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Abstract:

Superhydrophobic micro/nanostructured surfaces for dropwise condensation have recently received significant
attention due to their potential to enhance heat transfer performance by shedding water droplets via coalescence-
induced droplet jumping at length scales below the capillary length. However, achieving optimal surface designs for
such behavior requires capturing the details of transport processes that is currently lacking. While comprehensive
models have been developed for flat hydrophobic surfaces, they cannot be directly applied for condensation on
micro/nanostructured surfaces due to the dynamic droplet-structure interactions. In this work, we developed a
unified model for dropwise condensation on superhydrophobic structured surfaces by incorporating individual
droplet heat transfer, size distribution, and wetting morphology. Two droplet size distributions were developed,
which are valid for droplets undergoing coalescence-induced droplet jumping, and exhibiting either a constant or
variable contact angle droplet growth. Distinct emergent droplet wetting morphologies, Cassie jumping, Cassie non-
jumping, or Wenzel, were determined by coupling of the structure geometry with the nucleation density and
considering local energy barriers to wetting. The model results suggest a specific range of geometries (0.5 — 2 pm)
allowing for the formation of coalescence-induced jumping droplets with a 190% overall surface heat flux
enhancement over conventional flat dropwise condensing surfaces. Subsequently, the effects of four typical self-
assembled monolayer promoter coatings on overall heat flux were investigated. Surfaces exhibiting coalescence-
induced droplet jumping were not sensitive (< 5%) to the coating wetting characteristics (contact angle hysteresis),
which was in contrast to surfaces relying on gravitational droplet removal. Furthermore, flat surfaces with low
promoter coating contact angle hysteresis (< 2°) outperformed structured superhydrophobic surfaces when the
length scale of the structures was above a certain size (> 2 um). This work provides a unified model for dropwise
condensation on micro/nanostructured superhydrophobic surfaces and offers guidelines for the design of structured

surfaces to maximize heat transfer.



1. Introduction

Dropwise condensation has received significant attention since its discovery in 1930 by Schmidt et al. [1], due
to the superior heat transfer performance over conventional filmwise condensation [2-7]. The high performance
enhancement of passive dropwise condensing surfaces is attributed to their ability to form discrete non-wetting
droplets which, upon growing to a critical size (~1 mm), can shed from the surface by gravity, thereby reducing the
overall thermal resistance compared to filmwise condensation. More recently, micro/nanostructured
superhydrophobic surfaces have been investigated as potential dropwise condensing surfaces for energy conversion
[8], atmospheric water harvesting [9, 10], and high heat flux thermal management applications [11] owing to the
promise of further improvements in overall heat transfer performance compared to traditional dropwise
condensation. Indeed, a recent study showed that when small droplets (~10 - 100 wm) merge on superhydrophobic
structured surfaces, they can spontaneously jump via the release of excess surface energy independent of gravity
[12]. This phenomenon is attributed to surface structuring, which enhances the hydrophobicity, and thereby
decreases droplet pinning to the surface [13]. Droplet removal by this mechanism is highly desirable due to the
increased number of small droplets [14] which efficiently transfer the majority of the heat from the surface [8, 15-
17]. In addition, gravity independent droplet removal allows utilization of such surfaces in any orientation, unlike
conventional passive condensing surfaces which require gravity for droplet removal, a severe limitation for mobile
electronics and space applications [18]. Surface structuring may therefore be an ideal method to enhance
condensation heat transfer.

While several groups have demonstrated that properly designed surfaces can enable stable superhydrophobic
condensation [19-23], a unified modeling framework to optimize structure design that captures the dynamic phase
change process is lacking [24]. The early dropwise condensation model of Le Fevre and Rose [25, 26] combined
individual droplet heat transfer with droplet size distribution theory. Advanced models have since followed this
work by including more accurate expressions for the growth of small droplets. Tanaka [27] used population balance
theory to evaluate the local droplet size by taking into account the two mechanisms of growth: direct vapor
accommodation onto the droplet and coalescence with neighboring droplets. As a result, better predictions of the
droplet size distribution for small non-coalescing droplets were obtained. Abu-Orabi [28] further refined the
dropwise condensation model by considering all possible thermal resistances associated with the droplet. More
recently, the work of Kim and Kim [29] extended the previous models by determining more accurately the
conduction resistance for droplets exhibiting large contact angles (6 > 90°).

Despite significant developments on dropwise condensation modeling, predictive models for condensation on
micro/nanostructured superhydrophobic surfaces are still lacking. Specifically, three main inconsistencies arise
when applying previous models to condensation on structured surfaces: 1) Droplet wetting morphology cannot be
predicted (i.e., Cassie [30], Wenzel [31], suspended [24], or partially wetting [24, 32]), 2) Droplet contact angle can
vary during droplet growth [14, 32, 33], and 3) Droplet size distribution is not valid for droplets with non-constant
contact angles and with surfaces undergoing coalescence-induced droplet jumping as the main mode of droplet

removal.



This work develops a model framework to predict dropwise condensation heat transfer for micro/nanostructured
superhydrophobic surfaces. Pillar arrays, spanning a wide range of dimensions (~10 nm — 10 um), are utilized as the
model structured surface. The current model incorporates prediction capability for the emergent droplet wetting
morphology (Section 2), accounts for non-constant contact angle droplet growth (Section 3), and extends the
previously developed droplet size distribution theory to both constant and non-constant contact angle droplets
growing on surfaces experiencing coalescence-induced droplet jumping [12, 14] (Section 4). The results from the
model are subsequently used to study the effects of surface structure design and size scale (Section 6), surface
inclination (Section 7), and contact angle hysteresis with different promoter coatings (Section 8) on overall surface
heat transfer. Optimization of the structure geometry indicates that surfaces with nanometer length scales and high
nucleation densities have the potential to enhance overall condensation heat transfer performance by 190% when
compared to conventional flat dropwise condensing surfaces. The outcomes of this work create important regime

maps and design guidelines for highly efficient superhydrophobic condensation surfaces.

2. Droplet Wetting Morphology Model

During dropwise condensation on a structured superhydrophobic surface, droplets can depart either by
coalescence-induced droplet jumping (if droplet/surface adhesion is small) or by gravity (if droplet/surface adhesion
is large). The individual droplet contribution to the heat transfer process is highly sensitive to the droplet wetting
morphology and therefore is necessary to predict the overall surface heat transfer by dropwise condensation.

To study the effects of surface structure geometry on emergent condensing droplet wetting morphology, we
consider a model structured surface consisting of a micro/nanopillar array with heights h, diameters d, and pillar-
to-pillar spacings | (solid fraction ¢ = md?/41? and roughness factor r = 1 + wdh/1?) (Fig. 1(a) and (b)). To
achieve superhydrophobicity, the model surface is assumed to be coated with a promoter film such as a self-
assembled-monolayer (SAM) having intrinsic advancing/receding contact angles of 6, / 6, [34, 35]. During
condensation on a structured superhydrophobic surface, the condensing liquid droplets can exhibit three distinct
wetting morphologies: suspended (S) where condensed droplets sit on top of the micro/nanostructure (Fig. 1(c))
[30], partially wetting (PW) where the droplets form a liquid bridge connecting the base of the droplet (Fig. 1(d))
[24], or Wenzel (W) where droplets wet the cavities of the micro/nanostructure (Fig. 1(e)) [31].

To accurately predict the wetting morphology of a single droplet, a non-equilibrium thermodynamic energy
criterion is used which emphasizes the role of contact line pinning on the resultant droplet morphology [22]. By
comparing the dimensionless energy of the advancing Wenzel (cos8) =rcos6,) [31] and Cassie
(cos 858 = — 1) [36] droplet morphologies, the expected morphology can be estimated by

_ cosf‘P -1
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When E* > 1 the contact line can overcome the energy barrier to de-pin and a W droplet is formed (Fig. 1(e)). If
E* < 1 complete de-pinning is not possible and the droplet grows upwards over the top of the pillar array forming a
PW Cassie droplet (Fig. 1(c), (d)).



Droplet coalescence introduces a further length scale dependency on the emergent droplet wetting morphology.
When the average condensing droplet spacing (l.) approaches that of the pillar spacing | ({I.) ~ I), the formation of
local pinning barriers is disrupted. While it may be energetically favourable to form Cassie droplets (E* < 1), this
may not be possible due to droplet coalescence between two adjacent unit cells which bypasses the pinning barriers
associated with the pillar sides. This effect results in the formation of thermodynamically-unfavourable W droplets
which are highly pinned to the surface. To avoid formation of W droplets on CB stable surfaces, a critical droplet
separation distance of at least (/.) = 21 must be maintained [22].

