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Limits of dropwise condensation heat
transfer on dry nonwetting surfaces

Sandeep Hatte1 and Ranga Pitchumani1,2,*

SUMMARY

Surface condensation is ubiquitous in applications such as power generation and desalination. Nonwetting
surfaces have been studied extensively for their dropwise condensation potential with reports of dramatic
improvements relative to the classical Nusselt equation for film-wise condensation that has long served as a
reference theoretical lower boundon the condensation heat transfer coefficient. However, a theoretical up-
per bound on the maximum possible condensation heat transfer over a given surface is not available.
Considering actual surface topographies as fractal surfaces, we present theoretical upper bounds for grav-
ity-driven and jumping droplet condensation modes in a unified manner. Experimental data on steam
condensation from this study as well as the literature on dry nonwetting surfaces are compared to the
bounds to identify the opportunity gap to the theoretical maximum. Solid-infused surfaces, introduced
recently by the authors, are shown to fall in this opportunity space, closer to the upper bound.

INTRODUCTION

Nonwetting surfaces have attracted attention over the years for potential applications such as drag reduction,1–5 phase change heat

transfer,6–11 convective heat transfer,12–14 anti-icing,15–17 and anti-fouling,18–20 to name a few. The physicochemical properties that give

rise to the characteristics of nonwetting surfaces are texturing of the surfaces to produce either ordered or random arrangement of asperity

peaks and valleys, wettability of the bare surface, and the type of infusion material occupying the asperity valleys. Nonwetting surfaces with a

liquid lubricant as the infusion material are termed lubricant infused surfaces (LIS) that are distinguished from the nonwetting surfaces of pre-

sent focus, with air or a solid as the inter-asperity material, which are collectively referred to as dry nonwetting surfaces (DNS) to include a

broad class of hydrophobic (HS), superhydrophobic (SHS), and solid-infused surfaces (SIS).20–22

Superhydrophobic surfaces, due to the presence of air in the valleys of textured surfaces, offer much higher contact angle ð> 150�Þ and
significantly lower contact angle hysteresis ð< 5�Þ compared to liquid or solid infused porous surfaces.20–23 Condensation heat transfer

over such surfaces results in the formation of spherical droplets that exhibit excellent mobility in contrast to the liquid condensate film

that is often formed adherent on smooth non-structured hydrophilic surfaces.19 It is the lower adhesion of condensate droplets to nonwetting

surfaces that leads to enhanced condensation heat transfer performance as compared to film-wise condensation (FWC) where the conden-

sate film remains in contact with the smooth surface for a longer time.

Several analytical,24–26 experimental7–9,27 or numeral studies28 have been reported on dropwise condensation (DWC) onmonoscaledmi-

cro- and/or nano-structured pillared superhydrophobic surfaces. Theoretical studies, in particular, have focused on the quasi-static mecha-

nism of dropwise condensation and the resulting enhanced heat transfer rate attributed to the following process: condensate droplets of

higher contact angle and lower contact angle hysteresis nucleate at random locations on the condensing surface and grow by direct vapor

accumulation until they reach the size at which coalescence starts. In a phenomenon called jumping droplet condensation (JDC) that is

observed on nanostructured surfaces under a limited range of subcooling and short durations, the drops are propelled away from the surface

at the time of coalescence.24,27 Coalescence-driven further growth of condensate droplets leads to shedding induced by gravity, called grav-

ity-driven condensation (GDC). Both JDC and GDC result in droplet shedding at relatively smaller size compared to FWC. Early and more

frequent shedding of smaller-sized condensate droplets leads to renewal of the surface for fresh nucleation at a higher rate, collectively lead-

ing to enhanced condensation heat transfer when compared to FWC. Considering the superhydrophobic surface to be an idealized, regu-

larly-patterned, pillared asperity structure, existing models describe single droplet heat transfer rate on the surface. Further, through popu-

lation balance, droplet size distribution theory and analytical formulation for maximum (departure) droplet size are developed, using which

condensation heat transfer on structured superhydrophobic surfaces have been reported under the assumption of steady state for GDC and

JDC modes of condensation.24–26

Unlike pillared nonwetting surfaces that are monoscaled structures with deterministic spacing, multiscale rough superhydrophobic sur-

faces have a statistical distribution of asperity sizes and spacings that span multiple scales. Figure 1 presents scanning electron micrographs
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of superhydrophobic surfaces fabricated using electrodeposition or chemical etching, which clearly revealmultiscaled asperity topographies

that cannot be represented by an ordered array of pillared structures. Further, the existing condensation models take into consideration the

predictive wettability states of condensate droplets on prismatic pillared textures. However, suchmodels cannot be extended for condensate

droplets resting overmultiscale rough surfaces. The resulting difference in the dynamics of contact angle and contact angle hysteresis, in turn,

affects single droplet heat transfer characteristics, droplet size distribution and droplet departure during condensation, which are not ac-

counted for in any of the previous studies. As a result, the existing theoretical description of condensation on regularly patterned superhy-

drophobic surfaces bears little applicability to studying condensation heat transfer onmultiscale rough superhydrophobic surfaces fabricated

using scalable processes in practice.

Toward addressing the fundamental knowledge gaps, here we present a detailed theoretical model for dropwise condensation over

superhydrophobic rough surfaces by considering their inherent multiscale features during condensation. Multiscale rough surfaces are

modeled as a fractal topography whose parameters are uniquely determined from surface profile scans. We present a unified model for

heat transfer of a single condensate droplet resting on a fractal asperity network which incorporates the effects of the fractal surface param-

eters and surface subcooling. Further, the present model considers the two modes of condensate droplet shedding namely, gravity driven

condensation (GDC) wherein droplet grow through coalescence until the force of gravity results in condensate shedding and secondly the

jumping droplet condensation (JDC) in which the condensate droplets depart from the surface at the time of coalescence. A detailed droplet

size distribution analysis is used to obtain closed-form analytical formulations for the maximum droplet size of the departing droplet in GDC

and JDCmodes of DWC and, in turn, the condensation heat transfer coefficient as function of the surface fractal parameters and subcooling.

The model considers the droplets to be in the Cassie state of wettability throughout the condensation process, thereby providing the

theoretical maximum possible condensation heat transfer coefficients for GDC and JDC on the nonwetting surface. Together with the clas-

sical Nusselt correlation for FWC that yields the lower bound on the condensation heat transfer, the present study provides the theoretical

upper bound for GDC and JDC on a given multiscale surface topography. Several designs of rough surfaces are parametrically analyzed to

elucidate the influence of multiscale topography on condensation heat transfer enhancement. Experimental data from literature studies on

GDC and JDC on monoscaled and multiscaled HS and SHS, as well as experimental measurements on GDC on electrodeposited and chem-

ically etched HS and SHS in the present study, are pooled together to demonstrate their performance relative to the lower and the upper

bounds. The gap between the range of heat transfer coefficients of the SHS that have been explored so far and the theoretical upper bounds

is identified as the opportunity space for materials development. It is shown that solid-infused surface (SIS), a recent class of dry nonwetting

surface introducedby the authors, significantly improves heat transfer approaching the performance of JDCon nanotextured surfaces and the

upper bounds derived from the present model. The gap between the current performance of SIS and the theoretical upper bounds offers

possibilities for future materials innovation.

RESULTS AND DISCUSSION
Fractal surface characterization

Multiscale rough surfaces exhibit asperities at a cascade of length scales ranging from micrometers to nanometers. Figures 1A and 1D show

two scanning electron microscope (SEM) images of copper surfaces fabricated using electrodeposition and chemical etching, respectively.

Figure 1. Fractal characterization of multiscale rough nonwetting surfaces

(A and D) SEM image, (B and E) profilometric scan and (C and F) power spectral density of (A–C) electrodeposited copper surface and (D–F) chemically etched

copper surface. Scale bar size is 10 mm.
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The inset in Figure 1A is a focused ion beam cross section of a cauliflower-shaped asperity which reveals the distinct multiscale features. The

presence of multiscale features on the surface is further evident from the profilometric scans shown in Figures 1B and 1E.

