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Controlling the liquid-gas interface position is important for various appli-

cations. We focus on two applications: manipulating dropwise condensation

and breaking liquid bridges. In dropwise condensation, removal of drops from

a condensing surface is needed to prevent the transition to filmwise condensa-

tion, generally undesirable because of lower heat transfer performance. Suc-

cessful removal of drops from a surface can be achieved by manipulation of

the drop interface through mechanical oscillation of the surface [91, 28], elec-

trowetting [23, 76], temperature gradients [40, 103], surface energy gradients by

means of chemical treatments [150, 27, 21, 24, 68, 125, 126] or physical textur-

ing [64, 77, 148], or gravity [44, 57]. A combination of methods can also be em-

ployed. For liquid bridges, manipulation of the interface can be achieved by me-

chanical loading. Applications such as the mounting of surveillance cameras,

the massive parallel manipulation of mm-sized objects, and the grabbing-and-

releasing of a single substrate require use of an adhesion device. The SECAD

(switchable electronically-controlled capillary adhesion device) consists of sev-

eral liquid bridges in parallel that can either be addressed all at once [139, 138],

or individually [99, 98]. In these applications, there are periods where bridge

stabilization is required (e.g., holding a surveillance camera against the ceil-

ing, holding onto small objects or a substrate). There are also periods where

bridge destabilization (bridge breaking) is required (e.g., unmounting a cam-



era, releasing small objects or a substrate). From dropwise condensation ex-

periments on uniform contact-angle and surface energy gradient surfaces, we

learned that the shift in drop-size distributions towards smaller drops by sweep-

ing could explain the observed increase in heat transfer performance of a sur-

face energy gradient surface [84]. From simulating transient dropwise conden-

sation, we learned that using the measured single drop growth rate versus a

constant temperature difference between the steam and the surface is needed to

get agreement between simulation and experiments conducted on low thermal

conductivity surfaces. From mechanically loading liquid bridges with constant-

volume, -force, and -length loadings and measuring their response, we learn

that the palm beetle’s mode of detachment depends on the type (i.e., continu-

ous vs. discrete) and the magnitude of loading [85].

Part I:

A held drop brought into contact with a nearby substrate can wet and spread

against the substrate, forming a liquid bridge that exerts a capillary force. This

force due to surface tension can be used to ’grab’ the substrate, pulling it to-

ward the drop. ‘Wet’ adhesion results from the parallel action of an array of

small liquid bridges. The Florida palm beetle, Hemisphaerota cyanea, uses wet

adhesion to defend itself against attacking predators by adhering to the palm

leaf using an array of about 120,000 micrometer-sized liquid bridges. The bee-

tle’s survival depends on the strength of adhesion which, in turn, depends on

how liquid bridges break. Individual bridges break when they go unstable,

according to their response curves. However, the ultimate strength of an indi-

vidual bridge depends on the class of disturbances to which it is subjected and

it has been speculated that the beetle may have some control over this class.

We experimentally study families of liquid bridge equilibria for their break-



ing limits when subjected to constant-length (L) and constant-force (F ) distur-

bances. While controlling constant-L disturbances is straightforward, to apply

and control constant-F disturbances on a liquid bridge requires more ingenuity.

To achieve this we introduce an apparatus with a lever-arm and a ball-bearing

slide. We then compare our experimentally measured bridge response curves

to the force trace from experiments on the beetle [35] to infer the mode of beetle

detachment. Under normal loads, the beetle detaches as a constant-L instability

for smaller loads and as a constant-F instability for larger loads. The beetle’s

ability to adjust the type and magnitude of loading in real time is not only cru-

cial to its survival but has implications for the design of various engineering

devices.

Part II:

During dropwise condensation from vapor onto a cooled surface, distributions

of drops evolve by nucleation, growth, and coalescence. Drop surface cover-

age dictates the heat transfer characteristics and depends on both drop size and

number of drops present on the surface at any given time. Thus, manipulat-

ing drop distributions is crucial to maximizing heat transfer. On earth, manip-

ulation means sweeping or dripping of larger drops, which is achieved with

gravity. However, in applications with small length scales or in low gravity en-

vironments, other methods of removal, such as a surface energy gradient, are

required. This study examines how chemical modification of a cooled surface

affects drop growth and coalescence, which in turn influences how a popula-

tion of drops evolves. Steam is condensed onto the underside of a horizontally

oriented surface that has been treated by silanization to deliver either a spa-

tially uniform contact angle (hydrophilic, hydrophobic) or a continuous radial



gradient of contact angles (hydrophobic to hydrophilic). The time evolution of

number density and associated drop size distributions are measured. For a uni-

form surface, the shape of the drop size distribution is unique and can be used

to identify the progress of condensation. In contrast, the drop size distribution

for a gradient surface, relative to that for a uniform surface, shifts toward a pop-

ulation of small drops. The frequent sweeping of drops truncates maturation of

the first generation of large drops and locks the distribution shape at the initial

distribution. The absence of a distribution shape change indicates that dropwise

condensation has reached a steady state. Previous reports of heat transfer en-

hancement on chemical gradient surfaces can be explained by this shift toward

smaller drops. Higher heat transfer coefficients in dropwise condensation are

attributed to smaller median drop size. Terrestrial applications using gravity as

the primary removal mechanism also stand to benefit from inclusion of gradi-

ent surfaces because the critical threshold size required for drop movement is

reduced.

We also simulate the entire transient portion of dropwise condensation with

a Matlab routine. While statistical steady-state condensation at longer times is of

interest from a technology standpoint, accurate simulation of the transient state

is important to understanding steady-state. Steady-state dropwise condensa-

tion is really a statistical state consisting of a collection of transient dropwise

condensation cycles occurring in parallel. Traditional simulation of dropwise

condensation has focused on making comparisons with experimental drop-size

distributions at single instants in time, typically at later times, after the process

has reached a statistical steady-state. Additionally, a constant temperature dif-

ference between the steam and the substrate is assumed. While this assumption

is valid for metal surfaces possessing a high thermal conductivity, this assump-



tion is not necessarily true for low thermal conductivity surfaces such as glass.

We report a way to simulate the entire transient portion of dropwise condensa-

tion using a population averaged isolated drop growth rate measured directly

from experiment using single drop tracking to grow the drops. The simula-

tion reasonably predicts the time evolution of the number density of drops, the

fractional coverage, the normalized condensate volume, and the median drop

radius for condensation experiments performed on a horizontal hydrophobic

surface exposed to coolant temperatures of 1◦C, 3◦C, 30◦C, and 50◦C. In the

case of a glass substrate chemically coated with dodecyltrichlorosilane, it was

found that use of a constant temperature difference grossly under predicted the

heat transfer. Additionally, the amount of liquid condensed on the surface was

independent of the cooling temperature for the coolant temperature range in-

vestigated. This has important implications for energy costs in heat transfer

applications.
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CHAPTER 1

INTRODUCTION

The ability to precisely control the location of a liquid-gas interface is important

in several applications including two-phase flow in a channel, liquid bridges,

and dropwise condensation. For two-phase flow in a channel, the distribution

of the gas and liquid phases relative to one another is what gives rise to the dif-

ferent flow regime classifications: dispersed, plug, stratified wavy, slug, annu-

lar, mist, etc. The distribution of the phases greatly affects the pressure drop in a

system. A priori knowledge of the distribution of phases allows for correct sizing

of design equipment. In the case of liquid bridges, their interfaces can be ma-

nipulated by mechanically loading them and measuring their response [85, 121].

Once the stability of a liquid bridge with respect to a class of disturbances is well

understood, devices which use liquid bridges to pick up substrates [138, 139] or

pick-and-place electrical components in 3D printing of microelectronics can be

constructed [99]. In dropwise condensation, the presence of a surface energy

gradient can induce drop movement [27, 77, 50, 150, 29]. Drop transport occurs

when the liquid-gas interface at the three-phase contact-line is disturbed by dif-

ferent amounts at the leading and trailing edges of the drop, giving rise to two

different contact-angles [29, 15]. This imbalance in the surface tension force at

either edge of the drop can induce motion, provided the surface tension force

is large enough to overcome the resistive forces due to hysteresis and viscous

drag [58] as the drop slides over the surface.

Condensation occurs in one of three different modes: dropwise, mixed, and

filmwise [79, 81]. In dropwise condensation, the condensate takes the form of

discrete drops with a spherical cap shape for small enough gravity. In film-
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wise condensation, a single continuous film of liquid exists on the condensing

surface. Mixed-mode condensation is a combination of filmwise and dropwise

condensation. Ma et al. used catastrophe theory to describe the transitions be-

tween the three condensation modes [80]. In the analysis, the state variable was

the heat flux and the control variables were the degree of subcooling and the

surface free energy. The degree of subcooling can be controlled by the steam

saturation temperature (depends on pressure) and the condenser surface tem-

perature while the surface free energy depends on the physical texturing and

also the chemical coating of the condenser surface. It was found that in the

presence of a large subcooling, the number of active nuclei approaches infinity.

A thin continuous film tries to form on the surface as a result, and at this point

the maximum heat flux occurs. Just after the formation of a continuous film, the

heat flux decreases to that of filmwise condensation. This situation is analogous

to the classical boiling curve [60, 80].

Dropwise condensation was first identified by Schmidt et al. [112] in 1930. It

was observed that the heat transfer coefficients of dropwise condensation were

higher than those of filmwise condensation. Figure 1.1 presents a general defini-

tion sketch of dropwise condensation on a cooled surface with pertinent surface

and bulk fluid temperatures indicated. From this diagram, three different heat

transfer coefficients can be calculated: overall U , steam side h̄s, and coolant side

h̄c. An energy balance performed on a control volume spanning from the steam

to the coolant, from the steam to the substrate side exposed to the steam (side

s1), and from the substrate side exposed to the coolant (side s2) to the coolant

yields the three expressions

Qo = UA (Tsat − Tc) (1.1)

Qs = h̄sA
(
Tsat − T̄s,1

)
(1.2)
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Qc = h̄cA
(
T̄s,2 − Tc

)
(1.3)

where Tsat is the steam saturation temperature, Tc is the coolant temperature,

T̄s,1 is the average surface temperature of the substrate exposed to the steam,

and T̄s,2 is the average surface temperature of the substrate exposed to the

coolant. The heat transfer through a substrate of thickness δ with thermal con-

ductivity ks is

Qsub = ksA

(
T̄s,1 − T̄s,2

)

δ
(1.4)

Assuming the steady-state heat transfer is confined to the axial direction (1D),

then Qo=Qs=Qsub=Qc. With this assumption, the overall heat transfer coefficient

can be determined from knowledge of the steam side and coolant heat transfer

coefficients, in addition to the thermal resistance of the substrate

1

U
=

1

h̄s
+

δ

ks
+

1

h̄c
(1.5)

The distinction between the heat transfer coefficients is important when trying

to draw comparisons, because reporting of heat transfer coefficients by various

authors is not standardized. Some report just the heat flux (through condenser

surface A) or even the heat transfer.

ksδ

A
Tsat,h̄s

T̄s,1

Tc,h̄c
Coolant T̄s,2

Figure 1.1: Definition sketch of dropwise condensation on a cooled sur-
face.
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Condensation experiments have been performed on a variety of surfaces in-

cluding pure gold [146] and copper [25, 66] that confirm the observations by

Schmidt. Wilkins et al. measured the overall heat transfer coefficients of drop-

wise and filmwise condensation of steam on a pure gold tube as a function of

cooling water velocity [146]. The heat transfer coefficient of dropwise conden-

sation was a factor of two higher than filmwise condensation at the slowest

velocity of 2 m/s and a factor of five higher for the fastest velocity of 8 m/s.

Chung et al. showed heat flux results for dropwise and filmwise condensation

on a vertically oriented copper plate as a function of the degree of subcooling

of the condensing surface for a range of temperatures from about 2.5◦C to 35◦C

[25]. The heat flux was calculated from the measured temperature rise in the

coolant. The surface temperature was calculated by extrapolating temperature

measurements from thermocouples embedded in the condensing substrate up

to the surface. At a 10◦C subcooling (the only point of overlap between the two

data sets), the heat flux for dropwise condensation was about five times higher

than that of filmwise condensation. Koch et al. [66] showed heat transfer results

for dropwise and filmwise condensation on a vertical copper disk as a function

of cooling water volumetric flow rate ranging from 0.25 m3/h to 5 m3/h. The

heat transfer of dropwise condensation was almost the same as that of filmwise

for the slowest coolant flow rate and a factor of four higher for the fastest coolant

flow rate.

Fatica and Katz [41] derived an expression for the average steam side heat

transfer coefficient h̄s by considering heat transfer through the entire surface,

including both the drops and the assumed bare surface between the drops. To

get to the final analytical expression, several assumptions were made. The first

is that the condensate volume is split up into equal sized drops at every instant
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during the cycle. The second assumption is that the critical drop size for depar-

ture by gravity is the same for all drops. This is equivalent to saying that the

forces exerted on every drop are the same everywhere on the surface. The third

and final major assumption, is that drop sweeping is an instantaneous event.

The model is general in the sense that it is valid for surfaces of any inclination,

contact-angle, hysteresis, and fluid. The authors point out that because there

are ”anomalies” in drop growth, differences in the critical drop size, and the

sweeping is not instantaneous, there are shortcomings in the model that do not

adequately predict the spatial variation of the steam side heat transfer coeffi-

cient along the length of the condenser surface. While it is not clear what is

meant by ”anomalies” in drop growth, it is now well established that there is

a distribution of drop-sizes at all instants because of differences in growth rate

owing to possible non-uniformities in the thermodynamic environment local to

a drop (e.g., vapor pressure, substrate temperature, drop temperature) and be-

cause of coarsening due to coalescence [56, 57, 63, 84]. It is also known that the

critical drop size is not the same for all drops. Because the static contact-angle

and the hysteresis have spatial variations due to the inherent surface roughness

and heterogeneities in the surface coating (or texturing), the forces exerted on

two equivalently sized drops on different parts of the surface are in general not

going to be equal. Additionally, there is supporting experimental evidence (see

Section 6.6) that the drop size at departure is also influenced by the dynamics

leading up to detachment (i.e., a coalescence event). Finally, sweeping is not

instantaneous because of resistances to drop movement (e.g., hysteresis, drag

between drop and substrate) that occur over a finite time scale.

A qualitative description of the spatial variation in h̄s along the length of a

vertical condenser surface is shown in Figure 1.2. At point A, h̄s is low because
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this is where there is minimal sweeping. Fatica and Katz say that for their sys-

tem, this region extends from 1/4” to 1/2” from the top. Here, the drops are

growing width wise through coalescence and condensation of steam onto the

liquid-gas interface. Once the drop reaches the departure size (capillary length

scale), then it begins to slide down the surface and sweep up drops in its path,

thereby increasing its width. Because of the sweeping, h̄s increases abruptly un-

til point B. In the region roughly 3-4” from the top, any increase in h̄s from drop

sweeping is mitigated by a decrease in h̄s because of elongation of the streaking

tail (point B). At the bottom of the surface (point C), there is likely to be com-

plete flooding of the surface and the heat transfer coefficient will be similar to

that of filmwise condensation. The visual observations made by Fatica and Katz

are consistent with the measurements of Shea and Krase [117].

x[in]

h̄s
[
W
Km2

]

B

A
C

Figure 1.2: Qualitative description of spatial variation in h̄s along the
length of a vertical condenser surface [41] starting at the top
(point A) and ending at the bottom (point C).

The heat transfer performance of a surface is determined by the distribution

of drop sizes. Theoretical interest in drop-size distributions was first expressed

by LeFevre and Rose in 1966 [72]. Their model had the correct behavior in the

limits of very large and very small drops. In 1973, Rose and Glicksman devel-
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oped a theoretical average drop size distribution of drop sizes [110] for large

drops that grew by coalescence with small drops. Also in 1973, Graham and

Griffith found that drops smaller than 10 µm in diameter were the most im-

portant to heat transfer [53]. In 1975, Tanaka was the first to propose a theory

that models the time evolution of drop-size distributions [56]. The theory uses

a population balance that accounts for the density of drops within a size range

r + dr per unit surface area. Drops enter and exit a size range r + dr by co-

alescence with other drops and single drop growth by condensation onto the

drop. Departure of drops from a vertical surface is accounted for by reducing

the remaining condenser surface area by the space taken up by these largest

drops. In this model, single drop growth is only limited by the conduction re-

sistance of the drop. In 1976, Wu and Maa derived a steady-state distribution

for small drops that grow mainly by condensation using the population bal-

ance approach [144]. For the large drops, the model of LeFevre and Rose was

adopted. The single drop growth model included the resistances due to drop

curvature, interfacial mass transfer, and conduction through the drop. In 1978,

Maa derived a population balance equation very similar to Tanaka’s in that the

model included growth due to condensation and coalescence of drops [83]. The

number of nucleation sites per cm2 was varied from 1 × 106 to 1 × 107 to fit re-

ported experimental data. Maa concluded that the drop size distribution and

the heat flux both strongly depend on the number of active nucleation sites. In

1979, Tanaka extended the validity of his model down to the thermodynamic

critical size by incorporating additional resistances into the single drop growth

rate [127]. Additional resistances included the interfacial mass transfer resis-

tance and the curvature. Effects of the promoter layer were not considered.
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In 1998, Abu-Orabi used a population balance to model the average steady-

state drop-size distribution of small drops that only grow by condensation onto

the liquid-gas interface [1]. For the first time, the full heat transfer model for a

single drop was used which includes all four resistance effects from interfacial

mass transfer, drop curvature, conduction through condensate, and conduction

through the promoter. For large drops, the model of Rose and Glicksman [110]

was assumed. The drop size distribution was averaged over a single sweeping

cycle (time from nucleation to departure by gravity). In 2006, Vemuri et al. used

the model of Abu-Orabi [1] for small drops and the model of LeFevre and Rose

[72] for large drops to calculate the steam-side heat transfer coefficient for con-

densation of steam on a copper alloy tube (99.9% Cu, 0.1% P) promoted with ei-

ther n-octadecyl mercaptan or stearic acid [137]. In their model, the single drop

growth rate was governed only by the interfacial mass-transfer and condensate

conduction resistances. In 2013, Kim and Kim performed a similar analysis to

that of Vemuri et al. [65] with the same distributions assumed for the small and

large drops. The difference in this updated analysis was the addition of two

well known thermal resistances [1]: drop curvature and conduction through

the promoter layer. Improvement on the original Abu-Orabi model [1] comes

from incorporation of the contact-angle dependence. With incorporation of the

contact-angle, the model could be extended to superhydrophobic surfaces. They

show that the larger the drops, the higher the heat transfer and the smaller the

drop, the higher the heat flux. The heat flux is defined as the heat transferred

through the drop footprint. The smaller the drop, the smaller the area between

the drop and the substrate. They conclude that a higher contact-angle leads to a

shorter time between nucleation and drop departure. With a shorter departure

time, more room is available for smaller drops. Watanabe et al. provide a chart
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that summarizes the existing models for drop-size distributions to date [143].

In addition to modeling, several experiments and simulations have been per-

formed on a variety of surfaces to investigate the drop size distributions at dif-

ferent instants in time or to investigate how they change in time. To test the

validity of his theory, Tanaka examined the distributions of drops on a verti-

cally oriented promoted copper surface and found good agreement [57]. Leach

et al. reported the existence of a single bimodal distribution for a regime where

large drops generated first and a population of small drops generated later co-

exist for condensation on a piece of saran wrap placed over water at an initial

temperature of 97◦C [70]. The work of Ma et al. [82] was the first to qualitatively

investigate the evolution of drop size distributions on a low thermal conductiv-

ity polycarbonate substrate. When compared with a promoted copper surface,

the evolution of the drop-size distributions appeared to be different for the low

thermal conductivity substrate. It is not clear, however, if the authors observed

the distributions at earlier times. Experimental and computational examination

of the transient drop size distributions for an inclined uniform contact angle

surface showed that the distribution shape remained the same because of fre-

quent periodic sweeping of the surface by gravity [63, 118, 8]. Simulation of the

time evolution of a population of drops on a surface energy gradient surface

showed that because sweeping is more frequent on a gradient surface than on

a slightly (5◦) inclined surface, many more small drops resulted [63]. Macner et

al. demonstrated a shift in the drop size distributions towards smaller drops

in the presence of a surface energy gradient created by deposition of silane

[84]. The condenser surface was G.E. 124 fused quartz treated with either 3-

aminopropyltriethoxysilane or dodecyltrichlorosilane. More recent work is that

of Peng et al. which experimentally investigated the effects of the ratio of the
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width of the hydrophobic strip to the width of the hydrophilic strip on the heat

transfer for hydrophobic-hydrophilic hybrid copper surfaces [97]. They found

that there is a width of the hydrophobic region which optimizes the heat trans-

fer. Only a single drop size distribution is reported in what appears to be the

steady-state regime for each ratio.

All of the models thus far have been concerned with uniform contact-angle

surfaces. In addition, all of the models have also assumed hemispherical drops

with the exception of the model Kim and Kim [65]. With the advent of designer

surfaces with non-uniform contact-angles, such as gradients [150, 27] and hy-

brid hydrophobic-hydrophilic surfaces [97, 51], it is imperative that new models

be developed that describe the transient drop-size distributions. These models

will need to take into account the additional removal mechanisms by surface

tension gradients and the possibility of spatial variations in nucleation site den-

sity.

Important in the evolution of a drop population are both the isolated and

the overall growth rates of a drop. Isolated drop growth refers to the growth

of a single drop in a pattern that is a result of condensation onto the liquid-

gas interface and from accretion of adsorbed water molecules on the surface

that diffuse along the surface to the perimeter of the drop. The main growth

mechanism for drops with a diameter smaller than 50 µm is surface diffusion

while that for drops larger than 50 µm is condensation [70]. Overall growth is a

combination of the growth by condensation and the growth by coalescence. The

result is a staircase shaped curve where the steps represent coalescence events

(cf. Figure 1.3). When the fractional coverage is greater than∼ 30%, interactions

of drops by coalescence becomes important [12]. Both the isolated drop growth
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rate (µs) and the overall growth rate (µa) follow a power law, R ∼ tµ [12, 48, 49,

90, 154, 107, 11, 150]. There is a relationship between the two growth rates that

depends on the dimensionality of both the drops Dd and the substrate Ds [12]

µa = µs
Dd

Dd −Ds

(1.6)

Condensation of three dimensional drops (Dd = 3) onto a planar surface

(Ds = 2) leads to the relationship µa = 3µs. The isolated drop growth rate

typically takes on values that satisfy µs < 1/3. The actual value depends on the

saturation conditions (humidity) of the steam [20] and the thermal conductivity

of the substrate and its ability to conduct heat away from the drop [12, 10, 48].

While the overall growth rate, which is largely driven by coalescence, leads to

coarsening of the drop-size distributions, the isolated growth rate controls the

rate at which drops will grow and reach the maximum packing fraction (i.e.,

smallest nearest neighbor distance). The maximum packing fraction can be ver-

ified with a voronoi diagram, which will show densely packed polygons.

a [µm]

t [s]

Figure 1.3: Overall growth rate of a single drop is a combination of iso-
lated growth by condensation (black lines) onto the liquid-gas
interface and coalescence (red lines) with neighboring drops.
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In dropwise condensation, the continuous removal of drops prevents the

transition to filmwise condensation. There are several removal strategies that

can be employed. A common way to promote the removal of drops on Earth is

to either tilt [63, 118] or vertically [44, 57] orient the surface to take advantage

of gravity to clear the surface once the characteristic length of the drop exceeds

the capillary length scale (λc ∼ 2.4 mm for pure water). Here, the surface gets

cleared by drops that sweep other drops in their path as they depart from the

top of the surface [41]. The sweeping drops grow in size as they move down the

surface and accelerate.

The challenge of removal becomes more complicated in low gravity environ-

ments and at small length scales where surface tension dominates gravity. In

these cases, one needs to employ other methods to clear the surface. Such meth-

ods involve moving drops on a surface by deliberately disturbing the liquid-

gas interface in the vicinity of the contact line to create a force imbalance be-

tween the leading and trailing edges of a drop. These methods can be classi-

fied as either active or passive, depending on whether external energy needs

to be supplied to the system. The most commonly employed passive method

uses a surface energy gradient, created by chemically patterning the surface

[150, 27, 21, 24, 68, 125, 126] or by chemically coating a physically textured sur-

face [64, 77, 148]. A comprehensive review of techniques to fabricate chemical

and physical gradients is provided by Genzer et al [50]. Some of the active meth-

ods include temperature gradients (thermocapillary) [40, 103, 16], electrostatic

potential gradients (electrocapillary) [23, 76], and a periodic asymmetric oscil-

lation of a substrate [91, 28]. The surface energy gradient plays a role similar to

that of gravity. Again, as a drop moves on the surface because of the imposed

difference in its contact-angles, it sweeps up other drops in its path. Unlike a
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vertically oriented surface where the direction of sweeping cannot be controlled

because the direction of gravity is fixed, surface energy gradients can be tuned

to provide a specific direction of sweeping. Asymmetric oscillation can also be

used to control the direction of sweeping, although not to the same extent as that

of gradients. Finally, designing superhydrophobic condensing surfaces that en-

courage a coalescence induced out-of-plane jumping motion of drops could also

be effective [42, 93]. Here, however, there is no sweeping of drops.

Unlike in Earth’s gravitational field where dripping condensate can be col-

lected and recycled for reuse, an additional removal mechanism is needed to

get rid of collected condensate remaining on the surface (i.e., at the perimeter of

a radial gradient) in applications involving low gravity environments or small

length scales. A passive way to achieve this is via grooved surfaces that wick

away the condensate [45, 102].

The static contact-angle of a substrate can be altered by chemically coat-

ing the surface and by physical texturing. In the case of chemically coating a

glass surface by silanization, an estimate of the static contact-angle can be de-

termined from the surface energy values published by the silane manufacturer.

The contact-angle hysteresis can be controlled by choice of substrate and/or

type of silane (cf. Appendix C). Common substrates include copper, stainless

steel, glass, mica, silicon wafers, porous media, and polycarbonate. Each sub-

strate has its own inherent roughness. Whereas silicon wafers are atomically

smooth, glass slides typically have a roughness on the order of a few microns.

A freshly cleaved piece of mica offers an even smoother surface than a silicon

wafer with a roughness on the order of 0.13 nm [115]. Surface roughness aris-

ing from choice of silane might depend on how the silane molecules deposit
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and pack in on the substrate (i.e., single monolayer versus islands). In the case

of a Teflon substrate, the hysteresis can be altered by changing the grit size of

the sandpaper used to roughen the surface [95]. For other substrates, there are

unique methods that can be employed. An example is acetone-induced crystal-

lization of a polycarbonate substrate where the hysteresis is controlled by the

treatment time [26]. There are also methods that are silane specific. An exam-

ple is the liquid deposition of 3-aminopropyltriethoxysilane (APTES) on glass

surfaces. Here, the choice of solvent affects how many layers of APTES are

deposited onto the surface, which in turn, affects the contact-angle and the hys-

teresis [141, 122]. For substrates that require piranha cleaning prior to chemical

treatment, the length of cleaning affects the substrate roughness. The longer the

substrate is in contact with piranha, the rougher the surface [116]. While this

list of static contact-angle and hysteresis control strategies is not all inclusive, it

gives a general idea of the methods employed for commonly used substrates.

Traditionally, condensing substrates were restricted to copper and other met-

als and the substrates were chemically treated to promote dropwise condensa-

tion. More recently, other alternatives to traditional metal substrates such as

silicon wafers, glass, and plastics are being investigated for use as condensing

substrates. Both silicon wafers and plastics can be physically textured. The

atomic smoothness of silicon wafers make them ideal substrates for nanofabri-

cation of micro- and nano-sized structures to create a physically textured land-

scape. In the case of plastic substrates, the commercialization of 3D printing has

opened up possibilities in terms of printing low cost substrates with different

physical textures. Currently, the highest resolution available is on the order of a

few microns. As the technology improves and higher resolutions are obtained

(on the order of a few nm), the 3D printing of substrates could pave the way
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for low cost designer surfaces. The main disadvantages of these designer sur-

faces, in addition to glass and silicon wafers, is their low thermal conductivity.

Consequently, the heat transfer coefficient for these surfaces is much lower than

that of metallic surfaces. For a low thermal conductivity surface, the latent heat

released by the drop as it condenses is not conducted away fast enough before

more heat is transferred through the drop. This leads to a competition of time

scales between the drop and the substrate. If the thermal conductivity of the

substrate is poor enough, the growth rate of the drop could slow down and

eventually stop because of the retainment of heat by the substrate. In previous

literature, a steady-state conduction model for a single drop with the assump-

tion of a constant temperature difference between the steam and the condensing

surface has typically been used. This approach is only valid when the substrate

is infinitely conductive. In the case of low thermal conductivity, this model is

not appropriate because there will be a severe reduction in heat transfer for a

range of drop sizes. The value of the cutoff depends on both the thermal prop-

erties of the substrate and of the condensate.

To this end, we perform condensation experiments on glass substrates and

compare with both condensation and population balance simulations for the

cases of an assumed constant temperature difference and a measured constant

growth rate. It will be shown that measured constant growth rate, not the con-

stant temperature difference model, is required for agreement between simu-

lation and experiment. The constant temperature difference was inadequate at

capturing the growth rate of the largest sized drops which contributed the most

to the total condensed volume. Additionally, it will be shown that the growth

rate of the film thickness is constant for a low thermal conductivity substrate

with a 1D steady-state conduction model for growth of a single film on a sub-
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strate . As the field moves towards lighter materials for condenser surfaces, it

will be important to develop different computational tools that are better able

to predict the progression of condensation on a low thermal conductivity sub-

strate.

The dissertation is organized as follows. Chapter 3 is a paper published on

my experimental work related to the mechanical loading and stability of liquid

bridges. These results were subsequently used to hypothesize about the Florida

palm beetle’s defense mechanism [85]. Another paper was published on other

aspects of this work [121]. Just prior to taking my A-Exam in the Fall of 2011,

I was awarded a NASA Space Technology Research Fellowship (or NSTRF for

short). One of the requirements of the fellowship was to complete a 10-week

on-site rotation at a NASA center for each year of funding. The NASA projects

were different from my thesis work. With the awarding of the NSTRF came

a shift in the research focus from liquid bridges to dropwise condensation for

the last three years of my doctorate. Chapter 4 is a paper I published on the

results of my condensation experiments. We found in the case of gradient sur-

faces, that frequent sweeping of the surface by large drops shifts the drop-size

distribution towards smaller drops. We believe this is the mechanism that is

responsible for the higher heat transfer rates observed in practice on gradient

surfaces [84]. Chapter 5 is a separate paper outline that compares results from

a condensation simulation with the published experiments and is planned for

submission for publication after the defense. Chapter 6 is part of a paper out-

line that compares results from a population balance simulation (that neglects

the spatial dependence of the drops) with published experiments. A theoretical

extension of the model to surface energy gradient surfaces is also presented. Fi-

nally, Chapter 7 gives a general overview of my three on-site experiences at the
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Johnson Space Center and the Glenn Research Center. The two-phase flow map

experiments that were completed during my third on-site rotation are planned

for submission for publication.
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CHAPTER 2

BACKGROUND

Chapter 2 introduces some basic concepts central to the area of dropwise con-

densation in an attempt to provide the reader with the foundation necessary to

understand the results presented in later Chapters. Chapter 2 begins by mo-

tivating the study of dropwise condensation from a technological standpoint.

While it is a scientifically rich area, a majority of the research has been steered

towards gaining a better understanding of the physics related to heat transfer,

coupling between drops and the condensing surface, and population evolution,

all in the pursuit of designing and implementing efficient surfaces. The metrics

used to assess the progress of dropwise condensation are illustrated by con-

structing an idealized cycle. Inherent difficulties when studying this area, such

as the large range of length and time scales are pointed out. Prior to introduc-

ing the full 1D steady-state heat transfer model for single drop conduction, a

discrepancy between the two leading condensate conduction models in the lit-

erature is investigated and reconciled. After this, the full model is applied to

a cylindrical drop in four different parameter limits to determine the growth

rate of a drop between coalescence events. Two of the limits correspond to the

way that a cylindrical drop can grow geometrically, either with an advancing

footprint at fixed thickness or with a fixed footprint with increasing thickness.

These two limits are examined at the two extremes of thermal conductivity, in-

finitely high (e.g., copper) and very low (e.g., plastics and glass). A comparison

between the predicted growth rates from the model and those measured in ex-

periment is made. An improvement on the heat transfer model of a cylindrical

drop is made that includes a correction accounting for the presence of a non

90◦ contact-angle. The model is examined in the low thermal conductivity limit
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only, and a comparison is again made between the model and experiments to

show the improvement in prediction capabilities. Chapter 2 closes by deriving

geometric expressions that relate how the drop volume, liquid-gas interfacial

area, and height change relative to the liquid-gas interfacial area, drop footprint,

and drop radius, respectively.

2.1 Technological Goal

The technological goal of condensation heat transfer is to maximize the heat

transfer coefficient over the entire condenser surface and over the lifetime of

the equipment. The lifetime of the equipment is dependent upon the specific

application. For heat management in computers, the lifetime might be a few

years. In contrast, for heat management on board the international space station

(ISS) or in a power station, the lifetime might be a decade or more. Additionally,

it is usually not desirable to have any hot spots within the condenser material.

The presence of a hot spot could cause large thermal stresses that could cause

deformation or warping of the condenser material or failure in the worst case

scenario. This is especially problematic for polymer type surfaces, such as 3D

printed surfaces.

The theoretical maximum heat transfer flux approaches infinity as the drop

radius (or the film thickness) approaches zero. This can be seen mathematically

and is discussed in detail in a later Section (cf. Section 5.3.2). Ideally, to achieve

an infinitely high heat flux, one would need to maintain either an infinitely thin

single film or an infinitely dense population of infinitely small drops by sweep-

ing at infinite frequency. This is technically infeasible by current technology
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standards. The smallest drop that has been manipulated on a surface energy

gradient surface is 0.21 nL [64]. However, the drop in this case was sprayed

onto the gradient, rather than being carefully deposited onto the gradient with

a syringe. It’s unclear how much of an impact the inertia of the drop had on

initiating its movement on the gradient. Traditional removal by gravity is only

effective at mm length scales, well above the desired infinitely small drop ra-

dius. In the case of film removal, it is impossible to drain a film into a groove on

the surface at infinite speed. Focusing now on dropwise condensation, increas-

ing the sweeping frequency on a uniform contact-angle surface can be achieved

by decreasing the hysteresis, increasing the static contact-angle, and lowering

the surface tension of the liquid-gas interface to lower the energy barriers to

large shape fluctuations after a coalescence event between two equally sized

large drops (∼1 mm). On a gradient surface, large shape fluctuations after a

coalescence event are unlikely because the drops are unable to reach an appre-

ciable size before they are removed by the surface energy gradient. Instead, the

sweeping is accomplished as the drop moves down the gradient and the breadth

of its sweeping action is dictated by the initial size at which it started moving

(depends on where it is on a nonlinear gradient) and the size of the drops it

absorbs as it sweeps and departs from the surface.

2.2 Idealized Cyclic Behavior

The key metrics used to assess the progress of dropwise condensation are how

many drops are present on the surface at any instant (number density), how

much of the surface they cover (fractional coverage), and the distribution of

drop sizes (drop size distribution). Idealized depictions of how these metrics
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change over the course of a single dropwise condensation cycle are shown in

Figures 2.1 and 2.2 for a uniform contact-angle surface. In Figure 2.1 for a uni-

form contact-angle surface, five instants illustrate the four stages (cf. Section

2.3) within a cycle. Point A corresponds to the first stage, points B and C to the

beginning (B) and later (C) part of the second stage, point D to the third stage,

and point E to the onset of steady-state. The vertical dashed line corresponds to

sweeping of the entire surface. The steady-state portion of the number density

and the fractional coverage plots where the sawtooth (cf. Chapter 4) levels off

and oscillates about some constant mean value is not shown. One interesting

thing to note is the coexistence of two different populations of drops that have

the same number of drops but different fractional coverages (points A and C).

Number Density

Time

Fractional Coverage

Time

B

A

B C
D

A
C

D

E

E

Figure 2.1: Cyclic behavior with idealized surface sweeping. Points A-D
are discussed in text.

A constraint present in every condensation problem is the amount of con-

denser surface area. Imagine placing 10 drops on a surface that has an area of

1 cm2 without any constraint on volume. There are infinitely many ways to

do this, and each way will have a different fractional coverage with different

total volume. Now, what if the number of drops and also the total volume is
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constrained? For example, let there be two hemispherical drops with a total

volume (V1 + V2) of 10 mm3 on a condensing surface of area 36 mm2. Possible

configurations and the corresponding fractional coverages are shown in Table

2.1. The largest fractional coverage arises when the population of drops are

similar in size. When the drops are most dissimilar in size, the fractional cov-

erage is the lowest. The difference in fractional coverage between these two

extremes depends on the condenser surface area and the number of drops. As

the condenser surface area decreases, the difference in the fractional coverage

increases.

Configuration V1 [mm3] V2 [mm3] Fractional Coverage
1 1 9 28.4%
2 2 8 29.8%
3 3 7 30.6%
4 4 6 31.0%
5 5 5 31.2%

Table 2.1: Summary of drop configurations and corresponding fractional
coverage when both the total drop volume and the condenser
surface area are constrained.

The process of dropwise condensation has several unique numerical and ex-

perimental challenges related to the large span of length scales (cf. Table 2.2)

and several competing time scales. The span in length scales covers six orders

of magnitude from the smallest thermodynamically stable drops O[10−9 m] to

the departure size, O[10−3 m] for departure by gravity. Other important length

scales include the distance between nucleating sites and the observation (cam-

era) window size. As for the time scales, there is the time for coalescence be-

tween two drops, the duration of the experiment, the time between successive

sweepings, the camera acquisition rate, the time required to form a nucleating

drop, the time to the maximum number density (cf. Figure 2.1; point B), the
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elapsed time between coalescence events (isolated drop growth time), and the

time between successive ’teeth’ in the sawtooth. Each ’tooth’ corresponds to a

local depletion and re-population of the surface because of sweeping of the sur-

face due to coalescence induced shape fluctuation and re-nucleation and growth

of drops in the bare area, respectively. For the coalescence time scale, there are

two influencing factors: the duration of sweeping via shape fluctuation and the

duration of contact-line retraction. The duration for both sweeping and contact-

line retraction is generally shorter for smaller drops and longer for larger drops.

Length Scale Typical Value [m]
Thermodynamic critical size O[10−9]

Departure size O[10−3]
Nucleation site distance [56] O[10−5]

Camera view O[10−4]

Table 2.2: Length scale summary.

