International Journal of Heat and Mass Transfer 140 (2019) 777-785

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/ijhmt

Designing air-independent slippery rough surfaces for condensation )

Gaurav Kumar Sirohia, Xianming Dai *

Department of Mechanical Engineering, The University of Texas at Dallas, Richardson, TX 75080, USA

ARTICLE INFO ABSTRACT

Article history:

Received 7 March 2019

Received in revised form 9 June 2019
Accepted 10 June 2019

Available online 19 June 2019

Enhancing condensation heat transfer is significant for power generation, heat exchangers, water
harvesting, and air-conditioning. While superhydrophobic surfaces (SHS) are widely studied for conden-
sation, this type of surface suffers from several weaknesses: (1) the hydrophobic surface chemistry does
not favor nucleation, (2) the air lubricant has poor thermal conductivity, and (3) the air pocket may be
displaced at an elevated humidity or subcooling. Patterned SHS can enhance vapor nucleation in the
hydrophilic domains, but the superhydrophobic domains still rely on the air lubricant, resulting in the

ggjr’l ‘g(e)rrlisa:tion same weakness as SHS. Recently, the liquid infused surfaces have been developed by replacing the air
Nucleation lubricant with liquid lubricant, leading to more robust lubrication for liquid repellency. However, the

original design of liquid infused surfaces shows a flat lubricant-water interface, which cannot provide
a large contact area for heat transfer. Here, we successfully designed and manufactured the air-
independent slippery rough surfaces (SRS) by conformal liquid lubrication on the rough solid surfaces.
The surface chemistry of the SRS is governed by the liquid lubricant, not the solid textures, and the rough-
ness is determined by the lubricated microtextures. Droplets are highly mobile on this air-independent
slippery rough surface in the absence of air lubricant. Our comprehensive models provide rational design
and optimization for the air-independent slippery rough surface that is highly desired in condensation
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Superhydrophobic surface
Slippery rough surface

heat transfer.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Vapor condensation has a broad range of applications in power
generation, heat exchangers, water harvesting, heat pipe, and air-
conditioning [1,2]. There are two types of condensation modes:
filmwise condensation and dropwise condensation. Dropwise con-
densation shows a 10 times lager heat transfer coefficient than
filmwise condensation [3], because the condensate can be rapidly
removed from the condensing surface, giving a small thermal
resistance. Therefore, a super liquid-repellent surface is good for
droplet removal and condensation enhancement. In nature, the
lotus leaf inspired superhydrophobic surfaces (SHS) have micro/
nanostructures and hydrophobic surface chemistry, so water
droplets rest on the surface textures in a non-wetting state [4,5].
Superhydrophobic surfaces are air dependent as they rely on air
gaps between the micro/nanostructures [6]. The air gaps can
reduce the contact area between liquid droplets and the surface
textures, resulting in reduced surface-droplet adhesion forces.
When multiple droplets coalesce, the surface energy is converted
to kinetic energy, leading to droplet jump. The effective removal
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of water droplets on SHS reduces the thermal resistance and signif-
icantly enhances condensation.

Although tremendous efforts have been made to create the
lotus leaf inspired SHS for liquid repellency [7-11], recent studies
have shown that SHS may lose the water repellency at a high
subcooling even when high-quality nanowires are used [10]. The
liquid repellency can be further improved by using three-
dimensional superhydrophobic nanowires [12], but the condensa-
tion heat transfer coefficient is small owing to the ultra-low
thermal conductivity of air (0.026 W/m K), and the low surface
tension liquids cannot be repelled. This is because SHS rely on air
as the lubricant so that the liquid droplet is partially floating on
air. Researchers have developed the reentrant [13] and doubly
reentrant structures [14] to improve the robustness of liquid repel-
lency even to highly wetting liquids. However, the air layer can be
displaced at a high subcooling because the nucleation starts form
the nanoscale droplet [15]. Once the air is displaced, droplets tran-
sition from the Cassie state to the Wenzel state. In particular, the
low surface tension fluids are likely to wet the entire rough sur-
faces. In addition, the vapor can nucleate to form nanodroplets
within the surface textures, leading to direct wetting in the Wenzel
state [16]. This type of Wenzel state droplets are strongly pinned
on the surfaces. Researchers have tried to induce the wetting to
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non-wetting transitions on SHS [17-19], but those technologies
can hardly be implemented in condensation. To date, robust SHS
rely on hydrophobic surface coatings, which do not favor conden-
sation nucleation. The weaknesses of SHS include: (1) the
hydrophobic surface does not favor nucleation, (2) the air layer
has a poor thermal conductivity, and (3) the air layer may be dis-
placed at an elevated humidity or subcooling.