Such multiscale rough surfaces may be modeled using the Weierstrass-Mandelbrot (W-M) function,29–31 which mathematically represents

the self-similar structure of the surface profile scans as in Figures 1B and 1E. The Fourier transform of the W-M function yields a power-law

dependence of the spectral density, SðuÞ, with the spatial frequency,u; given by SðuÞ = G2ðD� 1Þ
2 ln g

1
u5� 2D , whereD andG are the fractal dimension

and scaling constant, respectively, and g = 1:5 represents the random phases in a roughness profile.29,30 Similarly, the power spectral density

of the actualmultiscale rough surfacemay be obtained as a fast Fourier transformof the surface profile scans. By comparing the power spectra

of the actual surface with that of the W-M function, we obtain the fractal dimension, D, and G of the multiscale rough surface.

Illustrating themethod, Figures 1C and 1F show fast Fourier transformed power spectral density of the surface scans on the electrodepos-

ited (Figure 1A) and chemically etched copper surfaces (Figure 1D), respectively, plotted on a log-log scale. Figures 1C and 1F reveal that in

the range of spatial frequency, ul <u<uh, the power spectra, SðuÞ, follow power-law variation with spatial frequency as evident from the

linear trend of the data points on the log-log plots. The power-law variationmathematically confirms the fractal nature of themultiscale rough

surfaces, where the contributing spatial wavelengths of the surface profiles relate to the maximum and minimum length scales of the asper-

ities, respectively, such that Lmax = 1
ul
and Lmin = 1

uh
. From the values of minimum and maximum spatial frequencies shown in Figures 1C and

1F, the values of maximum and minimum asperity length scales are noted as follows: for the representative electrodeposited copper surface

(Figure 1A), Lmaxz28 mm and Lminz5 mm, for the etched rough surface (Figure 1D), Lmaxz33 mm and Lminz8 mm.

Taking the logarithm of the power spectrum of theW-M function, log10½SðuÞ� = � ð5 � 2DÞ$log10 u+ log10

h
G2ðD�1Þ
2 ln g

i
, and comparing it to

the linear best fit through the data on the power spectrum plots in the range ðul;uhÞ, we see that (a) the slope of the best-fit line equals 2D �
5, fromwhich the fractal dimension,D, of the actual rough surface can be calculated, as seen in Figures 1C and 1D, whereD = 1:88 andD =

1:62, for the representative electrodeposited and etched rough surfaces, respectively, and (b) the intercept of the best-fit line with the ordi-

nate can be used to determine the scaling constantG of themultiscale surface, such thatGz1:5 mm andGz1:0 mm, for the electrodeposited

and etched rough surfaces, respectively. The fractal parameters of the actual multiscale rough topography—D;G and asperity length scale

ratio, L� = Lmax=Lmin—are thus uniquely determined, which serve as the basis for further analysis.

In a fractal model of a real multiscale rough surface, the asperities are represented as a stack of prismatic structures each of square cross-

sectional area, a ð = L2Þ, arranged one above another with length scales decreasing monotonically from Lmax (bottommost asperity of area

amax = L2max ) to Lmin (topmost asperity of area amin = L2min). Figure 2Adepicts condensate droplets of varying sizes on a surfacewithmultiscale

asperity topography fromwhich Figure 2B illustrates a close-up view of a single droplet resting on such amultiscale rough nonwetting surface.

The surface temperature at the base of the multiscale asperities is Ts and the saturated steam surrounding the condensate droplet is at tem-

perature, Tsat , which are both considered constant throughout, such that a constant surface subcooling is defined as DT = Tsat � Ts. The

height of each asperity is related to its cross-sectional area, a, in terms of the fractal parameters as hðaÞ = að1� D
2ÞGD� 1.30,31 In a planar cross

section of the fractal asperity structures, the number of asperities,N; with area, A, exceeding a is obtained in terms of fractal dimensionD as

NðA R aÞ =
�

a
amax

�� D
2 27,28, from which the number of asperities with areas in the range a to a+da—the number density, nðaÞ—is obtained as

nðaÞ = � dN
da = D

2a

�
amax

a

�D
2 . The fractal surface description and the associated parameters are used in the modeling of water contact angle on

the surface, which is, in turn, used in the description of droplet size distribution and condensation heat transfer overmultiscale rough surfaces.

Contact angle modeling

Condensation heat transfer over multiscale rough nonwetting surfaces is dependent on the contact angle and contact angle hysteresis that

are, in turn, functions of the multiscale rough surface topography, surface functionalization and subcooling. In our previous work,30 we devel-

oped a relationship between equilibrium contact angle, q, and the fractal parameters of a multiscale surface as:

cos q =

�
D

D � 2

� 
L�D� 2 � 1

L�D � 1

!
ð1 + cos qoÞ � 1 (Equation 1)

where q0 is the contact angle of a sessile droplet on a smooth functionalized solid surface. Figure 2C shows that the equilibrium contact angle

increases with asperity length scale ratio L�, for all values of fractal dimensionD. For L� = 1, the surface is smooth, and the contact angle is q0
(taken to be 120� in the plot) regardless of the fractal dimension. Increase in L� corresponds to increase in the relative area fraction of air cav-

ities which reduces surface wettability and leads to increase in equilibrium contact angle as per Equation 1. As L�/N, the solid area fraction

of the topmost asperities in contact with the water droplet approaches zero, and the equilibrium contact angle asymptotically approaches the

theoretical limit of 180�, the contact angle for water droplet in air. It is evident that for each D, there is a minimum L� beyond which the equi-

librium contact angle exceeds 150�, making the surface superhydrophobic; asD increases, superhydrophobicity is achieved for smaller values

of L�, equivalently, over a smaller range of asperity length scales. Figure 2C further shows that equilibrium contact angle increases with fractal

dimension for a fixed L� reflecting the enhanced nonwetting characteristic of rough surfaces.

Apart from contact angle in situ, q, droplet mobility on a surface is additionally governed by contact angle hysteresis, qh, with super-

hydrophobic surfaces showing extremely small qh values. In dropwise condensation, qh values directly relate to the removal effectiveness of

condensate droplets under the influence of external forces. Figure 2D presents the experimentally measured qh variation with contact
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angle (q) for a range of surfaces with different states of wettability. The data is categorized into three groups: measurements on (1) multi-

scale textured, unfunctionalized surfaces, (2) smooth unfunctionalized and functionalized surfaces, and (3) multiscale textured, functional-

ized surfaces. Multiscale textured, unfunctionalized surfaces exhibit Wenzel state of wettability with q< 40� and qh > 50� (red markers).

Smooth unfunctionalized and smooth functionalized surfaces demonstrate interim wettability between Wenzel and Cassie states, with q

in the range 80� to 120� and qh in the range 10� to 40� (blue markers). Multiscale textured, functionalized surfaces exhibit Cassie state

of wettability characterized by larger contact angle values, q> 130� and smaller qh values in the range 1� to 10� (green markers). It is

evident, therefore, that increasing q corresponds to lower wetted area, leading to easy movement of droplet and smaller qh; conversely,

a smaller contact angle results in droplet pinning or surface flooding, making it difficult for the droplet to move, thereby increasing qh. The

variation of qh with q may be represented by the following functional form, shown as the best-fit power law curve through the data points in

Figure 2D:

cos qh = 1 � 2

�
1+cos q

2

�3

(Equation 2)

where q is given in terms of the fractal parameters of the surface by Equation 1. Note that Equation 2 obeys the physical consistency checks

that when q = 0�, the case of complete surface inundation, the droplets have no mobility, that is reflected in qh = 180�; on the other hand,

when q = 180�, the droplet has zero contact area with the surface leading to spontaneous droplet shedding or qh = 0�. Furthermore, by way

of Equation 1, qh given by Equation 2 presents the first ever direct relationship between contact angle hysteresis and multiscale surface

topography.