For the purposes of this model, condensation on the structured surface is assumed to be spatially random. The

mean condensing droplet spacing (l.) can be related to the nucleation density Ns by [24]

Iy = 1
Iy = Tl @)
These two wetting criteria (Egs. (1), (2)) have been validated experimentally for a wide variety of structured
surfaces with a range of length scales and surface energies [2, 4, 22, 24]. The criteria form the basis for determining
the emergent condensing droplet morphology on the micro/nanostructured surface. However, to gain an
understanding of overall surface condensation performance, the individual droplet heat transfer for each morphology

needs to be incorporated.

3. Droplet Heat Transfer Model

To accurately model dropwise condensation on micro/nanostructured surfaces, individual droplet growth rates
and heat transfer are needed. The growth behavior of each droplet morphology can be obtained by modifying the
Kim and Kim model [29] to account for the pillar geometry and emergent droplet morphology [24]. It is important
to note that most previous models assume a constant droplet contact angle, 6, during growth. This assumption is
appropriate for dropwise condensation on flat hydrophobic surfaces [28, 29, 37], however, it does not apply for
structured superhydrophobic surfaces, since droplets have been observed to have variable contact angles during
growth [14, 18, 24, 32, 33, 38]. To resolve this discrepancy, a model was developed to predict the droplet contact

angle 6 as a function of the droplet radius R.

3.1 Contact Angle Modeling

The droplet contact angle 8 was modeled as a function of the droplet wetting morphology (PW, W, or S) and
droplet radius R. When the droplet radius R is lower than the structure scale (R < I), the droplet is assumed to have
the intrinsic hydrophobic surface coating contact angle 6,. When the droplet grows to a size comparable to the
structure scale (R ~ 1), it begins to interact with the pillars confining it and fills the unit cell to the top of the
structures. At this point, depending on the energy criterion E* and nucleation density Ns, the droplet can propagate
above the unit cell and form a PW droplet, or it can propagate laterally and form a W droplet (Section 2). In
addition, due to the spatially random nature of nucleation, droplets nucleating on Cassie stable surfaces can do so on

the tips of pillars to form S droplets.



The PW droplet contact angle was modeled as a linear function of droplet radius R which has been shown to be a
valid approximation [2, 4, 24]. Previous experimental studies using ESEM and optical microscopy (OM) revealed
the characteristic diameter of the pinned neck of the condensing PW droplets is approximately 2 x 2 unit cells [22,
24]. At later times, the PW droplet has an increasingly large apparent contact angle &y characteristic of the Cassie
morphology (Fig. 2(2)) [2, 24].

Wenzel and S droplets are modelled as having a constant contact angle characteristic of the W and S
morphologies (Figs. 2(b)-(c)). Although previous studies have shown that the W contact angle oscillates about some
mean value with an amplitude as high as ~15° at length scales (R/l ~ 1-3), the oscillation amplitude will decay at
larger sizes (R/l > 3) as the droplet grows laterally during condensation [22]. Due to the relatively small amplitude
of oscillation and its decay, we neglect the contact angle deviation to simplify the analysis. In addition, the
magnitude of the W droplet contact angle oscillation (~ 1 - 15°) is less than that of the PW droplet variable contact
angle difference which can approach 90°.

The contact angle behavior of the PW, W, and S droplet morphologies can be summarized by:

(Ha , R<I
/4 —) 3
Opw (R) ={—+ (R=1), [I<R<Rpg )
2 max l)
\oce, R > Rpay
6,, R<I
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where cos 858 = @p(cos 0, + 1) — 1, Ry = I/ sin(m — 658) and cos O = r cos 6,.

3.2 Droplet Growth Modeling

At the scales considered in this work (~1 um), the dominant mode of droplet growth is due to the direct
accommodation of vapor molecules at the droplet interface [39]. For a droplet with radius R(t) on a structured
superhydrophobic surface (Fig. 2(a)), the contact angle 6 varies with the droplet radius according to Egs. (3)-(5).
The local vapor (Ts) and surface (Ts) temperatures are assumed to be constant throughout the growth process. The
individual droplet heat transfer, q, is determined by considering all thermal resistances from the saturated vapor
through the condensing droplet to the substrate (Fig. 3). All thermal resistances associated with the droplet are
presented in terms of individual temperature drops: the liquid-vapor interfacial resistance due to direct vapor
molecule accommodation at the droplet interface (AT;), the conduction resistance through the droplet (ATy), the
conduction resistance through the pillars (ATp s) or liquid bridge and pillars (ATppw), the promoter coating resistance
(AThe), and the resistance due to the curvature of the droplet (AT¢). Internal droplet convection was neglected in the
model since the droplets were sufficiently small so that conduction is the primary mode of heat transfer through the
droplet [27, 40].



The temperature drop due to droplet curvature (47¢) is given by [41]

2Tsat0 6
Rhfgpw ’ ( )

Rmin
AT, = "R (Tsat - Ts) =

where T is the water vapor saturation temperature, o is the water surface tension, hy is the latent heat of
vaporization, p, is the liquid water density, and Ry, is the droplet nucleation radius (R, = 2Tsq¢0/hsgpAT).
The temperature drop between the saturated vapor and liquid interface (47;) is given by

AT; = Tsqr — T; h;2mR%(1-cos 6) ’

where q is the heat transfer rate through the droplet and h; is the condensation interfacial heat transfer coefficient
given by [42, 43]

2a 1 heg?
hl _ fg
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where Ry is the specific gas constant and vy is the water vapor specific volume. The condensation coefficient « is the

®)

ratio of vapor molecules that will be captured by the liquid phase to the total number of vapor molecules reaching
the liquid surface (ranging from 0 to 1).

Once the vapor condenses on the droplet interface, the latent heat must be conducted through the droplet to the
substrate. This resistance is modeled as a pure conduction resistance which leads to a temperature drop (ATy) given
by [29]

q6

ATy =T; = Tp1 = 4mRky, sinf ’ 9)

where Ty, is the liquid temperature of the droplet base (Fig. 3(b)) and k, is the condensed water thermal

conductivity. The temperature drop due to the promoter coating is calculated using a conduction resistance given by

_ _ _ 48Hc
AThe =Tp1 — Tz = @TNR2kycsin2 6’ (10)
where Ty, is the temperature of the silicon pillars beneath the coating (Fig. 3(b)), dyc is the coating thickness, ¢ is
the structured surface solid fraction, and kyc is the coating thermal conductivity.
The conduction resistance through the pillars is dependent on the wetting morphology of the droplet. For the S
morphology, the temperature drop associated with the conduction resistance is given by

gh

AT, =Ty, — Ty =————
P,CB b2 S = pnR%kpsin2o ’

11)
where T is the substrate temperature, and kp is the pillar thermal conductivity.

For PW droplets, the conduction resistance temperature drop through the pillar and coating structure is
calculated by considering a parallel heat transfer pathway from the base of the droplet to the substrate surface

(Fig. 3(c)) given by
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It is important to note that the PW conduction temperature drop given by Eq. (12) becomes the S temperature
drop when k,, = 0 W/mK. In this case, there is no liquid bridge available for heat flow.

Accounting for all of the temperature drops, the individual droplet heat transfer rate is

TIR2<AT—M>

_ Rhggpw
q(R,0) = T T ]_1 : (13)
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The droplet heat transfer is related to the droplet growth rate (dR /dt) by the latent heat of phase change
(R,0) = 1ihe, = pohry L =Zp heo2[(1 - cosB)2(2 + cos §)R?] 14
qQ\R,0) =Misg = Ppwhyg = = 3 Pwlyg 37 cos cos : (14)

Differentiating Eq. (14), we obtain an explicit term for dR/dt

q(R,0) = mpy,hegR E{(l — cos“ 0) sin Hd—RR + (1 —cosB)“(2 + cos 9)} . (15)

Equation (15) has been shown to have excellent agreement with experimental results for a variety of differing
droplet morphologies including PW, S, W, and droplets growing on flat surfaces [2, 24]. In order to determine the
overall surface heat transfer performance, the individual droplet heat transfer must be combined with the
morphology dependent droplet size distribution.

4. Droplet Size Distribution Theory

On a flat hydrophobic surface, droplet nucleation and growth proceeds through two mechanisms: 1) direct (non-
interacting) growth where droplets nucleate and grow on spatially random high energy sites by direct deposition
from the vapor onto the droplet surface [22], and 2) coalescence-dominated growth where the distances between
neighboring droplets (I;) become smaller and coalescence occurs until the droplet is large enough to be swept off the
surface by gravity [16]. The falling droplet is able to sweep away the droplets beneath it and clean the condensing
surface so that new droplets can re-nucleate. As a result of this droplet growth from nucleation to departure, a wide
range of droplet sizes exist on the condensing surface [11, 29].