Time Scale Typical Value [s]
Coalescence [95] O[10−2]

Experiment duration O[102]
Time between sweepings O[100]
Camera acquisition rate O[10−2]

Time to form nucleating drop assumed instantaneous
Time to maximum number density O[100]

Time between coalescences O[100]
Time between teeth of sawtooth O[101]

Table 2.3: Time scale summary.

The ideal cyclic behavior, in Figure 2.1, shows complete sweeping of the

entire surface. To date, this is not technologically achievable either through

substrate modification (chemical and/or physical texturing) or by mechanical

means (i.e., a wiper blade). In the case of substrate modification, the current gra-

dient methods and substrates are unable to move extremely small drops (nm)
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because of the inability to relieve the resistances due to hysteresis and drag be-

tween the drop and the substrate. Furthermore, the surfaces lose their effective-

ness over time because of fouling and trapping of liquid in the physical features.

In the case of mechanical methods, industrial condensing surfaces tend to con-

sist of banks of cylindrical tubes. The infinite sweeping limit can be approached

in practice by encouraging early departure of drops and maximization of their

sweeping area.

In Figure 2.2, both the first (point A) and the last stage (point E) have

the same distribution dominated by a large population of small drops. These

sketches neglect minor differences such as the broader distribution for point E

(cf. Fig. 2.2) owing to the presence of a few very large drops near departure

that are not present at the start of the experiment in the first stage (point A).

Also, it is worth noting that we observed nucleation and growth of small drops

at points B and C, in contrast to the no nucleation observation by Fritter et al.

[48] in their experiments and simulations. While they observed and reported

distribution shapes B, C, and D in their simulations and distribution shape D in

their experiments, the birth of the peak at the smaller drop size in the bimodal

distribution was not attributed to the emergence of a large population of small

drops by nucleation but rather by the stagnated growth of drops not involved

in coalescence events.
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B

A, E
D

C

Figure 2.2: Idealized cyclic behavior of drop-size distribution. Subsequent
times (A-E) correspond to times in Figure 2.1.

2.3 Observed Behavior

A detailed description of the different stages in the life cycle of a population

of drops is given by Fritter et al. [48] and will be summarized here. The pro-

cess of dropwise condensation can be divided into four different stages. The

first and earliest stage corresponds to when the drops have first nucleated, the

fractional coverage is low, and coalescence events are rare. Drops in the first

stage experience isolated growth. The second stage, often referred to as the

intermediate-time stage, corresponds to when the pattern of drops is self-similar
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in time. Here, the drops continue to grow but also coalesce with neighboring

drops. The drops appear to be closely spaced and similar in size. The frac-

tional coverage is constant at 55%, the jamming limit of 2D disks on a planar

surface. In this regime, there is no nucleation in the interstitial space between

drops. Both the isolated drop growth rate and the overall growth rates can be

described by a power law. Recall that the overall growth rate is three times the

isolated drop growth rate. In the third stage, new drops nucleate and grow in

the interstitial space between drops. The fourth and final stage is referred to as

steady-state dropwise condensation. Here, several generations of drops coexist

together on the surface and drop departure occurs.

2.4 Single Drop Conduction

There is an ongoing discrepancy in the literature with regards to the coefficient

appearing in front of the condensate conduction term. Kim and Kim [65] claim

that their fully analytical result yields a temperature difference that is 1.5 times

greater than that of Fatica and Katz [41] for a static contact-angle θs of 90◦. To

assess the validity of the claim, consider a drop of spherical cap radius a and

footprint radius R that makes a static contact-angle of θs with the substrate (cf.

Figure 2.3).

R

a

θs

Tsat

Ts

Figure 2.3: Schematic of drop on substrate.
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Let’s further assume that the liquid-gas interface is at a temperature Tsat and the

temperature of the substrate is at a temperature Ts, yielding a temperature dif-

ference ∆T = Tsat − Ts. Kim and Kim derive the temperature difference across

a drop resulting from conduction by integrating the temperature difference be-

tween two isothermal surfaces [65]

∆T =
qdθs

4πakc sin θs
(2.1)

where qd is the rate of heat transfer through the drop and kc is the thermal con-

ductivity of the condensate. Rearrangement for qd yields

qd =
∆T4πakc sin θs

θs

The heat flux through the drop footprint area Ad (base of the drop) is

qd” =
qd
Ad

=
∆T4πakc sin θs

θsπR2
=

∆T4πakc sin θs
θsπa2 sin2 θs

=
∆T4kc
θsa sin θs

(2.2)

An effective heat transfer coefficient h′d can be defined such that

qd” = h′d∆T (2.3)

which yields h′d = 4kc/ (θsa sin θs). In contrast, Fatica and Katz discretized a

drop with isothermal and equiflux surfaces (same as Kim and Kim), and inte-

grated the resistance through each volume element to get the expression for the

heat transfer coefficient as [41]

hd =
kcf(θs)1

d
=
kcf(θs)1

2a sin θs
(2.4)

where d is the base diameter of the drop and f(θs)1 is a numerically evaluated

shape factor for conduction through a drop. The ratio ξ between the effective

heat transfer coefficient of Kim and Kim and that of Fatica and Katz as a function

of θs is

ξ =
h′d
hd

=
8

θsf(θs)1

(2.5)
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The values of f(θs)1 for different values of θs can be read off directly from Figure

5 of [41]. Figure 2.4 shows a plot of ξ versus θs. Assuming that the heat flux

through the drops in each analysis is the same, the ratio of the temperature

drop across the drop is just the inverse of the ratio ξ

qd”
KK

qd”FK
=
h′d∆T

KK

hd∆T FK

hd
h′d

=
1

ξ
=

∆TKK

∆T FK
(2.6)

Taking the average of ξ for all θs to get an estimate yields 0.64. The inverse is

∼ 1.56, close to the original value quoted by Kim and Kim. Which model is the

correct model to use remains undetermined.

Figure 2.4: Ratio between the effective heat transfer coefficient of Kim and
Kim and that of Fatica and Katz as a function of θs.
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2.5 Cylindrical Drop

In an attempt to recover the constant growth rate observed in experiment, a

prototype problem involving heat transfer through a single cylindrical film on a

substrate will be analyzed for two limiting cases of film growth and two lim-

iting cases of substrate thermal conductivity. The first limiting case of film

growth corresponds to an increase in film thickness at a constant footprint area

A whereas the second corresponds to an increase in the footprint area at a con-

stant thickness. Although this is a prototype problem, we note that in practice,

condensing substrates can be split into two groups depending on the thermal

conductivity: infinitely high thermal conductivity in the case of metals and low

thermal conductivity in the cases of plastics, silicon wafers, and glasses.

Consider one-dimensional (1D) conduction through a film of thickness l and

thermal conductivity kf sitting on a substrate with thickness δ and thermal con-

ductivity ks (cf. Figure 2.5).

ksδ

kf l

A Tsat

Ts

Tc

Figure 2.5: Prototype problem: schematic of a film on a substrate.

Assume that all surfaces of the film not in contact with the substrate are at a

temperature Tsat, the temperature of the saturated steam. The film footprint in

contact with the substrate is assumed to be at a temperature Ts. Assume that no

thermal boundary layer exists between the bottom side of the substrate and the
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bulk coolant such that the temperature at the interface between the substrate

and the coolant is Tc. Heat is transferred by conduction through both the film

and the substrate

qf = kfA
(Tsat − Ts)

l
(2.7)

qs = ksA
(Ts − Tc)

δ
(2.8)

The total heat transferred Q

Q = UA(Tsat − Tc) (2.9)

is characterized by the overall heat transfer coefficient U . U can be expressed as

a sum of resistances in series corresponding to conduction through the film and

the substrate
1

U
=

l

kf
+

δ

ks
(2.10)

Substitution in for U gives

Q =
A(Tsat − Tc)

l
kf

+ δ
ks

(2.11)

The heat transferred is the latent heat released as vapor condenses into liquid

Q = ṁhfg = ρlV̇ hfg (2.12)

Substituting in for Q

ρlV̇ hfg =
A(Tsat − Tc)

l
kf

+ δ
ks

(2.13)

An expression is needed for V̇ . The volume of the film is

V = lA (2.14)

and the corresponding volumetric growth rate is

V̇ = l̇A+ lȦ (2.15)
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Substituting in for V̇

ρlhfg

(
l̇A+ lȦ

)
=
A(Tsat − Tc)

l
kf

+ δ
ks

(2.16)

In the limit ks → ∞, such as that of a metallic surface like copper, Equation

(2.16) reduces to

ρlhfg

(
l̇A+ lȦ

)
=
A(Tsat − Tc)

l
kf

(2.17)

For the case of increasing film thickness at constant A (i.e., Ȧ = 0), Equation

(2.17) reduces and integrates to

ρlhfg l̇ =
(Tsat − Tc)

l
kf

l̇l =
kf (Tsat − Tc)

ρlhfg
∫
ldl =

kf (Tsat − Tc)
ρlhfg

∫
dt

l2

2
=
kf (Tsat − Tc)

ρlhfg
t+ F1

l =

√
2kf (Tsat − Tc)

ρlhfg
t+ 2F1 (2.18)

The coefficient 2F1 shifts the curve horizontally along the time axis. This is the

classical steady-state result for a film growing on a substrate [147]. Now let’s

consider the other limit where there is only growth of A at a constant l (i.e.,

l̇ = 0). In this limit, Equation (2.17) reduces and integrates to

ρlhfglȦ =
A(Tsat − Tc)

l
kf

Ȧ

A
=
kf (Tsat − Tc)

ρlhfgl2

∫
dAo
A

=
kf (Tsat − Tc)

ρlhfgl2

∫
dt
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ln |A| = kf (Tsat − Tc)
ρlhfgl2

t+ F2

A = F3 exp

(
kf (Tsat − Tc)

ρlhfgl2
t

)
(2.19)

Solutions (2.18) and (2.19) are only valid for infinitely conducting substrates

such as copper, aluminium, etc. For the other class of materials that have a low

thermal conductivity, or ks → 0, conduction through the substrate is the limiting

step to heat transfer. Equation (2.16) reduces to

ρlhfg

(
l̇A+ lȦ

)
=
A(Tsat − Tc)

δ
ks

(2.20)

Again, examining the growth of l at constant A gives

l̇ =
ks(Tsat − Tc)

ρlhfgδ
(2.21)

∫
dl =

ks(Tsat − Tc)
ρlhfgδ

∫
dt

l =
ks(Tsat − Tc)

ρlhfgδ
t+ F4 (2.22)

Equation (2.22) yields a constant growth rate l̇ of the film thickness. Addition-

ally, it says that the growth rate is a linear function of time, which is what is

observed in experiment. Examination of the growth of A at constant l gives

lȦ =
ksA(Tsat − Tc)

δρlhfg

Ȧ

A
=
ks(Tsat − Tc)
lρlhfgδ

∫
dA

A
=
ks(Tsat − Tc)
lρlhfgδ

∫
dt

ln |A| = ks(Tsat − Tc)
lρlhfgδ

t+ F5

A = F6 exp

(
ks(Tsat − Tc)
lρlhfgδ

t

)
(2.23)
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Equation (2.23) is similar to the result obtained for ks → ∞ under the same

film growth conditions, Equation (2.19). For comparison, Table 2.4 summarizes

the solutions for the two limiting cases of film growth for each limiting case of

thermal substrate conductivity.

ks Ȧ = 0 l̇ = 0

ks →∞ l =
(
2kf (Tsat−Tc)

ρlhfg
t+ 2F1

)1/2
A = F3 exp

(
kf (Tsat−Tc)
ρlhfgl2

t
)

ks → 0 l = ks(Tsat−Tc)
ρlhfgδ

t+ F4 A = F6 exp
(
ks(Tsat−Tc)
lρlhfgδ

t
)

Table 2.4: Solution summary for two limiting cases of film growth for both
low and high thermal conductivity substrates.

The simple 1D steady-state conduction model for a film growing on a low

thermal conductivity substrate where the film’s thickness is increasing with a

constant footprint adequately captures the constant growth rate observed in ex-

periment (Equation (2.22)). An analogy might be made between this problem

and that of a drop growing on a substrate. In the case where the film is growing

in l at a constant A, this is the same as a pinned drop whose contact-angle with

the substrate increases as the volume increases. A pinned drop results from

contact-angle hysteresis which is present in all experiments on real surfaces. In

contrast, for the case where a film is growing inA at a constant l, this is the same

as an unpinned drop, whose contact-line moves with a constant contact-angle

as the volume is increased. This situation is most similar to the condensation

simulations and can only arise on surfaces where there is no contact-angle hys-

teresis.

Comparison with experiment can be achieved by evaluating Equation (2.21)

for different temperature differences between the steam and the coolant (cf. Ta-
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ble 2.5). For experiments conducted on a dodecyltrichlorosilane treated glass

substrate exposed to coolant temperatures of Tc = 1◦C, 3◦C, 30◦C, and 50◦C

(cf. Chapter 5), the growth rates range from 20.4 µm/s at the highest coolant

temperature of 50◦C to 40.4 µm/s at the lowest coolant temperature of 1◦C. Ex-

perimentally, the growth rate for 1◦C was measured to be 5.4 µm/s and for 3◦C,

30◦C, and 50◦C, to be 3.5 µm/s (cf. Chapter 5).

l̇ [µm/s] Tc [◦C] θs [◦] l̇
aexpt

40.4 1 98.3 7.5
39.6 3 102.9 11.3
28.6 30 102.9 8.2
20.4 50 102.9 5.8

Table 2.5: Isolated drop growth rate predictions for different θs and Tc us-
ing the cylindrical drop model in the limit of low substrate ther-
mal conductivity and growth of the film thickness at constant
footprint area.

2.6 Spherical Drop

An improvement on the single cylindrical drop model is to include the effects

of the contact-angle and the curvature of the liquid-gas interface. The details of

this model can be found in [65] and are re-derived and discussed later in Section

5.3.1. Only the most important aspects of the model will be discussed here for

the sake of derivation. The heat transfer through a single drop is composed

of four thermal resistances in series: mass transfer to the liquid-gas interface,

the curvature of the liquid-gas interface, conduction through the condensate,

and conduction through the substrate. Occasionally, an addition term capturing

the resistance due to the promoter layer is included. This is only necessary if

the promoter layer provides a significant resistance, such as a thick polymeric
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coating (e.g., polyethylene [6]) [65]. The general equation considering the four

resistances is

qd =

(
Tsat − Tc −

2Tsatσ

hfgaρl

)(
1

2πa2hi (1− cos θs)
+

θs
4πakc sin θs

+
δ

ksAd

)−1

(2.24)

where σ is the liquid-gas surface tension, hi is the interfacial heat transfer co-

efficient that ranges from 0.383 MW/m2K at P=0.01 atm to 15.7 MW/m2K at

P=1.0 atm [128], θs is the static contact-angle, and Ad = πR2 = πa2 sin2 θs is the

footprint area. The same exercise performed for the cylindrical drop can be per-

formed in the case of a spherical drop. Because we are interested in making the

comparison for a low thermal conductivity substrate, only the limit ks → 0 will

be examined. In this limit, Equation (2.24) reduces to

ρlV̇ hfg =

(
Tsat − Tc −

2Tsatσ

hfgaρl

)
ksAd
δ

(2.25)

Substituting in for the volumetric growth rate and simplifying,

ρlhfgπa
2ȧ
(
2− 3 cos θs + cos3 θs

)
=

(
Tsat − Tc −

2Tsatσ

hfgaρl

)
ksπa

2 sin2 θs
δ

ȧ =

(
Tsat − Tc −

2Tsatσ

hfgaρl

)
ks sin2 θs

δρlhfg (2− 3 cos θs + cos3 θs)

The above expression simplifies further, after recognizing that the surface cur-

vature term is neglegible compared to the temperature difference term for our

experiments. Calculation of the worst case scenario for the smallest value of a

that can be observed with the current optical setup (i.e., 78 µm) yields

2Tsatσ

hfgaρl
= O[10−4K] (2.26)
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Neglecting this surface curvature term then gives

ȧ = (Tsat − Tc)
ks sin2 θs

δρlhfg (2− 3 cos θs + cos3 θs)

This is essentially the same expression as that found for a single cylindrical drop

on a low thermal conductivity substrate with growth in thickness at a constant

footprint area, Equation (2.21). The only difference, is the modification due to

the presence of a contact-angle between the drop and the surface. With this,

there is some improvement in the prediction capabilities over the cylindrical

drop model.

ȧpred [µm/s] Tc [◦C] θs [◦] ȧpred
aexpt

14.5 1 98.3 2.7
14.2 3 102.9 4.0
10.2 30 102.9 2.9
7.3 50 102.9 2.1

Table 2.6: Isolated drop growth rate predictions for different θs and Tc us-
ing the spherical drop model in the limit of low substrate ther-
mal conductivity.

2.7 Single Drop Geometry

The general forms of volume V and liquid-gas interfacial areaAlg for a spherical

cap on a surface with an arbitrary contact-angle θs and footprint area Ad (cf.

Figure 2.6 for notation) are [145]

Alg(R, h) = 2π
(
R2 + h2 + h

√
R2 + h2

)
(2.27)

and

V (R, h) =
π

3

[
2
(
R2 + h2

) 3
2 + 3h

(
R2 + h2

)
− h3

]
(2.28)
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If h > 0, the drop is superhemispherical, corresponding to a hydrophobic sur-

face (cf. Figure 2.6a). If h < 0, the drop is subhemispherical, corresponding to

a hydrophilic surface (cf. Figure 2.6b). For h = 0, the drop is hemispherical,

corresponding to a neutrally wetting surface. Expressions for Alg, V , Alg/Ad,

V Ad/(AlgVhemi), and (a + h)/R are summarized in Table 2.7 for θs = 90◦ and

θs 6= 90◦. Derivation details can be found in Appendix A. Figure 2.7 plots these

three ratios as a function of the static contact-angle

h

R

α

a
θs

(a) h > 0

h

R
α
a

θs

(b) h < 0

Figure 2.6: Definition sketch of a spherical cap on a hydrophobic (left) and
a hydrophilic (right) surface.

Quantity θs = 90◦(h = 0) θs 6= 90◦(h 6= 0)
Alg 2πa2 2πa2 (1− cos θs)

V 2πa3/3 πa3

3
[2− 3 cos θs + cos3 θs]

Alg/Ad 2 2/1 + cos θs
V Ad/(AlgVhemi) 1/2 sin2 θs (2− 3 cos θs + cos3 θs) /4 (1− cos θs)

(a+ h)/R 1 (1− cos θs)/(sin θs)

Table 2.7: Summary of relevant geometric expressions for a single drop.
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Figure 2.7: (left) Ratio of V Ad/(AlgVhemi) as a function of θs. Ratio is non-
dimensionalized by the volume of a hemisphere V = 2

3
πa3 and

the footprint radius πR2. (right) Ratios of Alg/Ad (red curve)
and (a+ h)/R (black curve) as a function of θs.
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CHAPTER 3

ADAPTIVE ADHESION BY A BEETLE: MANIPULATION OF LIQUID

BRIDGES AND THEIR BREAKING LIMITS

(this Chapter appears as published in [85])

3.1 Abstract

A drop brought into contact with a nearby substrate can wet and spread against

the substrate, forming a liquid bridge that exerts a capillary force. This force

due to surface tension can be used to ’grab’ the substrate, pulling it toward

the drop. ‘Wet’ adhesion results from the parallel action of an array of small

liquid bridges. The Florida palm beetle, Hemisphaerota cyanea, uses wet adhe-

sion to defend itself against attacking predators by adhering to the palm leaf

using an array of about 120,000 micrometer-sized liquid bridges. The beetles

survival depends on the strength of adhesion which, in turn, depends on how

liquid bridges break. Individual bridges break when they go unstable, accord-

ing to their response curves. However, the ultimate strength of an individual

bridge depends on the class of disturbances to which it is subjected and it has

been speculated that the beetle may have some control over this class. We ex-

perimentally study families of liquid bridge equilibria for their breaking lim-

its when subjected to constant-length (L) and constant-force (F ) disturbances.

While to control constant-L disturbances is straightforward, to apply and con-

trol constant-F disturbances on a liquid bridge requires more ingenuity. We

introduce an apparatus with a lever-arm and a ball-bearing slide. We then

compare our experimentally measured bridge response curves to the force trace

from experiments on the beetle (prior literature) to infer the mode of beetle de-
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tachment. Under normal loads, the beetle detaches as a constant-L instability

for smaller loads and as a constant-F instability for larger loads. The beetles

ability to adjust the type and magnitude of loading in real time is not only cru-

cial to its survival but has implications for the design of various engineering

devices.

3.2 Background

There are a number of examples of creatures in nature who are able to achieve

extraordinary adhesion (wet and/or dry) for either locomotion or defense pur-

poses. For instance, the gecko relies on dry adhesion through the use of van der

Waals forces [4] to move around on a variety of surfaces in practically any ori-

entation (e.g. running down a tree head first). In contrast, the tree frog takes ad-

vantage of wet adhesion by injecting a mixture of water/lipid-like compounds

into the space between the end of its viscoelastic pads and the rough substrate

forming liquid bridges [100]. Another example of wet adhesion that uses liquid

bridges is the palm beetle [35]. The palm beetle uses wet adhesion to defend

itself against attacking predators by adhering to the palm leaf using an array of

about 120,000 micrometer-sized liquid bridges. If the attackers are not able to

collectively exert a large enough force to detach the beetle, the attackers even-

tually give up and leave the beetle alone. The beetle then releases its adhesion

almost instantaneously and walks away unharmed. Noteworthy features of

the beetle’s defense mechanism include its ability to achieve adhesion strengths

about 100 times its own body weight, reversibility on the order of a second [35],

and the ability to individually control groups of bridges through manipulation

of its feet (tarsi). Special to the palm beetle, however, is its apparent ability to
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adjust loadings in real time to adapt to a rapidly changing situation when it is

under attack. By understanding how adhesion fails when the beetle detaches

itself or is detached under duress, these same bridge breaking strategies could

be incorporated into engineering devices.

Previous man-made devices which take advantage of wet adhesion by using

large arrays of liquid bridges can only manipulate the bridges in one wayby in-

creasing and decreasing the volume. For example, the switchable electronically-

controlled capillary adhesion device (SECAD) [138, 139], inspired by the palm

beetle, increases and decreases the volume of a large array of bridges to uni-

formly ‘grab and ‘release a nearby substrate. The parallel individually con-

trolled electroosmosis mechanism (PICEM) advances the technology of the

SECAD by allowing for individual bridge addressability so that any configu-

ration of objects can be picked-and-placed [98]. To extend this technology, one

could imagine a device that, like the beetle, could alter the type and magnitude

of loading in real time to adapt to its surroundings.
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shell

Figure 3.1: (a) Cutaway schematic of possible mechanics of beetle adhe-
sion, illustrated with a single bridge. The applied load (top) is
transmitted through the rigid beetle shell (concave arc) where
it is resisted by a muscle-like contraction (dual arc) that pulls
the beetle leg upwards, resisting rotation, and then ultimately
to a force F on the liquid bridge (bottom) of extension L. An
array of N identical bridges would resist with a net force NF .
Stylized schematics of a position (b) for which length is con-
trolled, referred to as ‘hunkered down’ and (c) for which force
is controlled, referred to as ‘lifted off’.

A number of adaptive strategies might be available to the beetle in reacting

to any applied load. Figure 3.1 illustrates how a beetle, which has deployed its

defense mechanism in response to an ‘attack’ (either real or simulated), might

configure its body and legs to resist detachment. In the hunkered down po-

sition, the beetle’s muscles exert sufficient force to keep its legs tucked under

the shell and the shell is held tightly against the substrate (cf. Figure 3.1b). In

this configuration, the loading on the bridge corresponds to a constant-L. Al-

ternatively, if the pulling force is sufficient to lift the beetle off the substrate, the

muscle might be at maximum exertion (cf. Figure 3.1c). In this configuration,

the loading on the bridge is more likely to correspond to constant-F . Addition-
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ally, not illustrated in the figure, the beetle might increase the bridge volume by

secreting more tarsal oil or decrease the bridge volume by breaking the bridges.

Exactly how the beetle attaches and detaches is still a matter of discussion.

However, the detachment must be mediated by the mechanics of bridge break-

ing. Detachment can occur voluntarily or under duress, which is our interest.

Detachment under duress can occur under a pulling load applied normal to the

surface of adhesion (by laboratory design) or by a prying load (by enemy attack)

applied at the edge of the beetle’s shell. Furthermore, loading can be applied ei-

ther continuously or stepwise. In [35], these two different types of experiments

are referred to as adhesive strength and adhesive endurance tests, respectively.

In both tests, the load is applied normal to the surface at the beetles feet. The key

difference is that in the former case, a continuously increasing force is applied

whereas, in the latter case, a discrete set of weights is applied. It has recently

been argued [121] that the signature of how the beetle breaks bridges shows

up in the load-to-failure force trace (cf. Figure 3.2). The main differences be-

tween the beetle oil and the water used in our experiments is the scale of the

liquid bridges and the properties of the liquid, with the most notable property

difference being the low volatility of the tarsal oil [3].
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Figure 3.2: Photos from Eisner’s beetle experiments. (left) A brush strokes
the beetle to simulate attack. In defense, beetle adheres to plat-
form. Platform sits on cantilever below and beetle is tethered
to force transducer above. Scope at right shows no loading
initially. (right) Increasing loads are applied to platform un-
til beetle detaches, captured on the scope trace at right. Credit:
Thomas Eisner and Daniel Aneshansley, Cornell University

The bridge breaking limit is believed to correspond to bridge instability.

With four control parameters, pressure (p), volume (V ), force (F ), and length (L),

a number of failure modes are possible depending on how the experiments are

conducted. In contexts with two parameters, the role of folds (or turning points)

in the response diagrams as predictors of instability is well-known. In solid

mechanics, folds in the FL response signal instability [131]; for liquid bridges

between two fixed endrings, it is folds in the pV response [75]; while, for stel-

lar instability in astrophysics, it is folds in the energy vs. inverse temperature

response [78]. Poincaré seems to be the first to have shown the connection be-

tween folds and instability [101]. Our goal is to demonstrate, in vitro with a

single bridge, how different control parameters and disturbance constraints can

lead to quite different bridge breaking limits.

Different fields use different terminology for the the same class of control

parameters and disturbance constraints, which can make the literature confus-
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ing. For example, in the FL context, the L = const. (F = const.) situation

is referred to as ‘rigid-’ or ‘hard-loading’ (‘soft-’ or ‘dead-loading’). Also, when

disturbances respect an extensive constraint (V or L), ‘internal’ stability is tested

while, for internal constraints, ‘external’ stability is probed. We adopt the ter-

minology of ‘hard’ and ‘soft-loading.’

Control L
Measure F

F

Control F
Measure L

L

Figure 3.3: Soft-loading (left) corresponds to controlling force F and mea-
suring length L and hard-loading (right) corresponds to con-
trolling length L and measuring force F .

Under hard-loading, the displacement of a specimen is controlled and the

resulting force is measured whereas under soft-loading, the force exerted on a

specimen is controlled and the resulting displacement is measured (cf. Figure

3.3). Previous work in the breaking of liquid bridges under loading has fo-

cused on using numerical methods to solve for the FL response curves and/or

experimental determination of the curves by introducing a constant-L distur-

bance only [73, 87, 9]. In the current study, we investigate liquid bridges exper-

imentally for their breaking limit under conditions of hard- and soft-loading.

A novel way to introduce a constant-F disturbance to a liquid bridge has been

developed. To our knowledge, this class of disturbances has never been ex-

perimentally examined for a small (2R ≈ 3 mm) liquid bridge. The boundary

conditions at the attachment surfaces are important and we focus on a fixed cir-
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cular contact-line, referred to as pinned. In the cases of hard- and soft-loading

for pin-pin contact lines of equal radii, the FL-response is measured. Results are

compared to the predictions of static theory. With these results, we next make

a qualitative comparison between the beetle’s force trace and the hard-/soft-

loading experiments. Finally, theoretical predictions of the beetle’s response

curve based on the details of bridge formation are used to argue how the beetle

detaches depending on the type (continuous vs. discrete) and the magnitude of

loading.

3.3 Theory

The shape of a liquid-gas interface in static equilibrium (cf. Figure 3.4) is gov-

erned by the Young-Laplace equation. For the liquid bridge interface, the scaled

‘tangent-angle’ formulation [31], parameterized by arc-length s, takes the form

dα

ds
= po −

sinα

r
−Bz, α (0) = αo (3.1a)

dr

ds
= cosα, r (0) = 1 (3.1b)

dz

ds
= sinα, z (0) = 0 (3.1c)

where po is the pressure constant and B = ρgR2

σ
is the Bond number, where σ is

surface tension and ρ is liquid density, and g is gravity. For convenience, po is

chosen to be the pressure at the base of the bridge (z = 0). The height (L) and

volume (V ) of the bridge are given by
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L =

∫ s∗

0

sinαds and V =

∫ s∗

0

πr2 sinαds (3.2)

where s∗ is the total arclength. Here, all length variables (e.g. r,z, and s) have

been scaled by the footprint radius, R, V by R3, and po by σ
R

. A physical inter-

pretation of (3.1a)-(3.1c) says that, at each point along the interface, the mean

curvature results from the sum of a constant pressure (at footprint) and a hy-

drostatic contribution. The force exerted by the liquid bridge on the bottom

substrate of Figure 3.4 can be derived by integrating (3.1a)-(3.1c) [31]

Gas Liquid L

αo

R

g

r
z

V

s

σ

F

po

α(s)

Figure 3.4: Definition sketch for tangent-angle arclength α(s) description
of liquid bridge, referred to cylindrical coordinates. Liquid has
surface tension σ and reference for gravitational potential is z =
0 where pressure po consists of capillary contribution only.

F = π (po − 2 sinαo) (3.3)

where F is scaled by σR.

The family of equilibrium liquid bridge shapes can be determined by solving

(3.1a)-(3.1c) as a two-point boundary value problem with prescription of the top

contact-line boundary condition in place of the initial condition stated in (3.1a).

Liquid bridge mechanical response diagrams are fully determined (fixing po) by
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specifying an additional physical constraint (e.g. L,V ,F etc.). The most common

response diagrams of interest are the pV , FV , and FL diagrams (cf. Figure

3.5). Response diagrams are generated using AUTO continuation software (see

Appendix B.1.1).

(a) (b) 

(d) (c) 

Figure 3.5: Computed response diagrams (a-c) for families of shapes in the
absence of gravitational deformation and for pinned bound-
aries (B = 0; r(0) = r(1) = 1) and static stability (d) for la-
beled branches. Special shapes are the state of touching spheres
(circle) and the cylinder (diamond). Triangles and hash marks
denote turning points. Turning points designated by triangles
map into one another. FL response (a) for V = 1 has special
points: (F ,L) = (0,0.62), circle; (1.3,1.13), triangle; (π, 0.32), dia-
mond. FV response (b) for L = 1.13 has special points: (V ,F )
= (2,0), circle; (1,1.3), triangle; (3.6, π), diamond. pV response
(c) for L = 1.13 has special points: (po,V )=(1.7,2), circle; (0.3,1),
triangle; (1, 3.6), diamond. Branch stabilities (d) for curves la-
beled in diagrams (a,b,c) where S (U) denotes stable (unstable).

Each curve in Figure 3.5 corresponds to a family of equilibrium states under
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a different constraint. Special states in these response diagrams are denoted by

circle, triangle, square, and diamond. The circle is the state of touching spheres

and the diamond is a cylindrical bridge. Turning points are designated by a

triangle or a hash mark. At turning points, the system can go from stable to

unstable or vice versa, or from unstable to more unstable [86]. Turning points

are defined as points where the tangent to the response curve is horizontal or

vertical. Whether a system goes stable or unstable when a turning point is tra-

versed, according to Poincaré’s method [86], depends on both the direction and

the orientation of the turning point. Stability information of at least one state is

required. An additional restriction is that no other curve may branch off at this

point(otherwise, this would be a bifurcation). A summary of all the possibilities

is given in [75]. For more details concerning static stability theory for elastic

systems with an energy functional, please see [86, 113, 52, 75].

3.4 Methods

In the experiments described below, images were acquired with a Redlake Mo-

tionPro HS-3 camera equipped with a Nikon AF Micro Nikkor 60mm lens at-

tached to a Cosmicar 40mm C mount TV lens extension tube. Backlighting was

used so that the shape boundaries could be detected by image analysis. Mo-

tionPro software was used to acquire images. At the conclusion of each experi-

ment, static images of pendant drops were recorded for evaluation of the liquid-

gas surface tension (see Appendix B.1.2). Hose barb luer fittings were used for

the nozzles because the narrowly tapered edge encourages contact-line pinning.

Two types of experiments were performed with pin-pin equal radii boundary

conditions: constant-L and -F . Constant-V experiments were also performed
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for both pin-pin equal and unequal radii boundary conditions, reported in Ap-

pendix B.2. An analytical balance (AND HR-200) was used to measure the force.

A built enclosure blocked out drafts which could have otherwise interferred

with the measurements.

3.4.1 Soft-Loading Experiment

Experimental investigation of the constant-F turning point proved to be the

most challenging. The task was to devise and construct an apparatus which,

when coupled with the dynamics of the liquid bridge, would allow for observa-

tion of the instability. The successful setup involved a lever arm which pivoted

about a fulcrum point that was fixed in the laboratory frame (cf. Figure 3.6).

Camera Weight

Lever Arm

Liquid Bridge

Figure 3.6: Soft-loading schematic: fix F , measure L. A lever arm pivots
about a fulcrum (solid dot). Bridge extension is restricted to the
vertical direction by a ball-bearing slide (arrows).

A precision ball-bearing slide was used to constrain the bridge extension

to the axial direction. The lever arm rested gently underneath the L-bracket

and was allowed to move freely against it. The fulcrum point was created by

hanging the lever arm from the surrounding support structure. The weight was
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freely suspended at the far end of the lever arm. The bridge was connected to

the other end. The bridge liquid was distilled water and the weight was tap

water in a containing bucket.

The weight was increased incrementally by carefully adding tiny drops us-

ing a syringe. After each droplet addition, the bridge was allowed to reach

equilibrium (∼3 s) and for each noticeable change in bridge height (at least 13

µm), an image was recorded. As the near-cylindrical state (because B 6= 0, there

is always going to be distortion from the cylinder) was approached, droplets

were deposited more slowly until the bridge broke.

3.4.2 Hard-Loading Experiment

For this set of quasi-static experiments, the bridge was subjected to constant-L

disturbances and the force response was measured using a scale (cf. Figure 3.7).

The disturbance was introduced by increasing the length L using micrometer

adjustments to the vertical translation stage. In this setup, the upper nozzle is

rigidly secured to the lab frame via attachment to the translation stage whereas

the bottom nozzle is attached to a structure that rests on the analytical balance.

The setup also includes precise control over the other two coordinate directions.

After each noticeable change in the force (∼ 0.02 mN), a measurement was made

and an image of the bridge was recorded.
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Liquid BridgeCamera

Scale

Figure 3.7: Hard-loading schematic: fix L, measure F .

3.5 Results and Discussion

3.5.1 Experimental Isolation of Disturbance Classes

Results from the soft-loading experiment are shown in Figure 3.8. For all three

trials, near the turning point corresponding to maximum force, the bridge broke

cleanly into two drops. For this type of experiment, the rate of evaporation

must balance the rate of weight deposition. One must deposit quickly enough

so that the volume changes continuously, allowing for a smooth sampling of

the response, and deposit slowly enough to avoid introducing a disturbance

that could destabilize and break the bridge early. Depositing too quickly could

give the bridge enough ‘kick’ to overshoot the equilibrium state, breaking early.

In contrast, depositing too slowly allows the bridge to evaporate without ever

changing its length; in other words, the experiment would then transition from

a constant-F to a constant-V experiment. The latter situation is characterized

by a nearly vertical line of data points in the FL plane. An example of this is the

first 6 data points of Trial 3 in Figure 3.8. According to theory, the bridge height

stays constant because the applied force on the upper boundary of the bridge

increases at a slower rate than the increasing rate of the threshold force required
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to move the bridge for a given volume as the bridge evaporates (see Additional

file B.3.1). For Trial 3, the elapsed time between the first and sixth data point

was 2 minutes and 40 seconds.

Figure 3.8: Experimental FL-response (symbols) for soft-loading a bridge
in the direction of increasing F with r(0) ≈ r(1) ≈ 1 and B =
0.27. AUTO simulated response (curves) for the different trials:
Trial 1: r(1) = 1.02, V = 4.27; Trial 2: r(1) = 1.03, V = 4.88; Trial
3: r(1) = 1.02, V = 4.89. The simulation parameters use the
conditions of the last data point before the bridge breaks. Force
data (symbols) are calculated from images using equation 3.3.

Results from the hard-loading experiment are shown in Figure 3.9. For

smaller lengths, the measured force is lower than the model prediction. This

can be explained by the observation that, upon formation of the first bridge, the

left contact-line walked over the pinning edge of the nozzle. Such a configura-

tion measures less volume than the actual volume because the volume imaging

is restricted to a rectangularly shaped window. An AUTO simulation was per-

formed under the same experimental conditions to assess the effects of varying
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volume on the force curve (see Additional file 1) and these simulations confirm

this explanation. Under conditions of hard-loading, the bridge goes unstable

and breaks very near the turning point corresponding to maximum length.

A 

B 

C 

E 

D 

Figure 3.9: Experimental FL-response (symbols) for a pin-pin equal radii
water bridge under hard-loading with increasing L. 2R = 2.8
mm, σ = 0.071 N/m, 9.6 µL≤ V ≤ 12.9 µL, B=0.27. Simulation
(curve) using equation 3.3.

To summarize, we were able to experimentally isolate and control two dis-

turbance classes: F andL. Soft-loading a liquid bridge by increasing F and mea-

suring L results in the bridge going unstable and breaking near the predicted

maximum force, or the constant-F turning point (cf. Figure 3.8). Likewise, hard-

loading a bridge by increasing L and measuring F results in the bridge going

unstable and breaking near the predicted maximum length, or the constant-L

turning point (cf. Figure 3.9). For the constant-F experiments, comparison of

the predictions from theory based on image inputs with the AUTO simulations

54



under conditions of the last observed bridge show that this is also the last stable

bridge configuration for soft-loading. In the constant-L controlled experiments,

the force was independently measured using a scale and compared with predic-

tions from theory using inputs back-calculated from the images (i.e. αo, po, and

σ).