Droplet size distribution

Dropwise condensation is characterized by a spectrum of spherical condensate droplets of various size, R, on a multiscale rough nonwetting

condensing surface, as shown in Figure 2A. At the smaller droplet sizes nucleation and growth are governed by direct accumulation of satu-

rated vapor molecules onto the interface of condensate droplet and saturated air; after a critical droplet size, the growth is characterized by

coalescence of condensate droplets. The resultant larger droplets by coalescence are either forced tomove on the condensing surface under

the effect of imbalanced gravitational force, leading to eventual shedding of condensate droplets (GDC), or they jump away from the

condensing surface upon coalescence (JDC). The theoretical model is applicable to dropwise condensation, in general, unless distinguished

by the superscript ‘g’ or ‘j’, for GDC or JDC, respectively. In GDC as well as JDC, the removal of condensate droplets leads to renewal of the

condenser surface for fresh nucleation of smaller condensate droplets.

Figure 2. Thermal resistance network and surface wettability of a condensate droplet

(A) Schematic of condensation on a multiscale textured rough surface, (B) close-up view of heat transfer through a single droplet on a fractal surface

representation, (C) variation of the equilibrium contact angle with asperity length scale ratio and fractal dimension, and (D) measurements of the contact

angle hysteresis with equilibrium contact angle.
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The droplet size distribution may be obtained as follows. Condensation initiates with nucleation of droplets of radius, Rmin = 2Tsats
hfgrDT

, in

which s is the condensate liquid-air interfacial tension, r is the density of water vapor, and hfg is the latent heat of vaporization. As the droplets

grow, they start to coalesce at a critical radius, Rc = 1
4
ffiffiffi
N

p ,6,32 that is dependent on the nucleation density of the droplets,N, which scales with

the surface area available for nucleation. Following the fractal model of a surface topography, the total asperity surface area when scaled with

the projected base area is defined as the non-dimensional nucleation density of multiscale rough surfaces and is obtained as: N
No

= 1+

4D
3� 2D GD� 1 L1�D

max ð1 � L�2D� 3Þ where No = 2:531011 is the nucleation density on a smooth non-structured surface32 for which L� = 1.

The expression for the total asperity surface area can be derived by considering the fractal characteristics of the surface wherein the

height of each asperity element is related to its length scale and characteristic fractal parameters namely, D;G and L�, as previously

discussed by Jain and Pitchumani.30 Therefore, the coalescence radius as a function of fractal parameters can be obtained as: Rc =

0:25
h
No

�
1+ 4D

3� 2D GD� 1 L1�D
max ð1 � L�2D� 3Þ

�i� 0:5
.

Nucleation density is a direct result of the driving potential for condensation of steam measured in terms of temperature difference DT .

However, in the present study, the dependence of nucleation density N on temperature difference DT is not considered in accordance with

existing theoretical models. However, it is intuitive that with increasing temperature difference DT , the nucleation density increases, leading

to decreasing coalescence radius on the same available surface area (rough surface geometry) for condensation. Furthermore, significant in-

crease in nucleation density and the corresponding reduction in coalescence radius will lead to penetration of condensate deep within the

surface asperities resulting in a partial or fully Wenzel state of wettability, and a reduced condensation heat transfer performance. Such a

dependence of condensation performance on temperature difference may be readily extended from the present analysis in a future study.

Figure 3A shows that the coalescence radius decreases with increase in asperity length scale ratio L� for all values of fractal dimension D.

Starting from Rc = 1 mm for L� = 1 (smooth surface), as the asperity length scale ratio increases, the total area of solid asperities also increases,

leading to greater nucleation density of condensate droplets, and a concomitant decrease in the coalescence radius. A similar trend holds for

the scaling constant, G, where for fixed D and L�, an increase in G leads to taller asperities spaced at a fixed distance with fixed roughness

features leading to a larger area available for nucleation, thereby leading to lower coalescence radius, as evident from the equation for Rc . For

Figure 3. Coalescence radius and departure radius in terms of the fractal parameters

Variation with asperity length scale ratio, L�, of (A) coalescence radius for a range of fractal dimension values and (B) maximum shedding radius in GDCmode of

dropwise condensation for a range of surface inclination angles, for an illustrative DT = 10 K.
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a fixed scaling constant and asperity length scale ratio, an increase in the fractal dimensionD leads to a larger portion of (non-solid) air cavities

which allows for more growth of condensate droplets before coalescence, hence the increasing coalescence radius as seen in Figure 3A.

For droplet departure in GDC on a surface inclined at an angle, b, measured counterclockwise from the horizontal (inset image in Fig-

ure 3B), at a certain droplet radius, R = Rg
max , the external force of gravity, Fg =

ð2�3 cos q+cos3 qÞpðRg
maxÞ3rg sin b

3 , is balanced by the restoring

capillary force, Fs = 2sRg
max sin qðcosðq� qhÞ � cosðq+ qhÞ Þ, which leads to a closed-form analytical expression for the maximum (departure)

condensate droplet radius: Rg
max =

h
6sðcosðq� qhÞ� cosðq+qhÞ Þsin q

p rgð2� 3 cos q+cos3 qÞsin b

i1=2
, where q and qh are given by Equations 1 and 2, respectively. During surface

condensation, condensate droplets periodically shed, renewing the surface for fresh nucleation. It is, therefore, desirable that condensate

droplets shed at a smaller Rg
max, which would result in larger number of smaller droplets from fresh nucleation and higher frequency of shed-

ding, overall leading to enhanced condensation heat transfer. Figure 3B shows that for a representative combination of fractal parameters

(D = 1:5 and G = 1 mm), Rg
max decreases by nearly two orders of magnitude with a 10-fold increase in asperity length scale ratio, L�, for all

values of condensing surface inclination, b. An increase in L� increases the contact angle, q (per Equation 1; Figure 2C), which leads to a

decrease in qh (per Figure 2D), collectively leading to reduction in Rg
max. This trend points to the beneficial effect of multiscale surface texturing

in reducing the departure radius and increasing the shedding frequency.

In the phenomenon of JDC, typically observed on nanostructured surfaces, the condensate droplets at coalescence radius ðRcÞmerge and

spontaneously detach from the condensing surface.27 Under these conditions, themaximumdeparting droplet radius can be obtained by the

volume conservation as Rj
max = 2

1
3$Rc . By considering the difference inmaximum radius values of Rg

max and Rj
max , the theoretical model can be

utilized for dropwise condensation on both hydrophobic and micro-nano scale superhydrophobic surface, in general.

Using the foregoing definitions of the minimum, coalescence, and maximum radii, we adopt the expressions for droplet size distribution

from the literature.6,32 For droplet size in the range, Rmin <R <Rc , the condensate droplet growth is governed by the direct accumulation of

vapor molecules on the liquid-air interface, whereas in the range of droplet size Rc <R <Rmax , droplet growth is governed by coalescence of

condensate droplets, where Rmax refers to the maximum radius corresponding to the applicable condensation mode. The condensate

droplet number density, NðRÞ, in units of #=m3, is thus given by

NðRÞ =

8>>>>><
>>>>>:

1

3pR3
c Rmax

�
Rc

Rmax

�� 2=3RðRc � RminÞ
ðR � RminÞ

A2R+A3

A2Rc+A3
expðB1 +B2Þ Rmin < R <Rc

1

3pR2Rmax

�
R

Rmax

�� 2=3

Rc <R <Rmax

(Equation 3)

in which,

B1 =
A2

tA1

"
R2
c � R2

2
+ RminðRc � RÞ � R2

min ln

�
R � Rmin

Rc � Rmin

�#
;

B2 =
A3

tA1

	
Rc � R � Rmin ln

�
R � Rmin

Rc � Rmin

�

; t =

3R2
c ðA2Rc+A3Þ2

A1

�
11A2R2

c � 14A2RcRmin+8A3Rc � 11A3Rmin

� ;

A1 =
DT

hfgrð1 � cos qÞ2ð2+cos qÞ;A2 =
q

4kw sin q
; A3 =

1

2hið1 � cos qÞ+pR2ℝa

It is noted that Rmin is a function of the thermophysical parameters whereas Rc and Rmax are governed additionally by L�; D and G, which

makes the droplet number density,NðRÞ, given by Equation 3, dependent on the fractal parameters of the multiscale rough condensing sur-

face and the thermophysical parameters. The term Ra is defined in the following discussion.