Thus, patterned SHS with hydrophilic domains have been devel-
oped to enhance nucleation [20-26]. Hydrophilic surfaces possess
larger adhesion forces than hydrophobic surfaces when interacting
with water droplets. Thus, the nucleation is enhanced, and the pat-
terned SHS can delay the Cassie to Wenzel transition [25].
Nonetheless, the patterned SHS is also dependent on the air lubri-
cant so the weaknesses of SHS are not circumvented. Recently, a
patterned surface that combines hydrophilic and superhydrophilic
domains is developed to facilitate dropwise condensation on the
hydrophilic domains, and remove the condensate rapidly via the
superhydrophilic domains [27]. This patterned superhydrophilic
surface is not limited by the known shortcomings of hydrophobic
chemistries, but the water-solid interface is not slippery.

To resolve the droplet mobility issue on the air-dependent
superhydrophobic areas, a liquid repellent surface modeled after
the slippery rim of the Nepenthes pitcher plant has been developed.
This surface, known as slippery liquid-infused porous surfaces
(SLIPS) or liquid infused surfaces [28-31], has a homogeneous
and molecularly-smooth interface made by fully infusing a
textured surface with hydrophobic liquid lubricant. The perfluori-
nated liquid infused surfaces showed an approximately 100%
increase of heat transfer coefficient compared to the state-of-the-
art dropwise condensation surfaces [9]. However, the perfluori-
nated lubricant forms a wrapping layer (or cloaking) on water dro-
plets. Researchers tried to minimize this wrapping layer with ionic
liquid [32] or mineral oil [33]. By adding asymmetric slippery
bumps on the lubricated surface, the enhanced mass transport
and droplet removal result in a dramatically increased condensa-
tion performance [33]. The liquid infused surfaces exhibit excellent
droplet removal, but the hydrophobic nature remains on the
surface and hinders nucleation. Furthermore, the liquid infused
surfaces are flat, giving a small surface area for heat transfer.

An ideal surface to enhance condensation must have super-
nucleation, rapid liquid-repellency, and large heat transfer areas.
Therefore, the thread of this work is to design an ideal condensing
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surface, which must possess three characteristics: (i) hydrophilic
surface for super-nucleation, (ii) boundary lubrication for conden-
sate removal, and (iii) rough surface for heat transfer. Those three
characteristics are needed on one surface to achieve the optimized
condensation performance. By combining the micro/nanotextures
of lotus leaves and the slippery surfaces of pitcher plants, we cre-
ated the hydrophilic air-independent slippery rough surfaces (SRS)
to enhance condensation (Fig. 1) [34,35]. The hydrophilic surface
chemistry promotes nucleation, the slippery interface improves
liquid repellency with air independence, and the rough surface
provides a large surface-droplet contact for heat transfer. On
conventional rough surfaces, droplets can be easily removed when
they are partially floating on a layer of air (i.e., Cassie state), but can
be highly pinned when they are in full contact with the rough sur-
faces (i.e., Wenzel state). On the slippery rough surfaces, droplets
are mobile in the slippery Wenzel state owing to the boundary
lubrication (Fig. 1). Such a slippery rough surface provides hydro-
philic chemistry for nucleation, slippery interfaces for condensate
removal, and large surface areas for heat transfer. However, the
design rationale of such a condensing surface is not developed. In
this work, we will theoretically study various parameters to
increase heat transfer coefficients, providing theoretical principles
for the surface design and optimization in condensation.