To relate these results to the beetle involves an additional layer of complexity

because of the beetle’s ability to sense and adapt to its surroundings. This means

that if one were to isolate a disturbance class and load the beetle, the path to

breaking bridges (i.e. the sequence of observed shapes) might be different from

that observed in the lab, owing to the beetle’s adaptive adhesion strategies. In

the next section, we try to link the two by discussing how results from soft-

loading the beetle can lead to the beetle detaching at either the constant-L or

constant-F turning points depending on A) how quickly the beetle is loaded

and B) the magnitude of the loading.

3.5.2 Adaptive Adhesion

Additional soft-loading experiments were performed using a pulley system (see

Additional file B.3.2) to investigate the effects of friction and substrate deforma-

tion on bridge instability. For the pulley system, the lower nozzle was either at-

tached to the load stem of a force transducer (GSO-10; Transducer Techniques)

or to a rigid rod which was securely fastened to the lab bench. The load stem

was implemented because it acts like a cantilever when it deflects in response

to an applied force. Hence, the force transducer setup simulates the effects of a

deformable substrate combined with the frictional effects of the pulley whereas
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the rigid rod setup isolates the effects of friction. A summary of the capillary

force as a function of time for the hard- and soft-loading experiments is shown

in Figure 3.10.
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Figure 3.10: Experimental capillary force (symbols) as a function of time
for hard (triangle)- and soft (dots)-loading configurations.
Lines illustrate the general trend.

Figure 3.10 plots force against time trajectories for some of the experiments

previously described. Qualitative comparison of the beetle’s force trace in Fig-

ure 3.2 and the results in Figure 3.10 show that under a normally applied load,

the beetle’s adhesion releases when the bridges go unstable near the maximum

force turning point. This result agrees with the model prediction for a one-

dimensional array of liquid bridges under conditions of pulling the beetle from

a substrate [121]. Furthermore, the monotonically increasing F measured in Fig-

ure 3.2 suggests that the bridges go unstable at the maximum force as opposed

to the maximum length. Curves S2 and S3 illustrate how rotational friction from
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the pulley changes the nature of the disturbances enough to prevent the bridge

from breaking at the maximum force turning point. Any tendency to go unsta-

ble is dissipated and the system behaves more like a constant-L problem. The

system comes to rest on branch B of Figure 3.5a, which is stable with respect

to constant-L disturbances. Notice that a number of data points are seen be-

yond the force maximum on curve S2 whereas only two are seen on curve S3.

For these states, any further length extension should result in breaking of the

bridge. Indeed, this is the case for curve S3. But for curve S2, there is an ad-

ditional degree of freedom because the bridge is able to mitigate the imposed

stress by deflecting the cantilever. Curve H1 serves as a contrast to curve S1 to il-

lustrate how the time evolution of the force is qualitatively different depending

on which turning point the bridge breaks at.

We argue that, much like the experiments in the laboratory, the beetle can

control the class of disturbances (e.g. F , L, and V ) with the added bonus of

being able to switch quickly between different types of disturbances through

changing the position of its feet (cf. Figure 3.1). For example, the beetle could

mitigate a constant-F disturbance by both altering the configuration of its feet

and the angle of contact between its leg and the substrate (cf. Figure 3.1c). Like-

wise, the beetle could alter the bridge length by moving its leg vertically (cf.

Figure 3.1b). Volume control is another degree of freedom available to the bee-

tle. To increase V , the beetle can secrete more tarsal oil through the pores near

the bristle base (see Figure 4H of [35]). But to decrease V , the beetle will need to

break the bridges and reform them on a clean part of the substrate through repo-

sitioning of its tarsi. Assuming that r(0) ≈ r(1) ≈ 1 (pin-pin equal radii) and

that gravity can be neglected, since B ≈ 2.4× 10−7 (assuming σ ≈ 0.027 mN/m,

ρ ≈ 800 kg/m3 for C22-C29 n-alkanes and n-alkenes [3]) for beetle bridges, an un-
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stable bridge will break into two drops of equal volume. In other words, after

each cycle of breaking and reforming a bridge in a new spot, the bridge vol-

ume decreases by a factor of 2 (cf. Figure 3.11) and the response curve changes

correspondingly.

The FL response curve for a beetle experiencing a simulated attack can be

generated with a knowledge of V , R, and σ. We do this in Figure 3.11 using

parameters from the beetle’s footprint and the wetting properties of the tarsal

oil. From photos of the beetle’s footprint, the footprint radius was measured

to be R = 0.9±0.05 µm [35]. Contact-angle θ was measured from in-house ex-

periments where a drop of an alkane mixture (tetracosane and n-hexadecane)

of similar composition to tarsal oil was deposited onto a glass slide and im-

aged [John Faria; personal communication]. The surface was very hydrophilic,

θ ≈ 10o. Using the measured R and θ in the formula for a spherical cap yields

a volume of 0.1 µm3. It should be noted that the volume calculated in [35] is

much larger because of the assumption of a hemispherical cap (i.e. θ = 90o).

Scaling the 0.1 µm3 volume by the footprint radius yields V = 0.14 and the

bridge volume is simply twice the drop volume, or V ≈ 0.3. Assuming that

r(0) ≈ r(1) ≈ 1, the constant-F instability then occurs at (L, F ) = (0.1, 59)

and the constant-L instability at (L, F ) = (0.7, 1.4). Conversion back to dimen-

sional numbers (using σ ≈ 30 mN/m [3]) for full deployment of all contacts

(N = 120, 000), yields a force of 19 g and 0.5 g for constant-F and constant-L, re-

spectively. From the adhesive endurance tests [35], the beetle was able to with-

stand a lift force of about 0.8 g for 2 minutes. This value compares favorably

with the value at the constant-L turning point. On the other hand, this result

contradicts the conclusion drawn from comparison of figures 3.2 and 3.10. One

possible explanation is that the beetle’s response in the adhesive endurance ex-
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periments was different from that in the adhesive strength experiments, a pos-

sibility that we explore next.
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Figure 3.11: FL-response diagram for V = 0.3, 0.6, and 1.1 with B = 0 and
r(0) ≈ r(1) ≈ 0. For different volumes (assuming no evap-
oration of nonvolatile tarsal oil), the magnitude of the force
maximum changes whereas the force at the length maximum
stays about the same.

In [35], to test the adhesive strength of the beetle on a variety of different

substrates (e.g. Serenoa palmetto frond, Parafilm R©, glass, and aluminum foil), a

solenoid applied a linearly increasing force on the beetle at a rate of 100 mg/s.

The adhesive strength of the beetle on glass was found to be about ∼ 2.1 g,

corresponding to a contact time of about 20 s. This is comparable to the length

of an attack (about 23 s [35]) where the forces applied by the predators may also

be changing with time.
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In contrast, for the adhesive endurance tests, a set of 14 loads between 0

g to 3.4 g was applied for a maximum time of 2 minutes or until the beetle

detached. The beetle was allowed to rest for at least 2 minutes between each

load. Whereas the strength experiments slowly ramp up the weight over time,

the endurance experiments involve a step function in weight, similar to our

constant-F experiments. For the larger loads, the beetle does not have enough

time to mitigate the stress. Furthermore, the bridges will also experience a large

perturbation which could destabilize and cause the bridge to break early. This

behavior was observed in some of our experiments (see Additional file 3). With

less time for the beetle to react, the bridge volume at the time of detachment

will be larger relative to the case where a smaller load is applied where the

beetle has time to rearrange its tarsi to decrease V . Assuming that over the

course of an attack the beetle repositions its tarsi twice (cf. Figure 3B of [35]),

the resulting volume is V = 1.1 for which the maximum force is predicted to

be about 3.3 g, in close agreement with the maximum applied load of 3.4 g.

Hence, for the adhesive endurance experiments, it is possible that for smaller

loads (i.e. 1 to 2.0 g) the beetles detach at the constant-L instability whereas

for higher loads (i.e. > 3.0 g) the beetles detach at the constant-F instability.

This value is also the same order of magnitude as that measured in the adhesive

strength experiments (∼ 2.1 g for glass). Without knowing the exact details of

the experiment (i.e. is the beetle at an angle relative to the force transducer,

how many of the beetle’s contacts deploy, possible rearrangements, etc), the

predicted estimates are in satisfactory agreement with literature values. Finally,

it can be argued that during an attack, it is more advantageous for the beetle to

remain adhered to the leaf under constant-L conditions because the predators

have to expend more energy to detach the beetle
(
W =

∫
~F · d~l

)
.
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Other factors affecting bridge detachment for the beetle which are not cap-

tured by the current model include different force application mechanics such

as prying rather than pulling, for example, and geometry of pinning sites, and

substrate/pad elasticity. Because the beetle contacts are on the order of 1µm, the

effects of substrate roughness might be important depending on the magnitude

and wavelength of the roughness. If both are on the same length scale as the

footprint radius, the assumed planar geometry of the two bounding substrates

of the liquid bridge no longer holds. Depending on the shape of the roughness

topography the bottom substrate could be a plane, cone, or sphere, perhaps. For

the top substrate, Figures 4C and 4I of [35] indicate that the base of the pad is

planar. As the beetle repositions itself, the geometry of the beetle feet and sub-

strate might change because of the possible elasticity of the leg and bristle pad

(foot) and also the spatial variation of the substrate roughness. The current force

model is only valid for planar substrates and rigid legs and feet and the reader

is referred to [132] for a more comprehensive list of capillary force expressions

for a variety of substrate geometries and combinations thereof.

3.6 Conclusion

Bridge instabilities under hard- and soft-loading disturbances have been found

to correspond reasonably to the length and force turning points in the FL space,

respectively, as predicted by the Poincaré theory. Although equilibrium states

do not depend on the kind of disturbances that the system is subjected to, the

states which are actually accessible in the laboratory do depend on the particu-

lar class of disturbance allowed. In order to experimentally realize the constant-

F instability, a lever arm with a ball-bearing slide was employed. This was
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found to be a good setup for probing this instability because of the very small

amount of friction. If there is too much friction, the bridge will be guided over

the force turning point and break at the length turning point, thereby transition-

ing from a soft-loading experiment to a hard-loading experiment. This behavior

was observed when the ball-bearing slide was replaced by a pulley system.

A good estimate of the surface tension is important to agreement between

theory and experiment. Also important is to avoid non-axisymmetry. Non-

axisymmetry can result from either contact-line walking or misalignment of the

nozzles. This affects agreement with the FL response through the volume. The

location of the turning points are very sensitive to the constraint (e.g. V in the

FL plane).

In a laboratory setting, the beetle is thought to break at the constant-F in-

stability in the strength test–that is, when a linearly increasing load is applied

in the normal direction. This can be idealized as a bridge force being transmit-

ted mechanically through beetle ‘muscle’ as suggested by the cartoon in Figure

3.1c. For the endurance test–when the load is applied in a discrete way–the bee-

tle breaks at a different instability depending on the magnitude of the load. In

the case of a small load (e.g. < 1 g), the beetle is thought to manipulate its tarsi

and break at the constant-L instability. This can be idealized by the beetle us-

ing the arrangement in Figure 3.1b to change the kind of disturbances that the

bridges see. In this configuration, the beetle muscle pulls its shell down to the

surface and uses a fulcrum to maintain constant bridge length. In the case of

a large load (∼ 3.4 g), the beetle has little time to respond and breaks near the

constant-F instability point, much as for the strength test. While the breaking

limits corresponding to the constant-F instability for the strength (∼ 2.1 g) and
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the endurance (∼ 3.4 g) tests are slightly different, the order of magnitude is

consistent. Furthermore, theoretical prediction of the detachment force at the

constant-L (0.5 g) and -F (3.3 g) instabilities from measurement of R and θ are

consistent with the lower (0.8 g) and upper (3.4 g) bounds of the results of the

adhesive endurance experiments.

To summarize, we first have experimentally isolated two classes of distur-

bances (e.g. L and F ) for a mm-scale liquid bridge using different experimental

setups. Control of a constant-F disturbance requires an essentially frictionless

system. Otherwise, the experiment transitions from a constant-F to a constant-

L experiment. Next, our understanding of how disturbances are controlled in

the lab has been applied to understanding how the palm beetle might use its

body to mitigate bridge loadings imposed by hungry predators. From a quali-

tative comparison of the beetle’s force trace [35] with our soft- and hard-loading

experiments, it appears that the beetle detaches at the constant-F instability in

the adhesive strength (continuous loading) experiments. Finally, bridge shape

simulations using details specific to the beetle’s liquid bridges (i.e. R and αo)

showed that for the adhesive endurance experiments (discrete loadings), the

beetle is thought to break at the constant-L instability for smaller loads because

it has time to rearrange its feet whereas for larger loads, it breaks at the constant-

F instability because it has less time to respond.
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CHAPTER 4

CONDENSATION ON SURFACE ENERGY GRADIENT SHIFTS DROP

SIZE DISTRIBUTION TOWARD SMALL DROPS

(this Chapter appears as published in [84])

4.1 Abstract

During dropwise condensation from vapor onto a cooled surface, distributions

of drops evolve by nucleation, growth, and coalescence. Drop surface cover-

age dictates the heat transfer characteristics and depends on both drop size and

number of drops present on the surface at any given time. Thus, manipulating

drop distributions is crucial to maximizing heat transfer. On earth, manipula-

tion is achieved with gravity. However, in applications with small length scales

or in low gravity environments, other methods of removal, such as a surface en-

ergy gradient, are required. This study examines how chemical modification of

a cooled surface affects drop growth and coalescence, which in turn influences

how a population of drops evolves. Steam is condensed onto a horizontally

oriented surface that has been treated by silanization to deliver either a spa-

tially uniform contact angle (hydrophilic, hydrophobic) or a continuous radial

gradient of contact angles (hydrophobic to hydrophilic). The time evolution

of number density and associated drop size distributions are measured. For a

uniform surface, the shape of the drop size distribution is unique and can be

used to identify the progress of condensation. In contrast, the drop size dis-

tribution for a gradient surface, relative to a uniform surface, shifts toward a

population of small drops. The frequent sweeping of drops truncates matura-

tion of the first generation of large drops and locks the distribution shape at
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the initial distribution. The absence of a shape change indicates that dropwise

condensation has reached a steady state. Previous reports of heat transfer en-

hancement on chemical gradient surfaces can be explained by this shift toward

smaller drops, from which the high heat transfer coefficients in dropwise con-

densation are attributed to. Terrestrial applications using gravity as the primary

removal mechanism also stand to benefit from inclusion of gradient surfaces be-

cause the critical threshold size required for drop movement is reduced.

4.2 Introduction

Condensation can be categorized as either filmwise or dropwise, with drop-

wise condensation being preferred because the overall heat transfer coefficient

is often much higher [60, 88]. In filmwise condensation, a poorly conducting

liquid film in contact with the condensing surface acts as a resistance to heat

transfer between the steam and the surface that can greatly increase the costs

associated with energy management. There are several applications covering

many length scales where efficient heat transfer is important: heat pipes [105],

the cooling of microelectronics [106], the cooling of nuclear power reactors, and

temperature control on board spacecraft [55]. In all these systems, heat transfer

occurs when latent heat is released as hot vapor condenses on a cold surface.

However, the inability to maintain a steady dropwise condensation state has

prevented the widespread use of dropwise condensation on an industrial scale.

One of the main barriers is the design of long-lasting surfaces whose coatings

do not degrade or foul [60, 137, 109]. The degradation of surface treatments

over time typically leads to the transition from dropwise to filmwise conden-

sation. In addition to surface degradation, clearing the surface of larger drops
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quickly to expose fresh surface for nucleation of new drops can be a significant

challenge during dropwise condensation. A common way to promote the re-

moval of drops is to either tilt [63, 118] or vertically [44, 57] orient the surface

to take advantage of gravity to clear the surface once the characteristic length

of the drop exceeds the capillary length scale (about 2.4 mm for pure water).

However, the challenge of removal becomes more complicated in low gravity

environments and at small length scales where surface tension dominates iner-

tia. In these cases, one needs to employ other methods to clear the surface.

There have been many efforts to move drops on a surface by deliberately dis-

turbing the liquidgas interface in the vicinity of the contact line to create a force

imbalance between the leading and trailing edges of a drop. These methods can

be classified as either active or passive, depending on whether external energy

needs to be supplied to the system. The most commonly employed passive

method uses a surface energy gradient, created by chemically patterning the

surface [150, 27, 21, 24, 68, 125, 126] or by chemically coating a physically tex-

tured surface [64, 77, 148]. A comprehensive review of techniques to fabricate

chemical and physical gradients is provided by Genzer et al [50]. Some of the

active methods include temperature gradients (thermocapillary) [40, 103, 16],

electrostatic potential gradients (electrocapillary) [23, 76], and a periodic asym-

metric oscillation of a substrate [91, 28]. Combinations of these methods have

also been used to further enhance drop speeds.

Passive methods have the advantage of requiring no external energy input.

A molecular dynamics simulation has predicted drop speeds on the order of 1

m/s for water nanodroplets on a chemical gradient created with self-assembled

monolayers [54]. To date, the maximum speed achieved experimentally for a
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water drop (V = 2 µL) with a gradient surface is 45 cm/s [64] Furthermore, the

minimum diameter required for a drop to move on a chemical gradient surface

is about 1 mm [29], or half the capillary length scale. Lowering the minimum

diameter required for movement helps to limit the total area of the condensing

surface covered by liquid so that more surface area is available for steam con-

densation. Thus, even in applications that have the advantage of gravity for

drop removal (e.g., nuclear power reactors), employing a surface energy gra-

dient could still increase terrestrial heat transfer (and improve efficiency) by

shifting the drop size population.

While there has been a lot of work discussing the use of gradients in ap-

plications on small length scales to transport small quantities of liquid (e.g.,

microfluidics [61], DNA analysis [16], biological and chemical sensing [47]), the

utilization of these surfaces for dropwise condensation has not been thoroughly

explored. More specifically, it has not been determined how a gradient surface

changes the time evolution of a distribution of drop sizes during condensation.

Our experimental study quantifies how populations of drops evolve differently

over time on a chemical gradient surface relative to a uniform contact angle

surface.

Early work in the area of drop size distributions focused on both modeling

the drop size distributions by assuming a neutrally wetting surface [110, 56]

and condensing onto uniform surfaces prepared to have a contact angle close to

90◦ [57, 53]. More recent work has relaxed the neutral contact angle constraint.

Kim et al. [65] modeled the steady-state distribution on a superhydrophobic

surface for both small and large drops. They concluded that the surface wet-

tability affects both the distribution and consequently the heat transfer. Very
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small drops (<5 µm) were found to be largely responsible for heat transfer. The

work of Leach et al. [70] focused on the growth rate mechanisms for different

sized drops, and a single bimodal distribution was reported for a regime where

large drops generated first and a population of small drops generated later co-

exist. Experimental and computational examination of the transient drop size

distributions for an inclined uniform contact angle surface showed that the dis-

tribution shape remained the same because of frequent periodic sweeping of the

surface by gravity [63, 118, 8]. Simulation of the time evolution of a population

of drops on a surface energy gradient surface showed that because sweeping

is more frequent on a gradient surface than on a slightly (5◦) inclined surface,

many more small drops resulted [63]. However, the time evolution of drop size

distributions was never quantified. To this end, we seek to create gradient sur-

faces that not only promote dropwise condensation but also shift the drop size

distributions toward smaller drops. We then characterize the time evolution of

drop size distributions on these surfaces.

The current work investigates the progression and underlying physics of

dropwise condensation on both a gradient surface, which has been chemically

patterned with a radial surface energy gradient (i.e., contact angle varies as a

function of position), and a uniform surface (i.e., contact angle is spatially in-

dependent). Two different dropwise condensation modes are explored for both

types of surfaces. In mode A, the surface is exposed to a transient steam source

and the backside is not cooled. In mode B, the surface is exposed to a constant

steam source and the backside of the surface is cooled. Mode A experiments

elongate the time scale of condensation so that the effects of surface functional-

ization on condensation can be assessed. Mode B experiments show how fre-

quent sweeping of the surface with a surface energy gradient changes the pro-
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gression of the drop size distributions. Additionally, the conditions of mode B

are similar to anticipated operating conditions of a condensing surface in an ac-

tual heat transfer application. Because of this, an accurate assessment of how

a condensing surface would actually perform can be obtained for these experi-

ments. Surfaces are characterized by the time evolution of the number density

of drops, the fractional coverage, the drop size distributions, and the median

drop size.

4.3 Materials and Methods

4.3.1 Surface Preparation and Treatment

Substrates were chemically treated to yield either a spatially uniform surface or

a radial energy gradient surface. In preparation for treatment, circular polished

glass substrates (Technical Glass Products) made of G.E. 124 fused quartz were

cleaned in piranha solution, 70% H2SO4 and 30% of 50 wt % H2O2 by volume,

for 25 min to remove any organic impurities on the substrate and to hydroxylate

it in preparation for reaction with the silane. After quenching the reaction with

deionized (DI) water, the substrates were removed from the piranha solution

and submerged in a beaker full of DI water. The beaker was then continuously

flushed with DI water for 5 min to remove any trace amounts of piranha so-

lution on the surfaces of the substrates. Just prior to treatment, the substrates

were removed from the beaker one at a time and rinsed with DI water for 3 min

and then dried with nitrogen.

The uniform surfaces were treated with one of the three following
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silanes: 3-aminopropyltriethoxysilane (APTES), dodecyltrichlorosilane (dode-

cyl), or (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane (fluoro). The

hydrophilic surfaces were created by liquid deposition of APTES to deliver

static contact angles, θs, of either 64◦ or 80◦. A clean substrate was submerged

in a solution of 8% APTES and 92% acetone for 20 min. The surface was then

removed from the solution and rinsed with acetone for about 1 min to rinse off

any unreacted silane. The surface was baked at 80◦C for 1 h to ensure complete

bonding of the silane with the surface. The hydrophobic surfaces were created

by vapor deposition of either dodecyl or fluoro to deliver static contact angles

of 98◦ and 103◦, respectively. For the dodecyl treatment, a mixture of 6 g of light

mineral oil and 30 L of dodecylsilane was used, and for the fluoro treatment,

6 g of light mineral oil and 6 L of fluorosilane were used. Each mixture was

degassed in a desiccator for 30 min to remove any dissolved air. Otherwise, the

silane would react with both the air and water vapor to produce silicon dioxide

solids, rendering it unreactive. After degassing, the desiccator was opened, and

the substrate was suspended directly over the mixture, parallel to the free inter-

face. A final vacuum was pulled on the system before letting the substrate react

with the silane for 2 h. Finally, the surface was removed from the desiccator and

baked in an oven at 80◦C for 1 h to ensure complete reaction.

The radial gradient surface was created with dodecyl only. A 1.4 µL dode-

cyl drop was deposited onto a fluoro-treated silicon wafer and then suspended

over the substrate at ambient conditions for 4 min. Because the gradient geom-

etry crucially depends on the shape of the vapor diffusion front, a large Pyrex

dish was used to cover the system during the deposition process to block out

convection currents. Finally, the surface was baked in an oven at 80◦C for 1 h.
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4.3.2 Surface Characterization

The uniform surfaces were characterized by static, advancing, and receding con-

tact angles. The contact angle hysteresis of a surface (∆θ) is defined as the differ-

ence between the advancing and receding contact angles. Prior to measurement,

the surface was rinsed to remove any debris (e.g., dust). First, the surface was

rinsed with acetone and DI water and then dried with nitrogen. For the static

contact angle experiments, static images of 2 µL sessile drops in ten different

locations were acquired with a Redlake HS-3 high-speed camera. For the ad-

vancing and receding contact angle experiments, the volume of a sessile drop

was increased and decreased by hand with a micrometer syringe (Gilmont In-

struments, GS-1200) in seven different locations. Movies capturing the motion

of the contact line were acquired. All images were analyzed using an in-house

Matlab script consisting of an image analysis routine that uses gray scale thresh-

olding to determine the liquidgas interface and the NelderMead multivariate

optimization method to determine θs, θa, and θr. Assuming the Bond number,

B = ρgε2

σ
, where ρ = liquid density (1000 kg/m3), g = gravity (9.81 m/s2), ε =

footprint radius (0.92 mm for V = 2 µL and θs = 98◦), and σ = liquid-gas surface

tension (0.072 N/m), is very small (B ≈ 0.1 < 1), then the effect of gravity on

the shape of the drop can be safely neglected. After setting B=0, the optimiza-

tion method finds θs by minimizing the least-squares difference between the ex-

perimentally determined profile and the numerically integrated YoungLaplace

equation [19].

The gradient surfaces were characterized by a dynamic contact angle, θd. The

dynamic contact angle can be calculated from measurements of the advancing,

θa, and the receding, θr, contact angles at the leading and trailing edges of the
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drop, respectively, as it translates [29, 15].

cos θd =
1

2
(cos θa + cos θr) (4.1)

Several drops of different volumes were deposited one at a time with a microm-

eter syringe (Gilmont Instruments, GS-1200) at the beginning of the gradient,

and their motion down the gradient was recorded with high-speed imaging.

The same in-house Matlab routine was used to find θa and θr at several loca-

tions along the gradient (cf. Figure 4.1). The measured strength of the gradient

was |dθd
dx
|=22◦/mm.

4.3.3 Condensation Chamber

The important features of the experimental setup, including details of the con-

densation chamber, are shown in Figure 4.2. Steam is generated by boiling DI

water in an Erlenmeyer flask with a hot plate. Stainless steel tubing connects

from the flask to the inlet of the condensation chamber. One inch thick fiber-

glass insulation encloses the tubing to maintain the inside wall temperature

close to the steam temperature. This minimizes condensate buildup over the

course of the experiment. A condensate vent was installed prior to the steam

inlet to drain off the condensate that always occurs at startup when the steam

first encounters the cold tubing walls. The condensation chamber rests on an

inverted glass Petri dish to allow for viewing and to protect the optical setup

below from falling drops. The experiment is imaged from above and illumi-

nated from below using collimated light. The collimated light backlights the

drops for all contact angles so that the boundaries can be detected using im-

age analysis. The light bulb in the collimated light train is powered by a 30 V
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Figure 4.1: (top) Advancing (•) and receding (◦) contact angle measure-
ments characterizing the gradient surface. The hydrophobic
part of the gradient is qualitatively represented by the dashed
horizontal line, whose value is an average of five measure-
ments taken at different locations. (bottom left) Angle θd (4)
is calculated from eq (4.1) using a subset of the data. (bottom
right) Top view of the gradient with side views of two drops
at different locations on the surface to illustrate the spatial de-
pendence of the contact angle.
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DC power supply (GW Laboratory DC Power Supply, Model GPS-3030D). A

Sterilite container served as the holding tank for the coolant, tap water, and ice.

The temperature of the coolant was maintained at 1◦C by excess ice. The water

was pumped around at a volumetric flow rate of 2.9 mL/s by a circulator pump

(Fisher Scientific, Model 73).

Hot Plate

Condensate
Drain

1

2

3

Treated
Surface

Window

Camera

Inverted Petri
Dish

Optics

Condensation Chamber

O-ring

Coolant Inlet
Coolant Outlet

Figure 4.2: Experimental setup. Condensation chamber (sections 1, 2, and
3) is imaged from above and illuminated from below. A hot
plate (left) boils DI water to produce steam (dots). Conden-
sate buildup drains out through the condensate vent and into
a beaker. Chamber sections 1 and 2 are separated by a window,
coolant flows through section 2, a downward facing treated
surface (cross-hatch) separates sections 2 and 3, and the steam
enters into section 3. A diffuser piece at the steam inlet evenly
distributes the steam.

The condensation chamber was fabricated out of a solid piece of polycar-

bonate so that it was hollow on the inside. The chamber is about 81 mm tall

with a 52 mm i.d. and 85 mm o.d. The chamber consists of three sections. The
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coolant flows through section 2. A circular polished glass substrate 2.5 in. in

diameter and 0.0625 in. thick separates sections 1 and 2. The glass substrate

contains the coolant from above and also acts as a window for visualization of

the treated surface below. The downward facing treated surface, with the same

dimensions as the window, separates sections 2 and 3. O-rings sit in grooves

between section 2 and the glass substrates above and below. The O-rings not

only provide a tight seal but also lower the risk of breaking the substrates when

compression is applied to assemble the chamber. The steam enters into section

3. On the steam inlet in section 3, a diffuser piece made of Teflon with a piece of

chicken wire placed over top was used to mix and evenly distribute the steam.

There are six holes drilled in the circumference of the chamber so that screw

can be threaded into both sides of section 2 to compress the chamber and hold

everything in place. All of the experiments are pendant mode dropwise con-

densation. Gravity is the removal mechanism for a drop that has had sufficient

time to reach the critical radius corresponding to instability.

4.3.4 Methods

Condensation experiments were run in two different modes: (A) transient steam

exposure and no cooling and (B) constant steam exposure and cooling (cf. Table

4.1). Only uniform surfaces were tested for mode A because the driving force of

condensation proved to be insufficient to move drops on a gradient surface.

mode description
A transient steam, no cooling
B constant steam, constant cooling

Table 4.1: Summary of experimental operating conditions for the two dif-
ferent modes.
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For mode A experiments, the treated surface was exposed to a transient

steam source and the backside was not cooled. In the absence of active cool-

ing, the surface can only cool by radiating heat into section 2. As a result, the

temperature of the air in section 2 increases, condensate forms on the window,

and visualization becomes obscured. To avoid this, the window was removed.

Next, DI water was boiled using a kettle (Hamilton Beach; Model K6080). The

chamber was placed in a Pyrex dish where 300 mL of boiling water was poured

into the dish up to a height where it made contact with the perimeter of the

chamber. This created a small pocket of air inside the chamber which trapped

the steam. The boiling water was allowed to cool down over a period of about

15 min. A pixelink camera (Model: PL-A741) was used to record images at 1

fps with a resolution of 1280 × 1024. For this mode, the driving force decreases

substantially over time, and the drops never reach the critical instability radius

for detachment by gravity.

For mode B experiments, the treated surface was exposed to a constant steam

source and was constantly cooled on the backside. The temperature of the

coolant was maintained at 1◦C by excess ice. To perform this type of condensa-

tion experiment, a 500 mL Erlenmeyer flask was filled with 350 mL of DI water.

The hot plate was turned on to 450◦C to boil the DI water and produce steam.

At the first sight of bubble nucleation, a heat gun is turned on to the highest

setting and aimed at the inverted glass Petri dish. By heating up the glass, the

steam will not condense onto the glass Petri dish but, instead, on the treated

surface. This step was necessary because any condensate buildup on the Petri

dish will obscure the field of view. Once a rolling boil is established, the pump

is turned on to start cooling the slide. Eventually the steam enters the cham-

ber via section 3, and a Redlake HS-3 high-speed camera is manually triggered
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to record at the first signs of nucleation at a rate of 30 fps with a resolution of

1280 × 1024 for about 2 min. Toward the end of the experiment, there is drop

detachment as a result of gravity for the uniform contact angle surfaces only. In

the case of a gradient surface, there is no dripping because drops are removed

at a critical radius that is much smaller than that at the onset of instability by

gravity. After the drops are swept off the surface by the gradient, they collect in

a puddle at the perimeter of the gradient (where the contact angle is very small),

and the liquid eventually drips from the surface and/or runs down the side of

the chamber.

4.4 Results and Discussion

The goal of the mode A experiments was to investigate how wettability affects

the time progression of condensation through alteration of the physics involved

in coalescence. For mode B experiments, the objective was to see how the pres-

ence of a frequent and periodic removal mechanism, such as that present on a

gradient surface, alters the drop populations. Metrics such as how many drops

were present on the surface at any point in time, the drop sizes, and how they

were distributed were used to compare and contrast the two different types of

surfaces. Analysis for both modes was restricted to drops larger than about 80

µm. The cutoff is a compromise between the two types of cameras used and

their different resolutions.
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4.4.1 Growth Curves

A growth curve is a time course of the number of drops per unit surface area

(i.e., number density). This course characterizes the progression of a condensa-

tion experiment. Each growth curve can be separated into at least two regions,

regardless of the mode of operation and surface treatment (cf. regions 1 and 2 of

Figure 4.3). There is an additional region when the treated surface is cooled (cf.

region 3 of Figure 4.3). In region 1, the total number of drops increases as they

nucleate and coalesce on a small length scale to produce drops of increasing size

that come into view. In region 2, there is a net decrease in the total number of

drops because the number of coalescence events exceeds the number of nucle-

ation events. The presence of first generation drops leaves less surface area for

drops to nucleate. Regions 1 and 2 are separated by a peak which corresponds to

the maximum number density. The peak signifies a transition from nucleation

domination in region 1 to coalescence domination in region 2. Finally, region 3 is

characterized by a sawtooth wave. Here, large-scale coalescence events remove

many smaller drops in a single coalescence event which are then replenished

in time until another large scale coalescence event occurs (cf. Figure 4.3; blue

image).
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Figure 4.3: (left) Growth curve for a uniform dodecyl surface exposed to a
constant source of steam and constant cooling (mode B). (right)
Images just before (red) and just after (blue) a large scale coa-
lescence event, also indicated by arrows in inset of sawtooth. A
sharp decrease in the number density coincides with clearing a
large surface area.

The driving force for condensation is dictated by both the temperature differ-

ence between the steam and the surface and the amount of steam present. Run-

ning an experiment without cooling the surface or replenishing steam (mode

A) elongates the time scale of condensation and allows for easier observation of

how surface wettability affects the time needed to reach the maximum number

density. On the left side of Figure 4.4, the growth curves are plotted for mode

A for three uniform surface treatments: APTES (θs = 80◦), dodecyl (θs = 98◦),

and fluoro (θs = 103◦). Comparing these cases, we can see that as θs increases, it

takes more time to reach the maximum number density, indicating that the less

hydrophobic a surface is, the easier it is to nucleate [150, 136]. Therefore, more

hydrophilic surfaces have a head start on growing the first generation of drops

relative to less hydrophilic surfaces. Because transition from region 1 to region
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2 is affected by the ratio of area available for nucleation and area taken up by

existing drops, one also needs to consider how the wettability of the surface

affects the drop footprint and coalescence.

Figure 4.4: Mode A. Uniform surface. Time evolution of number density
(left) and fractional coverage (right) for dropwise condensation
on a treated surface that was exposed to transient steam and
was not cooled for three surface treatments: APTES (θs = 80◦;
∆θ = 42◦; black), dodecyl (θs = 98◦; ∆θ = 22◦; red), and fluoro (θs
= 103◦; ∆θ = 18◦; green). (♦), (◦), and (�) denote the first, sec-
ond, and third trials, respectively. Time t = 0 s corresponds to
the first instant when a statistically significant number of drops
have populated the surface, yielding a drop size distribution
with a distinct shape. Reported contact angle hysteresis values
were measured on slides that were treated and prepared in the
same way.

For example, a drop with volume V on a hydrophilic surface will have a

larger perimeter (i.e., footprint area) than a similar drop on a hydrophobic sur-

face. The most significant difference, though, between the hydrophobic (dode-

cyl and fluoro) and the hydrophilic (APTES) surfaces is in the details of the co-

alescence events. On the APTES surface, coalescence events typically involved

two or maybe three drops whereas coalescence events on the dodecyl and flu-

oro surfaces usually involved more than three drops within the observed frame
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rate of 1 s. Additionally, after coalescence on an APTES surface, the contact line

of the new drop remained mostly pinned (cf. Figure 4.5; top row), whereas on

a hydrophobic surface, the contact line was more mobile and retracted immedi-

ately after coalescence (cf. Figure 4.5; bottom row). Qualitatively, pinning of the

contact line on a hydrophilic surface suggests a higher contact angle hysteresis

relative to a hydrophobic surface. Quantification of the hysteresis showed that

it was highest for an APTES surface (∆θ = 42◦) and lowest for a fluoro surface

(∆θ = 18◦). Consequently, less surface area was regenerated for an APTES sur-

face compared to either a dodecyl or a fluoro surface. These three features (i.e.,

larger perimeter, less sweeping because coalescence events involve few drops,

and pinned contact lines) catalyze the transition from region 1 to region 2 for

an APTES surface by blocking active nucleation sites with footprint areas that

are larger than their hydrophobic counterparts. These results are in agreement

with previously published results that also examined the effects of wettability

on drop growth and condensation by utilizing a weak gradient surface [150].

However, contact line motion is biased on a gradient surface. For this reason,

we chose to isolate the effects of wettability from the effects of the gradient dy-

namics on drop growth by performing a set of experiments on uniform contact

angle surfaces ranging from hydrophilic to hydro- phobic.
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Figure 4.5: Example highlighting the differences in contact line mobility
of the newly formed drop after a coalescence event on APTES
(top row) and dodecyl (bottom row) treated surfaces subjected
to conditions of mode A. The contact line of newly formed drop
1 on the APTES surface is highly irregular and appears to retain
some features of previous unmerged drops 1, 2, and 3. Elapsed
time between images in both the top and bottom rows is 1 s.

Fractional coverage, the ratio of the cumulative wetted area covered by drop

footprints to the total surface area, is another way of plotting the growth curves

and shows how much of the surface is covered by liquid. On the right side of

Figure 4.4, we see that in the absence of frequent drop removal on a horizontal

surface all surfaces approach a high fractional coverage (fluoro: 45%; dodecyl:

50%; and APTES: 70%) consisting of drops whose radii are all greater than 80

µm. A high fractional coverage of large drops is undesired because conduc-

tion through the liquid is the largest resistance to high heat transfer between the

steam and the condensing surface. Also, regions 1 and 2 of the growth curves

are characterized by different slopes separated by a transition point. The tran-

sition point corresponds to the maximum number density on the growth curve.

The steeper slope corresponding to region 1 is hypothesized to correspond to

mass transfer limitations and how quickly the drops nucleate and grow contin-
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uously mainly by direct condensation onto the liquidgas interface, as opposed

to absorption of weakly adsorbed water molecules on the surface at the drop

perimeter. Drops in this region also experience discrete growth due to small

scale coalescence events. The smaller slope corresponding to region 2 is hy-

pothesized to coincide with diffusion limitations in the sense of how quickly

the drops diffuse and/or convect (for the gradient surface) as they experience

discrete growth by coalescence (over a larger scale) with neighboring drops to

clear the surface for renucleation. The sawtooth region is absent for all three

surface treatments under conditions of mode A because of the low condensa-

tion driving force. The driving force is low because the steam depletes and the

surface heats up quickly. Consequently, there are very few coalescence events

occurring toward the end of the experiment.