Dropwise condensation heat transfer modeling

DWC heat transfer modeling is developed by first considering a single droplet heat transfer which is then integrated using droplet size dis-

tribution to obtain the overall heat transfer rate.

Single droplet heat transfer

Consider a condensate droplet of radius, R, and contact angle, q, resting on amultiscale rough nonwetting surface, as shown in Figure 2B. The

thermal resistance network between the saturated steam at temperature, Tsat , and the cold condensing surface at Ts is detailed in Figure 2B

for a single droplet in the condensation process. Referring to Figures 2B and a single droplet heat transfer rate, _qd , can then be calculated by

considering the four thermal resistances and temperature drops from Tsat to Ts as follows:

(1) Temperature drop associated with the nucleation of condensate droplet can written as32: DTc = Rmin

R DT ,
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(2) Temperature drop during the direct accumulation of saturated vapor molecules onto the liquid-air interface is given by DTi = Tsat �
Ti1 =

_qd

hi2pR2ð1� cos qÞ where hi =
2a

2�a
1ffiffiffiffiffiffiffiffiffiffiffi

2pRgTs
p h2

fg

vgTs
is a thermodynamically determined interfacial heat transfer coefficient,6,32 in which a is

the ratio of number of vapor molecules that are captured by the liquid-air interface to the number of molecules approaching the inter-

face in a steady state, Rg is the specific gas constant and vg is the water vapor specific volume.

(3) Temperature drop associated with conduction within the droplet bulk, from the curved liquid-air interface ðTi1Þ to the flat interface of

liquid and surface asperities ðTi2Þ is expressed as DTd = Ti1 � Ti2 =
_qdq

4pRkw sin q
where kw is the thermal conductivity of water.32

(4) Temperature drop due to the layer of asperity network on the surface can be written as DTa = Ti2 � Ts = _qdℝa with asperity thermal

resistance Ra given by the following equation

ℝa =

�
x

1+x

��
D

ð2 � DÞAt

�
D
2

 
GD� 1

ksLDmax

!�
1+

ffiffiffiffiffiffiffiffiffiffiffi
1+4x

p

1+2x+
ffiffiffiffiffiffiffiffiffiffiffi
1+4x

p
�

(Equation 4)

where x =
h
Dð1�At Þ
ð2�DÞAt

i1=2
,At =

D
D� 2

�
L�2�D � 1
L�2�D � L�2

�
and ks is the thermal conductivity of the solidmaterial. Equation 4 considers a series and parallel

network of conductive solid asperities and non-conductive infused material that yields the total equivalent asperity thermal resistance, Ra, in

terms of fractal parameters D;G and L�.31

Figure 4A presents the variation of thermal resistance,Ra, with asperity length scale ratio L� for two scaling constant values,G = 1 mm and

2 mm, representative of chemically etched and electrodeposited SHS, respectively, and three fractal dimension values, D = 1:0; 1:5 and 2:0,

covering the entire range of fractal topological dimension. Figure 4A shows that the asperity thermal resistance Ra increases with L� for all
combinations of G and D. For a given G and D, an increase in the asperity length scale ratio reduces the solid area fraction and increases

the overall asperity height, both resulting in increased effective thermal resistance within the asperity layer. For the same reason, Ra also

Figure 4. Thermal characteristics in terms of the fractal parameters

Variation of (A) asperity thermal resistance and (B) single condensate droplet heat transfer rate with asperity length scale ratio L� for a range of G and D, for an

illustrative DT = 10 K .
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increases with increase in fractal dimension and/or scaling constant, as seen in Figure 4A. As physical consistency check, Figure 4A correctly

shows that as asperity length scale ratio approaches unity, L�/1, themultiscale rough surface approaches a conventional smooth surface, for

which the asperity thermal resistance approaches zero for all values of D and G.

The total temperature difference between Tsat and Ts is the sum of the constituent four individual temperature drops, expressed as

DT = DTc +DTi +DTd +DTa. Substituting the expressions for each of the temperature differences from the foregoing discussion, we

obtain a closed-form expression for heat transfer rate of a single condensate droplet of radius R as:

_qdðR;DT ;D;G; L�Þ =
pR2

�
DT � 2Tsats

Rhfgr

�
1

2hið1 � cos qÞ+
Rq

4kw sin q
+pR2ℝa

(Equation 5)

Equation 5 suggests that the heat transfer rate _qd varies with subcooling,DT , droplet size (R) and the fractal parameters,D,G, and L� of the
multiscale rough surface topography that govern both condensation surface wettability quantified in terms of the water contact angle (q)

and Ra.

Figure 4B examines the characteristics of condensation heat transfer rate for a single droplet ( _qd ) on a multiscale rough SHS, given by

Equation 5, in terms of the variation of _qd with asperity length scale ratio L�, for a range of D and G values. Figure 4B shows that for all com-

binations of D and G values, an increase in the asperity length scale ratio reduces the condensate droplet heat transfer rate, owing to the

dominant increase in the asperity thermal resistance (evident from Equation 4; Figure 4A). Likewise, for a given asperity length scale ratio

value, increase in D or G increases the asperity thermal resistance showing corresponding reduction in the heat transfer rate. Figure 4B

also demonstrates the physical consistency check that as L�/1, representing a smooth surface, the condensate droplet heat transfer rate

approaches a maximum value corresponding to Ra = 0 in Equation 5.

The overall dropwise condensation heat transfer on a multiscale surface is then obtained as an integral of the single droplet heat transfer

rate ( _qd ) discussed thus far weightedwith the total number of droplets of a particular size,NðRÞ, as the kernel function. To this end, it is instruc-

tive to examine first the variation of NðRÞ and _qd with the droplet radius for the different multiscale surface parameters, as presented in

Figures 5A and 5B for GDC and Figures 5C and 5D for JDC, respectively. Microtextured surfaces undergoing GDC are best represented

by a relatively higher value of scaling constant such as G = 1 mm as derived from the fast Fourier transform of surface profiles as described

in Figure 1. For nanotextured surfaces exhibiting JDC, the scaling constant G value is obtained by conducting a fast Fourier transform of

roughness profile obtained by image processing a typical nanotextured surfaces as provided by Miljkovic et al.27 The resultant fractal param-

eters that best represent the nanotextured surface are:D = 1:8;G = 0:1 mm and L� = 10. A physical consistency check on the derived fractal

values is conducted by verifying that the fractal representation leads to about 1 mm total height of nanotextured asperities which closely

matches the values obtained by Miljkovic et al.27 Therefore, hereafter, representative scaling constant values of G = 1 mm for GDC and

G = 0:1 mm for JDC are used in the theoretical model.

Figure 5. Condensate droplet statistics and heat transfer rate in terms of droplet size

Variation of (A) droplet density, NðRÞ, and (B) single droplet heat transfer rate, _qd , for GDC mode of dropwise condensation and (C) droplet density, NðRÞ, and
(D) single droplet heat transfer rate, _qd for JDC mode of dropwise condensation with droplet radius for a range of L� values, for an illustrative DT = 10 K .
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In Figure 5 the combination of D = 1:5 and G = 1 mm is used for GDC and D = 1:5 and G = 0:1 mm is used for JDC modes of drop-

wise condensation. The droplet size is seen to range between Rmin, that is independent of L�, and Rg
max or Rj

max , that is a function of

the mode of condensate droplet removal and fractal parameters. It is evident from Figures 5A and 5C that for any value of asperity

length scale ratio, the condensate droplet number density decreases with increase in droplet size, in two piecewise continuous re-

gimes demarcated by the coalescence radius, Rc , as per Equation 3. During condensation, shedding of larger condensate droplets

from the surface results in fresh nucleation of many smaller droplets. Therefore, for any condensing surface topology and condition,

there are a larger number of smaller droplets, as seen from Figures 5A and 5C. For a given droplet size, a larger asperity length scale

ratio results in higher condensate droplet density owing to the more frequent shedding of condensate droplets at a smaller depar-

ture radius (Figure 3B), leading to frequent fresh nucleation of smaller droplets. A direct comparison between Figures 5A and 5C

reveals that the droplet number density for JDC is significantly higher than GDC owing to the early removal of droplets upon coa-

lescence at smaller size in the case of JDC.

