-glycol) and 0.0049 for n-Pentane (dielectric fluids).

The results are plotted in figure 7. We can see that the experimental relative thermal performance
of the fluids is qualitatively as expected both for natural convection and for the boiling regime.
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The quantitative discrepancy (2X) for natural convection is due to the assumption of a one
dimensional heat transfer for the vertical plate, which is not the case in the experimental setup that
includes spreading in 2D. As for the boiling regime, the Rohsenow model is very sensitive to the
surface coefficient. This coefficient has been employed for copper whereas in reality the contact
surface is parylene C for the water and water-glycol 50%-50% by volume whereas the contact
surface is the outer-package of the transistor for the dielectric and these coefficients need to
supplied for such surfaces for a better accuracy.

6.5. Onset of boiling on the EPC2034
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Figure 6.8.(a) and (b) Effect of through-P
performance of the top cooled EPC2034 transistor. (¢) and (d) Snapshot (side view) of bubble
generation underneath the EPC device and on the top surface (taken from high speed camera

(Photron Mini AX200)

Experiments with the EPC top-cooled transistors showed that boiling starts underneath the device,
where the solder balls are located and then appears on the top after the power is increased above a

certain level. This can be considered as a peculiar result for top-cooled devices since the thermal
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resistance from the junction is 9X larger to the board than it is to the case[18]. We suspect this
behavior to be the result of the confinement of the liquid under the device which induces higher
temperatures for the fluid around the solder balls and favors boiling to start in this region.

The schematic in figure 9 shows the thermal resistance network used to compare the temperature
at the top surface of the EPC with that at the solder balls. The heat generated at the junction is the

sum of two heat flows that can be written at steady state as follows:

Iy —=Tamp T —Ts

= = 6.4
QTop RT + RC RT ( )
T] - Tamb T] - TSB
dBot = R + Req =T Ry (6.5)
Dividing these two equations and rearranging leads to the following relation:
T, — T R Rg +R
L= - _Ix 2= (6.6)

T,—Tsg Rp Rc
R.q is the equivalent resistance that takes into account the PCB, convection and confinement

thermal resistances. Since the spacing between the transistor and the PCB is small, the cross-

. . . . . Ty-T
sectional area for heat flow is small which leads to a high R, value and hence, a ratio # larger
]—TsB

than 1 even though i—T = 0.115 [datasheet]. This means that the temperature Tsg at the solder balls
B

is higher than T, that at the surface of the device, because a high confinement resistance R.qnf
makes the temperature at the solder balls less influenced by the ambient temperature and more
biased to that at the junction, so to speak. Thus, boiling starts underneath the top-cooled transistor
and not on its top surface like with the top-cooled GaN Systems SMD transistor.

To investigate this hypothesis, we prepared boards where the EPC footprint is supplemented with
17 0.3 mm-diameter non-filled thermal vias routing heat to a 24 mm? thermal pad on the back of

the board where it can be dissipated easier. According to the thermal resistance analysis described

161



above, reducing R4 sufficiently might lead to a higher temperature at the surface of the device
and boiling starts there. In this respect, we chose to add thermal vias to the footprint which reduces

the equivalent resistance R.q and increases Ts with respect to Tsg. The experiments were

performed in Novec 7300 and water with a 5 wm thickness Parylene coating for the boards
submerged in the latter. The devices with thermal vias were able to handle 1.23X higher power
levels in the case of water (figure 8a). This is due to the increased area of interface with the ambient
fluid that the back thermal pad provides. Moreover, the vias added were not sufficient to initiate
boiling on the surface. The number of vias was limited by the small footprint of the device,
especially that these should be added only to the source copper pad. Future work should consider

putting more filled thermal vias as a way to switch the location where boiling starts.

Tamb
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Figure 6.9. Thermal resistance network of the immersion cooling of EPC2034
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6.6. Effect of thermal pad size for bottom-cooled transistors
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Figure 6.10. Effect of pad size on the heat transfer performance of the bottom cooled GaN
transistor (GS66508B). The source-connected gold pads on the back of the PCB were varied in
size from 5mm x 7mm (small pad) to 7mm x 10 mm (big pad).

Bottom-cooled transistors were used to study the effect of the thermal pad area on cooling
performance. Two sets of boards were prepared for this purpose with bottom thermal pad areas
equal to 35 mm? and 70 mm? respectively. Experiments were performed in water with boards
coated with a 5 um layer of Parylene C. Natural convection cooling started at low power levels
followed by boiling, which happened initially at the bottom thermal pad. The graphs in figure 10b
show a jump in the convection coefficient that is due to the initiation of boiling on the top side of
the transistor with increased power. This enhancement in the cooling performance is substantial
that it can keep the temperature of the transistor nearly the same even with a 2X increase in the
power level in the case of large pads (figure 10a) creating a thermal buffer. This is due to the
formation of new boiling nucleation sites on the top of the transistor with higher power, which
compensates for the higher heat generation with a higher convection coefficient. Furthermore, this
buffer zone is followed by a plateau in the power dissipated. The plateau is followed by a further

increase in power as new nucleation sites are activated.
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6.7. Conclusions