2. Results and discussion
2.1. Design rationale

To design an air-independent slippery rough surface, the solid
surface must have two-tier roughnesses formed by hierarchical
microtextures and nanotextures. Thus, we modified the surface
chemistry with a hydrophobic coating on the entire surfaces, and
then replaced the air lubricant within the nanotextures with liquid
lubricant. The nanotextures could lock the liquid lubricant to form
conformally lubricated microtextures. To this end, the surface
chemistry, nanotextures, lubricant, and condensate liquid must
follow the design principle of SLIPS [28,35]. This will ensure that
the lubricant cannot be displaced by the condensate liquid (e.g.,
water). However, the lubricant between each microtexture was
removed, so that the lubricated microtextures were in full contact
with vapor in condensation. Furthermore, the surface chemistry
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Fig. 1. Creating air-independent rough surfaces for liquid repellency [35].
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Fig. 2. Fabrication of air-independent slippery rough surfaces. (a) Silicon micropillars. (b) Nanotextured micropillars with a conformal silane coating. (c) Air-independent
slippery rough surfaces. (d) Conformal lubrication with a spinner to remove the redundant liquid lubricant at different spin speeds (rpm).

and dimensions of the microtextures must be designed to ensure
that the water droplet is in the Wenzel state. With the air-
independence, the slippery Wenzel state can significantly increase
the heat transfer areas. Since we were interested in the droplet
mobility in the slippery Wenzel state, we carefully designed the
dimensions of the micropillars based on the following correlation
to ensure that the Wenzel state was more favorable than the Cassie
state [6]:

cosf, = p-1 1)

Rn— ¢

Here, 0. is the critical CA. When the intrinsic CA of the lubri-
cated flat surface 0 < 0., the Wenzel state is more favorable than
the Cassie state. The intrinsic CA 0 is determined by the liquid
lubricant, not the solid textures [34].

Air-independent wetting states can be the Wenzel state, hemi-
wicking state, and complete wetting state. To ensure the droplets
are in the Wenzel state, the intrinsic CA 0 cannot be too small
because it may reach the hemiwicking state. Thus, the critical CA
0, between the Wenzel state and hemiwicking state must meet
the following relation [36]:

1-¢
cosOy = o (2)
Therefore, the surface chemistry and surface microstructures
must follow the relation below:

Op < 0 <0 3)

2.2. Surface fabrication

To make such an air-independent slippery rough surface, we
used deep reactive ion etching to make silicon micropillars
(Fig. 2a). Then wet etching was used to make nanotextures every-
where (on the top and side walls of each micropillar as well as the
bottom surface, Fig. 2b). Subsequently, trimethylchlorosilane
(Sigma-Aldrich) was used to deposit a hydrophobic coating so that
the micro/nanotextured surface can repel water. Finally, we dis-
place the air within the nanotextures with liquid lubricant and
ensure the liquid lubricant is infused within the nanotextures
alone but not within the microtextures (Fig. 2c). To achieve that,
we let the liquid lubricant fully cover the superhydrophobic
micro/nanotextures. Then a spinner was used to remove the

redundant liquid lubricant. When the spin speed is 12,000 rpm,
the surface morphology showed conformally lubricated micropil-
lars (Fig. 2c and d). The dimensions of slippery micropillars are:
width 47 pum, length 53 pm, and height 19 pm.