Figures 5B and 5D show the variation of single droplet heat transfer rate with droplet size, wherein the trendlines end at the respective

largest droplet size values based on GDC and JDC modes of droplet removals, respectively. It is evident from Figures 5B and 5D that the

heat transfer rate of a single condensate droplet increases with droplet size for a fixed asperity length scale ratio, for both GDC and JDC.

For a given L� (and D), the contact angle is constant (Equation 1), whereby increase in the droplet radius results in a larger contact area

and a higher heat transfer rate. Similarly, with increase in L�, through Figure 2C and Equation 1 it is evident that the contact angle increases.

For a given droplet radius, R, the resulting reduction in the contact area with the condensing surface causes a reduction in the heat transfer

rate, _qd , as seen in Figures 5B and 5D. A further observation is that as R/Rmin, the corresponding single droplet heat transfer rate, _qd/ 0, as

per Equation 5.

It is evident from Figures 5A and 5B for GDC and Figures 5C and 5D for JDC, that NðRÞ and _qd vary oppositely—droplet number density

decreases whereas the heat transfer for a droplet increases—with increasing droplet size, that bears on the overall condensation heat transfer.

Figures 6A and 6C examine the competing effects further by considering the contribution of all the droplets of each size, i.e., _qd$NðRÞ, to the

overall condensation heat transfer, for a representative combination of D = 1:5 andG = 1 mm for GDC andD = 1:5 andG = 0:1 mm for JDC.

A nonmonotonic variation of _qd$NðRÞ is evident with the droplet radius, with droplets of the coalescence radius (Rc ) corresponding to each L�

contributing to the maximum heat transfer rate. The increase in _qd$NðRÞ for the smaller radius (<Rc ) is due to the nearly constant number

density (Figures 5A and 5C) with _qd increasing sharply (Figures 5B and 5D), whereas the decrease at the larger radius (>Rc ) reflects the sharp

decrease in the number density (Figures 5A and 5C). The competing effects leading to the non-monotonic trends of _qd$NðRÞ are clearly

visible for GDC (Figure 6A) owing to the larger droplet shedding sizes, whereas for JDC (Figure 6C) the portion of decreasing trend of

_qd$NðRÞ with R is shorter due to the maximum droplet size being much closer to the coalescence radius i.e., Rj
max = 2

1
3$Rc . Further, nonlin-

earities and nonmonotonicity are evident in Figures 6A and 6C with respect to L�: in the range of smaller droplet radius, R <Rc , _qd$ NðRÞ
increases from L� = 1:5 to 2:0 and decreases with further increase in the asperity aspect ratio from 2.0 to 5.0; however, for R >Rc , _qd$

NðRÞ monotonically decreases with increase in L�.

Figure 6. Contribution of droplet size to overall condensation heat transfer

Variation of (A) _qd$NðRÞ and (B) hDC;R for GDC and (C) _qd$NðRÞ and (D) hDC;R for JDC modes of dropwise condensation with droplet radius for a range of L� values
and for an illustrative DT = 10 K .
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Condensation heat transfer coefficient

The condensation heat transfer rate for a single droplet may be integrated with droplet size distribution to obtain the total condensation heat

transfer rate, which when divided by the surface subcooling,DT , yields the condensation heat transfer coefficient. Considering the full droplet

distribution spectrum from the minimum radius (Rmin) to the maximum radius (Rmax), the overall dropwise condensation heat transfer coeffi-

cient, hDC , is obtained as

hD
CðDT ;D;G; L�Þ =

Z Rmax

Rmin

_qd$NðRÞ
DT

dR (Equation 6)

where _qd (Equation 5) is a function of the droplet radius, R, and subcooling, DT ,NðRÞ is a piecewise continuous function given by Equation 3,

and both _qd and NðRÞ are dependent on the fractal parameters, D;G and L�, of the multiscale rough surface. As a result, the condensation

heat transfer coefficient is a function of subcooling and the multiscale rough surface topography. By choosing the appropriate values of

maximum droplet size, the current model, as per Equation 6, yields the overall dropwise condensation heat transfer coefficient for GDC

and JDC modes of condensation as hD;g
C ðDT ;D;G; L�Þ = R Rg

max

Rmin

_qd$NðRÞ
DT dR and hD;j

C ðDT ;D;G;L�Þ =
R Rj

max

Rmin

_qd$NðRÞ
DT dR, respectively.

The nonmonotonic variation of _qd$NðRÞwith L� (Figures 6A and 6C) combined with the fact that Rmax decreases with increase in L� for both
GDC (Figure 3B) and JDC, suggests a complex relationship between the multiscale texture and the overall condensation heat transfer coef-

ficient. It is instructive to unravel this relationship by examining the contribution of droplets of different size to overall heat transfer rate, by

evaluating the integral in Equation 6 between Rmin and R, i.e., hDC;R =
R R
Rmin

_qd$NðRÞ
DT dR, as R is gradually increased from Rmin to Rmax . Figures 6B

and 6D show that for three different L�, withD = 1:5 andG = 1 mm for GDC andwithD = 1:5 andG = 0:1 mm for JDC, hDC;R increases with R for

all values of L�. For gravity driven condensation (GDC), as evident from Figure 6B, the contributions of droplets of size less than about 0.1 mm

or greater than about 10 mm on the condensation heat transfer coefficient are minimal, while droplets of radius in the range 0.1 mm to 10 mm

have the most impact, as evidenced by the steep slope of hDC;R variation with R.

From Figure 6A, we note that the range of 0:1 mm<R < 10 mm corresponds to _qd$NðRÞ> � 109W
m3. The maximum slope of the curves in

Figure 6B occurs at the coalescence radius, Rc , as marked in Figure 6B, for each L�, and correspond to the peak of the _qd$NðRÞ variation in

Figure 6A. For JDC, the steep behavior of hDC;R variation with R is similar to that of GDC, however it occurs at lower values of droplet radius R.

For JDC, the significantly higher values of droplet number density even for lower values of droplet size R when multiplied with the increasing

trend of _qd with R leads to sharp increase in hDC;R values as seen from Figure 6D. Even though there is similarity of steep behavior of hDC;R with R

at about respective coalescence radius values, the comparison between GDC (Figure 6B) and JDC (Figure 6D) shows that JDC offers more

contribution of smaller droplet toward overall condensation than GDC, owing to the extremely early removal of droplets in JDC mode.

Note that hDC;R evaluates to the overall condensation heat transfer coefficient, hDC (Equation 6), for R = Rmax , as shown by the ending values

of each curve in Figures 6B and 6D. Figures 6B and 6D further elucidate the competing effects of multiscale surface topography, discussed in

Figures 6A and 6C, on the overall dropwise condensation heat transfer. An increase in L� from 1.5 to 2.0 results in increasing hDC from 70 kW=

m2K to 75 kW=m2K for GDC and from 101 kW=m2K to 107 kW=m2K for JDC; with further increase in L� from 2.0 to 5.0, however, hDC decreases

to 35 kW=m2K and 86 kW=m2K for GDC and JDC modes of condensation, respectively. The enhancement in dropwise condensation heat

transfer coefficient with multiscale texturing is evident for all three L� values, in comparison to the heat transfer coefficient of hFCz 10 kW=

m2K for film-wise condensation at DT = 10 �C. However, the nonmonotonic variation of hDC with L� clearly points to an optimal multiscale

nonwetting surface topography that maximizes condensation heat transfer.