Due to the dynamic nature of droplet growth on structured superhydrophobic surfaces [22, 24], the flat surface
growth and departure mechanisms are not adequate to accurately predict the droplet size distribution. Three main
inconsistencies arise: 1) Droplet departure on structured superhydrophobic surfaces may occur via coalescence-
induced droplet jumping as size scales well below the capillary length; 2) Droplets can have a range of wetting
morphologies (Fig. 1(c)-(e)) depending on the structure geometry and size scale (Section 2); and 3) Droplet contact

angles may not be constant during growth depending on the emergent droplet wetting morphology (Section 3.1). In
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light of these differences, new morphology dependent droplet size distributions were derived that are valid for

structured superhydrophobic surfaces.

4.1 Wenzel (W) and Flat Hydrophobic Surface Droplet Size Distribution

Structured superhydrophobic surfaces exhibiting W droplet growth have a droplet size distribution analogous to
that of a flat hydrophobic surface. W droplets grow and merge until reaching a size characteristic of the capillary
length before being swept off by gravity. Sweeping droplets roll down the surface and remove all droplets in their
path, cleaning the condensing surface for new droplets to re-nucleate. The droplet sweeping mechanism allows for
small, more effective, droplets to populate the surface and thereby minimizes the condensation heat transfer
resistance. Due to the significant droplet/surface adhesion exhibited by W droplets, coalescence-induced droplet
removal is not possible, rather gravity assisted sweeping of droplets from the surface dominates [12, 14, 22, 24].

For small W droplets undergoing non-interacting growth, the population balance theory can be used to determine
the droplet size distribution [27-29]. The steady state W droplet size distribution is determined from the conservation
of number of droplets entering a size range containing droplets with radii R; to Ry, i.e., the number of droplets
entering this size range must equal to the number of droplets leaving. The W droplet growth rate is defined as

_dR

G=—. (16)

The number of droplets entering the size range (R1-R») in a time increment dt is An,G;dt, where A is the surface
area and n; represents the number of droplets of size R;. Similarly, the number of droplets leaving the size range is
An,G,dt. The number of droplets swept off the surface by droplet shedding is equal to Sny,dRdt, where S is the
sweeping rate at which the substrate surface is renewed by falling droplets, and ny_, is the average population density

in the size range. Applying droplet conservation, we obtain [28, 29]:
Aanldt == Anszdt + Snl_zdet. (17)

In the limit of dR approaching zero, Eq. (17) can be reduced to

d(Gn) + n

dR T 0, (18)

where 7 is the sweeping period (t = A/S).
The solution to Eq. (18) can be determined by first solving for the droplet growth rate G. Relating the latent heat
of phase change (Eg. (15)) to the individual droplet growth (Eq. (13)), G for W droplets is

_ 2T sqt0
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Solving Eq. (18) analytically, we obtain an expression for n(R) which is identical for growth of non-interacting
droplets on a flat hydrophobic surface [29]. Note that in this case, W droplets are assumed to grow with constant
apparent contact angles, making the analysis analogous to droplet condensation on a flat hydrophobic surface.

For large coalescing droplets, the droplet size distribution N(R) was established by Glicksman and Rose [25, 26],

2
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3mR2R \ R

where R is the average maximum droplet radius (departure radius), and R, is the radius when droplets growing by
direct vapor addition begin to merge and grow by droplet coalescence. R can be estimated by a force balance on the
droplet contact line between gravity, F, = (2 — 3 cos 6, + cos® 6,)mR*pg cos 6 /3, and surface tension,

F, = 26R sin 6, (cos 6, — cos ,), given by [44, 45]

1
B = [ 6(cos B,—cos 0,) sin B0 ]E (25)
1(2—3 cos B,+cos3 6,)pg cos O

where 6, and 6, are the apparent structured surface advancing and receding contact angles [36, 46], 6, is the
apparent equilibrium contact angle 8, = cos™1(0.5 cos 8, + 0.5 cos 8,.), and @ is the surface inclination from the
vertical, i.e., ® = 0° corresponds to a vertical condensing surface and ® = 90° corresponds to a horizontal surface.

The radius when droplets begin to merge on the surface R, is determined by assuming the nucleation process is
random (Poisson) [22, 24]. Relating R, to the nucleation density, we obtain

(26)

where | is the droplet coalescence length and Ng is the droplet nucleation density per unit area of condensing

surface. It is important to note that the assumption of a random Poisson distribution of nucleation sites results in a

droplet interaction radius that is half of the interaction radius if we assume a square array of nucleation sites [29].
The droplet size distribution (Eq. (18)) can be analytically solved for by assuming the non-interacting and large

droplet size distributions are equal (n(R.) = N(R¢)). The solution is given by [29]



2

— 1 & "3 R(R—Rmin) AzR+43 (27)

n(R) = 3mR2R (R) R—Rpin AzRe+As exp(B; + B;),

where

= A —REZ_RZ 2 R—Rmin

B, = E[ — Ryuin(Re —R) — Rypin” In (—Re Rmin)]' (28)
— ﬂl: _ _ . (R_Rmin )]
B, = A R, — R —R,inIn rera) | (29)
_ 3Re2(AzRe+A3)?

"~ A1(1142Re?~14A;ReRpmin+843Re—11A3Rmin) | (30)

Figure 4 shows the droplet size distribution n(R) as a function of droplet radius R. The distribution at small
droplet sizes (colored lines) (R < R,) is approximately constant since droplets do not interact with each other. In
addition, smaller droplets have the highest population density due renewal of the surface by the droplet sweeping
mechanism. In contrast, coalescing droplets (black line) (R > R) have a reduced population density because both

sweeping and coalescence acts to remove them from the surface [28, 29].

4.2 Suspended (S) Droplet Size Distribution

The growth and departure process of S droplets on a structured surface differs markedly from that of W droplets.
A recent study showed that when small S and PW droplets (~10 - 100 um) merge on superhydrophobic structured
surfaces, they can spontaneously jump via the release of excess surface energy independent of gravity [12]. Droplet
removal by this mechanism is highly desirable due to the increased number of small droplets [14] which efficiently
transfer the majority of the heat from the surface [8, 15, 16]. However, if the surface solid fraction is too high
(p = 0.1), coalescence-induced droplet jumping is not observed due to higher droplet surface adhesion. It is
important to note that the chosen cutoff (¢ = 0.1) for droplet jumping is a representative estimate and may not be
exact. In addition, the role of apparent contact angle 6 on droplet jumping is currently not well understood, and is
not considered in this model. In reality, a droplet jumping stable surface may exist where jumping is not possible for
low apparent contact angles (I/l — 2), but may exist for larger apparent contact angles (I/l - o) on the same
surface.

In order to model the droplet size distribution, a similar approach to the W droplet model is used. Suspended
droplets nucleating on the tips of a structured surface grow and, once reaching a size large enough to begin
interacting, merge and are removed from the surface (¢ < 0.1). This process makes the non-interacting growth
mechanism dominant and the population balance theory valid for the entire growth range [24]. In addition, droplet
sweeping is non-existent on a surface exhibiting coalescence-induced droplet departure due to the removal of small

droplets before they reach the capillary length. Applying droplet conservation for a size range R; - R,, we obtain:

AnSlGldt = Ansz szt . (31)
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In the limit of dR approaching zero, Eq. (31) can be reduced to

d(Gng) _
T 0. (32)

In this case, since S droplets undergo growth with a constant contact angle, an analytical solution for the droplet
size distribution can be obtained. Equations (19)-(23), which outline the derivation of the droplet growth rate G, are

valid in this case for S droplets. Applying the chain rule and integrating Eq. (32), we obtain

[8s = A2 _gp_ [_Bmin__gp (33)

ng AzR+A4s3 R(R—Rmin)
For large coalescing droplets (R > R;), n(R) = 0 due to the coalescence-induced droplet departure. The maximum

droplet size R for coalescence-induced jumping droplets is given by

=2 T A (34)

The droplet size distribution (Eg. (33)) can be analytically solved by assuming the non-interacting and

interacting droplet size distributions are equal (n(R) = N(R)) at R = R.. The solution is given by

2
1 Re\ "3 R(R—Rpin) A2R+A 35
TlS(R) _ (R) 3 2 3 (35)

3mR2R R—Rpin AzRe+Az’

The droplet size distribution (ng(R)) can be understood physically in terms of an asymptotic solution of the
classical non-interacting droplet size distribution n(R) (Eq. (27)). By assuming the sweeping time approaches
infinity (T = ) or the sweeping frequency approaches zero (S = 0); the sweeping mechanism is removed from the
population balance analysis. Including this assumption for Eq. (27), the exponential term disappears and Eqg. (35) is
obtained. It is important to note, Eq. (35) is valid for any surface exhibiting coalescence-induced droplet departure
where the droplet contact angle can be approximated as constant throughout the growth, and is not exclusively valid
for S droplets only.