Now we compare the results between uniform and gradient surfaces ex-

posed to a constant generation of steam with the back side constantly cooled

(mode B). Several differences arise (cf. Figure 4.6, left). For a uniform sur-

face, the growth curve monotonically increases in region 1 until peaking at a

maximum value, beyond which it decreases in region 2 for a short time be-

fore transitioning to a downward trending sawtooth wave in region 3 (inset in

Figure 4.6). For a gradient surface, while the growth curve is largely similar

up to the peak, there are several important differences beyond that point. Af-

ter a short decrease, the number density transitions to a sawtooth wave with a

mean slightly below the maximum value. This behavior indicates that dropwise

condensation has essentially reached a steady state and will continue until the

steam source is removed or the surface fouls. A constant number density corre-

sponds to a constant fractional coverage (cf. Figure 4.6, right). In contrast, for a

uniform surface, the fractional coverage monotonically increases at a faster rate
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than mode A. Here, the fractional coverage reaches 70% for dodecyl and 80% for

APTES surfaces after only 2 min. Again, the large fractional coverage consists of

drops larger than 80 µm. A constant low fractional coverage, such as that for a

gradient surface, means that the majority of the surface will always be available

for the nucleation of many small drops, favoring efficient heat removal.

Figure 4.6: Mode B. Gradient and uniform surfaces. Time evolution of
number density (left) and fractional coverage (right) for drop-
wise condensation on a treated surface that was exposed to a
constant source of steam and was cooled, for two uniform and
one gradient surface treatments: APTES (θs = 64◦; ∆θ = 42◦;
black), dodecyl (θs = 98◦; ∆θ = 22◦; red), and dodecyl gradi-
ent (θd = 52100◦; lilac). (♦), (◦), and (�) denote the first, sec-
ond, and third trials, respectively. Inset is a magnified view
of the downward trending sawtooth (region 3) for an APTES-
treated surface. Reported contact angle hysteresis values were
measured on slides that were treated and prepared in the same
way.

Note that because of the method we use to generate the radial gradient, there

is a region in the center that is hydrophobic (cf. Figure 4.1). Here, drop motion

is not influenced by the surface energy gradient. Drops in this central region are

stationary and grow only by coalescing randomly with other nearby drops in

this region, akin to coalesce on a uniform surface. Because of the existence of this
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dead uniform region, there is a very slight increase (from the constant value) in

the fractional coverage (i.e., minor decrease in number density) at longer times.

Essentially, drop coalescence in the central hydrophobic central region increases

the coverage while decreasing the total number of drops, until they are large

enough to drip off the surface. An ideal gradient would minimize the radius,

rH , of this flat hydrophobic zone (cf. Figure 4.1, lower right). But to achieve such

a gradient would require more complex fabrication methods than are presently

available to us.

In comparison to the two uniform surfaces, the gradient surface has a

slightly lower maximum number density. The peak corresponds to an instant in

time when a large number of drops located on or near the gradient have reached

the threshold radius required for movement. Drops move when the force from

the surface energy gradient exceeds the resisting forces of hysteresis and drag.

Because of the radial geometry of the gradient pattern, the drops sweep large

sectoral areas of the surface and coalesce with other drops in their path (much

like the spokes of a bike wheel) as they depart. This frequent sweeping results

in a noticeable reduction in the number density when compared to the uniform

dodecyl-treated surface.

4.4.2 Drop Size Distributions

Another major difference between uniform and gradient surfaces is the time

evolution of the drop size distributions. For a uniform surface, each region of

the growth curve (cf. Figure 4.3) has a unique drop size distribution (cf. Figure

4.7; red distributions). Additionally, the shape of the distribution can be used
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to determine the specifics related to the stage of condensation. When conden-

sation begins, small drops nucleate and coalesce with one another until they

are large enough to be detected by image analysis (i.e., drops larger than about

80 µm). These are the first generation of drops, represented by distribution I,

which characterizes region 1 (cf. Figure 4.7). As the drops from the first gener-

ation continue to coalesce and grow, the area regenerated by the drops also in-

creases and a population of small drops is born, but has not yet come into view

(cf. Figure 4.7; distributions IIA and IIB). The first occurrence of distribution IIA

corresponds to the peak between regions 1 and 2. Distribution IIA spans the

beginning half of region 2 when coalescence first dominates over nucleation.

Distribution IIB characterizes the latter half of region 2 where coalescence oc-

curs over larger length scales. As time progresses through region 2, the small

drops finally come into view by growing mainly by condensation onto the in-

terface and by small scale coalescence events. Distribution III is bimodal and

spans most of region 3. The distinct population of small drops is represented by

a secondary peak at a smaller median radius and the broad distribution at the

higher median radius corresponds to the first generation of drops (cf. Figure

4.7; distribution III). There is one final transition, occurring somewhere near the

end of region 3, to a final distribution resembling the initial distribution. Here,

the number of first generation drops is substantially diminished to a handful of

drops each almost large enough to drip from the surface. The rest of the surface

is covered with lots of very small drops. The magnitude of the histogram bars,

relative to the initial distribution, is about the same or a little less. The final

transition is not marked because it is difficult to accurately delineate the end of

distribution III, as the shape progression is continuous in time.
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Figure 4.7: Mode B. Progression of drop size distributions in time for do-
decyl uniform (red) and gradient (lilac) surfaces. For uniform
surfaces, four distinct distribution shapes, each covering a fi-
nite period of time, are observed and are denoted by uppercase
Roman numerals. For the uniform surfaces, shape progression
is largely the same regardless of surface treatment or imposed
heat transfer conditions (modes A or B). The only exception is
the missing sawtooth region (and final distribution) for mode
A. Movies of dropwise condensation on dodecyl uniform and
gradient surfaces can be found in the Supporting Information.
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Unlike a uniform surface where each region of the growth curve is uniquely

characterized by the shape of the drop size distribution, there are only two

shapes of distributions observed for a gradient surface (cf. Figure 4.7; lilac dis-

tributions). Hence, the shape of the distribution alone cannot be used to de-

termine the stage of condensation. The observed shape shifts between points I

and III for a uniform surface are absent for a gradient surface. This is because

drops large enough to move on the gradient are present, and as they translate,

they coalesce and remove drops in their path. Consequently, the first-generation

drops never have a chance to grow and form a distinct population with a large

median radius. Similar results were found for an inclined uniform contact an-

gle surface where gravity was the removal mechanism [63]. The broadening of

the initial distribution is a result of the large hydrophobic center where larger

drops are trapped and will never reach the gradient (cf. Figure 4.7; distribution

IIB). As time progresses and these drops coalesce with one another, the number

of drops will decline and the regenerated area will give rise to more nucleating

drops. Eventually, a single large drop will be left in the center that can only

depart from the surface by dripping. Dripping occurs when the pendant drop

goes unstable because the force of gravity exceeds the force of surface tension.

For an ideal gradient surface with no hydrophobic central region, we expect the

distribution shape to remain the same for the entire experiment because drops

would be removed before they reach the critical size for dripping.

To recapitulate our findings, the main difference between the gradient and

uniform surfaces with regards to the drop size distributions is the absence of a

bimodal distribution in region 3 for a gradient surface (cf. Figure 4.7; distribu-

tion III). For a uniform surface, the peak at the large drop radius corresponds

to the first generation of drops whereas for the gradient surface, this genera-
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tion is absent because they are removed by the gradient. The frequent sweeping

on a gradient surface induces a steady state which essentially freezes the drop

distribution at the shape of the initial distribution.

The population of drops on the gradient surface in region 1 summarizes the

results of Figure 4.4 (cf. Figure 4.7, lilac inset photo for distribution I). The annuli

(white perimeter, dark gray) of different color intensity encircling the light gray

circular region further corroborate the effects of wettability on the time scale of

nucleation and coalescence. The majority of the light gray circle corresponds to

the hydrophobic part of the surface with the balance corresponding to the start

of the steep part of the gradient. The dark gray ring corresponds to the rest of

the gradient. Here, the gradient is initially shallower than the preceding part

of the gradient. However, the gradient returns to being steep at the outermost

part of the dark gray ring (cf. Figure 4.1). Finally, the irregularly shaped drops

on the perimeter of the image that appear to be mostly white reside on the most

hydrophilic part of the surface (θd ≈ 30◦). The drops in the more hydrophilic re-

gion are much larger in size than those in the more hydrophobic regions, mean-

ing that condensation has progressed further. In other words, at any point in

time, the more hydrophilic the surface is, the further along the growth curve

you are.

In Figure 4.8, the time progression of the median drop radius is plotted for

modes A (left) and B (right). For the uniform surface treatment, regardless of

the mode of condensation, the median radius increases monotonically for the

first (i.e., largest in size) generation of drops. In contrast, for the population

of smaller drops, the median radius tends to remain relatively constant. Recall

that the coexistence of two distinguishable populations of drops corresponds to
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the bimodal distribution for a uniform surface (cf. Figure 4.7; distribution III).

Additionally, the curvature in the data for the first generation of drops depends

on the mode of condensation. The curvature is likely influenced by the growth

rate, which is larger for mode B because of the higher condensation driving

force. Comparison of the APTES results for mode A with results in the literature

for a surface with a similar contact angle [70] shows good qualitative agreement.

Also, in the case of mode A, the emergence of a distinguishable population of

small drops occurs earlier for a hydrophilic surface. This result agrees with that

of Figure 4.4, which also shows that the more hydrophilic a surface is, the faster

the condensation progresses. In the case of mode B, maturation of the first-

generation drops is truncated for a gradient surface. This result is in agreement

with the constant number density and fractional coverage results of Figure 4.6

and with the frozen drop size distribution shapes of Figure 4.7. These results

show that in the case of a gradient surface, frequent periodic sweeping of the

surface alters the time evolution of a population of drops relative to a uniform

surface.
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Figure 4.8: Median drop radius evolution: mode A (left) and mode B
(right). Color and symbol shape designations remain the same.
Only the first trial for every surface was plotted. Closed
symbols denote the first generation of drops (larger slope),
whereas the open symbols denote the population of smaller
drops (smaller slope). The data for mode B were truncated
early because of the inability of the algorithm to detect the two
different populations at longer times.

4.4.3 Heat Transfer Implications

The higher heat transfer coefficients found in dropwise condensation relative to

filmwise condensation are often attributed to the presence of very small drops

which balance the effects of conducting and dissipating heat to the surface while

at the same time, not creating a large resistance. Accordingly, to maximize heat

transfer, the chemical treatments for condensing surfaces should be designed to

maintain the highest possible fractional coverage of very small drops (<5 µm)

without transitioning to filmwise condensation. One strategy to achieve this

design criterion is to pattern a chemical gradient onto the condensing surface

to induce frequent sweeping by moving drops, as shown here. In doing so, a

mostly stagnant distribution that is dominated by very small drops, relative to

a uniformly coated hydrophobic surface, is achieved.
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4.5 Conclusions

A radial surface energy gradient alters the time evolution of a population of

drops by frequently sweeping the surface to remove large drops. As a result,

maturation of the first generation of drops is truncated, and a bimodal drop

size distribution is never observed. Furthermore, because the departure of large

drops is staggered, there is a large population of small drops nucleating on the

surface at every instant. This essentially locks the shape of the drop size distri-

bution at the initial distribution, which consists of small drops. The unchanging

distribution shape indicates that dropwise con- densation on a gradient surface

has reached a steady state. The steady state corresponds to a balance between

the birth of drops by nucleation and the death of drops by coalescence. In con-

trast, for a uniform contact angle surface, there are four shapes that the drop size

distributions evolve through. They can be associated uniquely with each stage

of condensation (i.e., location on the growth curve) and, whether unimodal or

bimodal, how many distinguishable populations of drops are present.

Experiments conducted on the uniform contact angle surfaces for mode A

revealed the effects of wettability on the time progression of growth. For de-

creasing contact angle, it takes less time to reach the maximum number density

because of differences in perimeter availability for coalescence and also differ-

ences in the physics of coalescence. For hydrophilic surfaces, it also appears that

there is some history of a coalescence event contained within the contact line of

a new drop formed from coalescence. The irregularly shaped footprint contains

features reminiscent of the individual contact lines of the coalesced drops. Fur-

thermore, the contact line appears to be less mobile on a hydrophilic surface,

which gives rise to a decrease in available surface area for nucleation.
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Surface patterning (chemical and/or physical) for condens- ing surfaces

should aim for a high fractional coverage of very small drops (<5 µm) to achieve

high heat transfer rates. A properly designed surface would give all drops a

chance to access the gradient at some point during their growth either by their

position on the surface and/or by randomly sampling the gradient as a result

of a shape fluctuation from coalescence. Gradient surfaces might be an effec-

tive tool in promoting and sustaining dropwise condensation for the manage-

ment of large heat loads in regimes where gravity cannot be used as a drop

removal mechanism. Examples include heat pipes and micro- electronics that

operate on small length scales where inertia is dominated by surface tension

and in spacecraft, which present a low gravity environment. However, even

terrestrial-based technologies stand to benefit from using surface energy gradi-

ent surfaces because the critical length scale required for movement of the drops

is drastically reduced.
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CHAPTER 5

SIMULATING TRANSIENT DROPWISE CONDENSATION ON A LOW

THERMAL CONDUCTIVITY SUBSTRATE

5.1 Abstract

During dropwise condensation, distributions of drop-sizes evolve primarily

through coarsening by coalescence. The instantaneous heat transfer perfor-

mance of a surface is dictated by the number and sizes of drops on the sur-

face at any instant in time. While performance averaged over longer times is

of interest from a technology standpoint, accurate simulation of the transient

state is important. Steady-state dropwise condensation can be thought of as a

collection of transient dropwise condensation cycles occurring in parallel. Tra-

ditional simulation of dropwise condensation has focused on making compar-

isons with experimental drop-size distributions at single instants in time, typi-

cally at later times, after the process has reached a statistical steady-state. Ad-

ditionally, a constant temperature difference between the steam and the sub-

strate is assumed. While this assumption is valid for metal surfaces possessing

a high thermal conductivity, this assumption is not necessarily true for low ther-

mal conductivity surfaces such as glass. We report a way to simulate the entire

transient portion of dropwise condensation using the isolated drop growth rate

measured directly from experiment using single drop tracking. The simulation

reasonably predicts the time evolution of the number density of drops, the frac-

tional coverage, the normalized condensate volume, the median drop radius,

and the nearest neighbor distance for condensation experiments performed on

the underside of a horizontal hydrophobic surface exposed to coolant temper-

95



atures of 1◦C, 3◦C, 30◦C, and 50◦C. In the case of a glass surface chemically

coated with dodecyltrichlorosilane, it was found that use of a constant temper-

ature difference grossly underpredicts the heat transfer. A population average

was used to experimentally determine the single drop growth rate. Addition-

ally, the amount of liquid condensed on the surface was independent of the

cooling temperature for the coolant temperature range investigated. This has

important implications for energy costs in heat transfer applications. Finally, a

simple scaling analysis is presented in order to compare the fractional coverage

for surfaces with different contact-angles.

5.2 Introduction

Condensation on a surface can occur either as a film or as a population of

drops. The latter method is preferred because the heat transfer coefficient is

often much higher [88, 60]. In filmwise condensation the film acts like an in-

sulator, providing resistance to heat transfer from the steam to the condensing

surface. Large drops in dropwise condensation behave the same way. Thick

films of liquid are costly from an energy management perspective. A contact-

angle of 90◦ or higher is needed to promote dropwise condensation [81, 79].

Since most of the favored condensing surfaces are not naturally hydrophobic,

they are either chemically coated [56] and/or physically textured [155, 22] to

make them non-wetting by creating a low surface energy solid. However, sim-

ple promotion of a surface from wetting to non-wetting is not enough to prevent

filmwise condensation. The drops must be removed from the surface either

by gravity, a surface energy gradient, or some other means. Gradients remove

drops from the surface by creating a force imbalance between the leading and
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trailing edges of a drop that can cause large enough drops to move [29, 150].

The most common gradients are thermal (thermocapillary) [40, 103, 16], elec-

trostatic potential (electrocapillary)[23, 76], surface modified (e.g., chemical

[150, 27, 21, 24, 68, 125, 126] and/or physical texturing [64, 77, 148]), and pe-

riodic asymmetric oscillation [91, 28] of a substrate. For chemical and physical

gradients, a comprehensive review on fabrication methods is provided by Gen-

zer et al. [50].

There are several applications covering many length scales where efficient

heat transfer is important: heat pipes [105], the cooling of microelectronics [106],

the cooling of nuclear power reactors, and temperature control on board space-

craft [55]. In all of these systems, latent heat is released into the substrate as the

hot vapor condenses onto a subcooled surface. However, the inability to main-

tain a steady dropwise condensation state has prevented its widespread use on

an industrial scale. One of the main barriers is the design of cost-effective, long-

lasting surfaces whose coatings do not degrade or foul [60, 137, 109]. The degra-

dation of surface treatments over time typically leads to the transition from

dropwise to filmwise condensation. However, a brief review by Ma et al. of

Chinese research in surface enhancements to promote dropwise condensation

indicates that some progress has been made [79]. Most notable, is the surface

by Zhao et al. that has been integrated into a condenser in an industrial heating

system in China [153, 151, 152].

The overall average heat transfer coefficient h̄ is calculated from a heat bal-

ance at the interface between the promoted surface and the drop

Q = h̄As(Tsat − T̄s) (5.1)

where As is the condenser surface area, Tsat is the steam saturation temperature,
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T̄s is the time and spatial averaged surface temperature, and Q is the average

amount of heat transferred. The surface temperature has been explicitly de-

noted as an average quantity because of the known spatiotemporal variation.

The spatial variation arises from having a distribution of drop-sizes present on

the surface at any instant. The temporal variation arises from both the transient

within the solid and the time evolution of drop-sizes at a single location on the

surface. The spatial [6] and temporal [133] variations have been observed ex-

perimentally. The value of Q is typically obtained in one of two ways: a linear

least-squares regression of the temperature gradient through a coolant block in

thermal contact with the treated substrate [133, 124, 129, 27, 57] or by integrat-

ing over the drop population [6, 65], assuming a steady-state conduction model.

In the first method, a large piece of metal (such as copper, bronze, or stainless

steel) is used as the coolant block and is either attached to a treated substrate or

is itself, chemically treated to promote dropwise condensation. Thermocouples

installed along the axial direction (length of the block) measure the temperature

gradient, from which both the surface temperature just below the drop and the

heat flux can be calculated. The surface temperature is found by extrapolat-

ing the temperature profile to the surface. In the second method, a steady-state

conduction model for heat transfer through a single drop is used and then in-

tegrated over the entire surface to get the total heat flux. With this method, if

the resistance of the promoter layer is included, assumptions need to be made

about the layer’s thermal properties. Additionally, there is a term that requires

knowledge of the temperature difference between the steam and the surface just

below the drop, and often it is assumed to be constant for calculation purposes.

More recently, however, there has been some work done that tries to bridge

the two methodologies and examine the applicability of the steady-state model,
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particularly for promoter layers with a thermal resistance on par with that of

the condensate [6]. Here, liquid crystal thermography was used to measure

the temperature just below the drop and then the temperature profile was inte-

grated over the base of the drop to determine the heat flux. Then two forms of

the steady-state conduction model were used to compare with the experimental

data: with and without the properties of the promoter layer, polyethylene in this

case. The authors found that below a certain drop size threshold, the steady-

state conduction model that neglects promoter layer effects is insufficient for

predicting the heat flux. This is because the conduction time scale of the drop

for small drop sizes is much faster than that of a substrate with finite thermal

conductivity. Hence, there is not enough time to dissipate the heat prior to more

heat being dumped into the surface. Above a certain size threshold, the model

is valid, despite having to use an average surface temperature. In the past, most

comparisons have been done between experiments conducted on a promoted

copper surface where the thermal conductivity is very high and the assumption

of a constant temperature difference is more justified [127]. A more direct and

less intrusive way to get Q, is to calculate the volume of liquid condensed on a

surface from images. The last method will be used hereafter.

Despite advances in computer hardware, simulation of dropwise conden-

sation still remains a computational challenge because of the large length and

time scales involved and also the number of drops. The length scales in the

problem span nearly six orders of magnitude from the smallest thermodynam-

ically stable drops O[10−9 m] to the departure size O[10−3 m]. Additionally,

the density of nucleation sites is often cited as being as high as 1011 sites/cm2

[108]. The highest nucleation site density that has been simulated for a large

condenser area (∼10 cm2) is 107 sites/cm2 [63]. The computational expense
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arises from having to do pairwise comparisons in checking for drop overlap.

The expense can be somewhat mitigated by partitioning the surface into a grid,

where each square contains a certain number of drops. Drop overlap can then

be checked with drops within the same square and within adjacent squares [70].

This greatly reduces the number of comparisons that need to be made. A fur-

ther complication arises with choosing the time step, especially when simulat-

ing for longer times such as at statistical steady-state. A fairly small time step,

whose size depends on the growth rate, is needed to avoid complicated pattern

overlaps. Traditional simulation of dropwise condensation has always either as-

sumed a power law growth rate [49, 90, 14] for isolated drops or a steady-state

conduction model with a constant temperature difference between the steam

and the surface below the drop [65, 119, 17, 63, 118]. The simulation we perform

does not assume a heat transfer model or a constant temperature difference.

To grow the drops in the simulation, we have instead chosen to measure the

isolated drop growth rate in situ during a dropwise condensation experiment.

This technique is most appropriate for low thermal conductivity surfaces where

a constant temperature difference cannot be assumed [127]. Additionally, the

simulation is a ”macroscale simulation.” Instead of using a high nucleation site

density with small nucleating drops (an=1 µm), a low nucleation site density

(n ∼ 5000 drops) with large nucleating drops (an=20 µm) is used. This enables

input of the initial condition at t0 from experiment by fitting the initial drop-size

distribution. The macroscale simulation converges to the appropriate limits of

∼55% coverage without nucleation [110] and ∼76% coverage with nucleation

[63]. The former corresponds to the jamming limit of equal sized disks on a

planar surface [130]. For a distribution of disk sizes with a small standard de-

viation (due to coarsening by coalescence), this limit is approximate. A higher
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packing fraction can only be achieved with nucleation of small drops to fill the

interstitial space between drops.

The current work simulates dropwise condensation on the underside of

a horizontal hydrophobic surface where a population averaged isolated drop

growth rate measured from experiment is used to grow the drops as mentioned.

Comparison is made with experiment for the time evolution of number density,

fractional coverage, condensate volume, median radius, and nearest neighbor

distance for four different coolant temperatures of 1◦C, 3◦C, 30◦C, and 50◦C.

Simulations are reported for both fixed site and random site nucleation for com-

parison purposes. Simulations are also reported using the traditional constant

temperature difference between the steam and the condensing surface and com-

pared against those using a constant growth rate. In order to compare the frac-

tional coverage results against experiment, a scaling analysis is completed and

its validity is checked against both the current data and existing data in the liter-

ature. Finally, the overall heat transfer coefficient is estimated, assuming a sim-

plified form of the steady-state conduction model and the values are checked

against those in the literature for similar surfaces.

5.3 Background

Before delving into the current results, it is worthwhile to take a step back

and analyze a simple, prototype problem that illustrates the main advantage

of dropwise condensation over filmwise condensation: a higher heat transfer

coefficient. The result of this problem motivates the study of dropwise con-

densation on a fundamental level. But first, a simple steady-state conduction
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model from the literature will be derived to set the stage for later calculations

[65, 53, 127].

5.3.1 Single Drop Heat Transfer

Figure 5.1 is a definition sketch of a drop characterized by spherical cap radius

a (footprint radius R) with surface tension σ, density ρl, and thermal conductiv-

ity kc that has condensed onto a chemically treated substrate of thickness l and

thermal conductivity ks. The drop makes a contact-angle θs with the surface,

whose value depends on the properties of the liquid and the chemical function-

alization of the solid. Latent heat hfg released by condensation from the vapor

(T = Tsat) is transferred at a rate qd from the drop to the substrate.

Tsat

T1,T2

T3

T4

σ,ρl,kc

ks l

g
a

Coolant

R

θs

Figure 5.1: Definition sketch of thermal resistances.
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The temperature difference between the vapor and the vapor-liquid interface is

Tsat − T1 = ∆Tsat/1 =
qd

2πa2hi (1− cos θs)
(5.2)

where hi is the interfacial heat transfer coefficient that ranges from 0.383

MW/m2K at P=0.01 atm to 15.7 MW/m2K at P=1.0 atm [128]. A non-

equilibrium situation must be present in order for there to be heat transfer from

the vapor to the liquid-gas interface as the vapor molecules condense. The tem-

perature drop resulting from the curvature of the interface is expressed as

T1 − T2 = ∆T1/2 =
2Tsatσ

hfgaρl
(5.3)

The temperature drop due to conduction through the condensate is given by

[65]

T2 − T3 = ∆T2/3 =
qdθs

4πakc sin θs
(5.4)

The thermal resistance of the promoter layer is usually modeled as another con-

duction resistance in series [65]. However, because our substrates are coated

with a SAM layer which is on the order of a few nm in thickness (estimated

to be about 2 nm using typical bond lengths for C-C, C-Si, and Si-Cl pairings),

the last term that is traditionally used is not valid and will be neglected in the

analysis [59].

Additionally, because the ratio k/l is similar for the condensate and our glass

slide substrate (ks
l
≈ 882 vs. kc

a
≈ 680 for a 1 mm sized drop), it is necessary to

consider the thermal effects of the substrate. The temperature drop across the

substrate is given by Fourier’s law of conduction

T3 − T4 = ∆T3/4 =
qdl

ksAd
(5.5)

where Ad is the footprint area of the drop (πR2). Ad is NOT the total area of the

condensing surface because we are assuming that the majority of the latent heat
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released from condensation of a single drop is transmitted directly through the

base of the drop.

With the exception of the interfacial and curvature resistances, it is easy to

imagine the thermal resistances as being in series, if we assume only axial heat

transfer. For the two in question, LeFevre and Rose [72] demonstrated that there

is no coupling between them, meaning that they can be written in series. Hence,

the total temperature difference between the steam and the cooled backside of

the substrate is simply the summation of equations (5.2)-(5.5)

∆Tsat/5 = ∆Tsat/1 + ∆T1/2 + ∆T2/3 + ∆T3/4

=
qd

2πa2hi (1− cos θs)
+

2Tsatσ

hfgaρl
+

qdθs
4πakc sin θs

+
qdl

ksAd

(5.6)

The heat transfer through the drop is the latent heat released from condensation

of a single drop onto the coated substrate

qd = ṁhfg = V̇ ρlhfg = ρlhfg
d

dt

[
πa3

3

(
2− 3 cos θs + cos3 θs

)]
= ρlhfgf (θs) πa

2da

dt

(5.7)

where the volume of a drop Vd is given for all θs (see Appendix A)

Vd =
πa3

3

[
2− 3 cos θs + cos3 θs

]
(5.8)

Rearrangement of equation (5.6) for qd yields

qd =

(
∆T − 2Tsatσ

hfgaρl

)(
1

2πa2hi (1− cos θs)
+

θs
4πakc sin θs

+
l

ksAd

)−1

(5.9)

Equating equations (5.7) and (5.9), recognizing that Ad = πR2 = πa2 sin2 θs, and

letting C = 2Tsatσ
hfgρl

,

ρlhfgf (θs) πa
2da

dt
=

(
∆T − C

a

)(
1

2πa2hi (1− cos θs)
+

θs
4πakc sin θs

+
l

ksπa2 sin2 θs

)−1

(5.10)
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To simplify, the factor 1
πa2

can be pulled out of the denominator on the RHS and

canceled with the LHS

ρlhfgf (θs)
da

dt
=

(
∆T − C

a

)(
1

2hi (1− cos θs)
+

aθs
4kc sin θs

+
l

ks sin2 θs

)−1

(5.11)

Pulling out a factor of 1
hi

gives

ρlhfgf (θs)

hi

da

dt
=

(
∆T − C

a

)(
1

2 (1− cos θs)
+

ahiθs
4kc sin θs

+
lhi

ks sin2 θs

)−1

(5.12)

To finish scaling, let ã = a
ac

= a sin θs
Rc

, ∆T̃ = ∆T
∆Tc

, and t̃ = t
tc

ρlhfgf (θs) ac
hitc

dã

dt̃
=

(
∆Tc∆T̃ −

C

acã

)(
1

2 (1− cos θs)
+

acãhiθs
4kc sin θs

+
lhi

ks sin2 θs

)−1

(5.13)

Rearrangement of parameters to yield dimensionless groups gives

ρlhfgf (θs) ac
hitc

dã

dt̃
=
C

ac

(
∆Tc∆T̃ ac

C
− 1

ã

)(
1

2 (1− cos θs)
+

acãhiθs
4kc sin θs

+
lhi

ks sin2 θs

)−1

ρlhfgf (θs) a
2
c

Chitc

dã

dt̃
=

(
∆Tc∆T̃ ac

C
− 1

ã

)(
1

2 (1− cos θs)
+

acãhiθs
4kc sin θs

+
lhi

ks sin2 θs

)−1

ρlhfgf (θs)R
2
c

sin2 θsChitc

dã

dt̃
=

(
∆Tc∆T̃Rc

C sin θs
− 1

ã

)(
1

2 (1− cos θs)
+

Rcãhiθs
4kc sin2 θs

+
lhi

ks sin2 θs

)−1

ρlhfgf (θs)R
2
c

sin4 θsChitc

dã

dt̃
=

(
∆Tc∆T̃Rc

C sin θs
− 1

ã

)(
sin2 θs

2 (1− cos θs)
+
Rcãhiθs

4kc
+
lhi
ks

)−1

Definition of Nusselt numbers are as follows: Nu1 = Rchi
kc

is the ratio of inter-

facial convection to conduction through a drop with a footprint radius Rc and

Nu2 = lhi
ks

is the ratio of interfacial convection to conduction through a substrate

with thickness l. Assuming the terms ∆TcRc

C
and ρlhfgR

2
c

Chitc
are O[1], the characteris-

tic temperature and time scales are ∆Tc = C
Rc

and tc =
ρlhfgR

2
c

Chi
, respectively. The

dimensionless governing equation takes on the form of

f (θs)

sin4 θs

dã

dt̃
=

∆T̃
sin θs
− 1

ã

sin2 θs
2(1−cos θs)

+ Nu1ãθs
4

+Nu2

(5.14)
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Rearrangement for ∆T̃ yields the final following form

∆T̃ =
f (θs)

sin3 θs

dã

dt̃

(
sin2 θs

2 (1− cos θs)
+
Nu1ãθs

4
+Nu2

)
+

sin θs
ã

(5.15)

To figure out which terms are dominating, we need to plot the terms in equa-

tion (5.15) for the thermophysical parameters listed in Table D.1 in Appendix

D.2. For the dodecyl treated circular slides used in the ice bath experiments

(5/4/13), θs = 98.3◦ and da
dt

= 5.4 µm/s. For the observed drop size range 78

µm≤ R ≤ 3 mm, the conduction resistance through the substrate competes with

the conduction resistance through the drop whereas the interfacial and the cur-

vature resistances are negligible (cf. Figure 5.2). The two dominating resistances

are the same for a drop size of about 1.6 to 2.3 mm. Rentention of only these two

terms yields the final equation

∆T̃ =
f (θs)

sin3 θs

dã

dt̃

(
Nu1ãθs

4
+Nu2

)
(5.16)

which shows that for a constant growth rate, the temperature difference be-

tween the steam and the cooled side of the substrate is linear in drop radius.

Unscaling of the equation yields

∆T̃ =
f (θs)

sin3 θs

dã

dt̃

(
Rchiãθs

4kc
+
lhi
ks

)

∆T =
∆Tctcf (θs)

ac sin3 θs

da

dt

(
Rchiaθs
4kcac

+
lhi
ks

)

=
Cf (θs)

Rcac sin3 θs

(
ρlhfgR

2
c

Chi

)
da

dt

(
Rchiaθs
4kcac

+
lhi
ks

)

=
ρlhfgf (θs)

sin2 θs

da

dt

(
Rcaθs
4kcac

+
l

ks

)

Hence, the final equation reads

Tsat − T4 =
ρlhfgf (θs)

sin2 θs

da

dt

(
aθs sin θs

4kc
+

l

ks

)
(5.17)
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In the limit where substrate conduction effects can be neglected, Eqn. (5.17)

reads

Tsat − T3 =
aθsρlhfgf (θs)

4kc sin θs

da

dt
(5.18)

Condensate conduction

Substrate conduction

Interfacial convection

Interfacial curvature

Figure 5.2: Comparison of dimensionless terms appearing in Eqn. (5.15):
substrate conduction (blue), condensate conduction (red), in-
terfacial convection (black), interfacial curvature (green).

5.3.2 Dropwise vs. Filmwise Condensation

Consider a condensate film in the shape of a cylinder of thickness l and circu-

lar cross-section area A with thermal conductivity kc and density ρl, resting on

a surface (cf. Figure 5.3; left). Let’s assume that the surface has an infinitely

high conductivity (e.g., a copper surface) such that any heat transferred to the

liquid-solid interface is immediately conducted away by the substrate. Assum-
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ing steady-state, the temperature difference ∆T between the steam and the sur-

face just below the film (subscript f ) can be written as two resistances in series

∆T = ∆Ti + ∆Tc =
qf
hiA

+
lqf
kcA

(5.19)

where qf is the amount of heat transferred and hi is the interfacial heat trans-

fer coefficient. The first term is the contribution from interfacial mass transfer

from the steam to the liquid-gas interface and the second term is the conduction

through the film. Evaluating the heat flux, or the heat transfer per unit footprint

area qf” = qf/A,

qf” =
∆T

1
hi

+ l
kc

(5.20)

Now, consider n equivalently sized drops (subscript d) of footprint radius

R and spherical cap radius a resting on a separate surface with a static contact-

angle θs (cf. Figure 5.3; right). The surface properties are the same as those of the

surface with the film. Again, assuming steady-state, the temperature drop from

the steam to the surface just below the drop is just Equation (5.6), but without

the substrate conduction term [65, 53, 127]

∆T = ∆Ti + ∆Tc + ∆Tκ =
qd

hi2πa2(1− cos θs)
+

qdθs
4πakc sin θs

+
2Tsatσ

hfgaρl
(5.21)

Rearrangement for the heat transfer through a single drop, qd gives

qd =

(
∆T − 2Tsatσ

hfgaρl

)(
1

hi2πa2(1− cosθs)
+

θs
4πakc sin θs

)−1

(5.22)

The heat flux can be calculated from

qd” =

∑n
i=1 n(ai)qd(ai)

π sin2 θs
∑n

i=1 n(ai)a2
i

=
qd(a)

π sin2 θsa2
(5.23)

where the last equality arises from assuming equivalently sized drops.

108



l

A

R

a

θs

Figure 5.3: Definition sketch of a condensate film (left) and a hydrophobic
drop (right) resting on a surface.

In order to make a comparison between the heat transfer performance of

both configurations for a given ∆T , it is reasonable to constrain the volume

(Vf = nVd). Because n, l (or A), and θs are free, they can be varied to see what

effect they have on the overall heat transfer for a specified range of ∆T . For

the constrained volume problem, n changes the heat transfer through a drop by

changing a. Figure 5.4 shows the heat flux through n = 10 drops with different

contact-angles (90◦, 120◦, 150◦, 170◦) and films with different thicknesses (0.05

mm, 0.1 mm, and 1 mm) for a total constrained volume of 5 µL. Increasing θs in-

creases the heat flux through a drop. To see why this is, it is worthwhile to plot

each temperature difference term in (5.21). It was found that there was hardly

any difference between the four contact-angles for the three terms when con-

straining the volume. The minute differences are on the order O[10−4]. Hence,

the difference in drop heat flux for different θs in Figure 5.4 is due to what area

is used (condenser surface area vs. footprint area). Additionally, in the limit

θs → 0, the heat flux of a drop approaches that of a film.
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90°

120°

150°

170°

0.05 mm

0.1 mm

1 mm

Figure 5.4: Effects of θs and l on the heat flux through drops (circles) and
through a film (curves), respectively.

In the case of the film, there was a large difference in the heat flux depending

on the thickness. According to Figure 5.4, it is theoretically possible to achieve

a heat flux higher than dropwise condensation if one were able to maintain a 50

µm thick film. But there is a potential trade-off in terms of how much condenser

area would be needed. The question to answer then, is the following: for a 50

µm thick film, how many n drops with radius a and a contact-angle θs would be

needed to match the heat flux of the film? And what is their total projected area

as compared to the 50 µm thick film? For a 50 µm thick film, the condenser area

would be 1 cm2. In the case of drops, if one were to line them up single file, the

width of the line would be 2a and the length of the line would be n2a (cf. Figure

5.5). The number of drops needed to match the total heat flux over a specified

temperature range (0 K ≤ ∆T ≤ 10 K), varies as a function of θs. Figure 5.6

shows the area of a film compared with the projected area (or ‘equator’ projec-

tion) of drops as a function of θs. The number of drops needed is plotted on

the secondary vertical axis on the right hand side. The intersection correspond-

ing to when the areas are equal occurs somewhere between 60◦-80◦. For higher
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θs, the projected area is less whereas for lower θs, the projected area increases

exponentially. Interesting to note is that for the most hydrophobic surface con-

sidered, θs = 170◦, only 20 drops with radius 391 µm are needed to match the

heat flux. The corresponding area is a factor of 10 less than that of the film.

2a

n2a

Figure 5.5: Definition sketch of drop projected area. Projected area is the
same regardless of arrangement.

Another interesting question to address, is how much higher is the heat flux

for a surface packed with drops having the same projected area as the film. In

Figure 5.7 the ratio of the heat flux through the drops to the heat flux through

the film Rq is plotted as a function of θs. Plotted on the secondary axis is the

number of drops needed to reach a projected area of 1 cm2, the same as that of

the film. In calculating the ratio, the slope of q” with respect to ∆T is found first

by fitting the data with a linear trendline (i.e., the data of Figure 5.4). Then the

ratio between drop and film is taken. What the graph essentially says, is that

for, say θs = 170◦, the corresponding heat flux for all ∆T is a little more than

8 times higher for equivalently sized, closely packed drops on a surface versus

a film. And from equation (5.1), a ratio of 8 for the heat flux corresponds to a

ratio of 8 in the overall averaged steam side heat transfer coefficient for the same

∆T . But again, the higher heat flux is because of the way the heat transfer was

normalized by the base area, or the actual interfacial area between the liquid and

the solid. In the case of the film, the projected area is the same as the actual area

whereas for drops, these two areas are different for all contact-angles, except for

90 ◦.
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Figure 5.6: Projected area of drops (black dots) for different θs and a 50 µm
thick film (dashed-dotted curve). Secondary axis corresponds
to number of drops needed for each θs (orange dots). Solid lines
serve as a guide to the eye.