Figures 7A and 7B examine the variation of overall condensation heat transfer coefficient for GDC, hD;g
C , and for JDC, hD;j

C , respectively, with

asperity length scale ratio L� for a range of fractal dimension values and for a fixed value of G = 1 mm. As L�/1, hDC approaches that of

smooth functionalized hydrophobic surface. As L� increases from unity, the increase in the droplet number density compared to an insignif-

icant reduction in single droplet heat transfer rate along with increase in droplet departure frequency at a smaller Rmax, collectively results in

enhanced overall condensation heat transfer performance for both GDC and JDC modes of dropwise condensation. For GDC, Figure 7A

reveals that the overall condensation heat transfer coefficient is maximized for L�z2:2 for D/2:0, beyond which, reduction in single droplet

heat transfer rate dominates the modest increase in droplet number density, collectively reducing hD;g
C . For extremely high asperity length

scale ratio, as L�/N, it is seen in Figure 7A that hD;g
C /0 for all D. As L�/N, the contact angle, as per Equation 1, approaches 180�, which

theoretically signifies no contact of condensate droplets with the surface, that is reflected in the condensation heat transfer coefficient asymp-

totically approaching zero.

The trend of overall condensation heat transfer coefficient hD;j
C with asperity length scale ratio, for three representative values of fractal

dimensions for jumping droplet mode of condensation is similar to that of GDC. Figure 7B shows that themaximum JDC performance occurs

for L�z2:2 and D/2:0. On the other extreme, as L�/N the hD;j
C curves are seen to decrease asymptotically to zero, owing to the contact

angle values of condensate droplets approaching to 180�, similar to that of GDC. However, due to extremely low sizes of departing droplets

in JDC modes of condensation, for the same values of asperity length scale ratio and fractal dimension, Figure 7B shows much higher per-

formance for JDC compared to that of GDC from Figure 7A. In addition, the rate of decrease of heat transfer coefficient with asperity length

scale ratio for all values ofD is much lower for JDC than GDC. In gravity driven condensation, the decreasing trend of hD;g
C with L� results from

the dual effect of increasing contact angle and reduced conduction within the asperities collectively reducing the single droplet heat transfer

rate. For JDC, the absence of larger sized droplets leads to a similar effect of reduced single droplet heat transfer rate but to a lower extent

compared to GDC.
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Figures 7A and 7B present the theoretical maximumdropwise condensation heat transfer values corresponding to a perfect Cassie state of

wettability as defined by Equation 1 for GDC and JDCmodes of condensation, respectively. The absolutemaximums in Figures 7A and 7B are

marked with notations hD;g
C;max and hD;j

C;max . In actual steam condenser conditions under vacuum, though, condensate droplet dynamics is far

from ideal and can suffer from possible Cassie to Wenzel transition. For instance, with increasing surface subcooling, condensate droplets

start nucleating deep within the asperity valleys leading to a degraded wettability state than the ideal Cassie state defined by Equation 1.

Such a behavior is observed to be characteristically valid for both GDC and JDC modes of dropwise condensation. The resulting higher

pinning of condensate droplet to surface degrades condensation heat transfer and the theoretical maximum given by the model,

hD;g
C;max and hD;j

C;max , constitutes upper bounds of condensation heat transfer for the respective modes of condensation, GDC and JDC. On

the other hand, the fully film-wise condensation heat transfer coefficient, hFC , given by the classical Nusselt correlation33 represents the lower

bound of condensation heat transfer:

hF
C = 0:729

"
grlðrl � rvÞk3l hfg

mlD0DT

#
(Equation 7)

where g; rl; rv ; kl; hfg and ml represent the acceleration due to gravity, liquid density, vapor density, thermal conductivity, latent heat of va-

porization, and dynamic viscosity of water.

Experimental studies

With the bounds of condensation heat transfer coefficient defined by hD;g
C;max ðor hD;j

C;maxÞ and hFC , we examine the experimental measurements

of steam condensation heat transfer coefficient on two categories of surfaces. In the first, multiscale rough superhydrophobic surfaces were

Figure 7. Optimum fractal parameter values for maximum condensation heat transfer

Variation of dropwise condensation heat transfer coefficient for (A) GDC and (B) JDCmodes with asperity length scale ratio for different fractal dimension,D, for

an illustrative DT = 10 K .
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fabricated using the methods of chemical etching and electrodeposition at two overpotential values of 0:7 V and 1:1 V as described in the

STAR Methods section. Figures 8A–8C show scanning electron microscope images elucidating the microstructural details of chemically

etched, 0:7 V electrodeposited, and 1:1 V electrodeposited surfaces, respectively. The progressively aggressive multiscale texturing of

the surfaces from etching to the low voltage electrodeposition and then the high voltage electrodeposition is evident from Figures 8A–

8C, and point to the ability to tailor the texturing through appropriate selection of the fabrication method and parameters. The extent of

multiscale texturing on each of the surfaces is further seen from the fractal parameters, D;G; and L�, calculated on the surfaces from their

respective power spectra, and summarized in Table 1. The fractal dimension values range from 1.6 to 1.9, G increases from 1 mm to 2 mm,

and L� ranges from 5 to 8, confirming the increasingly multiscale fractal structures in Figures 8A–8C.

The textured surfaces were rendered superhydrophobic by functionalization with stearic acid, margaric acid or mercaptan, applied as dis-

cussed in the STAR Methods section. The wetting characteristics of the different surface designs, resulting from a combination of texturing

and functionalization that formed conformal coatings on the surfaces, are seen in themeasured equilibrium contact angle values presented in

Table 1. All surfaces, regardless of texturing method or functionalization agent showed contact angle values well above 150�, that confirms

their superhydrophobicity. There is no significant variation in the contact angle among the different conformal functionalization coatings. The

contact angle values are seen to increasewith the fractal parameters, with the 1:1 V electrodeposited surface exhibiting contact angle greater

than 160�. Table 1 further shows parenthetically the contact angle values predicted by the theoretical wettability model, Equation 1, based on

the fractal parameters. The excellent agreement between themeasured and predicted angles on the different surfaces confirms the validity of

the model.

In addition to multiscale textured SHS, a recent class of surfaces called solid-infused surfaces (SIS) was also fabricated as described in

the method details section. The SIS incorporates a nonwetting commercial thermosetting polymer, Gentoo, in the asperity interstices to

form a hybrid metal/polymer surface, as seen in the SEM image of the surface in Figure 8D and from the smaller values of its fractal param-

eters,D = 1:1,G = 0:2 mm, and L� = 2. The solid infusion in the asperity valleys avoids the Cassie-to-Wenzel state transition that degrades

the wettability of SHS. In this sense, SIS is similar to lubricant-infused surfaces (LIS), but unlike LIS that inevitably suffers lubricant drainage and

transitions to SHS, SIS does not undergo any material loss or degradation of its wettability characteristic and remains robust over prolonged

use, as shown in previous studies.19,20 For etched, 0:7 V electrodeposited and 1:1 V electrodeposited SIS, contact angle values were

measured to be 128�, 132�, and 127� and the contact angle hysteresis values were 13�, 12�, and 13�.
Figure 9 shows the variation of the measured condensation heat transfer coefficient with surface subcooling for the SHS with the three

different textures and the three different functionalization agents and the SIS with the three different textures studied. Figure 9 also shows

Figure 8. Morphology of various nonwetting surfaces

Scanning electron microscope images of (A) chemically etched SHS, (B) 0:7 V electrodeposited SHS, (C) 1:1 V electrodeposited SHS and (D) chemically etched

Gentoo SIS. Scale bar size is 10 mm.
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heat transfer coefficient, hFC , for FWC obtained from the Nusselt equation (Equation 7), which constitutes a lower bound for condensation

heat transfer. Following the trend of decreasing hFC with increasing subcooling, DT , in the classical Nusselt equation, Figures 9A–9C show

that the heat transfer coefficient for the SHS and the SIS also decrease with increasing subcooling, regardless of texturing or functionalization

(in the case of SHS).With increase in surface subcooling, the condensate vapor (steam) penetrates deeper within the asperities and nucleation

and condensate droplet growth leads to higher pinning of droplets onto condenser surfaces, leading to decrease in heat transfer

performance.