Figure 5(a) shows the droplet size distribution, ny(R) as a function of droplet radius R for a variety of nucleation
densities Ns. The three curves (solid lines) correspond to coalescence lengths of I, = 10, 15 and 20 um. The droplet
size distribution is distinct from the derived solution for non-coalescence-induced droplet departing surfaces
(Fig. 4). The results indicate that droplets larger than the coalescence length (R > R,) are non-existent, which is
consistent with the physical interpretation of droplet departure due to coalescence. For all three cases, the
distributions ny(R) have a minimum at a droplet radius R = 1.2 pum. This result is due to the slower droplet growth
for R < 1.2 um caused by the increasing contribution from the droplet curvature resistance. As a consequence of the
slower growth, the droplet population density is increased due to the conservation of droplets entering and leaving a
droplet population. Droplets larger than R = 1.2 um grow at a reduced rate due to increasing conduction thermal

resistance through the droplet, therefore the droplet distribution increases with R up to the departure length
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(R =R =1¢/2). In addition, the lack of a sweeping mechanism to remove small droplets allows for the overall

population density to be higher than the classical case (Fig. 4).

4.3 Partially Wetting (PW) Droplet Size Distribution

In certain cases, droplets growing during condensation cannot be characterized by a constant contact angle
during growth, as in the case of PW droplets. Previous studies have shown that once PW droplets reach a size
comparable to the structure (R ~ 1), they begin to undergo a growth regime where the contact angle varies while the
basal area remains constant [14, 24, 32, 33, 38]. To capture this behavior in our model, a modified droplet size
distribution was derived for surfaces undergoing variable contact angle droplet growth (PW).

Partially wetting droplets nucleate randomly on a structured surface, grow, and upon reaching a size large
enough to begin interacting (R = R.), merge and are removed from the surface via coalescence-induced departure.
Droplet sweeping is non-existent on this surface due to the removal of small droplets before they reach the capillary

length. Applying droplet conservation for a size range R; - R,, we obtain:

Andl Gpwldt = Andz GpWZdt . (36)

where ng is the ‘dynamic’ droplet size distribution for droplets undergoing variable contact angle growth (PW), and
Gpw is the PW droplet growth rate G,,, = dR,,,/dt. The term ‘dynamic’ is used here due to the non-exclusiveness
of this derivation to PW droplets only. This formulation can be applied to any droplet morphologies undergoing
variable contact angle growth.
In the limit as dR approaches zero, Eq. (36) can be reduced to
d(Gpwnq) —0. (37)
drR
Since PW droplets grow with a variable contact angle, an analytical solution for the droplet size distribution
ng(R) cannot be obtained. In addition, Egs. (19)-(23), which represent the droplet growth rate G, must be re-derived

due to the contact angle variance (Section 3.1). The latent heat of phase change for PW droplets is expressed by
_ 2 _ rnc2 . pdé _ 2
qu(R) = pywhsgR*Gpy 1 (1 — cos® 6) sin 6 TR R+ (1—cos6)*(2+ cosB)f. (38)

By relating Eq. (38) to the droplet heat transfer Eq. (19), we can solve explicitly for Gpy:

Rmin (39)
— R
Gpw = A1pw AaR A

where

AT
pwhfg{(l—cos2 0) sin 63—2R+(1—cos 0)2(2+cos 6)} .

Aipw = (40)

12



Because Gy is a function of R and 6, Eq. (37) is first expanded and solved numerically. The differential equation to

be solved is given by

dn 1 deG
2hd - Tew ng=0. (41)
dR ' Gpw dR

The boundary condition for this case is identical to that of the S case, where the droplet size distribution at

R = R, is equal to the Rose distribution [25] given by

2
1 (R 3 (42)
na(R) = NR) = 5 (%) °
where
5 1
R=Re=5=17s 43)

Figure 5(a) shows the droplet size distribution, ny(R) as a function of droplet radius R for a variety of nucleation
densities. The three plotted curves (dashed lines) correspond to coalescence lengths of I, = 10, 15 and 20 um. The
dynamic droplet size distribution varies from the ‘static’ or S solution (Eq. (35)). The plot indicates that inclusion of
the droplet contact angle variability is important since the constant contact angle solution, ng(R), tends to
overestimate the distribution by as much as 100% in some cases. Similar to ns(R), droplets larger than the
coalescence length (R > R) do not existent due to coalescence-induced droplet departure. In addition the distribution
ng(R) has a minimum identical to that of ny(R) at a droplet radius R ~ 1.2 pm due to the curvature thermal resistance
included in the growth model (see section 4.2).

To accurately predict the overall structured surface dropwise condensation heat transfer performance, the droplet
size distributions derived in this section are combined with the individual droplet growth rates to determine the

overall surface heat flux.

5. Overall Surface Heat Flux

The overall surface heat flux, q”, can be obtained at steady state by combining the morphology dependent
individual droplet heat transfer rate (Eq. (13)) with the droplet size distributions (Eqgns. (27), (35), and (41)). For flat

hydrophobic surfaces or structured surfaces showing the W droplet morphology, the surface heat flux is given by
n R ﬁ
Qw" = Jp: a(RIN(R)R + [, q(R)N(R)dR . (45)

For structured surfaces showing the S droplet morphology, or coalescence-induced droplet departure with a static

droplet contact angle, the surface heat flux is given by

gs" = [° q(R)ns(R)dR. (46)

For structured surfaces showing the PW droplet morphology, or surfaces exhibiting non-constant contact angle

behavior, the surface heat flux is given by
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94" = [o° apw(®Ing(R)dR. (a7)

To compare the utility of the developed dynamic contact angle model, we determined the predicted surface heat
flux ratio of the constant contact angle with the variable contact angle formulations for a surface undergoing PW
droplet growth. Figure 5(b) shows the results of the comparison, indicating that the ‘static’ contact angle formulation
is a good approximation for variable contact angle droplets at departure lengths larger than approximately 8 um.
However, at smaller departure lengths, the static formulation deviates significantly from the dynamic solution, with
error in excess of 50% at coalescence lengths below 2 pm. Although the error is large at small length scales
(R < 8 um), the static approximation works fairly well at larger coalescence lengths, showing the error to be within
10%.

In order to gain a better understanding of structured surface design, the dropwise condensation models developed
were applied to an optimization scheme to examine the interplay between surface structure, droplet morphology,

removal mechanisms and overall surface heat transfer performance.

6. Design and Optimization of Structured Surfaces

A number of recent works have fabricated superhydrophobic structured surfaces for the purpose of enhanced
dropwise condensation via coalescence-induced droplet removal [10, 19-21, 23, 31, 47-50]. These surfaces were
designed to be Cassie stable such that PW or S droplets are formed on micro/nanostructures [30] to have minimal
contact line pinning. However, the design methodology of these surfaces is not very well understood. In an effort to
provide a rational basis for structured surface design, prior to and post droplet departure, we utilized the newly
developed model to evaluate the effects of surface geometry, scaling down the size scale of the structures, and
intrinsic surface wettability (promoter coating) on overall heat transfer performance.

The droplet wetting morphology model was combined numerically with the growth rate and size distribution
models. In the case of Cassie droplet formation, we assumed the PW morphology to emerge due to the use of
smooth pillars and the ability of S droplets to transition to PW droplets [24]. This assumption was used to provide an
upper bound for surface heat transfer performance when compared to conventional flat hydrophobic surfaces. Figure
6 shows the droplet contact angle ¢ (Fig. 6(a)) and departure radius R (Fig. 6(b)) as a function of structure geometry
(d/1) and coalescence length (Ic/l). The results indicate distinct regions of droplet morphology in accordance to the
wetting criteria outlined in Section 2. For d/lI < 0.16, the W wetting morphology was favored due to the low energy
barrier of liquid propagation in the lateral direction. At larger d/l ratios (0.16 < d/I < 0.36), the Cassie (PW)
morphology became favored with coalescence-induced jumping as the main mode of droplet removal. At even
larger d/I ratios (d/l > 0.36), the PW morphology remained favorable, however the coalescence-induced droplet
jumping behavior significantly diminished in favor of conventional droplet sweeping due to high droplet surface
pinning (¢ > 0.1).