Although idealized, the example problem just discussed illustrates how

dropwise condensation has a higher heat transfer coefficient. When constrain-

ing the volume, the higher heat transfer appears to arise from what area is used

for determining the heat flux: the total footprint area of the drops (or film) or

the entire condensing surface. Kim et al. showed this with a plot of the heat

transfer versus contact-angle for different drop sizes [65]. They showed that

smaller drops transfer less heat than larger drops. However, if viewed from

the perspective of heat flux through the drop footprint, then the flux is higher

for the smaller drops than the larger drops. Worth noting, however, is that the

entire condensing surface is used when calculating the average heat transfer

coefficient.

In reality, Equation (5.1) is overly simplified because h̄ = f(∆T ), where
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∆T ≡ Tsat − T̄s. Because the nucleation site density is strongly dependent on

∆T [12], this implies that h̄ is indirectly a function of nucleation site density. As

∆T increases, the number of active nucleation sites also increases [109]. A plot

of the overall heat transfer coefficient versus the heat flux is not linear [109]. All

of the thermophysical properties that were used for the above calculations can

be found in Appendix D.2 for both T = 0◦C and T = 100◦C.

Figure 5.7: Ratio of heat flux through drops to heat flux through film (black
dots) for different θs. Secondary axis corresponds to number of
drops needed for each θs (orange dots) to form a projected area
of 1 cm2. Horizontal dashed-dotted line corresponds to a ratio
of 1. Solid lines serve as a guide to the eye.
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5.4 Materials and Methods

5.4.1 Substrate Preparation, Treatment, and Characterization

A circular polished glass substrate (Technical Glass Products) was chemically

treated by vapor deposition of dodecyltrichlorosilane (dodecyl) to deliver static

(θs), advancing (θa), and receding (θr) contact-angles of 98◦, 108◦, and 85◦, re-

spectively, for the ice bath experiments (Tc=1◦C) as described earlier by Mac-

ner et al. [84]. An additional substrate for the thermostatic bath experiments

(Tc=3◦C, 30◦C, and 50◦C) was treated to deliver θs=103◦, θa=103◦, and θr=103◦.

All contact-angles were calculated using an in-house Matlab routine that mini-

mized the least squares difference between the experimentally and numerically

determined drop profiles. Using a side view image of the drop, the experimen-

tal profile was found by using a grayscale thresholding routine. The numerical

profile was found by numerically integrating the Young-Laplace equation over

the shape of the drop. The Nelder-Mead optimization routine was used to nav-

igate the parameter space and find the optimal set of parameters to minimize

the least squares difference between the two profiles [18, 120].

5.4.2 Condensation Chamber

A custom designed chamber was used for the condensation experiments. The

chamber is cylindrical in shape and hollow in the center to allow for visualiza-

tion of the condensation process. The chamber is broken up into three sections

(cf. Figure 4.2). Steam enters at the bottom of the chamber (section 1) and a

combination of buoyancy and forced convection brings the steam into contact
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with the underside of the condensing surface. The steam was generated by boil-

ing water in an Erlenmeyer flask using a hot plate. The coolant flowed through

section 2 and made direct contact with the top-side of the condensing surface.

Another circular polished glass substrate separates sections 1 and 2. Drops were

imaged from above and illuminated from below using collimated light. Further

details on the experimental setup can be found in [84].

For both sets of experiments, coolant was circulated at a volumetric flow

rate of 9.6 L/min (LPM) with a circulator pump (Fisher Scientific, Model 73).

The source of the coolant was either from an ice bath or a thermostatic bath

(VWR Model 1140S). The temperature of the ice bath was maintained by excess

ice whereas the temperature of the thermostatic bath was maintained by either

a heater or a chiller, depending on the temperature set point. The pump on

the thermostatic bath circulated deionized water at a volumetric flow rate of 9.6

LPM. The volumetric capacity of the bath was 6 L (residence time=37.5 s).

5.4.3 Methods

For the 30◦C and the 50◦C experiments, the coolant was circulated well in ad-

vance (about 5 minutes) of the steam entering the chamber. For the 1◦C and the

3◦C experiments, the coolant was circulated only 1-2 minutes before the steam

entered the chamber, in order to minimize condensate buildup on the surface

prior to the start of the experiment. Premature condensate would only form at

these lower temperatures. If the cooling was started too late, then the surface

would not have enough time to cool down (or heat up) to the prescribed coolant

temperature. The time needed for a 1/16” thick substrate with a specific heat
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capacity of 670 J
kg◦C

(T = 20◦C), a density of 2200 kg
m3 , and a thermal conductiv-

ity of 1.4 W
m◦C

(T = 20◦C) to reach the coolant temperature, can be estimated by

the conduction time scale, tc = l2ρscp,s
ks
≈ 2.7s. The estimated time scale is much

smaller than the time allotted for the surface to reach the desired temperature.

More details on the experimental methods can be found in Chapter 4 [84].

5.5 Computational Methods

5.5.1 Condensation

For simplicity, the drops are assumed to be hemispherical (i.e., spherical radius

a is equivalent to footprint radius R),the shape distortion due to gravity is as-

sumed to be negligible (i.e., zero Bond number), and the substrates are assumed

to be defect free (i.e., ∆θ = θa − θr = 0). The last assumption implies that there

is no resistance to contact-line retraction after a coalescence event. Addition-

ally, contact-line retraction is assumed to be instantaneous. We are interested in

condensing drops on the underside of a cooled surface, called pendant mode

dropwise condensation. Figure 5.8 is a flow diagram showing the cycle of drop-

wise condensation for fixed site nucleation.
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Grow a Coalesce(xi,yi)

(xj,yj)

Vi

Vj

Nucleate

Figure 5.8: Schematic of dropwise condensation cycle for fixed site nucle-
ation.

The simulation initializes by randomly nucleating n drops of radius Rmin

from a gamma distribution characterized by shape parameter A and scale pa-

rameter B onto a condenser surface area, As, of size 1 cm2 (see Matlab help file).

Nucleation can be done by either nucleating onto sites fixed for the duration of

the simulation or in the interstitial space between drops. For each finite time

step ∆t, the drops grow according to

am+1 =
da

dt
∆t+ am where m = 1, 2, ...nt (5.24)

where da
dt

= ȧ, an input parameter. As mentioned above, we will use for ȧ a

measured isolated drop growth rate between coalescence events. The time step

is limited by

0 < ∆t ≤ 0.2am
ȧ

(5.25)

since no more than a 20% increase from the drop size at the previous step (am)

is desired. If the time step is too large, then the radius of the nucleating drop

will grow by an order of magnitude (i.e., am=1 µm to am+1=10 µm) in one time

step. Additionally, large time steps (∆t = 1 s) resulted in complicated overlap
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patterns that usually involved four or more drops. For these types of scenarios,

it is nearly impossible to devise an algorithm that can reduce all possible cases

to a series of pairwise events. To avoid these two issues, a relatively small time

step (∆t = 0.05 s) was used.

After growing the drops, they are checked for overlap by doing a pairwise

comparison between drop i and drop j to see if the center-to-center distance dij

is less than the sum of the radii

dij =
√

(xi − xj)2 + (yi − yj)2 ≤ ai + aj where i 6= j (5.26)

where (xi, yi) and (xj, yj) are the center coordinate pairs. For drops that do

overlap, coalescence is assumed to be instantaneous. This is a reasonable as-

sumption for smaller drops a ≤ 300 µm. The center-of-mass (COM) of the new

coalesced drop is a mass-weighted average of the two unmerged ‘parent’ drops

x′ =
xiVi + xjVj
Vi + Vj

, y′ =
yiVi + yjVj
Vi + Vj

(5.27)

where Vi and Vj are the volumes of the unmerged parent drops. After a coa-

lescence event, subsequent resulting coalescences are checked for. In the event

where there is simulataneous overlap between two drops and a third shared

drop, then the two drops that overlap the most are chosen to coalesce, since

they would have intersected each other first.

Once all of the coalescences have been taken care of, then nucleation of drops

occurs. Drops can be either nucleated onto fixed sites or randomly in the inter-

stitial space between drops, as mentioned. In the lab, a nucleation site is usually

a defect on the surface such as a scratch, a pit, a piece of dust, etc. The defects

could also be SAM layer defects such as islands of molecules. Because these de-

fects are fixed in space, for the simulation, their location is fixed. When running

118



a fixed nucleation site simulation, the centers of the sites are specified to be the

centers of the randomly distributed initial distribution of drops. The sites are

checked for coverage after a coalescence event. If a drop can be nucleated onto

a site without overlapping an existing drop, then it is nucleated. Otherwise, the

site is left empty. In contrast, random nucleation involves trying to randomly

nucleate drops in the interstitial space between drops. This can be thought of

as a constant reassignment of the nucleation sites each time a drop is nucleated.

For random nucleation, a maximum attempt counter na is used to set the max-

imum allowable attempts for nucleation. For example, if the counter is set to a

value of 15, then the nucleation loop has 15 tries to randomly place a new drop

of radiusRmin subject to the constraint that it cannot overlap an existing drop. If

this is not accomplished, then the program aborts the loop and continues with

execution of the rest of the routine.

The final loop prior to moving on to the next time step involves checking for

drop departure by gravity. The final departure radius is taken from experiment

(ad ∼3.0 mm). To compare with experiment, simulations were only carried out

until the first drop detachment. This is the transient part of dropwise condensa-

tion. Once the drops begin to depart from the surface by gravity, a steady-state

is reached as nucleation begins on the fresh surface revealed by departing drops.

Here, the fractional coverage becomes constant and the drop-size distribution

stationary. A detailed flow chart of the decision logic can be found in Appendix

D.4.

The metrics used for comparison between the experiment and the simulation

are the time evolution of the number density of drops, the fractional coverage,

the condensate volume, the median drop size, and the average nearest neigh-
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bor distance. The number density of drops N is just the number of drops per

unit of condenser surface area above a certain size threshold, ac. The fractional

coverage ε is the percentage of condenser surface area As covered by drops

ε =
π sin2 θs

∑N
i=1 a

2
i

As
(5.28)

where the geometric relationship relating the spherical cap radius to the foot-

print radius, R = a sin θs, has been used. The condensate volume is the total

volume of liquid condensed onto the surface

Vcond =
π (2− 3 cos θs + cos3θs)

∑N
i=1 a

3
i

3As
(5.29)

Because the area being viewed can vary in size between the different trials, it is

necessary to normalize the condensate volume. The median drop size is deter-

mined by first calculating the cumulative distribution of drop sizes

F (a) =
N∑

k=1

Probability(A = ak) (5.30)

and then interpolating for the drop radius where F (a) = 0.5. The average near-

est neighbor distance is determined by calculating the distance between a single

drop and the closest drop. An average of these values is then taken over the

population of drops at a single instant.

Drop Departure

Because we are interested in pendant mode dropwise condensation on a hor-

izontal surface, drop departure is complicated. Unlike experiments involving

an inclined plane or a gradient surface where the drop is completely removed

from the surface, a piece of a departing drop remains on the underside of the

horizontal surface (cf. Figure 5.10). Measurement of the drop departure from
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experiment is not a static measurement. The drop contact-line is often retracting

for a long period of time prior to detachment of a drop. Oftentimes it appears

that drop departure is catalyzed by a coalescence event. After a coalescence

event, there is retraction of the contact-line in order to minimize the surface free

energy of the drop. Because the contact-line is moving inwards, the drop has

some momentum for breaking. And because no two coalescence events are the

same, it is not clear what the threshold is for drop departure. It is also not clear

where to measure the radius of the drop as it is departing. In the simulation,

once a drop reaches the departure size, it is completely removed from the sur-

face. Additionally, the departure radius depends on the contact-angle (or the

chemical treatment of the surface). Without being able to accurately model de-

tachment, the simulation only runs until the first drop detaches or when the

simulation reaches the specified final time, whichever occurs first.

Figure 5.9: (left) Formation of a large drop from coalescence of several
drops (yellow arrow) on a dodecyl treated surface (θs = 98◦).
(right) Drop departure from surface (blurry spot indicated by
red arrow). A smaller remainder drop stays on the surface after
departure (yellow arrow).
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5.5.2 Isolated Drop Growth

A ‘small’ drop (a<25 µm) grows primarily by surface adsorbed water molecules

diffusing to the drop perimeter whereas a ‘large’ drop (a>25 µm) grows primar-

ily by condensation onto the liquid gas interface drops [70]. For the current ex-

periments, only the latter isolated drop growth mechanism is applicable, since

we are limited optically to drops with a footprint radius R > 78 µm. Addi-

tional drop growth comes from coalescence with neighboring drops. Whereas

isolated drop growth is continuous in time, growth by coalescence is a discrete

event, happening almost instantaneously (with the exception of large drops; to

be discussed). Hence, if the radius of a single drop were tracked in time, the

function would resemble a staircase. For each step, a increases monotonically

in time because of the volume increase due to condensation onto the drop inter-

face. The discontinuous jump in a corresponds to an instantaneous coalescence

event (cf. Figure 5.10). For medium-sized drops, (300 µm ≤ a ≤ 800 µm), there

is a period just after coalescence when the contact-line retracts to minimize the

surface energy of the drop in its quest to reach the lowest equilibrium state.

During this period, any growth due to condensation is hidden. If the drop is

able to avoid coalescing with its neighbors, it will then grow to a size where the

decrease in a due to contact-line retraction is balanced by an increase in a as a

result of condensation (ȧ = 0). After long enough, the contact- line pins very

near (or even at) the lowest energy state and the drop begins to grow only by

condensation until it coalesces again. For still even bigger drops (a ≥ 1000 µm)

the time between coalescence events is short enough such that only retraction

of the contact-line is observed (ȧ < 0). Consequently, growth rates can only be

accurately obtained for smaller drops where contact-line retraction is minimal.

However, an exception can be made for medium and large drops if they experi-
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ence uninterrupted growth over a long enough time (typically a few seconds).

Figure 5.10: Growth rate of a single drop. Steps correspond to isolated
growth by condensation, discontinuous jumps correspond to
growth by coalescence. Contact-line retraction after a coales-
cence event (red arrows) masks growth by condensation.

To estimate the isolated drop growth rate, either a population average or a

time-average of a single drop can be used. There are several complications with

the latter method. The first being that it is difficult to use a defined set of rules

to determine when a drop has coalesced. The most straightforward is to assume

that the radius of the new coalesced drop overlaps the radius of the old drop.

This is certainly true for most coalescence events. However, if the drop contact-

line is locally mobile, there could be some shape deformation after coalescence

that triggers subsequent coalescence events that could translate the drop a great

distance. In this case, the radius of the new coalesced drop would not overlap

the radius of the original uncoalesced drop. Additionally, taking a time average

of a single drop means calculating the growth rate from small and large drops

alike. As mentioned above, the growth rate of a large drop can be complicated

because of simultaneous contact-line retraction as the drop relaxes. This limits

the number of steps that can be used in a time average of a single drop. For these
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reasons, the average growth rate will be calculated using a population average.

A routine was written in Matlab to track all drops on the condenser sur-

face from a time, t0, to a final time, tf,i, where the final time is when the drop

coalesces with another drop. The final time depends on the local spatial dis-

tribution of drops. In other words, a drop of radius 50 µm at position (x1,y1)

and another drop of the same radius at position (x2,y2) may not coalesce with

a neighboring drop at the same time, because the spatial distribution of drops

local to each drop is different. Once the final time is reached for a drop, it is no

longer tracked. The program continues until all of the drops have coalesced and

are no longer being tracked. Drops tracked for less than ∼1.7 s (50 time steps at

30 fps) are not retained for the growth rate average. The growth rate is deter-

mined by fitting a linear trend to a plot of a versus time, t. The radius assigned

to the growth rate is calculated as a simple average (a(t0) + a(tf ))/2. The track-

ing process is then restarted at a later time a few seconds after the termination

of the previous tracking session to understand how the growth rate depends on

time for the same drop radius.

On average, ∼700 drops were tracked per trial, ∼98% had growth rates with

R2 > 98% (cf. Figure 5.11; bottom left). For all of the trials, the drop growth rate

was found to be largely independent of the drop size (cf. Figure 5.11; top left).

The small positive value for the slope is likely due to larger drops having an

increased probability of coalescing with very small drops near their perimeter.

For small drops which grow primarily by accumulation of surface adsorbed

water molecules at their perimeter, the volumetric growth rate is proportional

to R
dV

dt
= πa2ȧf(θs) ∝ R (5.31)
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Rearrangement of the equation leads to the single drop growth rate

ȧ ∝ 1

a
(5.32)

The smaller the drop, the larger the growth rate. Integration of the equation

in time leads to the well known relationship for the growth of a small drop

principally by diffusion

a ∝ t1/2 (5.33)

In contrast, for larger drops which grow by condensation onto the liquid-gas

interface, the volumetric growth rate is proportional to a2

dV

dt
= πa2ȧf(θs) ∝ a2 (5.34)

which leads to the single drop growth rate

ȧ ∝ k1 (5.35)

Integration in time leads to

a ∝ t (5.36)

Hence, a composite single drop growth rate valid at the two limits for small and

large drops can be written

ȧ = k1 + k2a
−1 (5.37)

Hence in the limit a → ∞, or the limit of large drops, the isolated drop growth

rate is expected to be independent of drop size [70].
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Figure 5.11: (top left) Isolated growth rate as a function of average drop
size (479 points). (top right) Distribution of the number of
drops tracked for a certain number of time steps. Drop track-
ing ceases when coalescence with an adjacent drop occurs. To-
tal length of time tracked is the number of time steps multi-
plied by the inverse of the frame rate (30 fps). (bottom left)
Distribution of R2 values. (bottom right) Distribution of iso-
lated growth rates.

Another way to arrive at the same conclusion, in Equation (5.37), is by plot-

ting the growth rate versus the drop radius from Equation (5.22) after substitut-

ing in for qd (cf. Figure 5.12). The transition from a growth rate that is indepen-

dent of drop size for larger drops to a size dependent growth rate for smaller

drops occurs at about ∼5 µm (∆T=1 K), ∼20 µm (∆T=5 K), ∼35 µm (∆T=10 K).

As ∆T increases, so does the drop size where transition occurs.
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Figure 5.12: Isolated drop growth as a function of spherical cap radius for
different ∆T . Vertical dotted line corresponds to smallest vis-
ible drops in experiment.

5.6 Results and Discussion

The results from a parametric study will be presented to quantify the effects of

the growth rate, the nucleating radius, the threshold radius, the number of nu-

cleation attempts (for random nucleation) and the nucleation site density (fixed

site nucleation) on the time evolution of the number-density, the fractional cov-

erage, the condensate volume, the median radius, and the nearest neighbor dis-

tance. Next, a comparison of the simulation results with the experiments for

the coolant temperatures of 1◦C, 3◦C, 30◦C, and 50◦C will be discussed. Finally,

an overall heat transfer coefficient will be calculated assuming steady-state con-

duction through the drop and compared with existing values in the literature.
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5.6.1 Parametric Study

A parametric study was completed to assess the sensitivity of the simulation

to various input parameters for both fixed site and random site nucleation. In-

put parameters varied for both nucleation schemes included i) the growth rate,

ii) the nucleating radius, and iii) the threshold radius. An additional parame-

ter specific to the nucleation scheme was also varied. For random nucleation,

the number of nucleation attempts was varied and for fixed site nucleation, the

number density was varied. A summary of the varied parameters, the typical

values, and the corresponding summarizing Figures which will be discussed

shortly, can be found in Table 5.1. In the discussion to follow, the term ’thresh-

olded drops’ refers to drops whose radius is greater than the threshold radius

of 78 µm.

Parameter Symbol Typical Values Figure
Isolated Growth Rate ȧ 5.4 µm/s 5.13

Number of Nucleation Attempts na 300 attempts 5.14
Nucleating Radius Rmin 20 µm 5.15
Threshold Radius Rc 95 µm 5.16

Nucleation Site Density n/As 4900 drops/cm2 5.17

Table 5.1: Summary of parameters varied in the simulation, the typical
values, and the corresponding Figure that summarizes the re-
sults.

For the same initial density and number of nucleation attempts, a larger

growth rate leads to a faster transition between regimes I and II (cf. Figure

5.13; upper left). A description of the different regimes can be found in Section

4.4. For a larger growth rate, the drops reach the maximum packing fraction, or

smallest neighbor distance (cf. Figure 5.13; bottom left), at a sooner time than

for a smaller growth rate. This has the advantage of clearing the surface earlier
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to make room for more nucleation of small drops. Over time, this leads to more

condensed volume (cf. Figure 5.13; middle left) and a higher fractional coverage

(cf. Figure 5.13; upper right).

In Figure 5.14, the number of nucleation attempts was increased until solu-

tion convergence was achieved. It was found that the difference between the

solutions for 300 and 500 attempts is minimal. For computational efficiency, the

number of nucleation attempts will be set to 300 for all future simulations. As

for general trends, a larger number of nucleation attempts leads to more drops

nucleated onto the surface (cf. Figure 5.14; upper left). This leads to a slightly

higher packing fraction as multiple attempts are made to fill in some of the

harder to fit places between the drops. A consequence of packing in more drops

is more coalescence events which leads to a narrower number density curve

(cf. Figure 5.14; upper left). Additionally, because there are more coalescence

events, the nearest neighbor distance between drops increases at a faster rate (cf.

Figure 5.14; bottom left) because the size of the drops are increasing at a faster

rate. The median radius of the drops is smaller because of the larger number

of drops nucleated onto the surface (cf. Figure 5.14; middle right). The amount

of liquid condensed onto the surface increases as more drops are nucleated (cf.

Figure 5.14; middle left).

In Figure 5.15, the minimum radius was only varied within the range where

a constant growth rate can be assumed. For a larger nucleating radius, slightly

fewer drops can be packed in per unit surface area (cf. Figure 5.15; upper left)

and there is more space between drops (cf. Figure 5.15; lower right). Slightly

more volume is condensed onto the surface as a result of nucleating larger drops

(cf. Figure 5.15; middle left). This also gives insight into how much volume
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growth is due to condensation onto the liquid-gas interface and how much is

due to nucleation; the only two ways volume can be added to the system. The

slight increase in slope as the nucleating radius is increased, indicates that nu-

cleation does not contribute substantially to the total volume. This is in con-

trast to the large changes in slope that are observed when changing the growth

rate by a small amount (cf. Figure 5.13; middle left). For the fractional cover-

age, there is negligible change. For the median radius, as the nucleating radius

gets larger, the median radius gets smaller, which seems counterintuitive. For

smaller nucleating drops, there are more coalescence events. With more coa-

lescence events, the drops are on average, going to be larger and have more

distance between them.

In Figure 5.16, the threshold radius was varied within the expected limits of

uncertainty of 1 to 2 pixels (i.e., roughly 12-24 µm, depending on the calibra-

tion factor). Varying the threshold does not change the physics. For a lower

threshold, more drops per unit condenser surface will be counted (cf. Figure

5.16; top left), which also translates to a smaller nearest neighbor distance (cf.

Figure 5.16; bottom left). Because a lower threshold means that more smaller

drops are being counted, this shifts the median radius towards smaller drops

(cf. Figure 5.16; middle right). While more smaller drops are being included,

their contribution to the condensate volume is minimal, and their contribution

to the fractional coverage is even less. The nearest neighbor distance between

all drops is independent of the threshold radius, as expected.

In Figure 5.17, the fixed nucleation site density was varied from 2000

sites/cm2 to 4900 sites/cm2. For a lower nucleation site density, the sites are

more spread out, and it takes more time for them to grow to a large enough

130



size where they begin to coalesce (cf. Figure 5.17; bottom left). However, the

maximum packing fraction is going to be limited by the initial nucleation site

density. With fewer fixed sites, there are fewer sites available at any given time

for nucleation of drops, which means less volume will be added to the system

over time (cf. Figure 5.17; middle left). The drops will also not cover as much of

the surface (cf. Figure 5.17; top right). The median radius will be larger for the

lower site density because there is less coalescence and therefore fewer drops

nucleated which would shift the median radius towards smaller drops (cf. Fig-

ure 5.17; middle right). Because the drops are larger for the lower site density,

they are also more spread out.

To summarize, for random nucleation, the condensate volume curves are

most sensitive to the growth rate and the number of nucleation attempts. But

providing the simulations are being run in the converged limit, the number of

nucleation attempts will not be an issue. Hence, accurate determination of the

growth rate is going to be key in getting agreement between simulation and

experiments. The isolated growth rate essentially controls the rate of volume

growth by tuning the time scale between successive coalescence events for a

drop. In the case of fixed nucleation, it was shown that the nucleation site den-

sity has some effect on the condensate volume curve.

5.6.2 Simulation vs. Experiments

In addition to determining the isolated drop growth rate ȧ, it is necessary to

determine the number of drops per unit condenser surface at t0, and the distri-

bution of drops at t0. The value of t0 corresponds to the time when the number
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5.4 μm/s
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1.5 

Vary  𝒂

Figure 5.13: Effects of varying the growth rate, ȧ, on number density (top
left), fractional coverage (top right), normalized condensate
volume (middle left), median radius (middle right), nearest
neighbor distance for thresholded drops (bottom left) for 5.4
µm/s (yellow), 4 µm/s (gray), 3.5 µm/s (light blue), and
1.5 µm/s (orange). Simulation parameters: n=4943 drops,
Rmin=20 µm, ∆t=0.05 s, tf=100 s,Rc=90 µm,As=1 cm2,Rmax=3
mm, A=19.9, B=2.6×10−6, na=300 attempts, random nucle-
ation.
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Figure 5.14: Effects of varying the number of nucleation attempts, na,
on number density (top left), fractional coverage (top right),
normalized condensate volume (middle left), median radius
(middle right), nearest neighbor distance for thresholded
drops (bottom left) for 10 (light blue), 50 (orange), 300 (gray),
and 500 (yellow) attempts. Simulation parameters: n=4943
drops, Rmin=20 µm, ȧ=5.4 µm/s, ∆t=0.05 s, tf=100 s, Rc=90
µm, As=1 cm2, Rmax=3 mm, A=19.9, B=2.6× 10−6, random
nucleation.

133



Vary 𝑹𝒎𝒊𝒏

Figure 5.15: Effects of varying the nucleating radius,Rmin, on number den-
sity (top left), fractional coverage (top right), normalized con-
densate volume (middle left), median radius (middle right),
nearest neighbor distance for thresholded drops (bottom left)
for 20 µm (yellow), 30 µm (light blue), 40 µm (orange), and
50 µm (gray). Simulation parameters: n=4943 drops, ȧ=5.4
µm/s, ∆t=0.05 s, tf=100 s, Rc=90 µm, As=1 cm2, Rmax=3 mm,
A=19.9, B=2.6× 10−6, na=300 attempts, random nucleation.
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Figure 5.16: Effects of varying the threshold radius,Rc, on number density
(top left), fractional coverage (top right), normalized conden-
sate volume (middle left), median radius (middle right), near-
est neighbor distance for thresholded drops (bottom left) for
78 µm (light blue), 90 µm (yellow), and 100 µm (orange). Sim-
ulation parameters: n=4943 drops, Rmin=20 µm, ȧ=5.4 µm/s,
∆t=0.05 s, tf=100 s, As=1 cm2, Rmax=3 mm, A=19.9, B=2.6×
10−6, na=300 attempts, random nucleation.
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Vary  𝒏 𝑨𝒔 3000
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Figure 5.17: Effects of varying the nucleation site density, n/As on num-
ber density (top left), fractional coverage (top right), normal-
ized condensate volume (middle left), median radius (middle
right), nearest neighbor distance for thresholded drops (bot-
tom left) for 2000 sites/cm2 (gray), 3000 sites/cm2 (orange),
4000 sites/cm2 (light blue), and 4900 sites/cm2 (yellow). Sim-
ulation parameters: Rmin=20 µm, ȧ=5.4 µm/s, ∆t=0.05 s,
tf=100 s, Rc=78, As=1 cm2, Rmax=3 mm, A=19.9, B=2.6× 10−6,
fixed nucleation sites.
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density reaches a value above a user-defined threshold, such as 70 drops/cm2.

The value is arbitrarily chosen and serves as a shifting factor that enables com-

parison between data sets and simulations. The starting instant t0 is defined by

this threshold number density.

Figure 5.18 is an example of a gamma distribution fit of the initial distribu-

tion at t0 for one of the ice bath experiments. The shape parameters A and B

are determined from the fit and can then be plugged into the ’gamrnd’ com-

mand in Matlab to generate the initial distribution of drops on the surface in the

simulation.

Figure 5.18: Gamma distribution fit (red curve) of an observed initial dis-
tribution (blue bars) at t0 for an ice bath experiment.

Figures 5.19 and 5.20 compare the ice bath experiment results with simula-

tion (random nucleation sites) for a constant growth rate and constant temper-

ature difference, respectively. The number density and the fractional coverage

plots are nearly identical for the two cases. While the median radius and the

nearest neighbor distance are better predicted with the constant temperature

difference simulation, the condensate volume is better predicted with the con-

stant growth rate simulation. Using a constant ∆T leads to underprediction of
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the condensate volume because it underestimates the true growth rate of the

larger drops, which contribute significantly to the fractional coverage and the

condensate volume at later times. Assuming the substrate conduction effects

can be neglected, then the conduction resistance through the drop dominates

over the observable length scales in experiment (cf. Figure 5.2). From Eqn.

(5.18), a constant ∆T means that for increasing drop radius, the growth rate de-

creases. This is in constrast to experiment, where it is measured to be constant,

in agreement with Eqn. (5.34). Providing the simplified steady-state heat trans-

fer model of Eqn. (5.18) is valid, then a constant ȧ is only true if ∆T is a linear

function of a.

A similar comparison can be made for the thermostatic bath experiments.

Figures 5.21 and 5.22 compare the results between the experiment and the sim-

ulation (random nucleation sites) for constant ȧ and constant ∆T , respectively.

Again, it is observed that use of a constant ∆T fails to account for the total

amount of liquid condensed onto the surface. This is the most important as-

pect of condensation to accurately predict because its value determines the heat

transfer coefficient of the surface. For the number density, fractional coverage,

median radius, and nearest neighbor distance, both types of simulations yield

similar results. The first trial for Tc = 3◦C is considered to be an outlier relative

to the rest of the data. It is not obvious as to what was different about that par-

ticular trial. The data set was retained for purposes of showing all of the data to

illustrate the scatter.

Comparison of the median radius experimental results between the two sets

of experiments yields a potentially interesting result. In the ice bath experi-

ments, the median radius plots are not consistent across the trials whereas they
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are consistent across the trials for the thermostatic bath experiments. It is spec-

ulated that this might have to do with the orientation of the surface in the az-

imuthal direction for each of the trials. Inbetween the ice bath trials, the treated

surface was removed from the chamber, gently wiped with an acetone soaked

Kimwipe, rinsed with acetone, rinsed with DI water, dried with N2, and then

reinserted into the chamber. Whereas for the thermostatic bath experiments,

the surface was cleaned in place in the chamber. The surface was first gently

wiped with an ethanol soaked Kimwipe, then rinsed with ethanol, rinsed with

DI water, and finally dried with N2. Acetone was not used, because it would

disintegrate the chamber walls. It is possible that for the ice bath experiments,

each trial was likely on a different part of the surface because it is unlikely that

the chamber was assembled in exactly the same way for all of the trials. In

contrast, because the surface was left in the chamber for the thermostatic bath

experiments, there is a significantly higher probability that the same part of the

surface was being visualized.

For the ice bath experiments, the experimental median radius results appear

to fall onto one of two curves (cf. Figure 5.20; middle right). The curves are

quite distinguishable from one another, yet yield equivalent results for the con-

densate volume (cf. Figure 5.20; middle left) and even the fractional coverage

(cf. Figure 5.20; top right). The differences in the median radius results are ap-

parent in the maximum number density (cf. Figure 5.20; top left) and also the

nearest neighbor distance just beyond the minimum (cf. Figure 5.20; bottom

left). These results indicate that there are multiple populations (or multiple so-

lutions) that can yield similar surface coverages and total condensed volume.

In other words, the solution may not be unique.
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Simulation results for fixed nucleation sites and a constant growth rate are

shown for the ice bath experiments in Figure 5.23. Comparing with the results

in Figure 5.19, the fixed site nucleation simulation fits the number density data

better in regions I and II while the random nucleation simulation fits better in

region III. The fixed site nucleation simulation fits the fractional coverage data

better for all regions. However, in the case of the condensate volume, the fixed

site nucleation fits better at earlier times whereas the random nucleation simu-

lation fits better at later times. For the median radius and nearest neighbor dis-

tance plots, the disagreement between the experiments and the simulation with

fixed nucleation sites starts at the beginning of the sawtooth regime. The simu-

lation predicts much larger drops and larger nearest neighbor distances. Hence,

the fixed site nucleation simulation fits the data better at earlier times whereas

the random nucleation simulation fits the data better at later times. This sug-

gests that condensation initializes by nucleation of vapor onto fixed nucleation

sites and then transitions to random nucleation as more sites become activated

and more favorable. Nucleation sites that arise from surface defects, such as

cracks and pits, are more energetically favorable when there is liquid that wets

and/or fills the defect [89]. The water can get deposited by either nucleation, or

by drops sweeping over the cavity. In regime III, there are several large scale co-

alescence events occurring that create large drops that sweep large areas of the

surface. Hence, the activation of large numbers of nucleation sites at later times

could be the result of large sweeping events. The results for fixed nucleation

sites and a constant ∆T can be found in Appendix D.3.

140



y = 1.0001e-05*x + 1.2054e-05

Figure 5.19: Constant ȧ. Comparison between ice bath experiments (red
symbols) and simulation (black curve) for number density
(top left), fractional coverage (top right), normalized conden-
sate volume (middle left), median radius (middle right), and
nearest neighbor distance for thresholded drops (bottom left).
(•), (◦), (�), and (♦) denote first, second, third, and fourth tri-
als, respectively. Drops were nucleated randomly. Simulation
parameters: n=4943 drops, Rmin=20 µm, ȧ=5.4 µm/s, ∆t=0.05
s, tf=100 s,Rc=95 µm,As=1 cm2,Rmax=3 mm,A=19.9,B=2.6×
10−6, na=300 attempts. Fractional coverage is scaled by differ-
ence in drop overhang between experiment and simulation
because of different contact-angles.
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Figure 5.20: Constant ∆T . Comparison between ice bath experiments
(red symbols) and simulation (black curve) for number den-
sity (top left), fractional coverage (top right), normalized con-
densate volume (middle left), median radius (middle right),
and nearest neighbor distance for thresholded drops (bottom
left). (•), (◦), (�), and (♦) denote first, second, third, and
fourth trials, respectively. Drops were nucleated randomly.
Simulation parameters: n=4943 drops, Rmin=20 µm, ∆T=1 K,
∆t=0.05 s, tf=100 s,Rc=95 µm,As=1 cm2,Rmax=3 mm,A=19.9,
B=2.6× 10−6, na=300 attempts. Fractional coverage is scaled
by difference in drop overhang between experiment and sim-
ulation because of different contact-angles.
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y = 6.5326e-06*x + 1.3042e-05

Figure 5.21: Constant ȧ. Comparison between thermostatic bath experi-
ments for 3◦C (red symbols), 30◦C (cyan symbols), 50◦C (blue
symbols) coolant temperatures, and simulation (black curve)
for number density (top left), fractional coverage (top right),
normalized condensate volume (middle left), median radius
(middle right), and nearest neighbor distance for thresholded
drops (bottom left). (•), (◦), (�), and (♦) denote first, sec-
ond, third, and fourth trials, respectively. Drops were nu-
cleated randomly. Simulation parameters: n=4943 drops,
Rmin=20 µm, ȧ=3.5 µm/s, ∆t=0.05 s, tf=100 s, Rc=95 µm,
As=1 cm2, Rmax=3 mm, A=19.9, B=2.6× 10−6, na=300 at-
tempts. Fractional coverage is scaled by difference in drop
overhang between experiment and simulation because of dif-
ferent contact-angles.
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Figure 5.22: Constant ∆T . Comparison between thermostatic bath exper-
iments for 3◦C (red symbols), 30◦C (cyan symbols), 50◦C (blue
symbols) coolant temperatures, and simulation (black curve)
for number density (top left), fractional coverage (top right),
normalized condensate volume (middle left), median radius
(middle right), and nearest neighbor distance for thresholded
drops (bottom left). (•), (◦), (�), and (♦) denote first, sec-
ond, third, and fourth trials, respectively. Drops were nu-
cleated randomly. Simulation parameters: n=4943 drops,
Rmin=20 µm, ∆T=0.7 K, ∆t=0.05 s, tf=100 s, Rc=95 µm, As=1
cm2, Rmax=3 mm, A=19.9, B=2.6× 10−6, na=300 attempts.
Fractional coverage is scaled by difference in drop over-
hang between experiment and simulation because of different
contact-angles.

144



Figure 5.23: Constant ȧ. Comparison between ice bath experiments (red
symbols) and simulation (black curve) for number density
(top left), fractional coverage (top right), normalized conden-
sate volume (middle left), median radius (middle right), and
nearest neighbor distance for thresholded drops (bottom left).
(•), (◦), (�), and (♦) denote first, second, third, and fourth tri-
als, respectively. Drops nucleated onto fixed sites. Simulation
parameters: n=4566 drops, Rmin=20 µm, ȧ=5.4 µm/s, ∆t=0.05
s, tf=100 s,Rc=95 µm,As=1 cm2,Rmax=3 mm,A=19.9,B=2.6×
10−6. Fractional coverage is scaled by difference in drop over-
hang between experiment and simulation because of different
contact-angles.
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5.6.3 Volume Distribution

To better understand how the growth rate impacts the coarsening of the drop

pattern, the evolution of the volume and the drop size distributions are com-

pared in Figure 5.24 at several different instants. The volume distribution is

calculated by multiplying each histogram bar in the drop size distribution by

the bin center cubed. The distributions overlap one another completely up until

a little before the maximum number density (B). The divergence is most clearly

illustrated by a plot of the median for both the volume and drop size distri-

butions (cf. Figure 5.25). At the divergence point (near B), coarsening by co-

alescence becomes important. To understand why, one can do the following

thought experiment. In the absence of any mass exchange (i.e., condensation of

steam onto the drops), volume is conserved. As two smaller drops coalesce, the

volume from the histogram bars at smaller drop sizes transfers to those at larger

drop sizes. Coalescence shifts volume to larger sizes.