This work provides an experimental investigation of water immersion cooling for electronics.
Immersion of individual Gallium Nitride (GaN) transistors is achieved in tap water and water-
ethylene glycol mixture (50% by volume), and benchmarked against dielectric fluids. The boards
were coated with three different thicknesses (1 um, 5 pm and 25 pm) of dielectric coating (Parylene
C) before immersion in water or water-glycol mixture. Large heat flux (based on footprint area)
dissipations are observed for water (up to 562 W/cm? ) and for water glycol mixture (452 W/cm?)
as compared to dielectric fluids (up to 111 W/cm?), as a result of subcooled boiling in a room
temperature bath. The device failed before the achievement of critical heat flux in both water and
water-glycol mixture, whereas critical heat flux was attained for dielectric fluids. We compare the
natural convection results and boiling results with the well known Churchill and Rohsenow
correlations, respectively, with discrepancies up to 300%, showing the inability of these models to
capture 2D physics for natural convection and the surface interactions for the boiling on a PCB
with and without Parylene. In addition, we investigate the onset of boiling on the EPC2034
transistor used in power conversion, and discover that boiling is initiated at the solder balls (PCB
side) although the transistor is rated for top side cooling, relating to confinement of the fluid and
local temperature increase of the fluid at the PCB interface. Furthermore, we investigate the effect
of the thermal pad on the power dissipation of a bottom cooled transistor (surface mounted on the

PCB) and show an increase in heat transfer proportional to the increased area.
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Chapter 7 — Conclusions

This thesis has worked on enhanced jumping droplet condensation and cooling strategies
for high power density electronics. Starting from a single droplet modeling, we have developed a
comprehensive physical model of external and internal convective jumping-droplet condensation.
A boundary layer approach was used to model the vapor flow over the plate and inside the pipe
with condensation modeled as a suction at the wall. The jumping droplet trajectories were
simulated accounting for the Saffman lift force of the shear flow. The results indicated that a
delicate balance between drag, lift and gravitational force leads to optimum trajectories in terms
of both height and distance traveled for a droplet radius of = 30 um. The condensation heat flux
acts to shortens the trajectory of the droplet as it leads to an increased suction, however it can have
the opposite effect for very small (~1 um) or very big droplets (~100 um) as it can cause a
downward shift of the horizontal velocity profile and greater transverse momentum transfer. For a
pipe, the dynamics can vary. Using our individual droplet model, we then incorporated multi-hop
jumping, showing that multi-hop jumping droplet condensation has the potential to increase the
total travel distances along the plate or the pipe. The present analysis outlines a condensation
methodology to delay progressive flowing and enable the steady heat transfer coefficients of >100
kW/m?K at low supersaturations. The findings presented here have significant relevance to the
applications of convective jumping-droplet condensation for efficient phase change heat transfer
applications. Furthermore, the developed boundary layer based modeling approach presents a
design framework for future models and designs of jumping droplet condensers having more

complex geometries, flow conditions, and heat fluxes.
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Transitioning to multiple droplets modeling, we provide a numerical simulation of
jumping-droplet condensation on horizontal surfaces, in order to determine the steady-state time-
averaged droplet size distribution on the condensing surface. In order to characterize steady state,
we track the maximum radius on the surface. At steady-state, the maximum radius oscillates

around an average value in time. The achievement of steady state requires that Rpax/ Rjump,min<

~50, which is satisfied for typical nucleation site densities (Ns~5x10* mm2). The droplet size
distribution is obtained in its non dimensional form, and effects of the minimum jumping radius
(0.1um — 10 pm), maximum jumping radius, contact angle (150° — 175°), and droplet growth rate
are provided. The minimum jumping radius flattens the tail of the distribution only if it reaches
high enough values (> =~ 3X average spacing), whereas the maximum jumping radius is not shown
to modify the distribution unless it drops below (=~ 3X average spacing), where it prohibits the
achievement of steady state. The contact angle and growth rate are shown to have negligible effect
on the distribution. In this study, we provide a suggested numerical fit for the droplet size
distribution with an overall correlation coefficient greater than 0.995. The heat transfer
performance is evaluated with the derived distribution and is highly sensitive to contact angle and
coating thickness as dictated by the droplet growth rate. The obtained heat fluxes agree well with

previous studies of jumping droplet condensation.
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The second portion of the thesis was related to the thermal management of electronics. we
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, we demonstrated heat flux dissipations of
1 W/cm?, which can be improved in the near-term to 120 W/cm?. Future enclosed devices with
pure vapor environments, and optimized geometrical designs have the potential to achieve higher
active cooling rates approaching 1 kw/cm?. However, for a reliable practical application, it is
crucial to investigate the durability of the superhydrophobic surfaces, determining their possible
mechanical degradation within months or years. 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.

For higher heat flux applications (>50 W/cm?), we propose the use of water immersion cooling for
electronics. Immersion of individual Gallium Nitride (GaN) transistors is achieved in tap water
and water-ethylene glycol mixture (50% by volume), and benchmarked against dielectric fluids.
The boards were coated with three different thicknesses (1 pm, 5 um and 25 pm) of dielectric
coating (Parylene C) before immersion in water or water-glycol mixture. Large heat flux (based
on footprint area) dissipations are observed for water (up to 562 W/cm? ) and for water glycol
mixture (452 W/cm?) as compared to dielectric fluids (up to 111 W/cm?), as a result of subcooled
boiling in a room temperature bath. The device failed before the achievement of critical heat flux
in both water and water-glycol mixture, whereas critical heat flux was attained for dielectric fluids.
We compare the natural convection results and boiling results with the well known Churchill and

Rohsenow correlations, respectively, with discrepancies up to 300%, showing the inability of these
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models to capture 2D physics for natural convection and the surface interactions for the boiling on
a PCB with and without Parylene. In addition, we investigate the onset of boiling on the EPC2034
transistor used in power conversion, and discover that boiling is initiated at the solder balls (PCB
side) although the transistor is rated for top side cooling, relating to confinement of the fluid and
local temperature increase of the fluid at the PCB interface. Furthermore, we investigate the effect
of the thermal pad on the power dissipation of a bottom cooled transistor (surface mounted on the

PCB) and show an increase in heat transfer proportional to the increased area.
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