Figure 6(a) show the dynamic nature of & for all three droplet morphologies (W, PW jumping, and PW
shedding). At I/l < 2 (not shown), 8 remains constant since the droplet radius is not large enough to fill the structure.

In this regime, droplets grow individually within the unit cells and take on the intrinsic advancing contact angle, 6..
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Upon reaching a size comparable to 2 x 2 unit cells (I/l = 2), droplets begin to either 1) emerge from the structure
and grow in the constant-basal-area / variable-contact-angle PW droplet mode (d/l > 0.16) [2, 32, 38] or 2) spread
laterally and grow in the constant contact angle W droplet mode (d/l < 0.16). For the jumping region
(0.16 < d/1 <0.36), 0 increased with increasing I/l due to the differing droplet departure radii. The region of non-
jumping PW droplets (d/I > 0.36) showed constant & that decreased with increasing d/I due to increasing solid
fraction ¢. The W regime (d/I < 0.16) showed increased & with increasing d/I due to larger surface roughness r.

In addition to having a large influence on the droplet contact angle, the distinct regions of different droplet
morphologies created a large variance in the droplet departure radius R (Fig. 6(b)). The W regime had the highest R
due to the high contact angle hysteresis and droplet surface adhesion. W droplets rely on the gravitational force to be
removed from the surface, reaching sizes comparable to the capillary length (R ~ 2 mm) before departing. In
contrast, PW droplets exhibiting jumping behavior (0.16 < d/lI < 0.36) depart from the surface at length scales well
below the capillary length (R < 1 mm). As d/I increased further (d/I > 0.36), the PW non-jumping regime becomes
favored. However, the departure radii of these non-jumping PW droplets are well below that of W droplets due to
the significantly smaller contact angle hysteresis and droplet surface adhesion associated with the Cassie
morphology. At coalescence lengths of I/l <2 (not shown), droplets merge within the structure to form liquid films

and highly irregular W droplets that depart via gravitational shedding.

6.1 Optimization of Surface Heat Flux

The optimal dropwise condensation enhancement was determined based on the overall surface heat flux for a
variety of structured surface geometries. Figure 7(a) shows the normalized surface condensation heat flux, g/ Qmax
as a function structure geometry (d/l) and coalescence length (I./1). Distinct regions of operation exist due to varying
droplet morphologies and their associated departure and contact angle characteristics (Fig. 6). As expected, the
region favoring PW jumping droplets (0.16 < d/I < 0.36) showed maximum heat flux for the entire range of I/I.
Wenzel droplets (d/lI < 0.16) showed the lowest heat flux due to their relatively large departure radii indicating that
structured surfaces having very low solid fractions can be far from optimal in terms of dropwise condensation
performance. The regime of non-jumping PW droplet formation (d/l > 0.36) showed a decrease in performance
compared to the jumping regime. However at increased solid fractions (d/l > 0.8), the heat flux became comparable
due to favorable departure conditions and high droplet-base contact (high individual droplet growth rate prior to
departure). The results indicate that an optimum structure geometry exists to maximize the overall surface heat flux,
and that the unified model can be used to find this optimum. In this case, designing d/l to be within the range of
0.16 < d/l < 0.36 is highly favorable in terms of overall heat flux performance. However, this criteria may not hold

for different surfaces, since the morphology is strongly dependent on the solid fraction and surface roughness.

6.2 Effect of Micro/Nanostructure Scale

Scaling down of the structured surface has been shown to potentially increase the overall performance due to the
reduction in thermal resistance between the base of the emerging droplet and the structured surface substrate [2, 24].

To study the effects of structure scale on the overall surface heat transfer performance, the unified model was used
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to simulate condensation on a surface having h/l = 2 for a variety of different pillar heights h. Figures 7(a)-(c) show
the normalized surface heat flux, g/ qmax’, for pillar heights of h =5 pum, h =2 um, and h = 1 um, respectively. The
results show enhanced heat transfer performance (up to 22.5% from h =5 pm to h = 1 um) for surfaces with smaller
scale structures due to the reduced structure thermal resistance. In addition, reduction of the pillar height acts to
extend the peak performance of the surface for a larger range of coalescence lengths (I/1).

A second important advantage of scaling down the micro/nanostructure is seen by the broadening of the d/I ratio
for the PW jumping regime. Figure 8 shows the structured surface steady-state wetting morphology as a function of
the pillar diameter to center-to-center spacing ratio (d/I) and the center-to-center spacing to pillar height ratio (I/h).
As | is reduced for a fixed h, the region of d/I where PW jumping droplets are favored expanded. This increase of the
d/l range for PW jumping stability has very important implications for nanostructured surface design, since the
structure can consist of highly irregular pillar type protrusions arising from non-uniform fabrication techniques such
as oxidation [4] or self-assembly [33]. The larger range of d/I at smaller length scales facilitates tolerance of
structure irregularity and imperfection, allowing for less costly, scalable, and robust fabrication techniques to be
used [4].

Although the heat flux increases as the structure scale is decreased from micro to nano, the corresponding
required coalescence lengths are also decreased. This effect may pose a problem in realistic structured surface
design since the coalescence-induced droplet jumping mechanism has been shown to have a minimum size limit
[12].

7. Intrinsic Contact Angle

Dropwise condensation of water on metal/metal oxide surfaces is rarely observed in natural conditions due to
their high surface energies (the exception being noble metals such as gold and platinum due to adsorption of
atmospheric hydrocarbons [51-53]). To promote dropwise condensation, the use of self-assembled monolayers
(SAMs) has emerged as popular and robust technique to obtain reduced surface energies [4, 10, 12, 14, 19, 22-24,
29, 32, 38, 47, 54, 55]. The use of SAMs as surface promoter coatings has three advantages: 1) The SAM thickness
is on the order of a few nanometers, resulting in minimal resistance to heat flow [29]; 2) A range of SAMs can form
a covalent bond with metal oxide surfaces greatly increasing robustness; and 3) The highly non-wetting properties
of fluorinated SAMs act as a suitable promoter for dropwise condensation. The developed model is utilized to
quantify the effect of SAM coating properties for selecting an optimal dropwise condensation promoter.

Four chemistries for SAM formation were examined, with varying chain lengths and intrinsic contact angles on
smooth surfaces. The advancing and receding contact angles used were: 6,/ 6, = 121.6°/86.1°, 6,/ 6, = 110.8°/85.8°,
and 6, / 6, = 103.8°/102.7° corresponding to typical wetting properties for deposited films of (tridecafluoro-1,1,2,2-
tetrahydrooctyl)-1-trichlorosilane (SAM1), octadecyltrichlorosilane (SAM2), and dichlorodimethylsilane (SAM3),
respectively [22]. In addition, a thiolated SAM coating (THIOL) was analysed with intrinsic advancing and receding
contact angles of 8,/ 6, = 121.1°/106.3°.

Figures 9(a) and (b) show the surface heat flux g” as a function of coalescence length I, for a structured surface
coated with the four coatings with (a) d/l = 0.3 and (b) d/I = 0.4. While both surfaces favor formation of PW
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droplets, Fig. 9(a) and (b) underwent coalescence-induced droplet jumping and gravity based droplet shedding,
respectively. For all four coatings, as |. decreased, g increased due to the increase in population of small droplets
(R < ;). The impact of the coatings on g~ showed different sensitivity depending on the droplet morphology and
departure mechanism. In the case of coalescence-induced droplet removal (Fig. 9(a)), the effect of intrinsic wetting
angle (coating type) on g” was small. This result is due to the fact that droplets growing on the structured surface
depart at length scales well below the capillary length (I, << 1 mm), where contact line hysteresis is very important
in the removal mechanism of droplets from the surface.

When the droplet removal mechanism depends on gravity (Fig. 9(b)), the intrinsic wetting angle of the coating
has a significant effect on q”. Droplets being removed by gravity need to grow to a size large enough to overcome
the adhesive surface tension force. The adhesion force is highly dependent on contact angle hysteresis (A8 = 8, — 6,)
of the coating (Eg. (25)); the larger the hysteresis, the larger the adhesion to the surface [44, 45]. The lower the
hysteresis, the smaller the pinning force and average droplet size before departure occurs, resulting in a larger
population of smaller droplets and enhanced q”. Figure 9(b) shows that the smallest contact angle hysteresis coatings
have the best performance (SAM3 has the best performance (Afsams = 1.1°) followed in order by THIOL
(AbrhioL = 14.8°), SAM2 (Absamz = 25°), and SAMI (Afsamz = 35.59)).