Another interesting feature, is that the evolution of the median for the vol-

ume distribution has the same linear dependence as the condensate volume

curve. Hence, the slope of the curve is a constant, indicating again (i.e., in addi-

tion to the cylindrical drop toy problem) a constant isolated drop growth rate. If

instead, a constant temperature difference were used in conjunction with Equa-

tion (5.18), the growth rate would slow down for larger drops. Because a large

percentage of the total volume on the surface is distributed amongst the larger

drops, an underprediction of the growth rate of these largest drops, could un-

derpredict the total condensate volume.
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A

B C

D E

Figure 5.24: Progression of drop size (blue) and volume (red) distributions
in time for dodecyl uniform surface with θs = 98◦. Vertical
red dashed lines denoted by a letter correspond to different
instants.
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A

B C D E
A B

Figure 5.25: (left) Median values for the drop size (blue) and volume (red)
distributions as a function of time, as calculated from a cu-
mulative distribution. Vertical dashed red lines denoted by
a letter correspond to different instants. (right) A close-up of
the region at early times is shown to more clearly illustrate the
divergence between the two curves.

A comparison between the simulation (black) and the experiment (red) for

the median values for the drop size (points) and volume (diamonds) distribu-

tions is shown in Figure 5.26. The median values correspond to the 50% proba-

bility on the cumulative distributions also shown in Figure 5.26, corresponding

to the same instants in Figure 5.24. Comparison between simulation and ex-

periment was performed using cumulative distributions instead of histograms,

because results in the latter case depends sensitively on bin width. Using a cu-

mulative distribution avoids this issue. Immediately evident from Figure 5.26,

is that the agreement is reasonable but gets worse as time goes on. This is likely

due to the inability of the simulation to exactly reproduce the coalescence events

and predict the exact drop size distribution. Recall that there can be multiple

populations of drops (solutions) that give rise to the same total volume and

same number density. However, at least qualitatively, the bimodality feature in
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the drop size distribution at instants C, D, and E is well captured by the simula-

tion (i.e., where curve levels off).

A
B C D E

ED
CB

A

Drop 
Sizes

A B

C

D

E
Drop 

Volumes

Figure 5.26: (top) Comparison of the median values for the drop size
(points) and volume (diamonds) distributions as a function
of time for both simulation (black) and experiments (red), as
calculated from a cumulative distribution. Vertical dashed red
lines denoted by a letter correspond to different instants. (bot-
tom left) Cumulative distributions of drop sizes at five differ-
ent instants for experiment (points) and simulation (curves).
(bottom right) Cumulative distributions of drop volumes at
five different instants for experiment (points) and simulation
(curves).
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5.6.4 Heat Transfer Coefficient

The value of the overall heat transfer coefficient gives information about the

ability of a surface to remove heat through condensation. The overall heat

transfer coefficient for the different coolant temperatures can be calculated from

Equation (1.1)

U =
ρlhfg

¯̇V

Ā(Tsat − Tc)
(5.38)

where the expression ρlhfg
¯̇V has been substituted in for Qo. The major assump-

tions inherent in this approach is 1D steady-state heat transfer in the axial direc-

tion and the temperature on the backside of the treated surface is the same as

that of the coolant (i.e., no thermal boundary layer within coolant). A summary

of the overall heat transfer coefficients for coolant temperatures 1◦C, 3◦C, 30◦C,

and 50◦C calculated from the experiments and the simulation is presented in

Table 5.2. For the same contact-angle surface and the same latent heat released

to the surface, for increasing Tc, the overall heat transfer coefficient increases

as the driving force decreases. For all θs and Tc, the value of U predicted by

simulation is always lower than the experiment. The only difference between

the two columns is the value of ¯̇V . An underprediction of U means an un-

derprediction of ¯̇V . There are several aspects of the experiment that cannot be

realistically captured by the current simulation, such as the broad range of drop

sizes in the interstitial space between drops, small oscillation of the surface be-

cause of the vibrations from the pump, irregularity of the contact-angle along

the perimeter of a drop because of surface defects and temperature gradients,

and possible steam transients. These factors affect the growth and coalescence

of drops, which ultimately affect ¯̇V . It is speculated that the first factor, the

broad range of drop sizes, is likely the most influential. In the experiment, there
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exists a range of drop sizes from the thermodynamic nucleating radius (nm) up

to the departing radius (mm). The simulation is limited from microns to mm. It

is possible that the smallest drops, which pack themselves in at the perimeter of

the drops, enhance and facilitate more frequent coalescence. It also appears that

the agreement between the simulation and the experiment gets better for higher

coolant temperatures. It is unclear why this is. Unfortunately, no temperature

measurements of the surface temperatures at the interface between the steam

and the treated surface or the interface between the substrate and the coolant,

are available. Hence, the calculations below should only be used as a rough

estimate because of the invoked assumptions.

Tc [◦C] θs [◦] Uexp [ W
m2K

] Usim [ W
m2K

] % Error= exp−sim
sim

[%]
1 98 240 218 10
3 103 196 146 34
30 103 226 202 12
50 103 288 282 2

Table 5.2: Summary of calculated overall heat transfer coefficients. Ther-
mophysical properties were evaluated at Tsat = 100◦C.

5.7 Conclusions

The heat transfer of a surface at any instant is related to the population of drops

present on the surface. It is important to be able to accurately model the time

evolution of the drop population in order to be able to predict the heat transfer

coefficient. It was found that using a a population averaged constant isolated

drop growth rate, instead of the traditional assumption of a constant temper-

ature difference between the steam and the surface, yielded satisfactory agree-

ment between experiment and simulation for both the ice bath and the thermo-
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static bath experiments. From the steady-state conduction model, a constant ∆T

means that larger drops have a larger conduction resistance. A larger resistance

leads to slower growth and less coalescence. The parametric study showed that

the majority of the condensate volume growth is due to condensation onto the

liquid-gas interface rather than due to nucleation of drops. Hence, using an

inappropriate single drop growth model leads to underprediction of the total

amount of liquid condensed and consequently, underprediction of the overall

heat transfer coefficient.

In order to be able to compare the fractional coverage results between the

simulation and the experiments which were at two different contact-angles, a

scaling analysis was performed and verified against existing literature values.

Three factors were derived: a factor from directly taking the ratio between two

different footprint areas, an area factor from assumption of a constrained vol-

ume, and a perimeter factor from assumption of a constrained volume. The

perimeter factor was found to be the best in scaling the data from two different

literature sources in addition to our data and simulation results.

Simulations for both fixed site and random site nucleation were performed.

It was found that the fixed site nucleation simulation fits the data better at ear-

lier times whereas the random site nucleation simulation fits the data better at

later times. The reason is maybe due to the activation of nucleation sites as the

surface is swept by coalescing drops and deposits of liquid are left behind on

surface defects.

From overlaying the drop size and condensate volume distributions at dif-

ferent instants, it was shown that the medians of each distribution begin to di-

verge just before the maximum number-density, when coarsening of the drop
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pattern by coalescence becomes important. Coalescence effectively shifts vol-

ume to larger sizes so that at later times, the majority of the condensate volume

is contained within a few large drops. Again, emphasizing that accurate deter-

mination of the growth rate is important in being able to accurately capture the

rate of change in condensate volume over time.

Using the rate of change in condensate volume, the overall heat transfer co-

efficient of the surface was found to be 240 W/m2K whereas the simulation

predicted 218 W/m2K (10% error). The difference likely arises from not being

able to better simulate the broad range of drop sizes that exist on the surface.

The dense packing of the smallest drops between existing larger drops possibly

enhances and facilitates more frequent coalescence.
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CHAPTER 6

TANAKA POPULATION BALANCE MODEL

6.1 Background

The derivation details of the population balance model outlined in Tanaka’s pa-

per [56] will be expanded upon in this chapter. His results will be reproduced to

ensure that the Matlab code is working. His model will then be used to predict

the transient probability densities of drop-size distributions for dropwise con-

densation experiments occurring on a glass slide which has been treated with

dodecyltrichlorosilane to yield a slightly hydrophobic contact-angle.

Figure 6.1: (left) Drop configuration example. (right) Remapped configu-
ration (reproduced from [56]).

Figure 6.1 shows an example of a possible configuration of drops at an in-

stant in time. The white region corresponds to drops of radius ρ, the single-

hatched region corresponds to the total coalescence ‘zone,’ and the double- (or

cross-) hatched region corresponds to an area where coalescence does not hap-

pen and the drops can only grow at a rate equal to the rate of condensation
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onto the liquid-gas interface, ṙe, where conduction through the condensate is

assumed to be the dominant resistance to heat transfer. The bold line (cf. Figure

6.1a; labeled drop) corresponds to a thin annular region where if the center of

a drop of radius r, where r < ρ, is located, then coalescence between the two

drops of radius r and ρ occurs.

As drawn in Figure 6.1a, we see that it is possible for a drop to be coalescing

with two different drops at the same time (indicated by the overlap of the single-

hatched regions). This makes it difficult to formulate an expression that predicts

the exact number of drops from geometric considerations. To get around this,

Tanaka suggests a remapping of the three different regions (i.e., white, single-

hatched, double-hatched) which preserves the hydraulic radius, rE (cf. Figure

6.1b). From Figure 6.1a, the hydraulic radius, which is formulated with respect

to the total area represented by the single- and cross-hatched regions, is

rE =
2A

P
=

2
(

1−
∫ Rmax

r
πp2N(p, t)dp

)

∫ Rmax

r
2πpN(p, t)dp

=
1
π
−
∫ Rmax

r
p2N(p, t)dp

∫ Rmax

r
pN(p, t)dp

(6.1)

where A and P are the area and perimeter of the combined crosshatched +

single-hatched regions, respectively, Rmax is the maximum drop radius, r is the

drop radius, p is a dummy variable for integration, t is time, and N is the prob-

ability density of drop-size distribution. While the units look incorrect in the

sense that the numerator is dimensionless and the denominator is [1/m] (yield-

ing the dimension [m] for rE), it might be easier to see from a different point

of view. Let n(p, t) be the number of drops per unit length (bin width). The

hydraulic radius might then be formulated as

rE =
2A

P
=

2
(
A−

∫ Rmax

r
πp2n(p, t)dp

)

∫ Rmax

r
2πpn(p, t)dp

=
1
π
−
∫ Rmax

r
p2N(p, t)dp

∫ Rmax

r
pN(p, t)dp
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Likewise, the hydraulic radius for the remapped configuration in Figure 6.1b is

rE =
2A

P
=

2πr2
E

2πrE
(6.2)

Because this quantity is preserved in the remapping, we can set them equal

2
(

1−
∫ Rmax

r
πp2N(p, t)dp

)

∫ Rmax

r
2πpN(p, t)dp

=
2πr2

E

2πrE

2
(

1−
∫ Rmax

r
πp2N(p, t)dp

)

2πr2
E

=

∫ Rmax

r
2πpN(p, t)dp

2πrE

which simplifies to
(

1−
∫ Rmax

r
πp2N(p, t)dp

)

πr2
E

=

∫ Rmax

r
2πpN(p, t)dp

2πrE
(6.3)

The actual area of the crosshatched region per unit condenser surface in Fig-

ure 6.1a can be approximated by multiplying the area of the crosshatched region

in Figure 6.1b, π(rE − r)2, by the ratio on the left-hand side of equation (6.3)

π(rE − r)2




(
1−

∫ Rmax

r
πp2N(p, t)dp

)

πr2
E


 (6.4)

Likewise, a similar expression for the total length of the boldly drawn arcs per

unit condenser surface can be found by multiplying the perimeter of a single

disk in Figure 6.1b by the ratio on the right-hand side of equation (6.3)

2π(rE − r)
[

2πρN(ρ, t)dρ

2πrE

]
(6.5)

The integral has been dropped because we are doing this on a per unit con-

denser surface and are looking at the ratio for a single disk.
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ρ1

r1
r1

t1

ρ2

r2

t2 = t1 + ∆t

ṙa(ρ, t)∆t

ṙa(r, t)∆t

[ṙa(r, t) + ṙa(ρ, t)] ∆t

Figure 6.2: Net perimeter expansion definition sketch.

When the volume of a drop increases by coalescence and/or growth by con-

densation onto the liquid-gas interface, the perimeter expands. The net dis-

placement in the radial direction normal to the perimeter within a time interval

dt (cf. Figure 6.2; orange region), is given by

[ṙa(r, t) + ṙa(ρ, t)] dt

where ṙa(r, t) is the mean drop growth rate by both coalescence and condensa-

tion onto the liquid-gas interface. Hence, the boldly drawn arcs in Figure 6.1a

sweep out the total area per unit condenser surface of

2π(rE − r)
[

2πρN(ρ, t)dρ

2πrE

]
[ṙa(r, t) + ṙa(ρ, t)] dt (6.6)

The probability of a drop with a radius in the range [r, r+dr] per unit condenser

surface is given by
N(r, t)dr

π(rE − r)2

[
(1−

∫Rmax
r πp2N(p,t)dp)

πr2E

] (6.7)

157



The product of equations (6.6) and (6.7) is

N(r, t)dr

π(rE − r)2

[
(1−

∫Rmax
r πp2N(p,t)dp)

πr2E

] × 2π(rE − r)
[

2πρN(ρ, t)dρ

2πrE

]
[ṙa(r, t) + ṙa(ρ, t)] dt

=
πr2

EN(r, t)dr2π(rE − r)2πρN(ρ, t)dρ

2πrEπ(rE − r)2
(

1−
∫ Rmax

r
πp2N(p, t)dp

) [ṙa(r, t) + ṙa(ρ, t)] dt

=
N(r, t)dr2πρN(ρ, t)dρ(

1− r
rE

)(
1−

∫ Rmax

r
πp2N(p, t)dp

) [ṙa(r, t) + ṙa(ρ, t)] dt

(6.8)

To simplify things, let

ψ =
1(

1− r
rE(r,t)

)(
1−

∫ Rmax

r
πp2N(p, t)dp

) (6.9)

Hence, if we assume r < ρ, the number of drops of radius r within [r, r + dr]

which become extinct by coalescence within a time interval dt is given by

N(r, t)dr2πρN(ρ, t)dρψ(r, t;N) [ṙa(r, t) + ṙa(ρ, t)] dt (6.10)

The equation which governs the probability distribution of drop-size at any

time t can be derived from a population balance. The variable of interest which

distinguishes one drop from another, is the radius r, which means the problem

is one-dimensional. One can visualize the problem in the following way. Pre-

tend that the x-axis, which corresponds to the drop radius r, is lying parallel to

an elastic string containing embedded drops of different radii (cf. Figure 6.3).

Consider a size interval [a, b]. Because the elastic string can deform at different

rates, one can imagine the drops entering and exiting this domain at different

rates. The number of drops entering [a, b] per unit condenser area per unit of

time is given by

ṙa(a, t)N(a, t)
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Likewise, the number of drops exiting [a, b] per unit condenser area per unit of

time is given by

ṙa(b, t)N(b, t)

The total number of drops in [a, b] which become extinct by coalescence per unit

condenser area per unit of time is

∫ Rmax

r

∫ b

a

2πρ [ṙa(r, t) + ṙa(ρ, t)]ψ(r, t;N)N(r, t)drN(ρ, t)dρ

x

×3 ×2 ×5
×1

a b

Figure 6.3: Elastic string with embedded drops. Each point on the string
can stretch at a different rate, ṙa.

As a result of drop removal by gravity, the total number of drops lost per

unit condenser area per unit time is N(Rmax, t)ṙa(Rmax, t). Not accounting for

the area that the drop sweeps as it moves across the surface by gravity, the re-

maining area is reduced by [1− πR2
maxN(Rmax, t)ṙa(Rmax, t)dt]. Since we are un-

able to estimate the path that is swept by the falling drop, we have no way of

knowing which drops it coalesces with. The only other way to account for the

departing drops (although this serves only as an approximation), is to just re-

duce the area of interest by the total footprint area of the departing drops. This

in turn, leads to an increase in the drop density for drops of all other radii, r.

Thus, we get the term

∫ b

a

πR2
maxN(Rmax, t)ṙa(Rmax, t)N(r, t)dr
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The accumulation of drops within [a, b] is a summation of the drops enter-

ing the interval by either isolated growth or growth by coalescence with other

drops, drops leaving the interval by either isolated growth or by coalescence

with other drops,

Mathematically this can be written as

d

dt

∫ b

a

N(r, t)dr = ṙa(a, t)N(a, t)− ṙa(b, t)N(b, t)

−
∫ Rmax

r

∫ b

a

2πρ [ṙa(r, t) + ṙa(ρ, t)]ψ(r, t;N)N(r, t)drN(ρ, t)dρ

+

∫ b

a

πR2
maxN(Rmax, t)ṙa(Rmax, t)N(r, t)dr

(6.11)

The integral on the left hand side can be transformed using the Leibnitz theorem

in 1D, which is [96]

d

dt

∫ x=b(t)

x=a(t)

f(x, t)dx =

∫ b

a

∂f

∂t
dx+

db

dt
f(x = b, t)− da

dt
f(x = a, t) (6.12)

Because the limits in our problem are independent of time, the governing equa-

tion simply reduces to

∫ b

a

∂N(r, t)

∂t
dr = −

∫ b

a

∂

∂r
[ṙa(r, t)N(r, t)] dr

−
∫ Rmax

r

∫ b

a

2πρ [ṙa(r, t) + ṙa(ρ, t)]ψ(r, t;N)N(r, t)drN(ρ, t)dρ

+

∫ b

a

πR2
maxN(Rmax, t)ṙa(Rmax, t)N(r, t)dr

(6.13)

Because the above equation is valid for any [a, b], we can take the limit dr → 0

and the equation becomes valid for all r at any point in time leaving us with

∂N(r, t)

∂t
= − ∂

∂r
[ṙa(r, t)N(r, t)]

−
∫ Rmax

r

2πρ [ṙa(r, t) + ṙa(ρ, t)]ψ(r, t;N)N(r, t)N(ρ, t)dρ

+ πR2
maxN(Rmax, t)ṙa(Rmax, t)N(r, t)

(6.14)
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which is the same as equation (4) in Tanaka’s paper. The last term, which ac-

counts for the regeneration of a patch of surface because of a sweeping drop,

does not come into play until t ≥ 10s for a vertically oriented surface. From

this equation, we can solve for N(r, t) for all r and t. The only unknown in this

equation, is ṙa(r, t), whose equation we will derive next.

The difference between the mean growth rate (i.e., growth by coalescence

and condensation onto the liquid-gas interface) and the substantial growth rate

(i.e., growth by condensation onto the liquid-gas interface only) is the growth

due to coalescence only. For a drop with any contact-angle, the volume change

is

Alg(r) (ṙa − ṙe)N(r)dr (6.15)

In equation (6.15), the product of the coalescence rate and the area of the liquid-

gas interface, Alg, represents the rate of volume expansion from coalescence.

Multiplication with N(r)dr makes it on a per unit condenser surface basis. This

must be equal to a modified version of equation (6.10) after the variables r and

ρ have been switched, been muliplied by the volume of a drop of radius ρ, and

then integrated from Rmin to r
∫ r

Rmin

V (ρ)N(ρ, t)dρ2πrN(r, t)drψ(ρ, t;N) [ṙa(ρ, t) + ṙa(r, t)]

= Alg(r) (ṙa − ṙe)N(r)dr

As a side note, because equation (6.10) is written from the perspective of how

many drops of radius r become extinct, switching the variables r and ρ allows

us to view it from the perspective of how many drops of radius r are acquired

by drops of radius ρ after coalescence. To simplify, N(r, t)dr can be pulled out

of the integral on the left-hand side and cancelled with that appearing on the
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right-hand side to yield the final equation
∫ r

Rmin

V (ρ)N(ρ, t)dρ2πrψ(ρ, t;N) [ṙa(ρ, t) + ṙa(r, t)] = Alg(r) (ṙa − ṙe) (6.16)

6.2 Discretization of Governing Equations, ∆T=Constant

The method is to solve for the total drop growth rate, ṙa (ri, tm), and then use

this solution to solve for the drop-size distribution probability density at the

next time step. Rearrangement of equation (6.16) for ṙa (ri, tm) assuming hemi-

spherical drops (for V and Alg) yields
∫ r

Rmin

2

3
πρ32πr [ṙa(r) + ṙa(ρ)]ψ(ρ;N)N(ρ)dρ = 2πr2 [ṙa(r)− ṙe(r)]

∫ r

Rmin

2

3
πρ3 [ṙa(r) + ṙa(ρ)]ψ(ρ;N)N(ρ)dρ = r [ṙa(r)− ṙe(r)]

2

3
πṙa(r)

∫ r

Rmin

ρ3ψ(ρ;N)N(ρ)dρ+
2

3
π

∫ r

Rmin

ρ3ṙa(ρ)ψ(ρ;N)N(ρ)dρ = rṙa(r)− rṙe(r)

2

3
πṙa(r)

∫ r

Rmin

ρ3ψ(ρ;N)N(ρ)dρ− rṙa(r) = −rṙe(r)−
2

3
π

∫ r

Rmin

ρ3ṙa(ρ)ψ(ρ;N)N(ρ)dρ

ṙa(r)

(
2

3
π

∫ r

Rmin

ρ3ψ(ρ;N)N(ρ)dρ− r
)

= −rṙe(r)−
2

3
π

∫ r

Rmin

ρ3ṙa(ρ)ψ(ρ;N)N(ρ)dρ

ṙa(r) =
−rṙe(r)− 2

3
π
∫ r
Rmin

ρ3ṙa(ρ)ψ(ρ;N)N(ρ)dρ(
2
3
π
∫ r
Rmin

ρ3ψ(ρ;N)N(ρ)dρ− r
)

ṙa(r) =
rṙe(r) + 2

3
π
∫ r
Rmin

ρ3ṙa(ρ)ψ(ρ;N)N(ρ)dρ

r − 2
3
π
∫ r
Rmin

ρ3ψ(ρ;N)N(ρ)dρ

which is valid at each time step. The substantial growth rate where condensa-

tion occurs directly on the liquid-gas interface, ṙe, is given by

ṙe =
8.3kc∆T

4ρlhfgr
=
C

r
(6.17)

where kc is the condensate thermal conductivity, ∆T is the temperature differ-

ence between the steam and the interface between the promoter and the sub-

strate, ρl is the condensate density, and hfg is the latent heat of vaporization.
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Using (6.17) to simplify things gives

ṙa(r) =
C + 2

3
π
∫ r
Rmin

ρ3ṙa(ρ)ψ(ρ;N)N(ρ)dρ

r − 2
3
π
∫ r
Rmin

ρ3ψ(ρ;N)N(ρ)dρ
(6.18)

where the geometrical condition, ψ, is given by equation (6.9).

All of the integrals that appear are Volterra integral equations of the second

kind

f(t) =

∫ t

a

K(t, s)f(s)ds+ g(t) (6.19)

Solution of the problem with a uniform grid on a linear scale leads to poor agree-

ment between the numerical and analytical solutions for the initial probability

distribution. It follows that there would also be poor agreement with Tanaka’s

results [56] and the numerical results. The domain instead needs to be dis-

cretized into intervals that are uniform on a logarithmic scale (non-uniform on

a linear scale). The trapezoid rule was used to numerically integrate the equa-

tions. A uniform grid with n intervals in the logarithm base 10 space from 10a to

10b can be generated with the ‘logspace(a,b,n)’ command in Matlab. Using the

trapezoid rule on equation (6.19) with a non-uniform grid in linear coordinates

results in

f(ti) =
1

2

(
i−1∑

j=1

[sj+1 − sj] [K(ti, sj+1)f(sj+1) +K(ti, sj)f(sj)]

)
+ g(ti) (6.20)

Expansion of equation (6.18) at time tm with the trapezoidal rule leads to

ṙa(ri) =

C + π
3

i−1∑

j=1

[rj+1 − rj]
[
r3
j+1ṙa(rj+1)ψ(rj+1)N(rj+1) + r3

j ṙa(rj)ψ(rj)N(rj)
]

ri − π
3

i−1∑

j=1

[rj+1 − rj]
[
r3
j+1ψ(rj+1)N(rj+1) + r3

jψ(rj)N(rj)
]

To simplify things, let

F = ri −
π

3

i−1∑

j=1

[rj+1 − rj]
[
r3
j+1ψ(rj+1)N(rj+1) + r3

jψ(rj)N(rj)
]
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Expanding the summation terms

ṙa(ri) =

C + π
3

i−2∑

j=1

[rj+1 − rj]
[
r3
j+1ṙa(rj+1)ψ(rj+1)N(rj+1) + r3

j ṙa(rj)ψ(rj)N(rj)
]

F

+
π
3

[ri − ri−1]
[
r3
i ṙa(ri)ψ(ri)N(ri) + r3

i−1ṙa(ri−1)ψ(ri−1)N(ri−1)
]

F

and grouping all of the ṙa(ri) terms on the left-hand side we get

ṙa(ri)−
π [ri − ri−1] r3

i ṙa(ri)ψ(ri)N(ri)

3F
=
π [ri − ri−1]

[
r3
i−1ṙa(ri−1)ψ(ri−1)N(ri−1)

]

3F

+

C + π
3

i−2∑

j=1

[rj+1 − rj]
[
r3
j+1ṙa(rj+1)ψ(rj+1)N(rj+1) + r3

j ṙa(rj)ψ(rj)N(rj)
]

F

ṙa(ri)

(
1− π [ri − ri−1] r3

iψ(ri)N(ri)

3F

)
= Eṙa(ri) =

[...]

3F
+

[...]

F

Finally, we get

ṙa(ri) =
π [ri − ri−1]

[
r3
i−1ṙa(ri−1)ψ(ri−1)N(ri−1)

]

3EF

+

C + π
3

i−2∑

j=1

[rj+1 − rj]
[
r3
j+1ṙa(rj+1)ψ(rj+1)N(rj+1) + r3

j ṙa(rj)ψ(rj)N(rj)
]

EF

After solving for all of the drop growth rates for each point on the nonuniform

grid at a specific point in time, tm, we need to solve for the probability distri-

butions for each grid point at a future time, tm+1 = tm + ∆t. Discretization of

equation (6.14) requires use of the first backward difference to expand the spa-

tial derivative (∇(fg) = f∇g + g∇f − ∇f∇g), the first forward difference to
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expand the time derivative, and the trapezoid rule for the integral

N(ri, tm + ∆t)−N(ri, tm)

∆t
=
N(ri−1, tm)ṙa(ri−1, tm)−N(ri, tm)ṙa(ri, tm)

∆r

− πṙa(ri, tm)ψ(ri, tm;N)N(ri, tm)

(
n∑

j=i

[rj+1 − rj] [rj+1N(rj+1, tm) + rjN(rj, tm)]

)

− πψ(ri, tm;N)N(ri, tm)
n∑

j=i

[rj+1 − rj] rj+1ṙa(rj+1, tm)N(rj+1, tm)

− πψ(ri, tm;N)N(ri, tm)
n∑

j=i

[rj+1 − rj] rj ṙa(rj, tm)N(rj, tm)

+ πR2
maxN(Rmax)ṙa(Rmax)N(ri, tm)

where ∆r = ri − ri−1. The boundary condition

rE(Rmin, tm) = D (6.21)

enforces equidistant nucleating sites. N(Rmin, tm) is found by satisfying the

boundary condition, equation (6.21), at each time step. Plugging in the formula

for the trapezoid rule on a non-uniform mesh

rE(Rmin, tm) = D =
1
π
−
∫ Rmax

Rmin
p2N(p, t)dp

∫ Rmax

Rmin
pN(p, t)dp

=

1
π
− 1

2

[
n∑

j=1

(rj+1 − rj)
(
r2
j+1N(rj+1, tm) + r2

jN(rj, tm)
)
]

1
2

[
n∑

j=1

(rj+1 − rj) (rj+1N(rj+1, tm) + rjN(rj, tm))

]

=
2
π
− [(r2 −Rmin) (r2

2N(r2, tm) +R2
minN(Rmin, tm)) + Sum1]

(r2 −Rmin) (r2N(r2, tm) +RminN(Rmin, tm)) + Sum2
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and rearranging for N(Rmin, tm)

D [(r2 −Rmin) (r2N(r2, tm) +RminN(Rmin, tm)) + Sum2]

=
2

π
−
[
(r2 −Rmin)

(
r2

2N(r2, tm) +R2
minN(Rmin, tm)

)
+ Sum1

]

D(r2 −Rmin)r2N(r2, tm) +D(r2 −Rmin)RminN(Rmin, tm) +DSum2

=
2

π
− (r2 −Rmin) r2

2N(r2, tm)− (r2 −Rmin)R2
minN(Rmin, tm)− Sum1

D(r2 −Rmin)RminN(Rmin, tm) + (r2 −Rmin)R2
minN(Rmin, tm)

=
2

π
−D(r2 −Rmin)r2N(r2, tm)−DSum2− (r2 −Rmin) r2

2N(r2, tm)− Sum1

N(Rmin, tm) =
2
π
−D(r2 −Rmin)r2N(r2, tm)−DSum2− (r2 −Rmin) r2

2N(r2, tm)− Sum1

D(r2 −Rmin)Rmin + (r2 −Rmin)R2
min

(6.22)

where

Sum1 =
n∑

j=2

(rj+1 − rj)
(
r2
j+1N(rj+1, tm) + r2

jN(rj, tm)
)

Sum2 =
n∑

j=2

(rj+1 − rj) (rj+1N(rj+1, tm) + rjN(rj, tm))

Determination of the growth rate at a single drop radius requires knowledge

of the growth rates for all drops smaller than that radius. The total growth rate

for the smallest drop size, r1 = Rmin, at all times tm is

ṙa (Rmin, tm) =
C

Rmin

(6.23)

Elements i ≥ 2 can be found by first calculating F , then plugging the result

into the expression for E, and then finally calculating the total growth rate. The

second element (i = 2) solved for with this method is

F = r2 −
π

3
[r2 − r1]

[
r3

2ψ(r2)N(r2) + r3
1ψ(r1)N(r1)

]

E =

(
1− π [r2 − r1] r3

2ψ(r2)N(r2)

3F

)
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ṙa(r2, tm) =
π [r2 − r1] [r3

1 ṙa(r1)ψ(r1)N(r1)]

3EF
+

C

EF

The third element (i = 3) solved for with this method is

F = r3 +
π

3

(
[r2 − r1]

[
r3

2ψ(r2)N(r2) + r3
1ψ(r1)N(r1)

])

+
π

3

(
[r3 − r2]

[
r3

3ψ(r3)N(r3) + r3
2ψ(r2)N(r2)

])

E = 1− π (r3 − r2) r2
3ψ(r3)N(r3)

3F

ṙa(r3, tm) =
π [r3 − r2] r3

2 ṙa(r2)ψ(r2)N(r2)

3EF

+
C + π

3
[r2 − r1] [r3

2 ṙa(r2)ψ(r2)N(r2) + r3
1 ṙa(r1)ψ(r1)N(r1)]

EF

6.2.1 Initial Probability Density Distribution

The initial probability density distribution for all drop sizes was assumed (with-

out justification or citation) to be

N(ri, t1) ∝ r−6 = C1r
−6 (6.24)

With the specification of an analytical form for the initial drop distribution at

t1 = 0, equation (6.24), equations (6.1) and (6.9) can be integrated directly to

yield the following analytical expressions

rE(ri, t1) =

1
πC1

+ 1
3

(
1

R3
max
− 1

r3i

)

1
4

(
1
r4i
− 1

R4
max

)
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ψ(ri, t1;N) =
1(

1−
∫ Rmax

ri
πp2N(p, t)dp

)(
1− ri

rE(ri,t1)

)

=
1(

1− πC1

∫ Rmax

ri
p−4dp

)(
1− ri

rE(ri,t1)

)

=
1(

1 + πC1p−3

3
|Rmax
ri

)(
1− ri

rE(ri,t1)

)

=
1(

1 + πC1

3

(
1

R3
max
− 1

r3i

))(
1− ri

rE(ri,t1)

)

to be used in evaluating the drop growth rate at different radii, ri, at a single

point in time, tm. Using the chain rule and expanding out the right hand side of

(6.14)
∂N(r, t)

∂t
= −ṙa(r, t)

∂N(r, t)

∂r
−N(r, t)

∂ṙa
∂r

− 2πṙa(r, t)ψ(r, t;N)N(r, t)

∫ Rmax

r

ρN(ρ, t)dρ

− 2πψ(r, t;N)N(r, t)

∫ Rmax

r

ρṙa(ρ, t)N(ρ, t)dρ

+ πR2
maxN(Rmax)ṙa(Rmax)N(r, t)

Plugging in the analytical form on the right hand side and simplifying

∂N(r, t1)

∂t
= 6C1r

−7ṙa(r, t1)− C1r
−6∂ṙa(r, t1)

∂r

− 2πC2
1r
−6ṙa(r, t1)ψ(r, t1;N)

∫ Rmax

r

ρ−5dρ

− 2πC2
1r
−6ψ(r, t1;N)

∫ Rmax

r

ρ−5ṙa(ρ, t1)dρ

+ πC2
1R
−4
maxr

−6ṙa(Rmax, t1)

The first integral on the right hand side can be evaluated analytically and yields

∂N(r, t1)

∂t
= 6C1r

−7ṙa(r, t1)− C1r
−6∂ṙa(r, t1)

∂r

+
1

2
πC2

1r
−6ṙa(r, t1)ψ(r, t1;N)

(
1

R4
max

− 1

r4

)

− 2πC2
1r
−6ψ(r, t1;N)

∫ Rmax

r

ρ−5ṙa(ρ, t1)dρ

+ πC2
1R
−4
maxr

−6ṙa(Rmax, t1)
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Use of the first backward difference to expand the spatial derivative on the right-

hand side, the first forward difference to expand the time derivative on the left-

hand side, and the trapezoid rule to approximate the spatial integral on the right

hand side yields

N(ri, t1 + ∆t)−N(ri, t1)

∆t
= 6C1r

−7
i ṙa(ri, t1)− C1r

−6
i

(
ṙa(ri, t1)− ṙa(ri−1, t1)

∆r

)

+
1

2
πC2

1r
−6
i ṙa(ri, t1)ψ(ri, t1;N)

(
1

R4
max

− 1

r4
i

)

− πC2
1r
−6
i ψ(ri, t1;N)

(
n∑

j=i

[rj+1 − rj]
[
r−5
j+1ṙa(rj+1, t1) + r−5

j ṙa(rj, t1)
]
)

+ πC2
1R
−4
maxr

−6
i ṙa(Rmax, t1)

Substitution of the initial distribution, equation (6.24), into the boundary condi-

tion (6.22) gives

N(Rmin, t1) =
2
π
−DC1(r2 −Rmin)r−5

2 −DSum2− C1 (r2 −Rmin) r−4
2 − Sum1

D(r2 −Rmin)Rmin + (r2 −Rmin)R2
min

(6.25)

Sum1 = C1

n∑

j=2

(rj+1 − rj)
(
r−4
j+1 + r−4

j

)

Sum2 = C1

n∑

j=2

(rj+1 − rj)
(
r−5
j+1 + r−5

j

)

6.3 Discretization of Governing Equations, ∆T=Variable

It has been shown in the literature that the temperature difference between the

steam and the interface between the promoter layer and the substrate has a spa-

tiotemporal dependence [6]. The spatial difference results from the distribution

of drop sizes and the temporal dependence comes in because the drop-size dis-

tributions are changing in time and there is a temperature history. The general

model of Tanaka can be easily adapted to this case.
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Due to optical and imaging constraints, only drops with a footprint radius

greater than 78 µm can be observed. It has been shown experimentally that

”large drops”, or drops with a spherical cap radius larger than about 25 µm,

grow primarily by deposition of steam onto the liquid gas interface [70]. In other

words, the rate of change in the drop volume of a large drop is proportional to

its surface area
dV

dt
∝ a2

Substituion of (A.1b) for the volume yields

πa2da

dt
f(θs) ∝ a2

which shows that the growth rate of a large drop is just a constant, da
dt

= A1.

Hence the substantial growth rate becomes ṙe = A1. With this change, the ex-

pression for the total growth rate is now

ṙa(r) =
rA1 + 2

3
π
∫ r
Rmin

ρ3ṙa(ρ)ψ(ρ;N)N(ρ)dρ

r − 2
3
π
∫ r
Rmin

ρ3ψ(ρ;N)N(ρ)dρ
(6.26)

Using the same discretization scheme as before, equation (6.26) becomes

ṙa(ri) =
π [ri − ri−1]

[
r3
i−1ṙa(ri−1)ψ(ri−1)N(ri−1)

]

3EF

+

A1ri + π
3

i−2∑

j=1

[rj+1 − rj]
[
r3
j+1ṙa(rj+1)ψ(rj+1)N(rj+1) + r3

j ṙa(rj)ψ(rj)N(rj)
]

EF

The first few terms are similar to those of the ∆T=constant case. Replacement

of riA1 in place of every C in the expansion of the first few terms will yield the

correct expressions. So for example, for the first term (i = 1), ṙa = C
Rmin

= r1A1

Rmin
=

RminA1

Rmin
= A1. The rest follows. Everything else remains the same.
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6.4 Numerical Solution Procedure

Numerical solution of the coupled equations (6.14) and (6.18) is not straightfor-

ward. The solution starts with specification of the initial condition (6.24), the

population density distribution function at t1 = 0 and a boundary condition on

the hydraulic radius (6.21). The boundary condition enforces equidistant nu-

cleation sites. In order to numerically integrate the equations, the domain of

drop-sizes must be discretized. Two methods to accomplish this were explored:

a uniform mesh on a rectilinear grid and a uniform mesh on a base 10 loga-

rithmic grid. The former led to erroneous results and successful reproduction

of Tanaka’s results could not be achieved. The uniform mesh failed to give ad-

equate resolution over the entire drop-size domain which spans almost three

orders of magnitude. The latter, however, led to almost exact reproduction.

ri [m]

tm [s]

ri [m]

tm [s]

?

t1
r1

t1
r1

Figure 6.4: Illustration of solution for the population density distribution
function for all drop radii at one instant using backward differ-
ence (left) and using forward difference (right) for the spatial
derivative. Red arrows indicate solution direction.

As for the order of solution, the total growth rate for all drop radii at a time

tm is solved for with knowledge of the population density distribution function.