Figure 9A shows that for lower surface subcooling values, the etched SHS show dropwise condensation with higher condensation heat

transfer coefficient values compared to film-wise condensation. However, at the higher surface subcooling values (DTz17:5 K), a diminishing

improvement is seen due to the pinning of condensate droplets to the surface. Among the three functionalization coatings, stearic acid func-

tionalization is seen to yield higher heat transfer coefficient compared tomargaric acid andmercaptan, both of which lead to nearly the same

heat transfer coefficient. Similarly, for the electrodeposited SHS, as seen from Figures 9B and 9C, the relatively deeper asperities in the tex-

tures, as evident from higher D, G and L� values in Table 1, promote pinning of the condensate droplets, leading to lower heat transfer co-

efficient values compared to the etched SHS. Hence, for all functionalizing agents, the electrodeposited SHS show a marginal improvement

when compared to film-wise condensation lower bound, with the difference further diminishing at the higher surface subcooling values.

In SIS, the cured polymer present in the interstitial asperity space eliminates the penetration of condensate droplets deep into the asperity

valleys that reduced the performance of SHS. As a result, vigorous dropwise condensation is preserved leading to significantly higher heat

transfer coefficient compared to SHS and well above the film-wise condensation heat transfer lower bound, as evident from Figures 9A–9C.

The heat transfer coefficient for condensation on SIS is about three-to 4-fold that on SHS and film-wise condensation, at all subcooling values.

In Figure 10, the experimentally obtained condensation heat transfer coefficients are compared against the lower bound, hFCðDTÞ, for FWC

and the absolute theoretical maximum for JDC mode, hD;j
C;max , in terms of a non-dimensional heat transfer coefficient defined as

hC �hF
C

hD;j
C;max

�hF
C

. For

perfect jumping droplet mode of DWC,
hC �hF

C

hD;j
C;max

�hF
C

takes the value of 1, whereas for FWC,
hC �hF

C

hD;j
C;max

�hF
C

takes the value of 0, as shown by the upper

(red solid line) and lower (blue solid line) bounds in Figure 10. The second intermediate reference value arises from the absolute maximum

performance in gravity driven condensation (GDC) mode, wherein the non-dimensional heat transfer coefficient is equal to 0.74 for hC =

hD;g
C;max i.e.,

hD;g
C;max

�hF
C

hD;j
C;max

�hF
C

= 0:74. Using the non-dimensional measure of heat transfer coefficient
hC �hF

C

hD;j
C;max

�hF
C

, and from Figure 10, it is evident that

theoretical maximum gravity driven DWC performance is about 74% of the theoretical maximum JDC performance over FWC.

The experimental data in Figure 10 can be grouped into various categories. First, it includes the measurements taken in the present study

spanning the three different fabrication methods and surface treatments all leading to micro scale texturing and exhibited gravity assisted

dropwise condensation, shown by the open, purple-colored markers in Figure 10. Second, a set of data compiled from several literature

studies, further categorized into two groups: first, gravity assisted dropwise condensation (GDC) on microtextured superhydrophobic sur-

faces7–9 shown by the filled purple-colored markers and secondly, condensation on nanotextured surfaces27 under two different modes of

JDC (open blue circular markers) and GDC (open blue diamond markers) in Figure 10.

Figure 10 shows that microtextured SHS surfaces undergoing gravity driven condensation from the present work and from various liter-

ature studies7–9 (purple colored markers) improves over FWC with
hC �hF

C

hD;j
C;max

�hF
C

values ranging up to �0.3 at the lower surface subcooling and

up to �0.1 for the higher surface subcooling. It is evident that all the microtextured SHS data presented, regardless of source, fall in a

band indicated by the bottommost shaded region in Figure 10, and are considerably below the theoretical upper bounds of JDC and

GDC, with
hC �hF

C

hD;j
C;max

�hF
C

= 1 (solid red line), and 0:74 (dashed brown line), respectively. The gaps to the upper bounds, shaded in yellow and further

the light-red-shaded region in the plot, represent the possible opportunity for enhancement to the full potential of GDC and JDC, respec-

tively, through suitable surface design and tailoring.

Figure 10 also presents themeasured heat transfer coefficient on SIS fabricated in this study, in terms of the dimensionless
hC �hF

C

hD;j
C;max

�hF
C

, shown

by the filled green markers in the plot. The condensation heat transfer on SIS is seen to lie in the yellow-shaded area, with
hC � hF

C

hD;j
C;max

�hF
C

ranging

from �0.4 to �0.6 at the smaller subcooling and from about 0.15 to �0.25 at the larger values of surface subcooling, overall indicating a sig-

nificant improvement over microtextured SHS for all subcooling.

Table 1. Fractal and wetting parameters of the various nonwetting surfaces studied

Surface D G ðmmÞ L�

Equilibrium contact angle, q (Predicted) [�]

Mercaptan Margaric acid Stearic acid

Etched SHS 1.6 1.0 5 154 (152) 155 (154) 156 (156)

Electrodeposited SHS, 0:7 V 1.7 1.2 6 159 (157) 158 (156) 160 (157)

Electrodeposited SHS, 1:1 V 1.9 2.0 8 161 (162) 160 (161) 162 (163)
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In addition to gravity assisted condensation data on microtextured SHS and SIS surfaces, Figure 10 further includes the literature data on

nanotextured surfaces undergoing JDC (blue open circular markers) that show significant improvement over GDC on microtextured surfaces

and FWC. However, the superior performance is restricted to condensation conditions of lower supersaturation, as reported by Miljkovic

Figure 9. Experimentally measured condensation heat transfer coefficient on different surfaces

Variation of the measured condensation heat transfer coefficient with surface subcooling for (A) etched, (B) 0:7 V electrodeposited, and (C) 1:1 V

electrodeposited SHS and SIS. Data are represented as mean G SD.
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et al.27 At higher supersaturation levels, denoted by open blue-colored diamond markers in Figure 10, the performance degrades to the

lower values of about
hC �hF

C

hD;j
C;max

�hF
C

= 0:3, that are on par with SIS. Moreover, considering that the nanostructures are prone tomechanical failures

under prolonged or adverse condensation conditions, the sustained superior dropwise condensation on solid-infused surfaces (SIS) is

noteworthy.

Conclusions

In this article, we presented the first ever theoretical model for dropwise condensation heat transfer on multiscale rough dry nonwetting sur-

face, characterized uniquely in terms of the surface fractal parameters. The fractal surface parameters were used to determine the building

blocks of contact angle, contact angle hysteresis, and droplet size distribution, droplet departure size for two modes of condensation (GDC

and JDC) and, cumulatively, the condensation heat transfer coefficient. Through systematic analysis, several fundamental insights were

derived.

(1) it was shown quantitatively that the initial condensate droplet growth through direct vapor accumulation contributes insignificantly

toward the overall condensation heat transfer, whereas it is the coalescence dominated growth that accounts for most of the conden-

sation heat transfer performance in gravity driven dropwise condensation.

(2) for a given combination of fractal dimension, D, scaling constant, G, and surface subcooling, DT , there exists an optimum asperity

length scale ratio 1:5<L� < 3:0 that maximizes condensation heat transfer coefficient by trading off between non-wettability and

the asperity thermal resistance leading to optimal surface texture designs for both GDC and JDC modes.

(3) by considering a perfect Cassie state of wettability, the model yields theoretical upper bounds for GDC and JDC heat transfer coef-

ficient values as a function of surface fractal parameters (D, G and L�) and surface subcooling ðDTÞ.
(4) by pooling experimental measurements of condensation heat transfer coefficient on multiscale rough dry nonwetting surfaces it is

seen that microtextured SHS improves upon the lower bound given by the classical Nusselt theory but leaves much room for enhance-

ment with respect to the theoretical upperbound. SIS, on the other hand, offers one surface engineering example that strives to bridge

the gap to the upper bound.