8. Condensing Surface Orientation

Structured surfaces undergoing coalescence-induced droplet jumping can be utilized in a variety of applications
where conventional flat hydrophobic surfaces (gravity based droplet shedding) cannot, including space, mobile
electronics, and thermal diodes [18]. To study the effect of surface orientation on overall surface heat flux, the
surface inclination angle, @, was varied from @ = 0° (vertical) to ® = 90° (horizontal) in the model. Figure 10 shows
the surface heat flux as a function of the inclination angle for SAM coated structured surfaces exhibiting PW
coalescence-induced droplet jumping (d/I = 0.3) and PW gravity based droplet shedding (d/l = 0.4). Surfaces
exhibiting jumping showed little sensitivity to the surface orientation owing to their ability to shed droplets at length
scales well below the capillary length (R « 1 mm). Although, in the horizontal orientation (@ = 90° ), jumping
droplets can return to the surface via gravitational force and reduce heat transfer, this effect can be neglected due to
the ease of small droplet (~ 10 um) advection or entrainment in the bulk water vapor flow above the surface.

In contrast to jumping droplets, heat flux performance of surfaces exhibiting gravity based droplet shedding was
reduced due to larger droplet departure size (Fig. 6(b)), and showed large sensitivity to surface orientation. The main
mechanism of droplet removal in this case is highly dependent on the gravitational body force acting on the
condensing droplets. Before they can be removed, droplets need to grow to a size large enough for gravity to
overcome the contact line surface tension force holding them on to the surface. The surface tension force arises due
to contact angle hysteresis and acts in a direction parallel with the surface substrate. Therefore, to maximize the
gravitation force, the vertical surface orientation is highly favoured and any deviation towards the horizontal
orientation results in a larger departing droplet size (R) and lower overall surface heat flux (particularly at

inclination angles above 30°). As expected, the SAM coatings with the smallest contact angle hysteresis have the
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best performance (SAM1 has the worst performance (Afsami = 35.5°) followed in order by SAM2 (AfOsam = 259),
and THIOL (AHTHIOL = 1480))

9. Flat vs. Structured Surfaces

In an effort to address the question: can a flat hydrophobic surface with low contact angle hysteresis, A0 = 6, - 6;,
outperform a structured superhydrophobic surface exhibiting droplet jumping, we used the developed model to
compare the heat transfer of structured surfaces exhibiting a range of length scales (1 um < h <5 um, h/l = 2) with
flat hydrophobic surfaces with a range of intrinsic surface contact angle hysteresis values (0° < A8 < 55°) (Fig. (11)).
Figure 11 shows that as the contact angle hysteresis is reduced for a flat surface (6, = 120°, 6, = variable), the overall
heat flux is increased due to the reduction in the required size of the droplet to overcome surface tension forces to
initiate shedding (Fig. 11 Inset). In addition, the results show that at low enough contact angle hysteresis, the flat
surface can potentially have better performance than a jumping superhydrophobic surface. However, as the length
scale of the superhydrophobic surface is reduced, the required hysteresis to maintain enhancement is also reduced
(AG < 27° for h =5 pum, AG < 2.5° for h =2 pm, AG < 1° for h =1 pm). This result is in accordance with the theory
and subsequently the jumping surface heat fluxes are increased (Section 6.2). Therefore, structured surfaces with
relatively large structure scale features may not be advantageous when compared to a flat hydrophobic surface.
However, provided that the surface structure design is optimized (Fig. 7(c)) with low coalescence lengths
2<I/l<4), the heat flux performance enhancement of peak superhydrophobic condensation
(Qmax” = 342.12 KW/m? at AT = 5 K) compared to that of an ideal flat surface (A9 < 2.5°) approaches 110%. In
addition, using the model results to compare the peak superhydrophobic heat flux (qmax”) to @ more realistic flat
dropwise condensing surface (SAM1 coated) shows an even greater enhancement of up to 190%.

The results indicate that structured surfaces may be the ideal pathway to achieving even higher dropwise
condensation heat fluxes over conventional flat hydrophobic surfaces. Such surfaces may therefore enable:
1) Substantial reduction in industrial condenser sizes and cost [51]; 2) Overall performance enhancement of devices
such as heat pipes and thermal ground planes for applications requiring maximization of evaporator area and
minimization of condenser area [56]; and 3) Use of cooling devices previously not possible for local high heat flux
electronic devices [18, 57].

Although the added benefit of surface structuring may outweigh its increased complexity, some practical
limitations remain. The scalability of the surface structuring process is a concern that has to be addressed before
practical designs are implemented in industrial settings. Recent research into novel and scalable copper oxidation
nanostructuring technigues has alleviated some of this concern [4], however the robustness and durability after long

hours of operation is unknown given the relatively harsh working environments encountered in industry.

10. Conclusions

A model framework of dropwise condensation heat transfer for micro/nanostructured superhydrophobic surfaces
was developed. Unlike previous works, the current model is able to: 1) Predict the emergent droplet wetting

morphology (PW jumping, PW non-jumping, or Wenzel) via coupling of the structure geometry and nucleation
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density by considering local energy barriers to wetting; 2) Model non-constant contact angle droplet growth; and
3) Extend the previously developed droplet size distribution theory to both constant and non-constant contact angle
droplets growing on surfaces experiencing coalescence-induced droplet jumping. The model was used to compute
the overall surface heat transfer rate and study the effects of surface geometry and scale, nucleation density, and
promoter coating. The results suggest the importance of emergent droplet wetting morphology on overall
condensation heat flux. Specifically, distinct geometries existed which allowed for the formation of coalescence-
induced jumping droplets having up to 110% overall surface heat flux enhancement over dropwise condensing
geometries favoring W droplets, and 190% enhancement over flat hydrophobic surfaces. In addition, the results
showed that scaling down the structure dimensions, while maintaining droplet coalescence at small length scales
helps to sustain coalescence-induced droplet jumping over a larger range of geometries and maximize heat transfer
performance enhancement.

Subsequently, the model was used to study the effects of four self-assembled monolayer promoter coatings on
overall heat transfer, showing that surfaces exhibiting coalescence-induced droplet jumping are not sensitive to the
intrinsic promoter coating wetting characteristics, which is in contrast to surfaces relying on gravity. Similarly, the
impact of surface inclination with respect to gravity does not change the heat transfer characteristics of surfaces
exhibiting jumping droplets, which is not the case for gravity based shedding surfaces, particularly at inclination
angles in excess of 30°. The results indicate that structured surfaces may be the ideal pathway to achieving high heat
flux dropwise condensation. This work provides guidelines for the rational design of structured superhydrophobic

surfaces to maximize dropwise condensation heat transfer.
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Nomenclature

A Area of condensing surface [m?]

d Pillar diameter [m]

E* Wetting-state energy ratio [-]

F Gravitational force acting on a droplet [N]
Fo Surface tension force acting on a droplet [N]

«

g Gravitational acceleration, [9.81 N/kg]

G Droplet growth rate [m/s]

Gpw  Partially wetting (variable contact angle) droplet growth rate [m/s]
Pillar height [m]

fq Latent heat of vaporization [J/kg]

i Liquid-vapor interface heat transfer coefficient [W/m-K]

HC Hydrophobic promoter coating thermal conductivity [W/m-K]

Kp Pillar/substrate thermal conductivity [W/m-K]

K Water thermal conductivity [W/m-K]
Pillar center-to-center spacing [m]

o Droplet coalescence length [m]

()  Mean droplet coalescence length [m]

m Mass rate of condensate formation [kg/s]

N Large droplet population density [m™]

n Small droplet population density [m™]

Ns Constant contact angle small droplet population density [m™]
Ng Variable contact angle small droplet population density [m™]
Ns Number of nucleation sites per unit area [m™]

P Vapor saturation pressure [Pa]

q Individual droplet heat transfer [W]

gpw  Partially wetting morphology drop heat transfer [W]

qs Suspended morphology drop heat transfer [W]

qw Wenzel morphology drop heat transfer [W]

g”  Heat flux [W/m?]

Omax”  Maximum structured surface heat flux [W/m?]