Because all of the integrals are Volterra integral equations of the second kind,
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discretization of the equations with a quadrature rule allows for solution via

forward substitution. The total growth rate for the smallest drop size, r1 = Rmin,

turns out to be constant. The total growth rate for the next drop size, ṙa(r2, tm),

can be calculated from knowledge of the growth rate at r = r1, etc. After all of

the growth rates are known, then the population density distribution function at

the next time step, N(ri, tm+1), can be calculated. Since the solution progresses

forward in time, it is obvious that a forward difference needs to be used to ad-

vance in time. Unfortunately, the direction for the spatial derivative is not so

simple. On the left of Figure 6.4 is a grid illustrating how solution at the next

time step is accomplished using backward difference. On the right there is a grid

illustrating how solution at the next time step is accomplished using forward

difference. The closed symbols denote points where the solution is known and

the open symbols denote points where a solution is unknown. The points where

a boundary condition needs to be satisfied are denoted by squares. The problem

with using forward difference is that the population density distribution func-

tion cannot be satisfied at the largest drop radius size, r = Rmax, because the

boundary condition is for r = Rmin. Furthermore, because the calculation re-

quires information from both the point that you are at and from the next spatial

point, the calculation cannot be completed. In contrast, when using backward

difference, the distribution function can be solved for at all drop radii, includ-

ing the minimum radius where the boundary condition is defined. Finally, with

knowledge of N(ri, tm+1), the total growth rate at the same time step ṙa(ri, tm+1)

can be determined.
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6.5 Model Validation

The computational method was validated by comparing simulation results with

the published results of Tanaka [56] for the same parameters (Rmin=0.006 mm,

D=0.018 mm, ∆T=1 K, and Rmax= 1 mm). Tanaka did not disclose either the

spatial or time step size, so a range of sizes were tried. Because the method is an

explicit first order method, it tended to be unstable for large time steps. Below

this threshold, the fractional coverage was found to be independent of the size

of the time step. There was, however, a dependence on the size of the spatial

step (cf. Figure 6.5). In order to get agreement with Tanaka, a relatively small

number of spatial steps was required. The value of which did not lie along the

asymptotic part of the curve. However, this is through no fault of his own as the

work of Tanaka was completed in an era where increasing the number of steps

came at a tremendous computational cost.
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Figure 6.5: Dependence of fractional coverage (at the final time) on the size
of the spatial step for different final times: tf=0.04 s (blue), 0.1
s (red), 0.3 s (green), and 1.0 s (purple). Values listed at the
end of the curve correspond to asymptotic values in the limit
nr →∞. Black arrows indicate the number of steps used to get
an accurate comparison with Tanaka.
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Comparison between the simulation results and the published results of

Tanaka for the time evolution of the probability density distribution function

and the total growth rate are shown in Figure 6.6. The simulation results were

overlaid on Tanaka’s figures. Each color corresponds to a different tf . When

the simulation starts, there are lots of smaller-sized drops. As those drops begin

to grow by condensation onto the interface, they begin to coalesce with their

neighbors once the maximum packing fraction is reached. Here, the number of

larger drops begins to increase and the number of smaller drops decrease. This

is evidenced by the distribution spreading out and spanning a larger drop size

range as time increases. The characteristic hump that develops corresponds to

a bimodal distribution of drop sizes (if one were to convert back to a histogram

from the population density distribution function). The hump moves down in

number density and to the right in drop size as time progresses. This is the

result of coarsening of the drop pattern from coalescence. The bimodal distri-

bution represents the coexistence of two populations of drops. Those from the

first generation, which were the first ones to nucleate onto the surface and those

from the second generation, that have nucleated in the interstitial space between

the first generation drops.

A comparison between the simulation results and the published results of

Tanaka for the final fractional coverage at tf is shown in Figure 6.7. Similar to

the results in Figure 6.6, there is excellent agreement between the two data sets

indicating that the computational methods chosen are correct.
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Figure 6.6: Comparison of simulation (dots) with Tanaka’s published re-
sults (curves) [56] for the population density distribution func-
tion (left) and the total growth rate (right) for several different
tf .
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Figure 6.7: Comparison of the final fractional coverage (red open squares)
at tf with Tanaka’s published values (black dots) [56].

6.6 Parametric Study

A parametric study was completed for the case of a constant substantial (i.e.,

isolated) drop growth rate (ṙe) to assess the sensitivity of the simulation to var-

ious input parameters. Varied parameters included the distance between nu-

cleation sites (D), the threshold cutoff radius (Rc), the maximum drop radius

at departure (Rmax), the nucleating radius (Rmin), the isolated growth rate of

drops (da
dt

= ȧ), and the number of spatial intervals (nr, nr+1 grid points). The

effects of these parameters on the time evolution of the number density, the frac-

tional coverage, the normalized condensate volume, and the median radius are

described below.

The results for the effects of varying the spatial step on the number density,

the fractional coverage, the normalized condensate volume, and the median ra-

176



dius are shown in Figure 6.8 for nr=25, 75, 150, 250, and 400 intervals. As the

number of spatial intervals increases, there are more grid points, offering finer

resolution of the solution. The curves for each set of coordinates asymptotically

approach a single curve for ever increasing nr values. The largest differences can

be seen in the condensate volume and the median radius plots. Going forward,

all simulations will be performed with a sufficiently high number of spatial in-

tervals (nr=400) to ensure that we are at the asymptotic limit of convergence.

(a) Number Density (b) Fractional Coverage

(c) Condensate Volume (d) Median Radius

Figure 6.8: Effects of varying the spatial step, nr, on number density (up-
per left), fractional coverage (upper right), normalized conden-
sate volume (lower left), and median radius (lower right) for
25 (gray), 75 (orange), 150 (yellow), 250 (dark blue), 400 (light
blue) intervals. Simulation parameters: ȧ=5.38 mm/s, As=1
mm2, Rmin=0.006 mm, Rmax=3 mm, Rc=78 µm, D=0.018 mm,
nt=7000 steps, tf=100 s.

177



The results for the effects of varying the minimum (or nucleating) radius

[63, 12] on the number density, the fractional coverage, the normalized conden-

sate volume, and the median radius are shown in Figure 6.9. As the nucleat-

ing radius is increased (yellow curve → light blue → gray), larger drops are

condensing onto the surface, which means there will be more volume. Addi-

tionally, because the drops are larger, there is less space inbetween them (for

constant D), leading to a faster transition to coalescence. In other words, the

time at which the maximum number density occurs happens sooner for a larger

Rmin (cf. Figure 6.9(a)). A faster transition to coalescence means that the surface

will be swept by drops earlier, making room for nucleation of more drops. This

leads to a faster rate of increase (i.e., larger slope) in volume, as shown in the

condensate curve (cf. Figure 6.9(c)). Consequently, more room for more nucleat-

ing drops means that there are more small drops on the surface, corresponding

in a shift of the median radius towards smaller drops.

An additional curve was plotted (orange) for the same nucleating radius as

the light blue curve to assess the effects of the number of time steps. This com-

parison was necessary because it was discovered part way through the para-

metric study that more time steps were needed to achieve solution convergence

for some of the simulations. No difference was found between the two curves.
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(a) Number Density (b) Fractional Coverage

(c) Condensate Volume (d) Median Radius

Figure 6.9: Effects of varying the nucleating radius, Rmin, on number den-
sity (upper left), fractional coverage (upper right), normal-
ized condensate volume (lower left), and median radius (lower
right) for 0.006 mm (light blue), 0.006 mm (nt=7000 steps) (or-
ange), 0.015 mm (gray), 0.004 mm (yellow). Simulation param-
eters: ȧ=5.38 mm/s, As=1 mm2, nr=400 intervals, Rmax=3 mm,
Rc=78 µm, D=0.018 mm, nt=9000 steps (unless otherwise spec-
ified), tf=100 s.

The results for the effects of varying the maximum (or departing) radius on

the number density, the fractional coverage, the normalized condensate volume,

and the median radius are shown in Figure 6.10. The only difference between

the curves for Figures 6.10(a)-6.10(d), is that the system reaches steady-state

faster for a smaller departing radius. A smaller detachment radius is achieved

with a more hydrophobic surface. This can be proven mathematically by bal-
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ancing the surface tension force acting along the perimeter of the drop at the

three-phase contact-line with the weight of the drop. The weight of the drop

acts in the direction of detachment whereas the surface tension force is restora-

tive. The radius at the point where these two forces just balance (the instant

prior to detachment), is Rmax (or alternatively, amax).

Fσ − Fg = 0

The surface tension and gravitational body forces are given by

Fσ = 2πRσ sin θs and Fg = mg = ρV g

Substitution of equation (A.1b) for the drop volume gives

Fg = mg = (ρl − ρg)V g = (ρl − ρg)
πa3

3

[
2− 3 cos θs + cos3 θs

]

Balancing the two forces, making use of the geometric relationship a sin θs = R,

and rearranging for amax yields

amax =

√
6σ sin2 θs

(ρl − ρg)g [2− 3 cos θs + cos3 θs]
(6.27)

which is only valid for a perfectly horizontal surface. In the case of an inclined

surface, instead of departing by detachment in the direction perpendicular to

the surface, the drop slides down the surface. Here, the form of the surface ten-

sion force must change to include the contribution from contact-angle hysteresis

[63, 59, 7]. Contact-angle hysteresis plays a role similar to that of static friction

in that it resists drop motion up until some critical value.
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(a) Number Density (b) Fractional Coverage

(c) Condensate Volume (d) Median Radius

Figure 6.10: Effects of varying the departing radius, Rmax, on number den-
sity (upper left), fractional coverage (upper right), normalized
condensate volume (lower left), and median radius (lower
right) for 1 mm (nt=8000 steps) (green), 2 mm (nt=8000 steps)
(orange), 3 mm (gray), 4 mm (yellow), and 5 mm (blue). Simu-
lation parameters: ȧ=5.38 mm/s, As=1 mm2, nr=400 intervals,
Rmin=0.006 mm, Rc=78 µm, D=0.018 mm, nt=7000 steps (un-
less otherwise specified), tf=100 s.

A comparison between the predicted drop departure radius from equation

(6.27) with that observed in the experiments is shown in Figure 6.11. The phys-

ical properties appearing in equation (6.27) were evaluated at T=373 K (solid

curve) and at T=273 K (dashed curve) to bound the solution. These two temper-

atures correspond to the hottest (saturated steam temperature) and the coldest

(temperature of the surface assuming it is a perfect sink) temperatures that a
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drop could be at over the course of the experiment. In Figure 6.11, the data lies

well outside the bounded solution regime, even after inclusion of the error bars.

It is hypothesized that the theory grossly overpredicts the departure radius be-

cause the analysis leading to equation (6.27) assumes a static pendant drop. In

practice, the drops are in a dynamic situation. On the macroscopic level, the

drop experiences oscillations because the chamber is connected to the pump via

flexible tygon tubing. The use of flexible tygon tubing typically eliminates up

to about 85-90% of oscillations. However, the 10-15% remaining is visible in the

experimental videos, particularly for larger drops (radius on the order of mm).

Additional motion on the macroscale arises from motion of the contact-line after

coalescence. After a large-scale coalescence event occurring in region 3, there is

a retraction of the contact-line (occurring over a period of a few seconds) that

potentially gives the drop enough inertia for premature detachment. In an ide-

alized situation, if the drop contact-line experiences uniform retraction along

the entire perimeter that is directed radially inward, the fluid flow might also

be directed inward. At the drop center-line (line of axial symmetry), the fluid

will eventually get redirected as it is converging radially to the same point. The

fluid flow would then need to be directed axially towards the drop apex because

of the presence of a surface blocking flow in the opposite direction. If the fluid

velocity is high enough, it could cause premature detachment of a drop.
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Figure 6.11: Dependence of drop departure radius on static contact-angle
(curves). Physical properties were evaluated at T=373 K (solid
curve) and at T=273 K (dashed curve) to bound the solution.
Symbol color distinguishes between different trials (4 total).
Symbol geometry denotes different drops from the same trial.
Vertical error bars have a maximum value corresponding to
drop radius just after a large scale coalescence event that
triggers the start of detachment and a minimum value cor-
responding to drop radius at the instant before detachment.
Horizontal error bars represent standard deviation in contact
angle measurement (?? trials). Two sets of error bars shown
are representative of all drops considered.

The results for the effects of varying the threshold radius on the number den-

sity, the fractional coverage, the normalized condensate volume, and the me-

dian radius are shown in Figure 6.12. For a lower threshold radius, more drops

are counted, leading to what appears to be a higher number density. However,

counting more drops does not lead to substantially higher fractional coverages

or more condensed liquid because the additional counted drops are small and

have a small contribution to the total. The median radius is shifted towards

smaller drops because more small drops are being counted.
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(a) Number Density (b) Fractional Coverage

(c) Condensate Volume (d) Median Radius

Figure 6.12: Effects of varying the threshold radius, Rc, on number den-
sity (upper left), fractional coverage (upper right), normalized
condensate volume (lower left), and median radius (lower
right) for 56 µm (gray), 78 µm (light blue), 90 µm (yellow), and
100 µm (orange). Simulation parameters: ȧ=5.38 mm/s, As=1
mm2, nr=400 intervals, Rmin=0.006 mm, Rmax=3 mm, D=0.018
mm, nt=7000 steps, tf=100 s.

The results for the effects of varying the distance between nucleation sites,D,

on the fractional coverage, the normalized condensate volume, and the median

radius are shown in Figure 6.13. For decreasingD, the nucleation sites are closer

together, leading to a higher packing fraction of drops. With less space between

drops, they will begin to coarsen by coalescence at an earlier time, compared to

that of a sparsely populated surface (cf. Figure 6.13(a)). Recall that coalescence

opens up space on the surface for nucleating drops. Transition to a coalescence
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dominated process at an earlier time leads to more condensed volume over time

due to the available space on the surface (cf. Figure 6.13(c)). Because more small

drops can be nucleated, the median radius of the pattern will be smaller (cf.

Figure 6.13(d)). The higher fractional coverage for a more densely populated

surface is the result of having lots of small drops packed in amongst the larger

drops. Comparison of Figures 6.9 and 6.13 shows that variation in the distance

between nucleation sites and the minimum radius have essentially the same

effect on the curves. Both parameters alter the packing fraction of drops on

the surface which in turn, affects how quickly the pattern begins to coarsen by

coalescence.
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(a) Number Density (b) Fractional Coverage

(c) Condensate Volume (d) Median Radius

Figure 6.13: Effects of varying the distance between nucleation sites, D, on
number density (upper left), fractional coverage (upper right),
normalized condensate volume (lower left), and median ra-
dius (lower right) for 0.01 mm (light blue), 0.018 mm (orange),
0.036 mm (gray), 0.06 mm (yellow). Simulation parameters:
ȧ=5.38 mm/s, As=1 mm2, nr=400 intervals, Rmin=0.006 mm,
Rmax=3 mm, Rc=78 µm, nt=7000 steps, tf=100 s.

The results for the effects of varying the isolated drop growth rate, ȧ, on

the fractional coverage, the normalized condensate volume, and the median

radius are shown in Figure 6.14. For increasing growth rate, the drops reach the

maximum packing fraction in a shorter amount of time. Hence, the transition

to regime II, the coalescence dominated regime, happens faster. This leads to

more renewal of the surface so that more drops can be nucleated. Over time,

the amount of liquid condensed on the surface will be greatest for the higher
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growth rates. Furthermore, the fractional coverage will also be larger as more

of the surface will be covered with drops.

(a) Number Density (b) Fractional Coverage

(c) Condensate Volume (d) Median Radius

Figure 6.14: Effects of varying the isolated drop growth rate, ȧ, on number
density (upper left), fractional coverage (upper right), nor-
malized condensate volume (lower left), and median radius
(lower right) for 1.5 µm/s (yellow), 3.0 µm/s (orange), 4.0
µm/s (gray), and 5.4 µm/s (light blue). Simulation param-
eters: As=1 mm2, nr=400 intervals, Rmin=0.006 mm, Rmax=3
mm, D=0.018 mm, Rc=78 µm, nt=7000 steps, tf=100 s.
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6.7 Comparison with Uniform Contact-Angle Experiments

Because of the imaging limitations with the current experimental setup, values

for D and Rmin cannot be measured directly. Rather, they are both allowed to be

adjustable free parameters to fit simulation to experiment. The values are then

compared with existing values from literature to justify their values. All of the

other parameters, ȧ, Rmax, and Rc are measured from the experiment and input

into the simulation.

Figure 6.15: Constant ȧ. Comparison between ice bath experiments (red
symbols) and Tanaka simulation (black curve) for number
density (top left), fractional coverage (top middle), normal-
ized condensate volume (top right), median radius (bottom
left), number density distribution for the nucleating radius
(bottom middle), and number density distribution for the de-
parting radius (bottom right). (•), (◦), (�), and (♦) denote
the first, second, third, and fourth trials, respectively. Simula-
tion parameters: ȧ=5.38 mm/s, As=1 mm2, nr=400 intervals,
Rmin=0.006 mm,Rmax=3 mm,D=0.06 mm,Rc=85 µm, nt=7000
steps, tf=100 s.

Figure 6.15 compares the results from the Tanaka simulation using a constant
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growth rate with the ice bath experiments for the number density, the fractional

coverage, the normalized condensate volume, the median radius, the number

density distribution for the nucleating radius, and the number density distribu-

tion for the departing radius. There is excellent agreement between the simula-

tion and the experiment for all parameter spaces. There is a minor discrepancy

between the predicted and measured condensate volume. Using the previous

simulations as a guide, this could mean that more nucleation is needed. Figure

6.16 compares the results from the Tanaka simulation using a constant temper-

ature difference with the ice bath experiments. While the condensate volume is

a decent fit, the fits in the rest of the plots got worse. It is worth pointing out

that only 75 spatial intervals were used in the simulation as opposed to the 400

that were used for the constant growth rate. The simulation would not converge

for more intervals. More work is needed in this area to get a solution. Because

while it looks like there is a match for the condensate volume when using a con-

stant temperature difference, this curve will likely shift when the appropriate

number of intervals are used (cf. Figure 6.8).

Figure 6.17 compares the probability density functions between the exper-

iment and the simulation at five different instants under the same simulation

conditions as Figure 6.15. The agreement is better for longer times. At earlier

times, the Tanaka simulation result is shifted to the right of the experiment, to-

wards larger radii. This result is consistent with the results in Figure 6.15, which

show that the simulation overpredicts for earlier times (cf. Figure 6.15; upper

left). It is worth pointing out that instant t − t0 = 11.4s corresponds to the

bimodal distribution at instant C in Figure 4.7.
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Figure 6.16: Constant ∆T . Comparison between ice bath experiments (red
symbols) and Tanaka simulation (black curve) for number
density (top left), fractional coverage (top middle), normal-
ized condensate volume (top right), median radius (bottom
left), number density distribution for the nucleating radius
(bottom middle), and number density distribution for the de-
parting radius (bottom right). The nearest neighbor distance
between drops is also plotted. No comparison with Tanaka
can be made. (•), (◦), (�), and (♦) denote the first, second,
third, and fourth trials, respectively. Simulation parameters:
∆T=1 K, As=1 mm2, nr=75 intervals, Rmin=0.006 mm, Rmax=3
mm, D=0.06 mm, Rc=95 µm, nt=25000 steps, tf=100 s.

Likewise, the results for the thermostatic bath experiments for both a con-

stant growth rate and a constant temperature difference can be found in Figures

6.18 and 6.19. Again, the results are marginally better for the constant growth

rate but a better solution containing more spatial intervals for the constant tem-

perature difference is needed in order to make a fair comparison. The results be-

tween the two types of simulation, the condensation simulation and the Tanaka

simulation, should be in reasonable agreement for the constant growth rate and

constant temperature difference. They are in agreement for the constant growth
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rate, but not for the constant temperature difference, lending more evidence that

more intervals are necessary.

t-t0=0.8
3.5

t-t0=11.4
20
40

Figure 6.17: Constant ȧ. Comparison between ice bath experiments (sym-
bols) and Tanaka simulation (curves) for the probability den-
sity function at five different instants in time: 0.8 s (red),
3.5 (green), 11.4 (black), 20 (orange), and 40 (blue). Simula-
tion parameters: ȧ=5.38 mm/s, As=1 mm2, nr=400 intervals,
Rmin=0.006 mm,Rmax=3 mm,D=0.06 mm,Rc=85 µm, nt=7000
steps, tf=100 s. Recall that the minimum size observed in ex-
periment is 78 µm.
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An interesting feature missing from the Tanaka simulations but captured by

the condensation simulations is the sawtooth behavior. The sawtooth behavior

arises from a balance of sweeping of the surface by larger drops after a coales-

cence event and nucleation of more small drops on the renewed surface area.

This is a potential drawback of the Tanaka simulations. If one wanted to de-

sign a surface to promote large shape fluctuations after coalescence that swept

very large surface areas, it’s likely that the Tanaka simulation would miss this

because contact-line dynamics cannot be put into the model. However, a red-

erivation of the model and inclusion of the spatial dependence of the drops

might fix this potential shortcoming of the model. In contrast, the condensa-

tion simulation is fully setup to handle these types of contact-line dynamics in

simplied way.
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Figure 6.18: Constant ȧ. Comparison between thermostatic bath exper-
iments (symbols) and Tanaka simulation (black curve) for
number density (top left), fractional coverage (top middle),
normalized condensate volume (top right), median radius
(bottom left), number density distribution for the nucleating
radius (bottom middle), and number density distribution for
the departing radius (bottom right). (•), (◦), (�), and (♦) de-
note the first, second, third, and fourth trials, respectively.
Simulation parameters: ȧ=3.5 mm/s, As=1 mm2, nr=400 in-
tervals, Rmin=0.006 mm, Rmax=3 mm, D=0.06 mm, Rc=90 µm,
nt=7000 steps, tf=100 s.
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Figure 6.19: Constant ∆T . Comparison between thermostatic bath ex-
periments (symbols) and Tanaka simulation (black curve) for
number density (top left), fractional coverage (top middle),
normalized condensate volume (top right), median radius
(bottom left), number density distribution for the nucleating
radius (bottom middle), and number density distribution for
the departing radius (bottom right). (•), (◦), (�), and (♦) de-
note the first, second, third, and fourth trials, respectively.
Simulation parameters: ∆T=0.7 K, As=1 mm2, nr=75 inter-
vals, Rmin=0.006 mm, Rmax=3 mm, D=0.06 mm, Rc=95 µm,
nt=25000 steps, tf=100 s.
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CHAPTER 7

NASA ON-SITE ROTATIONS

Prior to my A-exam in the Fall of 2011, I was awarded a NASA Space Tech-

nology Research Fellowship (or NSTRF for short) for a grant proposal I had

written. One of the requirements of the fellowship was to complete a 10-week

on-site rotation at a NASA center for each year of funding. The NASA projects

were completely separate from my thesis work, but still in the general area of

fluid mechanics. The projects I worked on directly supported NASA’s work

and missions. This chapter gives both a brief background of why the work was

important and what my role was. The first on-site rotation was completed at

Johnson Space Center (JSC) from February-May 2012 in Houston, TX. Another

trip was made in August of 2012 for two weeks to finish up the experiments.

The second and third on-site rotations were completed at the Glenn Research

Center (GRC) from June-August 2013 and August-October 2014 in Cleveland,

OH. A paper is anticipated for the two-phase flow map work completed at GRC

during the third and final NASA on-site rotation.

7.0.1 Experimental Evaluation of Al2O3 and ZnO Nanofluids in

the External Heat Transfer Loop of Orion (JSC-Year 1)

Fluids doped with metal particles are showing promise as a viable heat transfer

fluid. Within the last 20 years or so, the particles have decreased in size go-

ing from microns to nanometers. As a result, the suspensions are more stable

because of Brownian motion and enhanced particle-particle interactions which

become important at this length scale [38]. A base fluid which has been doped
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with nanoparticles is called a nanofluid. Nanofluids are attractive from a mass

saving perspective due to enhanced thermal conductivity. For the same heat

load, less mass is required for heat transfer. The amplification factor of the ther-

mal conductivity appears to be dependent on the volume concentration of the

nanoparticles [38, 142, 39, 92, 37], temperature of the fluid [13, 38, 39, 92, 37], size

of the particle [39, 37], type of particle, etc. A potential disadvantage of nanoflu-

ids is that with increasing thermal conductivity there could be an increase in

viscosity (or increase in pump power). A consensus has yet to be reached on

this issue. Some journal papers report no increase in pump power while others

cite an increase that completely offsets the gain obtained with enhanced thermal

conductivity [36]. The viscosity increase has been shown to be possibly depen-

dent on dispersion preparation and volume fraction of particles. One group of

authors has reported data (Al2O3 particles in DI water) where the viscosity in-

creases, reaches a maximum at a volume concentration of 5%, then decreases.

Another group of authors showed data for TiO2 and Al2O3 particles in DI water

where the viscosity increases and then levels off to a constant value around 5%.

A possible explanation for the increase in viscosity is related to the presence

of a local double layer around the particle. This could introduce more cohesive-

ness amongst the bulk fluid thereby increasing the resistance to flow. Another

possible explanation is the existence of particles (and potentially their immobile

double layers) might give rise to a jamming (think granular type flow where

sand particles move around each other) type flow. With an increase in viscosity

comes an increase in the pump power needed to maintain a constant volumet-

ric flow rate to achieve a specified heat removal rate. The question that we

are specifically seeking to address from a design standpoint is how much does

the increase in thermal conductivity (and consequently reduced mass require-
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ments) offset the increase in pump power (if there is any).

The mechanism responsible for the increase in thermal conductivity is still

up for debate. One possible explanation is the forced convection of fluid local

to the particle resulting from Brownian motion [142]. Another explanation is

incomplete oxidation of the metal particle which in the case of Cu would leave

regions of very high thermal conductivity [38]. A third plausible explanation

is related to the particles agglomerating and forming a chain [142]. It has been

reported that they are very conductive when they form long chains. Without

probing the microscopic structure directly, it’s difficult to ascertain which of

these mechanisms is the most responsible.

A lot of the work in the experimental area of nanofluids has mostly involved

the use of water, ethylene glycol, and other organic solvents as the base fluid. In

the case of base fluids whose thermal conductivity is already high, like water,

the increase in thermal conductivity upon the addition of nanoparticles is not as

pronounced. The large enhancements will arise in the case of poor heat transfer

fluids such as HFE 7000 (1-methoxyheptafluoropropane), which is projected to

be used in the external heat transfer loop of Orion.

A parametric study on the use of nanofluids in the internal loop of Orion

has already been completed [134]. The nanofluids of interest were CuO and

Al2O3 nanoparticles suspended in a mixture of ethylene glycol/water in a ratio

of 60:40. The study was completed at room temperature over a volume fraction

range of 0-6%. The results were that addition of nanoparticles led to an increase

in the system mass (i.e. pumping power). No study, be it parametric or exper-

imental, has been completed on the external flow loop. The goal of the current

test is to experimentally investigate the use of ZnO and Al2O3 nanoparticles in
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Syltherm XLT as a viable heat transfer fluid for the external flow loop of Orion.

While HFE 7000 is anticipated to be used as the base fluid during flight, we

chose to use Syltherm XLT because the physical properties are similar to those

of HFE 7000 but without the toxicity.

The use of 40 nm Al2O3 and ZnO nanofluids as a viable heat transfer

medium in the external heat transfer loop of Orion was experimentally investi-

gated. A simple flow loop was designed and built to evaluate the viscosity of

both nanofluids at 1%, 2%, 3%, and 4% volume fractions. The viscosity of water

and Syltherm was also measured and served as a validation on the physics of

the loop. It was found that the transition to turbulence occurred earlier than ex-

pected and at the same point regardless of the physical properties of the fluid.

A power law fit to the data in the laminar regime revealed that the nanofluids

were potentially shear-thinning at lower shear rates while water and Syltherm

were shown to be Newtonian as expected. While the pump power increased

qualitatively as the volume fraction of the nanofluid increased, it is not clear at

this point whether or not this trade-off exceeds the benefits of enhanced thermal

conductivity.

7.0.2 Optical Void Fraction Measurement for Two-Phase Flow

(GRC-Year 2)

Two-phase flow separation under microgravity conditions has a number of

technical challenges. Human Health, Life Support and Habitation Systems

depend on two-phase flow for a number of systems. Thermal Management

Systems cites further challenges involving liquid/gas interfacial instability. On
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earth, the buoyancy force is responsible for bringing bubbles away from a heat-

transfer surface. Under microgravity, the absence of a buoyancy force allows

for coalescence of smaller sized bubbles into a larger bubble, which increases

residence time at the heater surface. Consequently, maintenance of a high heat

transfer coefficient is hindered by both the inability to sustain liquid contact at

the heater surface and weaker forced convection resulting from a slower detach-

ment rate. The overall goal of the FBCE project is to develop sufficient under-

standing of the physics affecting the evaporation of fluid caused by absorption

of waste heat, the subsequent upstream condensation of the vapor, and finally

the collection and recycle of the condensate for reuse in the process under low

gravity conditions.

Flow boiling, as opposed to pool boiling, is one way to overcome the dis-

advantages encountered in pool boiling in a microgravity environment. Both

the results of previous authors and the FBCE have shown that in such an envi-

ronment, an inertially dominated two-phase flow leads to a higher critical heat

flux (CHF) that approaches a value similar to the one in 1g. The onset of the

inertially dominated regime is designated by critical threshold velocity of the

bulk liquid whereby any velocity above it will lead to a flow topography that is

similar to that in earth’s gravity for the same operating conditions.

In FBCE, the controllable parameters included the subcooling of the liquid,

the amount of heat input, the outlet pressure, and the liquid flow rate. The rate

of bubble generation was controlled by the heat input. We would like to perform

similar experiments where here, the rate of bubble generation is controlled by

the gas flow rate. Using this setup, we would like to develop a non-intrusive

way to visualize two-phase flow so that conventional image analysis techniques
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(i.e. thresholding) can be used to calculate the void fraction. In navigating

through the 2D parameter space corresponding to the two different phases, we

would also like to make a qualitative comparison between the flow topogra-

phies encountered in our experiment with those encountered in the FBCE. It is

worth noting, that there are slight differences between the FBCE and our pro-

posed experiments that might lead to some differences. The first pertains to the

surface where vapor is generated and how the properties of the surface will in-

fluence detachment of the vapor layer. The physics of the detachment depend,

to some extent, on the behavior of the contact-line. In the case of the FBCE, the

initial bubbles are generated on nucleation sites which reside on a reasonably

smooth, homogeneous surface, in which case the contact-line might be mobile.

In our case, we are forcing air through an injection port where the circumference

of the contact-line is very likely to be pinned. A secondary, and probably minor

effect, is the possible presence of a Marangoni flow. In the FBCE, because the

surface is heated, there might be a temperature difference within the channel,

which would lead to a small gradient in surface tension, which would lead to

a Marangoni flow. In our proposed experiments, this secondary effect is absent

because we are not heating the surfaces.

The specific goal of my project was to evaluate the accuracy of using a non-

invasive optical technique to accurately assess the void fraction of a two-phase

flow from a side view image. An open flow loop, containing a test section which

allows for injection of air perpendicular to the flow of distilled water to create a

two-phase flow at room temperature and pressure, was built. Air was injected

through 300 micron diameter ports (which are equally spaced in the axial di-

rection) on opposite sides of the channel to mimic the dynamics of evaporation

at a heated wall. High speed imaging was used to visualize two phase flow at
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four different locations along the test section for the bubbly, slug, and annular

regimes. Using image analysis, a time averaged areal void fraction was calcu-

lated and compared with the actual void fraction from knowledge of the flow

rates. The areal void fraction varied significantly along the length of the channel

as a result of flow development. In addition, a Matlab simulation was written

to gain insight into the discrepancy between the two different void fractions in

the case of a static liquid and gas for the bubble regime. Regardless of how the

bubble radii were distributed (i.e. Gaussian, uniform, or equivalent), a discrep-

ancy between the two void fractions was found in the case where the areal void

fraction was calculated from 3D projection of the bubbles onto a 2D plane. Data

from static experiments where air is injected into Purell (brand name hand san-

itizer) exhibit the same qualitative trend as that predicted by simulation. In the

case of a single bubble, or multiple bubbles which do not overlap, an expression

can be derived. In the static case, the discrepancy is thought to arise from the

finite depth-of-field of a lens and the inability to determine the bubble diameter

at the point of intersection with the plane of interest. Additional complications

arise when both phases have a non-zero velocity.

7.0.3 Two-Phase Flow Map and Boiling Curves of FC-72 in

a Horizontal Channel with a Rectangular Cross-Section

(GRC-Year 3)

As NASA prepares for deep space missions to Mars and beyond, the need for

higher heat rejection on the order of MW will be required. Use of a single-phase

(1Φ) system to accomplish this would require a large volume of fluid because
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only the sensible heating component could be utilized. If instead a two-phase

(2Φ) system is used, a large portion of the waste heat could be rejected into the

phase change of the fluid, in addition to the sensible component. This would

result in a lower mass system and reduced energy requirements. Unfortunately,

the behavior of two-phase systems in a low gravity environment from the con-

text of a heat transfer cycle on a macroscopic scale are poorly understood. More

specifically, how does the presence of gravity affect both the onset of critical

heat flux in flow boiling and the annular condensation on a tube. The Flow

Boiling and Condensation Experiment (FBCE), a collaboration between Purdue

and NASA, directly addresses this technological gap. So far, the effect of grav-

ity on the CHF mechanism in flow boiling has been investigated on earth by

changing the orientation of the channel from 0◦ to 360◦ [67]. More recently, in

September 2013, the flow boiling module (FBM) and the condensation module

(CM) flew on the reduced-gravity aircraft. Through sequential parabolic ma-

neuvers, the aircraft can simulate near zero-gravity conditions for about 20 s

as the airplane rounds the crest of the trajectory and about 40 s of 1.8g as the

airplane pulls into and out of the trough of the trajectory. However, when in-

vestigating two-phase flow phenomenon, gravity can have a profound effect on

the flow structure when there is a density difference between the vapor and the

liquid. Hence there is a need for a clean gravitational environment when con-

ducting these types of tests. Furthermore, to accurately determine the value of

CHF, the approach matters. CHF can be thought of as an instability and if the

system is ramped up too quickly, the system inertia could trigger premature on-

set of CHF. Similar phenomena has been observed when mechanically loading

liquid bridges [85]. Hence the need for a longer duration experiment to give the

system time to reach steady-state at each FBM heater power. The International
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Space Station (ISS) provides a much cleaner microgravity environment in addi-

tion to more time to perform the experiment. The FBCE is scheduled to fly on

the ISS in 2017 to gather data for flow boiling and annular film condensation.

The data will be used to develop general mathematical models applicable for

any gravitational environment. Once validated, these models can then be used

to help design thermal management systems and to predict their performance.

Understanding the physics of 2Φ flow systems is important in being able to

predict the pressure drop and the heat and mass transfer in a system. These all

strongly depend on the flow pattern, meaning the distribution of the vapor and

liquid phases within a channel. A 2Φ flow map is useful, because it maps out the

various possible flow patterns achievable in a system as a function of parame-

ters (e.g., mass flux and thermodynamic quality) that are usually controlled.

The evolution of a flow pattern as these parameters are changed depends on

channel orientation, gravity level, channel geometry, fluid, and relative velocity

between the two phases. The 2Φ flow map for FC-72 (a perfluorocarbon) in a

mini channel with a rectangular cross-section 5 mm high and 2.5 mm deep was

determined using high speed imaging. The quality was controlled by changing

either the bulk heater power or the mass flow rate. If the heat load is known

in advance, one could use the map to figure out the response of the system in

terms of the progression through the different regimes. By knowing what flow

regimes the system passes through as it absorbs a certain amount of heat, the

appropriate models for predicting pressure drop, heat and mass transfer can be

used to design and size the thermal management system. As far as existing lit-

erature on this topic, there has been a fair amount of data collected for a few dif-

ferent cross-section geometries (e.g., square, circle), orientations (e.g., horizon-

tal, vertical, inclined), fluids (e.g., air/water, hydrocarbons, refrigerants (e.g.,
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R134a, R22, R12, etc.), and adiabatic and diabatic channels [140, 34, 71, 32, 33].

There is very little on FC-72 in the literature. Development of a 2Φ flow map

for this system, while specific to our application, would also expand the current

data base and help modeling efforts.

Boiling curves can be thought of as another way of mapping the system, but

instead of looking at flow patterns, boiling curves detail the approach to CHF.

From the boiling curves, the heat transfer coefficient can also be calculated to

assess the thermal performance of the system. The boiling curves of FC-72 were

measured as a function of flow rate (2.5, 5, 10, 15, 20, 30, and 40 g/s), active

FBM heater configurations (top only, bottom only, top and bottom together),

pressure on the gas side of the accumulator, and the degree of subcooling (sub-

cooled, near saturated, 2Φ) at the inlet to the flow boiling module (FBM). We

captured the whole boiling curve, because we were interested in both the ap-

proach to CHF and also the point at which CHF occurred. The point at which

CHF occurred will be useful to Mudawar and his research group (Purdue) for

modeling purposes. Knowledge of the whole boiling curve gives a very de-

tailed view of how the system behaves and responds to certain conditions and

set points.

A flow map detailing the different flow regimes for FC-72 flowing through a

horizontally oriented rectangular channel 5 mm in height and 2.5 mm deep was

experimentally investigated. A high fidelity flow loop was used to condition

and develop the flow, in addition to measuring the temperature and pressure

at several points along the loop. High speed imaging was used to acquire se-

quences of images to categorize the flow pattern as either bubbly, plug, slug,

stratified smooth, stratified wavy, annular, or froth. Additionally, data for flow
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boiling of FC-72 was acquired for different flow rates, active heater configura-

tions (top heater only, bottom heater only, both heaters), accumulator gas side

pressures, and degree of subcooling. The two-phase flow map obtained dif-

fers significantly from the traditional Baker map [5]. Furthermore, the homoge-

neous model grossly underpredicts the measured pressure drop from the inlet

of the flow boiling module to the exit of the heated section. Boiling curves and

the value of critical heat flux (CHF) for FC-72 as a function of flow rate when

only the top heater was active showed a strong dependence on the flow rate.

This indicates that vapor removal strongly depends on bulk fluid convection.

In contrast, in the case when only the bottom heater is operating, the boiling

curve shape and the value of CHF is largely independent of flow rate, indicating

that buoyancy is the dominating mechanism for vapor removal from the lower

heated surface for lower flow rates between 2.5 g/s-10g/s. For a constant flow

rate, but changing the activated heater configuration, the boiling curves and the

CHF value depend on which heater is activated for lower flow rates but not so

much for higher flow rates because the flow becomes gravity independent due

to the inertial forces overcoming buoyancy forces.

In addition to completing the flow boiling and two-phase flow map exper-

iments, the standard flow loop operating procedure and the experimental test

matrix were developed by the author. The FBCE project is scheduled to fly on

the ISS in 2017. Because the system needs to be completely autonomous and

run by software only, it was important to figure out what test points were im-

portant and how long they were going to take. As for the operating procedure,

it was important to figure out the order of how to turn things on. And if some-

thing failed to turn on, what the safety implication would be. Another question

to answer, was if a measurement device failed to initialize, could the test still
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continue safely and could the data be obtained another way. For instance, if

the flow meter stopped working, the loop could still safely operate and a rough

estimate of the mass flow rate could be obtained from knowledge of the pump

speed.
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CHAPTER 8

CONCLUDING REMARKS

Manipulation of interfaces is important in a range of applications including ad-

hesion devices, dropwise condensation on a subcooled surface, and two-phase

flow in a channel. Being able to manipulate the interfaces repeatedly and reli-

ably with the least amount of energy possible is crucial to each of these applica-

tions.