(5) the much-touted JDC observed on nanotextured surfaces shows superior performance only in the limited operating conditions of

lower supersaturation, whereas at higher supersaturation the performance degrades. Considering the durability and scalability limi-

tations of nanotextured surfaces and their performance degradation at higher supersaturation, SIS provides a viable, robust option for

sustained superior dropwise condensation.

(6) the model presented in the study can be used to predict the upper bound of condensation heat transfer coefficient for a given surface

and condensation conditions or, alternatively, to design optimum surface topography for maximum condensation heat transfer per-

formance.

The main contribution of the article is the development of the limits of condensation heat transfer for a dry nonwetting surface

with a given texture. With growing number of studies that tout higher and higher heat transfer coefficients on nonwetting surfaces, it

begs the question as to how high of a heat transfer coefficient can be theoretically possible for a given surface, and the present study

Figure 10. Experimental data relative to the lower and upper bounds on the condensation heat transfer coefficient

Variation of a non-dimensional heat transfer coefficient

�
hC � hF

C

h
D;j
C;max

� hF
C

�
with surface subcooling DT for SHS in the present and literature studies in comparison to SIS

introduced in this study. Data are represented as mean G 95% CI (present and SIS) and mean G SD (all referenced literature data).
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provides a valuable fundamental treatise in this regard. The article assembled data presented in the literature so far on a common

plot (Figure 10) and it is encouraged that future studies report their data in the format of Figure 10 to assess their performance

against the theoretical limits.

Limitations of the study

Although the study focused on a broad class of dry nonwetting surfaces, the theoretical foundation presented herein may be readily

extended to lubricant infused surfaces in a future work. The contribution of temperature difference DT between the cold surface and

saturated steam toward the nucleation density and the wettability of condensate droplets, leading to effects on the overall conden-

sation performance is an area for further work building on the present article. In addition, detailed experimental analysis of the coa-

lescence induced growth of droplets inside the multiscale asperity structures are needed to better understand the dynamic wetta-

bility and its effects on overall condensation heat transfer performance. Moreover, the effects of nucleation of condensate droplets

deep within the asperities and their growth dynamics thereafter will be considered theoretically in a future work. Other special sit-

uations such as those discussed in refs. Kim and Kim34 and Kim and Kim35 may also be incorporated in future extensions of the work

presented here.
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STAR+METHODS

KEY RESOURCES TABLE

METHOD DETAILS

Surface fabrication, characterization, and functionalization

As-purchased copper tubes with inner diameter of 8.7 mm and outer diameter of 9.5 mm were cleaned with acetone and deionized water

before texturing. For multiscale rough texturing, either a process of electrodeposition or chemical etching was used. For etched samples,

outer surface of the tubes was immersed in a bath of 12M hydrochloric acid for 20 min, whereas electrodeposited samples were prepared

using a two-step electrodeposition process14 at electrodeposition potential of either 0.7 V or 1.1 V. Both chemically etched and electrode-

posited samples were imaged using a Zeiss 1550 field-emission scanning electron microscope and multiscale surface profiles were charac-

terized using a Dektak XT stylus non-contact profilometer, from which fractal parameters were determined as explained in Figure 1.

For a variety of surface textures and wettability, chemically etched and electrodeposited samples were functionalized using three different

functionalizing agents, namely, mercaptan, margaric acid and stearic acid. Functionalization of samples with mercaptan, margaric acid and

stearic acid is similar in nature. Copper tube samples were subjected to 1-h immersion in 0.02 mol/L of the respective functionalizing agent at

room temperature. The functionalized samples were removed from the immersion bath and rinsed with deionized water and methanol/

ethanol, followed by drying with nitrogen gas.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides and recombinant proteins

Hydrochloric acid (12M) Sigma Aldrich Product no. 258148

Mercaptan Sigma Aldrich Product no. W389404

Margaric acid Sigma Aldrich Product no. H3500

Stearic acid Sigma Aldrich Product no. 175366

Gentoo Thor Spill Products https://www.thorspillproducts.com/products/

ultra-tech-4700-gentoo-clear-hydrophobic-

water-repelling-coating-quart-kit-part-a-b

Acetone Sigma Aldrich Product no. 179124

Methanol Sigma Aldrich Product no. 179337

Ethanol Sigma Aldrich Product no. 1.00986

Nitrogen gas Sigma Aldrich Product no. 295574

Software and algorithms

Kaleidagraph Synergy Software https://www.synergy.com

LabView 2019 National Instruments https://www.ni.com/en/shop/labview.html

Other

Copper tube McMaster Carr Product no. 8967K89

Vacuum pump Grainger Product no. 406D57

Pressure gauge Grainger Product no. 54XP42

Pressure transducer Grainger Product no. 5LTF7

Borescope camera Amazon Dual-Lens Endoscope Camera with Light,

DEPSTECH 1080P HD Borescope with

500 IPS Screen, 16.5FT Flexible Sewer Camera,

IP67 Waterproof Plumbing Snake Camera,

Cool Gadgets for Men, Women:

Amazon.com: Industrial & Scientific

Data acquisition (DAQ) National Instruments PXIe-6124

Resistance Temperature Detectors (RTD) Grainger Product no. 41A072

Flow meter Omega Product no. FTB-815-I

Chiller recirculator Cole-Parmer Product no. EW-20874-18

Immersion heater Grainger Product no. 2E931
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Fabrication of solid-infused surfaces (SIS) started with the etched or electrodeposited rough surfaces as the first step. Following that, the

roughened copper tube samples were then immersed in the bath of a two-partGentoopolymer36 for about 30min. After removal, theGentoo

infused samples were spun at approximately 1700 rpm to remove the excess coating of the polymer. The samples were then air-dried at room

temperature for about 10min followed by curing at around 90 � C for 1 h at atmospheric pressure. Gentoo is a nonwetting polymer initially in a

liquid form with high density and affinity toward the metal surface.

Experimental methodology

A schematic of the experimental setup is shown in the supplemental information Section, where a 20 cm long single condenser tubewith inner

diameter of 8.7 mm and outer diameter of 9.5 mm was mounted inside an insulated vacuum chamber of dimensions 50cm3 35cm3 30cm.

The outer surface of the condenser tube was textured to produce multiscale features by either electrodeposition or chemical etching, fol-

lowed by functionalization with an appropriate agent. However, the inner surface of the tube was not textured or chemically altered. The

condensation chamber was made of aluminum, insulated from outside to reduce heat loss to the ambient, and installed with a 1000 W im-

mersion heater for steam generation. A vacuum chamber was installed with an adjustable vacuum pump to control pressure inside the cham-

ber down to as low as 5 kPa. For coolant flow inside the copper tubes, a Cole-Parmer Polystat cooling/heating recirculator was used. Coolant

flow inlet and outlet temperatures were measured using thermocouples, as depicted in the schematic. Additional thermocouples were

installed inside the chamber to measure water and steam temperature. Data acquisition was done using National Instruments hardware

and LabView 2019 software.

During condensation heat transfer experiments, the chamber was first filled partly with warmwater at a temperature of around 40�C. At this
stage, coolant recirculation at a relatively higher value was started to obtain a desired flow rate, and the vacuum pump was switched on to

gradually reduce the chamber pressure to a value of about 8 kPa. Next, the immersion heater was switched on and water was allowed to boil

for about 30 min to get rid of non-condensable gases. After this, as the chamber temperature and pressure were maintained at the desired

values, the coolant inlet temperature was reduced to a desired stable value tomark the start of condensation process and coolant inlet/outlet,

and chamber saturation temperatures were continuously measured at an interval of 0.5 s. Condensation images were taken with a top-

mounted camera at desired stages of the experimental stages.

QUANTIFICATION AND STATISTICAL ANALYSIS

The quantification was carried out by calculating the mean (average) value from 20 measurements in each case. The statistical error in the

measurement was calculated using population based standard deviation values. For reporting, a 95% confidence interval is chosen.
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