Surface roughness [-]

Droplet radius [m]

min  Minimum droplet nucleation radius [m]

max  Droplet radius when variable contact angle growth ends (PW droplets) [m]
Effective maximum droplet radius [m]

Droplet interaction radius [m]

Droplet curvature thermal resistance [K/W]

Critical radius when R, = R; [m]

Liquid-vapor interfacial thermal resistance [K/W]
Droplet conduction thermal resistance [K/W]
Hydrophobic promoter coating thermal resistance [K/W]
Pillar structure thermal resistance [K/W]

Pinned liquid region thermal resistance [K/W]

Gas constant [J/mol-K]

Droplet surface area removal rate due to large droplet sweeping [m%/s]
Time [s]

AT Surface subcooling temperature [K]

AT, Droplet curvature temperature drop [K]

ATyc  Coating layer conduction temperature drop [K]

AT; Liquid-vapor interfacial temperature drop [K]

ATy Droplet body conduction temperature drop [K]

ATps Suspended droplet pillar temperature drop [K]

ATy,  Pillar, coating and gap temperature drop [K]

Th1 Liquid temperature at the droplet base [K]
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Th2 Temperature of pillar tops beneath coating [K]
T Liquid-vapor interfacial temperature [K]
Teat Vapor saturation temperature [K]
Ts Substrate/wall temperature [K]
TS Substrate subcooled region temperature [K]
% Volume [m?]
Greek Symbols
a Condensation coefficient [-]
0 Contact angle [°]
Ow Wenzel droplet contact angle [°]
O Suspended droplet contact angle [°]
Opw  Partially wetting droplet contact angle [°]
O Advancing contact angle [°]
0, Receding contact angle [°]
AG Intrinsic contact angle hysteresis [°]
o Surface inclination angle from the vertical [°]
o Solid fraction [-]
o Surface tension [N/m]
Pu Water density [kg/m?]
Vg Water vapor specific volume [m*/kg]
0 Thickness [m]

T

Sweeping period, [s]

Superscript

CB
PW
S
W

SAM

Subscripts

T@ Mo ano
O w

&2
(@)

EE »w- UvUuwo —

Cassie-Baxter

Partially wetting
Suspended

Wenzel

Self assembled monolayer

Advancing

Curvature, critical, coalescence
Cassie Baxter

Droplet

Equilibrium, effective

Flat

Pinned liquid region under droplet
Hydrophobic promoter coating
Liquid-vapor interface

Pillar

Partially wetting

Pillar, coating, pinned liquid region
Receding

Suspended

Water

Wenzel
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Figure 1 — Schematics of the modeled structured surface showing (a) side view and (b) top view of the characteristic
structure dimensions h, d, and | representing the pillar height, diameter and center-to-center spacing, respectively.
Schematics showing the (c) suspended (S), (d) partially wetting (PW), and (e) Wenzel (W) morphologies.
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Figure 2 — Time-lapse schematics of (a) S, (b) PW, and (c) W droplet morphologies during growth on the structured
surface. To the right of the schematics are corresponding environmental scanning electron microscopy (ESEM)
images of droplets with the different morphologies on a nanostructured surface (h = 6.1 pm, I =2 pm, d = 300 nm)
[23, 24]. Schematics not to scale.
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Figure 3 — (a) Schematic of the droplet on the condensing surface growing in the PW morphology. (b) Droplet
thermal resistance diagram showing the liquid-vapor interface (R;), droplet conduction (Ry), hydrophobic promoter
coating (Rpc), pillar (Rp), and gap (R,) thermal resistances. (c) Thermal resistance network in the droplet and pillar
structure. The schematic shows the parallel path of heat flowing through i) the coating (Ryc) followed by the pillar

(Rp) and ii) the liquid bridge (Ry) followed by the coating (Rwc). Schematics not to scale.
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Figure 4 — Droplet size distribution for a surface with droplet removal by gravity (flat hydrophobic surfaces) as a
function of droplet radius R for various nucleation densities Ns. The population density is shown for small droplets
(n(R)) with color curves and large coalescing droplets (N(R)) with the black curve. Higher nucleation densities lead

to earlier droplet coalescence and smaller coalescence lengths (I = 2R.). The population of small (R < R¢) non-
interacting droplets is larger than large (R > R,) droplets because large droplets experience coalescence in addition to
being swept off the surface. Model parameters: h =10 um, | =4 um, d =300 nm, AT = Tg; - Ts =5 K,
0,/6, =121.6°/86.1°.
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Figure 5 — (a) Droplet population densities for surfaces exhibiting coalescence induced droplet removal as a
function of radius R for a variety of nucleation densities Ns with constant contact angle ny(R) (solid lines) and
variable contact angle ny(R) (dotted lines). Higher nucleation densities result in earlier droplet coalescence and

smaller coalescence lengths (I, = 2R.). Inset: schematic showing coalescence length (l.). (b) Ratio of the ‘dynamic’
surface heat flux qq” (Eq. (47)) to the static surface heat flux gs” (Eq. (46)) as a function of droplet coalescence
length (l.) and structured surface pillar-to-pillar spacing (). The shaded includes the results for the different pillar
spacings (0.5 um < | < 8 um). The static contact angle droplet model over predicts the surface heat flux at small
departure sizes, which shows the importance of using the dynamic contact model for predicting PW droplet
performance. Model parameters: h =10 um, | =4 pm, d = 300 nm, AT =5K, 68,/6, = 121.6°/ 86.1°.
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Figure 6 — (a) Condensing droplet apparent contact angle € as a function of coalescence length (I./ 1) and ratio of
pillar diameter to center-to-center spacing (d/I). Distinct regions of differing droplet wetting morphologies exist
based on the wetting criteria (Section 2). For d/l > 0.36, the PW droplet morphology is favored, however droplet
jumping is not possible due to the high solid fraction (¢ > 0.1) and high contact line pinning to the surface structure.
For I/l < 2 (not-shown), liquid films and pinned W droplets are formed due to droplet merging within the unit cell of
the structure. (b) Condensing droplet departure radius, R as a function of coalescence length (I./I) and ratio of pillar
diameter to center-to-center spacing (d/I). Regimes of W droplet formation have higher departure radii than PW
droplets due to higher surface adhesion and contact angle hysteresis. Model parameters: h =10 pm, | =4 um,
d=300nm, AT=5K, 6,/6,. =121.6°/86.1°, kyc = 0.2 W/mK [28], ke = 150 W/mK, dyc = 1 nm. Insets: emergent
droplet morphology schematics for each region.
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Figure 7 — Normalized overall steady-state surface heat flux q/qmax”, as a function of coalescence length (l¢/I) and
ratio of pillar diameter to center-to-center spacing (d/l) for (@) h =5 um, (b) h =2 um, and (c) h = 1 um. Scaling
down the surface structure ((a) to (c)) enhances performance due to the reduced micro/nanostructure thermal
resistance. Regions favoring PW jumping droplet removal show peak heat fluxes for all three cases ((a) to (c)). Qmax”
was determined from examining the peak heat flux in all three cases, which occurred for the smallest scale structure
(©), Oma” = 342.12 KW/m?. Model parameters: h/l =2, AT =5 K, 6,/6, = 121.6°/86.1°, kyyc = 0.2 W/mK,
ke = 150 W/mK, dyc = 1 nm. Insets: emergent droplet morphology schematics for each region.
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Figure 8 — Structured surface steady-state wetting morphology as a function of the pillar diameter to center-to-
center spacing ratio (d/I) and the center-to-center spacing to pillar height ratio (I/h). Scaling down the surface
structure (I/h) broadens the d/I regime where PW jumping droplets are observed. Insets: emergent droplet
morphology schematics for each region.
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Figure 9 —Structured surface steady-state heat flux q” as a function of coalescence length I for four different
promoter coatings with (a) coalescence-induced droplet jumping (no sweeping) and (b) gravitational droplet removal
(sweeping). The surface heat flux is not sensitive to the promoter coating for surfaces with coalescence-induced
droplet departure. Heat flux (g) is highly dependent on the promoter coating for surfaces relying on gravity for
droplet removal due to the strong dependence of droplet/surface adhesion on contact angle hysteresis. Insets:
Surface heat flux (q”) as a function of temperature difference (AT = T — Ts) for the four different promoter coatings
and model parameters: h =5 pum, I =2.5 um, AT = 5K, I, = 7.5 pm, kyc = 0.2 W/mK, kp = 150 W/mK, dyc = 1 nm.
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Figure 10 — Structured surface steady-state heat flux g” as a function of the surface inclination angle ® for SAM
coated (SAM1, SAMZ2, and THIOL) structured surfaces exhibiting coalescence-induced droplet jumping (d/I = 0.3)
and gravity based droplet shedding (d/lI = 0.4). Jumping surfaces showed little sensitivity to the orientation owing to

their ability to shed droplets at length scales well below the capillary length (R « 1 mm). Surfaces exhibiting
gravity based shedding showed a strong dependence on @, due to the cos® dependence of the gravitational body
force acting on the condensing droplets needed to overcome the surface tension force (Eqg. (25)). Inset: condensing

surface orientation schematic. Model parameters: h =5 pm, I =2.5 pm, AT =5 K, I, = 10 um, kyc = 0.2 W/mK,
ke = 150 W/mK, dyc =1 nm.
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Figure 11 —Structured (jumping) and flat (gravity shedding) surface steady-state heat flux g” as a function of
intrinsic promoter coating contact angle hysteresis A8 for three structured surfaces coated with the SAM1 promoter.
As A0 decreases for the flat surface, q” increases due to the lower droplet adhesion to the surface and lower
departure radii (Inset). As a result, the flat surfaces begin to show enhanced q” compared to the structured surfaces.
Inset: Droplet departure diameter (R), as a function of intrinsic flat surface contact angle hysteresis (A6). Model
parameters: AT =5 K, I, = 10 um, kyc = 0.2 W/mK, kp = 150 W/mK, dpc = 1 nm, SAM1 coating:

6,/6, =121.6°/86.1°.
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Caption List:

Figure 1 — Schematics of the modeled structured surface showing (a) side view and (b) top view of the characteristic
structure dimensions h, d, and | representing the pillar height, diameter and center-to-center spacing, respectively.
Schematics showing the (c) suspended (S), (d) partially wetting (PW), and (e) Wenzel (W) morphologies.

Figure 2 — Time-lapse schematics of (a) S, (b) PW, and (c) W droplet morphologies during growth on the structured
surface. To the right of the schematics are corresponding environmental scanning electron microscopy (ESEM)
images of droplets with the different morphologies on a nanostructured surface (h = 6.1 um, | =2 um, d = 300 nm)
[23, 24]. Schematics not to scale.

Figure 3 — (a) Schematic of the droplet on the condensing surface growing in the PW morphology. (b) Droplet
thermal resistance diagram showing the liquid-vapor interface (R;), droplet conduction (Ry), hydrophobic promoter
coating (Ryc), pillar (Rp), and gap (R,) thermal resistances. (c) Thermal resistance network in the droplet and pillar
structure. The schematic shows the parallel path of heat flowing through i) the coating (Ryc) followed by the pillar
(Rp) and ii) the liquid bridge (Ry) followed by the coating (Ric). Schematics not to scale.

Figure 4 — Droplet size distribution for a surface with droplet removal by gravity (flat hydrophobic surfaces) as a
function of droplet radius R for various nucleation densities Ns. The population density is shown for small droplets
(n(R)) with color curves and large coalescing droplets (N(R)) with the black curve. Higher nucleation densities lead
to earlier droplet coalescence and smaller coalescence lengths (I = 2R.). The population of small (R < R¢) non-
interacting droplets is larger than large (R > R) droplets because large droplets experience coalescence in addition to
being swept off the surface. Model parameters: h = 10 um, | = 4 pm, d = 300 nm, AT = Tg - Ts=5K,
0,/6, =121.6°/86.1°.

Figure 5 — (a) Droplet population densities for surfaces exhibiting coalescence induced droplet removal as a
function of radius R for a variety of nucleation densities Ng with constant contact angle ns(R) (solid lines) and
variable contact angle nyg(R) (dotted lines). Higher nucleation densities result in earlier droplet coalescence and
smaller coalescence lengths (I, = 2R;). Inset: schematic showing coalescence length (I;). (b) Ratio of the ‘dynamic’
surface heat flux qq” (Eq. (47)) to the static surface heat flux gs” (Eq. (46)) as a function of droplet coalescence
length (l.) and structured surface pillar-to-pillar spacing (l). The shaded includes the results for the different pillar
spacings (0.5 um < | < 8 um). The static contact angle droplet model over predicts the surface heat flux at small
departure sizes, which shows the importance of using the dynamic contact model for predicting PW droplet
performance. Model parameters: h =10 um, | =4 pm, d =300 nm, AT =5K, 6,/6, = 121.6°/ 86.1°.

Figure 6 — (a) Condensing droplet apparent contact angle 6 as a function of coalescence length (I / I) and ratio of
pillar diameter to center-to-center spacing (d/l). Distinct regions of differing droplet wetting morphologies exist
based on the wetting criteria (Section 2). For d/l > 0.36, the PW droplet morphology is favored, however droplet
jumping is not possible due to the high solid fraction (¢ > 0.1) and high contact line pinning to the surface structure.
For I/l < 2 (not-shown), liquid films and pinned W droplets are formed due to droplet merging within the unit cell of
the structure. (b) Condensing droplet departure radius, R as a function of coalescence length (I/l) and ratio of pillar
diameter to center-to-center spacing (d/I). Regimes of W droplet formation have higher departure radii than PW
droplets due to higher surface adhesion and contact angle hysteresis. Model parameters: h = 10 um, | = 4 pm,
d =300 nm, AT =5K, 6,/6, = 121.6°/86.1°, kyc = 0.2 W/mK [28], kp = 150 W/mK, dyc = 1 nm. Insets: emergent
droplet morphology schematics for each region.

Figure 7 — Normalized overall steady-state surface heat flux g”/gmax”, as a function of coalescence length (l¢/1) and
ratio of pillar diameter to center-to-center spacing (d/l) for (@) h =5 pm, (b) h =2 pm, and (c) h = 1 pm. Scaling
down the surface structure ((a) to (c)) enhances performance due to the reduced micro/nanostructure thermal
resistance. Regions favoring PW jumping droplet removal show peak heat fluxes for all three cases ((a) to (€)). Qmax”
was determined from examining the peak heat flux in all three cases, which occurred for the smallest scale structure
(C), Omax” = 342.12 kW/m?. Model parameters: h/l = 2, AT = 5 K, 6,/6, = 121.6°/86.1°, kyc = 0.2 W/mK,
ke = 150 W/mK, dyc = 1 nm. Insets: emergent droplet morphology schematics for each region.
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Figure 8 — Structured surface steady-state wetting morphology as a function of the pillar diameter to center-to-
center spacing ratio (d/l) and the center-to-center spacing to pillar height ratio (I/h). Scaling down the surface
structure (I/h) broadens the d/l regime where PW jumping droplets are observed. Insets: emergent droplet
morphology schematics for each region.

Figure 9 —Structured surface steady-state heat flux q” as a function of coalescence length I for four different
promoter coatings with (a) coalescence-induced droplet jumping (no sweeping) and (b) gravitational droplet removal
(sweeping). The surface heat flux is not sensitive to the promoter coating for surfaces with coalescence-induced
droplet departure. Heat flux (q”) is highly dependent on the promoter coating for surfaces relying on gravity for
droplet removal due to the strong dependence of droplet/surface adhesion on contact angle hysteresis. Insets:
Surface heat flux () as a function of temperature difference (AT = Tg — Ts) for the four different promoter coatings
and model parameters: h =5 pum, I =2.5 um, AT = 5K, I, = 7.5 pm, kyc = 0.2 W/mK, kp = 150 W/mK, dyc = 1 nm.

Figure 10 — Structured surface steady-state heat flux q” as a function of the surface inclination angle ® for SAM
coated (SAM1, SAM2, and THIOL) structured surfaces exhibiting coalescence-induced droplet jumping (d/l = 0.3)
and gravity based droplet shedding (d/l = 0.4). Jumping surfaces showed little sensitivity to the orientation owing to
their ability to shed droplets at length scales well below the capillary length (R <« 1 mm). Surfaces exhibiting
gravity based shedding showed a strong dependence on @, due to the cos®@ dependence of the gravitational body
force acting on the condensing droplets needed to overcome the surface tension force (Eg. (25)). Inset: condensing
surface orientation schematic. Model parameters: h =5 pm, | = 2.5 um, AT =5 K, |, = 10 pm, kyc = 0.2 W/mK,
ke = 150 W/mK, dc =1 nm.

Figure 11 —Structured (jumping) and flat (gravity shedding) surface steady-state heat flux q” as a function of
intrinsic promoter coating contact angle hysteresis Aé for three structured surfaces coated with the SAM1 promoter.
As A0 decreases for the flat surface, q” increases due to the lower droplet adhesion to the surface and lower
departure radii (Inset). As a result, the flat surfaces begin to show enhanced q” compared to the structured surfaces.
Inset: Droplet departure diameter (R), as a function of intrinsic flat surface contact angle hysteresis (A6). Model
parameters: AT=5 K, 1.=10 pm, kyc= 0.2 WI/mK, kp =150 W/mK, Jdyc = 1 nm, SAM1 coating:
6,/0, =121.6°/86.1°.
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