Control of the liquid-gas interface in an adhesion device is done by manip-

ulating a liquid bridge by a mechanical means. The mechanical manipulation

could be via application of a pressure, loading the bridge with a tensile force,

removing or adding volume, or changing the height.

In the case of dropwise condensation, it is desired to continuously remove

drops from the surface to prevent the transition to filmwise condensation where

heat transfer coefficients are known to degrade by a factor of 10. To move

the drops however, the interface needs to be controlled in the vicinity of the

three-phase contact-line to create two different contact-angles at the leading and

trailing edges of the drop to encourage motion. The local deformation of the

contact-line can be achieved by oscillation of the surface, by imposing a surface

energy gradient, a thermal energy gradient, or an electrical gradient. With the

exception of oscillating the surface which changes the contact-angle directly, the

other methods change the contact-angle by altering the surface energy sampled

around the drop perimeter, local to the contact-line during motion.

For two-phase flow in a channel, the re-distribution of the gas and liquid

phases relative to one another greatly affects the pressure drop in a system.
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Hence, being able to redistribute the phases in a channel to yield the lowest

pressure drop is desired from a design standpoint. Another area where redistri-

bution of the two phases is important, is in flow boiling. In sections where high

waste heat removal is needed, the system will likely reach a critical heat flux

situation where the liquid in contact with the heater wall is completely vapor-

ized. This leads to a runaway wall temperature that if left unchecked, will lead

to burnout of the heaters. This can have potential catastrophic consequences for

the rest of the system. Hence, being able to rearrange the two phases in this situ-

ation so that liquid is either continuously, or at least periodically, being brought

into contact with the wall is important.

Adhesion devices are useful for a variety of applications including grabbing-

and-releasing substrates and picking-and-placing several objects in parallel in

predefined configurations. The successful application and design of adhesion

devices relies on our understanding of liquid bridge instabilities for different

mechanical loadings: constant-length, constant-force, and constant-volume. In

the laboratory, I have successfully isolated and controlled these three distur-

bance classes. While the constant-volume and constant-length disturbances

were relatively simple to control, the constant-force disturbance was a chal-

lenge. I developed a novel way using a low-friction setup with a pivot arm to

control the force on the bridge. I then used the experimental findings to propose

a mechanism by which the beetle detaches [85, 121]. In a collaborative effort

with another research group, I co-invented an adhesion device that allows for

individual addressability of several liquid bridges in parallel to pick-and-place

mm-sized objects in any desired configuration [99].
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Dropwise condensation is a highly sought after way to remove large waste

heat loads in industrial processes such as power generation systems here on

earth and on board spacecraft. The most important question from a technol-

ogy perspective that remains unanswered, is how to create long-lasting and

cost-effective surfaces. My research has partially addressed this question by

experimentally and computationally investigating what surface should be used

to yield a population of drops that maximizes heat transfer for long periods of

time and how should such systems be modeled.

I have found that use of a surface energy gradient halts maturation of the

first generation of drops by removing them from the surface. In the process of

departing from the surface, they sweep other drops in their path. This leads

to constant removal of larger drops. A consequence of this is that the drop-

size distributions are shifted towards smaller drop-sizes [84]. The ideal surface

is one that has a high fractional coverage of the smallest drops possible. The

computational work has shed additional light on how the transient behavior of

drop populations on a low thermal conductivity substrate should be simulated.

It has been shown that using a constant temperature difference between the

steam and the condensing surface does not adequately predict the total amount

of liquid condensed onto the surface. A constant temperature difference in the

steady-state conduction model Equation (5.18) means that the growth rate of a

drop is inversely proportional to its radius. Hence, larger drops have slower

growth rates. Consequently, the constant temperature difference method un-

derestimates the growth rate of larger drops at later times, and it is the conden-

sation onto the interface of these large drops that is the largest contributor to

the total volume of the system. Additionally, it was found that simulating with

fixed nucleation sites yields good agreement at earlier times whereas simulating
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with random nucleation yielded better agreement at later times. This surpris-

ing result suggests that more nucleation sites are being activated as condensa-

tion progresses. The nucleation sites might get activated as drops coalesce and

sweep adjacent surface areas, possibly leaving behind small packets of liquid

on the defects. And finally, the calculated heat transfer coefficient for our glass

surface matches existing literature values for similar surfaces when corrected

for substrate orientation. For comparison, a separate simulation was performed

by numerically integrating two coupled integrodifferential equations that de-

scribed the time evolution of the drop population without accounting for the

spatial dependence of the drops, following Tanaka.
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CHAPTER 9

FUTURE WORK

It is not clear at this point how the process of dropwise condensation in earth’s

gravity would change in a low gravity environment. More specifically, how

the evolution of drop-sizes would be altered as a result of possible differences

in coalescence and contact-line behavior. However, one could hypothesize that

the resulting drop shapes after coalescence might change due to the weightless-

ness of the drops. Larger shape fluctuations could result in more sweeping, and

higher heat transfer coefficients. Since evolution of the drop-size distribution

at the statistical steady-state occurs by coarsening from coalescence, it is impor-

tant to understand how this depends on the gravitational environment because

the heat transfer of a surface depends on the characteristics (size and number)

of drops in the population. Having the ability to predict, with simulation, the

heat transfer coefficients for a variety of surfaces will require knowledge of how

coalescence changes in different gravitational environments. There could also

be unanticipated behaviors such as coalescence induced drop departure from

the surface. Much like in earth’s gravitational field, when drops depart from

the surface prematurely in pendant mode dropwise condensation because of

contact-line inertia from a coalescence event, the same could happen on a super-

hydrophobic surface in a microgravity environment after a coalescence event.

Coalescence induced sweeping of the surface is an important removal mech-

anism for maintaining dropwise condensation. Larger shape fluctuations after

coalescence result in a larger swept area. Understanding how the static contact-

angle, the contact-angle hysteresis, and the substrate temperature influence this,

is important. It was found in preliminary coalescence experiments that a higher
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substrate temperature (e.g., 70◦C) leads to much larger shape fluctuations than

a lower substrate temperature (e.g., 3◦C). Additional qualitative experiments

were performed on two different hydrophobic surfaces (θs = 98◦ and θs ∼ 135◦).

Here, two 3 µL drops were deposited onto the surface with a syringe. One drop

was stationary, while the other was forced into the first one by pushing it with a

burst of air from a miniature air compressor. The resulting coalescence was cap-

tured and analyzed with high speed imaging. Both substrates were at the same

temperature (room temperature). The hysteresis of the θs ∼ 135◦ surface was

much higher than the θs = 98◦ surface. However, the extent of shape fluctuation

on the θs ∼ 135◦ surface was much larger than the θs = 98◦ surface. Perhaps the

effects of a high contact-angle overcome the disadvantages of a high contact-

angle hysteresis. In the future, it is recommended to use a different method to

coalesce drops on a surface. The use of air makes it difficult to impart a repro-

ducible amount of inertia to the drop.

With the emergence of the capability to fabricate physically textured surfaces

to create superhydrophobic surfaces [43, 74, 111, 149, 22] for condensation, it is

necessary to gain an understanding of how the presence of the roughness fea-

tures influence coalescence. Traditional condensing substrates were restricted

to copper and other metals and the substrates were only chemically treated to

promote dropwise condensation. More recently, other alternatives to traditional

metal substrates such as silicon wafers and plastics, are being investigated for

use as condensing substrates. Both of these substrates are able to be physically

textured. The atomic smoothness of silicon wafers make them ideal substrates

for nanofabrication of micro- and nano-sized structures to create a physically

textured landscape. In the case of plastic substrates, the commercialization of

3D printing has opened up lots of possibilities in terms of printing low cost sub-
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strates with different physical textures. Whereas coalescence of two drops on

a flat hydrophilic surface is a well studied problem [94, 114, 2, 62], coalescence

of two drops on a textured surface (and even hydrophobic surfaces) is less ex-

plored territory. Coalescence of two drops on a textured surface could lead to

different dynamics, particularly for Wenzel drops which penetrate the surface

roughness (cf. Figure 9.1). Here, there is the possibility of communication be-

tween the drops both above the features (similar to coalescence of drops on a flat

surface) and below, because of the texturing. The presence of the textures cre-

ates conduits that could allow for an additional ’underground’ communication

between the drops [135].

Figure 9.1: Wenzel drops on a physically textured surface consisting of
equidistant pillars with a square cross section (orange).

To date, no theory seems to exist for the time evolution of the drop-size dis-

tribution function for surface energy gradient surfaces. It is envisioned that

the theory can be derived by extending Tanaka’s population balance model by

altering the departure term and the perimeter expansion term to incorporate

the effects of the surface energy gradient. Because the drops need to be larger

than a threshold value in order to move, the Heaviside function will need to

be used to ”turn on” and ”turn off” the motion of drops. The velocity of the

drop is found by writing down a force balance that includes resistance due to

hysteresis, drag between the drop and the solid as it moves, the force due to the

surface energy gradient, and any other body forces that might be present. Since
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Tanaka’s theory does not include any spatial dependence of the drops, an aver-

age dynamic contact-angle would need to be used. A comparison of the results

with a simulation similar to that performed on a uniform contact-angle surface

would reveal how important the spatial dependence of the drops is. Likewise,

it would be useful to compare both approaches, the extension to Tanaka and the

gradient simulations, to the results from experiment. A preliminary derivation

has already been completed, the details of which can be found in Appendix E.2.
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APPENDIX A

APPENDIX FOR CHAPTER 2

A.1 Single Drop Geometry Derivations

A.1.1 h > 0: Hydrophobic Surface (θs > 90◦)

From Figure 2.6(a), we find from geometry that θs = α + π
2
, a =

√
R2 + h2,

and sinα = h
a
. When analyzing images of a condensation experiment on a

hydrophobic surface, the cross-section that we actually see corresponds to the

widest part of the drop, which has a radius a. As a function of the measured

observables a and θs, the area and the volume are

Alg(a, h > 0) = 2π
(
a2 + ha

)
= 2π

(
a2 + a2 sinα

)
= 2πa2 (1 + sinα)

= 2πa2
(

1 + sin
(
θs −

π

2

))
= 2πa2 (1− cos θs)

(A.1a)

V (a, h > 0) =
π

3

[
2
(
a2
) 3

2 + 3h
(
a2
)
− h3

]
=
π

3

[
2a3 + 3ha2 − h3

]

=
π

3

[
2a3 + 3a sinαa2 − a3 sin3 α

]

=
πa3

3

[
2 + 3 sin

(
θs −

π

2

)
− sin3

(
θs −

π

2

)]

=
πa3

3

[
2− 3 cos θs + cos3 θs

]

(A.1b)

A.1.2 h < 0: Hydrophilic Surface (θs < 90◦)

From Figure 2.6(b), we find from geometry that θs + α = π
2
, a =

√
R2 + h2, and

sinα = −h
a

. The area and the volume are

Alg(a, h < 0) = 2π
(
a2 + ha

)
= 2π

(
a2 − a2 sinα

)
= 2πa2 (1− sinα)

= 2πa2
(

1− sin
(π

2
− θs

))
= 2πa2 (1− cos θs)

(A.2a)
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V (a, h < 0) =
π

3

[
2
(
a2
) 3

2 + 3h
(
a2
)
− h3

]
=
π

3

[
2a3 + 3ha2 − h3

]

=
π

3

[
2a3 − 3a sinαa2 + a3 sin3 α

]

=
πa3

3

[
2− 3 sin

(π
2
− θs

)
+ sin3

(π
2
− θs

)]

=
πa3

3

[
2− 3 cos θs + cos3 θs

]

(A.2b)

NOTE: The negative sign has already been accounted for. When performing

calculations, an angle in the first quadrant must be used.

A.1.3 h = 0: Neutrally Wetting Surface (θs = 90◦)

Setting h = 0 yields the following expressions for the area and the volume

Alg(R, h = 0) = 2πR2 (A.3a)

V (R, h = 0) =
2π

3
R3 (A.3b)

The limiting cases of perfectly wetting and perfectly non-wetting can be ex-

amined to ensure that the equations derived for the hydrophilic and the hy-

drophobic cases converge to the proper limit. In the case of a perfectly wetting

surface (θs = 0◦), equations A.2a and A.2b are zero. In the case of a perfectly

non-wetting surface (θs = 180◦), equations A.1a and A.1b are Alg = 4πa2 and

V = 4πa3

3
.

The ratio of the liquid-gas interfacial area to the footprint area of a drop is

given by
2πa2 (1− cos θs)

πR2
=

2πa2 (1− cos θs)

πa2 sin2 θs
=

2 (1− cos θs)

sin2 θs

Using standard trigonometric identities, the expression can be further simpli-
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fied
2 (1− cos θs)

sin2 θs
=

2 (1− cos θs)

1− cos2 θs
=

2 (1− cos θs)

(1 + cos θs) (1− cos θs)
(A.4)

leaving
2

1 + cos θs
(A.5)

The ratio of volume to liquid-gas interfacial area is

πa3

3
[2− 3 cos θs + cos3 θs]

2πa2 (1− cos θs)
=
a (2− 3 cos θs + cos3 θs)

6 (1− cos θs)

This can be made dimensionless by scaling the volume with the volume of a

hemispherical drop and the liquid-gas interfacial area with the footprint area

a (2− 3 cos θs + cos3 θs) πR
2

6 (1− cos θs)
2
3
πa3

=
(2− 3 cos θs + cos3 θs) sin2 θs

4 (1− cos θs)
(A.6)

Last but not least, is the ratio between the drop height and the footprint

radius
a+ h

R
=
a− a cos θs
a sin θs

=
1− cos θs

sin θs
(A.7)

Figure 2.7 plots these three ratios as a function of the static contact-angle.
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APPENDIX B

APPENDIX FOR CHAPTER 3

B.1 Computational Methods

B.1.1 AUTO

Response diagrams were generated by solving (3.1a)-(3.1c) subject to the appro-

priate constraints, either L or V in equation (3.2), using the path continuation

software AUTO2000 [30]. Inputs such as the Bond number, the top contact-line

boundary condition, and an additional constraint which depends on the type of

simulation to be run (e.g. for an FV curve, one would need to supply an L and,

for an FL curve, one would need to supply a V ) had to be provided.

B.1.2 Surface Tension, Pressure, and Contact-Angle Determi-

nation

For the experiments involving direct measurement of the force, the surface ten-

sion value must be known in order to compare experiments to model predic-

tions using equation (3.3). Two approaches were used to determine the surface

tension from an image of a pendant drop and the average value was used in the

calculations. The first involves the use of Bond number lookup tables. Two mea-

surements are needed: the maximum diameter of the pendant drop, de, and the

diameter of the drop a distance de from the apex, ds [46, 123]. For the Bond num-

bers encountered in our experiments, uncertainty in the surface tension using
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this method is around 2.9%. The other approach involves use of the multivariate

optimization Nelder-Mead (or Simplex) method [18, 120]. Matlab has a built-in

function for the Nelder-Mead method, ‘fminsearch,’ that was incorporated into

the routine. The error between the results of the two methods was always less

than two percent. The Nelder-Mead method was also used to determine the

contact-angle supplement, αo, and the pressure constant, po, at the base of the

bridge (cf. Figure 3.4). Here, a 2-dimensional simplex with 3 vertices is used

to navigate the parameter space. At each vertex, equations (3.1a)-(3.1c) are nu-

merically integrated. Depending on the ordering (by magnitude) of the vertices,

the simplex either reflects, expands, contracts, or shrinks until the least-squares

difference between the experimentally determined profile from image analysis

and the theoretical profile from numerical integration is minimized. The only

assumption required by this method is that the shape profile is axisymmetric.

B.2 Appendix B: Constant-V Experiments

For this class of disturbances, the FV -response is measured. Here, the bridge

was subjected to constant-V disturbances by either increasing and/or decreas-

ing the volume. To increase the bridge volume, a syringe equipped with a 0.71

mm diameter needle was used to direct a tiny drop close enough to the bridge so

that it could coalesce with the liquid-gas interface. To decrease the volume, the

bridge was allowed to evaporate. The experiment setup is the same as that for

the hard-loading experiment with the exception of a fixed upper boundary. Af-

ter each noticeable volume change (∼ 0.5-1.0 µL), the force was measured using

a scale and an image of the bridge was recorded. Like the constant-L experi-

ments, the measured force was compared with predictions from theory using
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inputs back-calculated from the images (i.e. αo, po, and σ). These experiments

were completed for both pin-pin equal and unequal radii boundary conditions

for different bridge lengths.

Each of the two methods to change volume has advantages and disadvan-

tages. Increasing the volume by drop deposition through use of a syringe cre-

ates a disturbance on the liquid-gas interface of the bridge. If the disturbance

is sufficiently large, the bridge depins and walks over the edge of the nozzle

thereby rendering it non-axisymmetric, which complicates image analysis. Both

pressure estimation and the contact-angle supplement calculations would be in-

accurate. In addition, while performing this type of experiment, other instabili-

ties need to be avoided. For example, according to theory, rounding the turning

point in the direction of decreasing volume is destabilizing for constant-F dis-

turbances. In contrast, rounding the turning point in the direction of increasing

volume would be stabilizing to constant-F disturbances.

Results for the constant-V disturbance experiments are shown in Figure B.1

for three different lengths. For the longest length, L = 3.2 mm, the volume of

the bridge was both increased and decreased to check for hysteresis. The lack of

significant scatter in the data shows that hysteresis was minimal and indicates

that the bridge remained pinned. Agreement is less satisfactory for the L = 2.5

mm data. In this case, the bridges were perfectly symmetric about the centerline

which indicates that non-axisymmetry caused by poor nozzle alignment in the

direction perpendicular to the camera view plane might be responsible. This

type of non-axisymmetry affects agreement with the FV response through the

pinned footprint radius. Error in determination of the bridge height can also

lead to descrepancies when comparing FV response diagrams. The location of
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the turning points are very sensitive to the constraint (e.g. V in the FL plane, L

in the FV plane). Regardless, for all heights and boundary conditions consid-

ered, the bridge broke near the constant-V turning point, corresponding to the

minimum volume.

Figure B.1: Experimental FV -response (symbols) for a pin-pin equal(red)
and pin-pin unequal(black) radii water bridge subjected to
constant-V disturbances. Prediction (curves) are made using
calculated shapes and equation 3.3. Representative error bars
are shown for selected measurements.

B.3 Additional Files

B.3.1 Additional file 1

AUTO simulation illustrating the effects on the FL curve as a result of inaccu-

rate volume estimation due to contact-line walking. Simulation was performed
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under the same conditions as the experiment: B = 0.27 and r(1) = 0.98 with

slightly varying volume. Arrows indicate direction of increasing volume. The

middle curve corresponds to the volume measured at the end of the experiment

and the other curves reflect the uncertainty in the volume measurement. For

higher V at lower L, the force curve moves to the right. This explains the quali-

tative features of Figure 3.9.

B.3.2 Additional file 2

Pulley setup for soft-loading experiment. Lower nozzle can either be attached

to a rigid rod which is mounted to a peg board (left) or the load stem of a force

transducer (right).
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B.3.3 Additional file 3

Experimental FL-response (symbols) for soft-loading a bridge in the direction

of increasing F with r(0) ≈ r(1) ≈ 1 and B = 0.27. For this trial, the bridge

broke before the turning point in F . The simulation parameters use the condi-

tions of the last data point before the bridge breaks (curve). Force data (symbols)

are calculated from images using equation 3.3.
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APPENDIX C

APPENDIX FOR CHAPTER 4

C.1 Contact-Angle Hysteresis Measurement

Figure C.1 shows an example of a single contact-angle hysteresis measurement.

The measurement starts at the green star, where a drop is deposited onto the sur-

face with a syringe. The volume of the drop is increased slowly at roughly a con-

stant rate by hand. Here, the contact-angle increases because the contact-line is

pinned (short vertical segment of black dots). Once the contact-angle reaches a

value above the advancing contact-angle, the contact-line depins and advances

at the advancing contact-angle (horizontal segment of black dots). Volume ad-

dition is temporarily suspended for a few seconds and the drop is allowed to

relax to its equilibrium shape. Then, volume is withdrawn slowly. The contact-

angle decreases as the contact-line remains pinned (long vertical segment of

black dots). Once the contact-angle reaches a value below the receding angle,

then the contact-line retracts at the receding angle (horizontal segment of black

dots). The end of the experiment is denoted by a red star. While the the ad-

vancing contact-angle segment is always horizontal, the receding contact-angle

segment can take on four different shapes, each indicating a different contact-

line behavior [69]: stick-slip (cf. Figure C.3), constant (cf. Figure C.2), time-

dependent (cf. Figure C.4), no receding contact-angle.

Figures C.2, C.3, and C.4 summarize the hysteresis contact-angle measure-

ments for APTES, dodecyl, and fluoro treated surfaces. Data was not published

with the original paper. Colors denote different trials.
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Figure C.1: Example of contact-angle hysteresis measurement. Horizontal
red line denotes static contact-angle. Arrows indicate direction
of experiment.

Figure C.2: Contact-angle hysteresis results for APTES treated surface.
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Figure C.3: Contact-angle hysteresis results for dodecyl treated surface.

Figure C.4: Contact-angle hysteresis results for fluoro treated surface.
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APPENDIX D

APPENDIX FOR CHAPTER 5

D.1 Scaling Analysis

Since the simulation is done for hemispherical drops (θs = 90◦) and the exper-

iments were done on hydrophobic surfaces, it is necessary to scale the experi-

mental fractional coverage results. The fractional coverage of a single drop with

a footprint radius Ri making a contact-angle θs,i with a substrate is

εi =
πR2

i

As
(D.1)

Taking the ratio between two different surfaces

Rε =
ε1
ε2

=
πa2

1 sin2 θs,1
πa2

2 sin2 θs,2

We would like to calculate the ratio of fractional coverage for two equivalently

sized drops a1 = a2 where surface 1 has a contact-angle θs,1 = 90◦

Rε =
1

sin2 θs,2
(D.2)

A similar expression can be derived for the ratio of drop perimeters

Rε′ =
ε1
ε2

=
πa1 sin θs,1
πa2 sin θs,2

=
1

sin θs,2

A different fractional coverage ratio can be derived through conservation of

volume. Consider two drops of equal volume of radius a1 and a2 each sitting

on a surface with static contact-angles θs,1 and θs,2, respectively. In other words,

πa3
1

3
f (θs,1) =

πa3
2

3
f (θs,2)
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which can be simplified to

R2 = R1 sin θs,2

[
2

f (θs,2)

] 1
3

(D.3)

Plugging equation (D.3) into (D.1) and taking the ratio

Rε′′ =
ε1
ε2

=
πR2

1

πR2
1 sin2 θs,2

[
2

f(θs,2)

] 2
3

=
1

sin2 θs,2

[
2

f(θs,2)

] 2
3

(D.4)

Yet a third fractional coverage ratio can be derived, by assuming that the frac-

tional coverage of a surface is dictated by the coalescence of drops on the sur-

face. Here, the drop perimeter, versus the drop area, is important.

Rε′′′ =
ε1
ε2

=
πR1

πR1 sin θs,2

[
2

f(θs,2)

] 1
3

=
1

sin θs,2

[
2

f(θs,2)

] 1
3

(D.5)

The applicability of equations (D.2), (D.4), and (D.5) will be checked against

existing simulation results from the literature for different contact-angles and

with our recently published data in Chapter 4 [84]. In Figure D.1 the simulations

in the literature were performed on the underside of a horizontal surface (drops

depart because of gravity) with a constant subcooling, ∆T = 5 K, and a steam

temperature of 303 K, for three static contact-angles: 90◦, 120◦, and 140◦. In the

range of 90◦-130◦, the results from the area and perimeter fractional coverage

ratios are almost identical and its impossible to determine which one fits the

data better. But for the data point at 140◦, the perimeter ratio model works the

best. Additional comparisons can be made with the simulation data of [119] for

static contact-angles of 90◦, 105◦, and 120◦. Excellent agreement was again found

for this range of angles with both curves. In the simulation of Leach et al. [70],

the temperature of the surface changed with time because there was no cooling

of the substrate. The source of steam was also not maintained. In comparing

with the simulation results of [70] for two surfaces with static contact-angles
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of 60◦ and 100◦, the perimeter ratio works the best (cf. Figure D.2). Finally, a

comparison is made with our recently published data [84] and some of the data

contained in this chapter for contact-angles of 64◦, 98◦, and 103◦ (cf. Figure D.3).

Again, agreement with the perimeter scaling factor was excellent.

𝑅𝜖

𝑅𝜖′

𝑅𝜖′′

𝑅𝜖′′′

Figure D.1: Comparison of predictions from four different fractional cov-
erage scaling factors: area (yellow curve) and perimeter (green
curve) ratios without constrained volume, area (gray curve)
and perimeter (orange curve) ratios with constrained volume,
with fractional coverage simulation results from [63] (open
squares) and [119] (asterisks). Reference contact-angle=90◦.
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𝑅𝜖

𝑅𝜖′

𝑅𝜖′′

𝑅𝜖′′′

Figure D.2: Comparison of predictions from four different fractional cov-
erage scaling factors: area (yellow curve) and perimeter (green
curve) ratios without constrained volume, area (gray curve)
and perimeter (orange curve) ratios with constrained volume,
with fractional coverage simulation results from [70] (dots).
Reference contact-angle=60◦.

𝑅𝜖

𝑅𝜖′′

𝑅𝜖′

𝑅𝜖′′′

Figure D.3: Comparison of predictions from four different fractional cov-
erage scaling factors: area (yellow curve) and perimeter (green
curve) ratios without constrained volume, area (gray curve)
and perimeter (orange curve) ratios with constrained volume,
with fractional coverage simulation results from our experi-
ments [84] (open squares). Reference contact-angle=64◦.
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It has been shown by comparison with simulations in the literature for a con-

stant ∆T , decreasing ∆T , and with our experiments, that the perimeter scaling

factor derived from assumption of constant volume fits all of the data sets the

best. This factor will be used to compare the fractional coverage results pre-

dicted by the simulation with those measured in experiment.

D.2 Thermophysical Properties

Parameter Value
kc 0.680 W

mK
@ T=373.15 K [60]

ks 1.4 W
mK

@ T=293.15 K [104]
kp 0.2 W

mK
[65]

Rc 7.9 ×10−5 m
l 0.0625 in (0.001588 m) [104]
δ 1 ×10−8 m (estimated)
hi 1.57 ×107 W

m2K
[65]

ρ 957.85 kg
m3 @ T=373.15 K[60]

σ 0.0589 N
m

@ T=373.15 K [60]
Tsat 100◦ C (373.15 K)
hfg 2257 kJ

kg
@ T=373.15 K [60]

∆Tc 2.5738 ×10−4K
tc 42.2651s

Table D.1: List of thermophysical parameters and calculation of character-
istic temperature and time scales.

Parameter Value
kc 0.569 W

mK
[60]

ρ 1000 kg
m3 [60]

σ 0.0755 N
m

[60]

Table D.2: Additional thermophysical properties at T = 0◦C.
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D.3 Additional Results

Shown in Figure D.4 are the simulation results for fixed nucleation sites and a

constant ∆T . Similar to the results for the random nucleation simulation and

constant ∆T , the simulation grossly underpredicts the amount of liquid con-

densed onto the surface.
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Figure D.4: Comparison between ice bath experiments (red symbols) and
simulation (black curve) for number density (top left), frac-
tional coverage (top right), normalized condensate volume
(middle left), median radius (middle right), and nearest neigh-
bor distance for thresholded drops (bottom left) using a con-
stant ȧ. (•), (◦), (�), and (♦) denote first, second, third, and
fourth trials, respectively. Drops nucleated onto fixed sites.
Simulation parameters: n=4566 drops,Rmin=20 µm, ∆T=1.4 K,
∆t=0.05 s, tf=100 s, Rc=95 µm, As=1 cm2, Rmax=3 mm, A=19.9,
B=2.6× 10−6.
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D.4 Flow Chart

Start

Grow drops

Check for overlap 

between drop i and multiple 

other drops j

Check for 

coalescence

Coalesce drops. 

Center at COM of 

coalesced pair 

N
Drop j with largest overlap 

coalesced first with drop i. 

Delete other repeating entries.N

Y

Y

Attempt nucleation

Save data

Check 

stopping criteria Stop

Initialize

Nucleate

N

Y

Figure D.5: Decision making flow chart for condensation simulations.
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APPENDIX E

APPENDIX FOR CHAPTER 6

E.1 Static Force Balance on Pendant Drop

Balancing the gravitational and the surface tension force gives

2πRσ sin θs = (ρl − ρg)g
πa3

3

[
2− 3 cos θs + cos3 θs

]

Using the geometric relationship that relates the spherical cap radius to the foot-

print radius via the contact-angle (a sin θs = R) makes the left hand side a func-

tion of a

2πaσ sin2 θs = (ρl − ρg)g
πa3

3

[
2− 3 cos θs + cos3 θs

]
(E.1)

Cancellation of terms and rearrangement of the equation for amax yields the final

expression in equation (6.27).

E.2 Extension to Gradient Surfaces

We would like to extend Tanaka’s model to dropwise condensation on a gradi-

ent surface. Specifically, dropwise condensation of water onto a gradient surface

that has been created with dodecyltrichlorosilane. The temperature difference

between the steam and the condensing surface will be assumed to be constant

as a first cut.

The first part to change, is the movement of the drop perimeter. Before,

movement of the perimeter was assumed to only happen when the drop grew

by either coalescence with a neighboring drop or by condensation onto the
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liquid-gas interface. With the drops now located on a gradient, there could be

translation of the contact-line. This only happens though, if the drop exceeds a

critical size characterized by a critical radius, Rc. To capture this behavior, we

will need to make use of the Heaviside function. The boldly drawn curves have

a new width of

[ṙa(r, t) + ṙa(ρ, t) +H(r −Rc)u(r) +H(ρ−Rc)u(ρ)] dt (E.2)

whereH is the Heaviside function and will be used to turn the velocity ‘on’ and

‘off’ at the critical radius. Recall the definition of the Heaviside function

H(r −Rc) =





0 r < Rc

1 r > Rc

As a side note, a directionality does not need to be assigned to the velocity

because we are interested in radial gradients where drops sample the entire

velocity range in every radial direction.

The expression for the velocity can either be strictly empirical or analytical

with empirically determined parameters. These parameters may or may not be

fitting parameters, depending on which experiments were performed to deter-

mine them (explained later). For completeness, the analytical form of the veloc-

ity is derived and then discussion about which parameters can be estimated by

experiment are discussed.

The net force acting on a drop in motion on a gradient surface is

Fnet = Fgradient − Fhysteresis − Fdrag

where the forms of both the driving force arising from the strength of the gradi-

ent and the opposing force arising from hysteresis are already well known [29]
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and will not be derived here. The equation becomes

Fnet = πR2σ
d cos θd
dx

− 2σR (cos θr0 − cos θa0)− Fdrag (E.3)

Let us now derive the analytical form for the drag force. The dissipation arises

from the friction between the drop and the surface over which it is moving. The

amount of dissipation can be calculated using the model put forth by Huh and

Scriven [58]. Their model is valid strictly for fluid flow in the Stokes’ regime

(i.e. Re << 1). First, let us calculate the Reynolds number for a typical drop of

water moving on a gradient surface

Re =
ρuL

η
=

(1000 kg
m3 )(10 cm

s
)(1mm)

(1× 10−3Pa · s) = .0001 << 1 (E.4)

For this situation the Reynolds number is very small, justifying use of the model.

The model, valid for any θe, assigns a viscosity to each fluid phase and solves

the Navier-Stokes equations for a two dimensional flow field as a function of the

stream function for an incompressible, Newtonian fluid in the limit of creeping

flow. The resulting velocity components are

vBr = (u− θcB) cos θ − (cB − θdB) sin θ = u cos θ − θcB cos θ − cB sin θ + θdB sin θ

vBθ = − (u− θcB + dB) sin θ+θdB cos θ = −u sin θ+θcB sin θ−dB sin θ+θdB cos θ

where B is just the designation of the fluid phase which here, is taken to be

the liquid inside the drop. The shear stress in cylindrical coordinates is just the

standard [147]

τrθ = τθr = η

[
r
∂

∂r

(vθ
r

)
+

1

r

∂vr
∂θ

]
= η

[
r

(
1

r

∂vθ
∂r

+ vθ
−1

r2

)
+

1

r

∂vr
∂θ

]
=
η

r

[
−vθ +

∂vr
∂θ

]

Calculation of the shear stress results in the following expression

∂vBr
∂θ

= −u sin θ − cB [cos θ − θ sin θ]− cB cos θ + dB [sin θ + θ cos θ]

= −u sin θ − 2cB cos θ + cBθ sin θ + dB sin θ + dBθ cos θ
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where the underlined terms correspond to terms which cancel with those in

the vBθ expression when substracted. Hence, the expression for the shear stress

becomes

τrθ = τθr =
2η

r
[dB sin θ − cB cos θ]

The viscous drag force is simply the integral of the shear stress along the surface

(θ = 0) in the radial direction spanning from near the corner of the drop (shear

stress is singular at corner) to the center (2D)

Fv =

∫ R

xmin

τrθ (θ = 0) dr =

∫ R

xmin

2η

r
[dB sin θ − cB cos θ] dr =

∫ R

xmin

−2η

r
cBdr

= −2ηcB

∫ R

xmin

1

r
dr = −2ηcB

∫ R

xmin

1

r
dr = −2ηcB

∫ R

xmin

1

r
dr = −2ηcB ln|r||Rxmin

= −2ηcBln

(
R

xmin

)

Since the drag force calculated above is on a per unit length of the contact-line,

the expression needs to be integrated around the contact-line (r = R) to yield the

total drag force. Because the drag force above was integrated from O to B, we

need to integrate the azimuthal coordinate, φ, from 0 to 2π. Had we integrated

from A to B, we would have had to integrate from 0 to π.

F Total
v =

∫ 2π

0

−2ηcBln

(
R

xmin

)
rdφ = −4πηRcBln

(
R

xmin

)

When the dynamic viscosity of fluid A (air) can be considered small relative to

the dynamic viscosity of fluid B (liquid), the constants cB, D, S, and C are given

by

cB =
uS2 [S2 − δ2]

D
; D ≡ (SC − θe)

(
δ2 − S2

)
; S ≡ sin θe; C ≡ cos θe

Plugging in for cB and D and simplifying, we get

F Total
v = 4πηRln

(
R

xmin

)
uS2 (S2 − δ2)

(SC − θe) (δ2 − S2)
= 4πηRln

(
R

xmin

)
uS2

(θe − SC)
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Hence, the total force balance becomes

Fnet = πR2σ
d cos θd
dx

− 2σR (cos θr0 − cos θa0)− 4πηRln

(
R

xmin

)
uS2

(θe − SC)

(E.5)

For a drop at steady-state (this can be proven experimentally from the velocity

data, du
dt

= 0), the left-hand side is zero and we can solve for the drop velocity as

a function of R

4πηRln

(
R

xmin

)
uS2

(θe − SC)
= πR2σ

d cos θd
dx

− 2σR (cos θr0 − cos θa0)

4πηln

(
R

xmin

)
uS2

(θe − SC)
= πRσ

d cos θd
dx

− 2σ (cos θr0 − cos θa0)

u(R) =
σ
(
Rd cos θd

dx
− 2

π
(cos θr0 − cos θa0)

)

4ηln
(

R
xmin

)
sin2 θe

(θe−sin θe cos θe)

(E.6)

If we assume that drops of the same R for all R are randomly distributed on

the surface (i.e. think of the nucleation site calculation to get an estimate for D),

then we can define a θ̄e because the same entire range of contact-angles for a par-

ticular gradient will be sampled for all R (the actual range will depend on how

the gradient was formed). The two parameters which need to be determined

experimentally, are d cos θd
dx

and (cos θr0 − cos θa0). The former can be calculated

from measurements of the advancing and receding contact-angles of the drop

as it’s moving across the surface [29].

cos θd =
1

2
(cos θa + cos θr) (E.7)

The latter can be found by one of two ways. The first is to plot u as a function

of R, determine Rc (i.e. r when u = 0), plug these values into equation (E.6)

and solve for (cos θr0 − cos θa0). The other way to get at this value, is from the

advancing and receding contact-angle data. A Taylor series expansion of the

advancing/receding contact-angles about the drop centerline yields [29]

cos θaB = cos θa0 +

(
d cos θa
dx

)
r (E.8a)
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cos θrA = cos θr0 −
(
d cos θr
dx

)
r (E.8b)

Subtraction of the two equations yields

cos θr0 − cos θa0 =

(
cos θrA +

(
d cos θr
dx

)
r

)
−
(

cos θaB −
(
d cos θa
dx

)
r

)

= cos θrA +

(
d cos θr
dx

)
r − cos θaB +

(
d cos θa
dx

)
r

= cos θrA − cos θaB + r
d

dx
(cos θr + cos θa)

= cos θrA − cos θaB + 2r
d cos θd
dx

(E.9)

The next thing to change, is the removal term. In contrast to Tanaka’s situa-

tion where the drops were removed by gravity, the drops in our experiment are

removed by the gradient. The new removal term is

πR2
maxN(Rmax, t) [ṙa(Rmax, t) + V (Rmax)]N(r, t) (E.10)

After these changes, the new governing equation for the probability density of

drop-size distributions is

∂N(r, t)

∂t
= − ∂

∂r
[ṙa(r, t)N(r, t)]

−
∫ Rmax

r

2πρ [ṙa(r, t) + ṙa(ρ, t)]ψ(r, t;N)N(r, t)N(ρ, t)dρ

−
∫ Rmax

r

2πρ [H(r −Rc)u(r) +H(ρ−Rc)u(ρ)]ψ(r, t;N)N(r, t)N(ρ, t)dρ

+ πR2
maxN(Rmax, t) [ṙa(Rmax, t) + V (Rmax)]N(r, t)

(E.11)

And finally, the equation for the mean growth rate becomes
∫ r

Rmin

V (ρ)N(ρ, t)dρ2πrψ(ρ, t;N) [ṙa(r, t) + ṙa(ρ, t)]

+

∫ r

Rmin

V (ρ)N(ρ, t)dρ2πrψ(ρ, t;N) [H(r −Rc)u(r) +H(ρ−Rc)u(ρ)]

= Alg(r) (ṙa − ṙe)

(E.12)

where the specific forms for V (ρ) and Alg(r) will be determined by the type of

condensing surface.
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