2.3. Wetting characteristics

The apparent CAs of the droplets in the slippery Wenzel state
are governed by the Wenzel's equation [35]:

Cos6" = Ry,cosb (4)

where 0 is the apparent CA on the air-independent slippery rough
surfaces, Ry, is the microscale roughness of the lubricated micropil-
lars, and 0 is the intrinsic CA on the slippery flat surface. We would
like to further elaborate the surface chemistry and surface rough-
ness on the SRS and SHS. On SRS, water cannot wet the solid sur-
faces directly as the lubricant cannot be displaced based on our
design principle, so the surface chemistry is governed by the liquid
lubricant, not the underneath solid chemical coating or solid struc-
tures. However, on SHS, the surface chemistry is governed by the
chemical coating on the solid structures. On SRS, the roughness
Ry, is governed by the conformally lubricated microstructures. The
nanostructures are completely covered by the liquid lubricant, so
the nanoscale roughness r, is not visible to water droplets. While
on SHS, the roughness is determined by both the microstructures
and nanostructures.

The equilibrium CA on the slippery flat surface (SFS) can be
described by Young’s equation [37]. Note that the lubricant thick-
ness must be thin to avoid deformation. The thick lubricant will
lead to the Neumann’s wetting state. When there is no wrapping
layer (or cloaking), the CA 0, is shown in Fig. 3a:

COSH] — Yow — Yoc (5)
WG
When certain lubricants are used (e.g., Krytox), a wrapping
layer may exist on the water droplet [32]. Thus, the CA 0, for an
oil-wrapped water droplet is shown in Fig. 3b:

COSHZ — Yow — Yoc (6)
Yow t Yoc
However, the apparent CAs 0; and 05 follow the Wenzel's equa-
tion on the SRS. Therefore, the Eq. (4) remains valid no matter the
wrapping layer exists or not (Fig. 3). The cloaking oil is unfavorable
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Fig. 3. Wetting characteristics on the slippery flat and rough surfaces. (a) Without
wrapping layers, and (b) with wrapping layers on the water droplets.

for interfacial heat transfer, i.e., increase the interfacial thermal
resistance. The nucleation tends to occur on a hydrophilic surface
(or on —OH groups). Therefore, the cloaking oil with —CHs or
—CF3 groups will suppress nucleation [34].

The liquid infused surfaces with the lubricants of Krytox 101,
mineral oil, and silicone oil show the contact angles (CAs, 0) of
121.5°+£2.2°, 106.3° £ 2° and 104.1° + 1.9°, respectively. Recently
we have developed hydrophilic SFS with the CAs of 76.2°+2°
and 57.2° + 1.8° for hydroxy polydimethylsiloxane (PDMS, viscos-
ity 25 ¢St) and ionic liquid (1-butyl-3-methylimidazolium hexaflu-
orophosphate, i.e., [bmim]|[PFg]) [34]. The static CAs can
approximately represent the advancing and receding CAs since
all these slippery surfaces show the contact angle hysteresis
(CAH, 0Ocay) below 5°. With this design principle, the surface chem-
istry can be changed by simply varying the lubricant. Therefore, we

(AT — ATc)nR?
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Fig. 4. Thermal resistance loop of dropwise condensation on the slippery flat
surface. Ts,, is saturated vapor temperature; T; is the interfacial temperature on the
droplet; Ty is the liquid temperature at the bottom of the droplet; Ty, is the
lubricant temperature above the hydrophobic coating; Ty, is the temperature
between the hydrophobic coating and the micro pillar; Tps is the temperature
between the lubricant and the hydrophobic coating; and T is the substrate
temperature. R; is the vapor-liquid interfacial thermal resistance. Ry, R}y, Ry, Rp2, and
R, are the thermal resistances of droplet, the lubricant above the micro pillars, the
hydrophobic coating, the lubricant between the micro pillars, and the micro pillars,
respectively.

The equation for the heat transfer rate of an individual droplet g
is shown in Eq. (7). In this equation, R is the radius of the growing
droplet which is a variable. The first four terms in the denominator
represent the liquid-vapor interface (R;), droplet conduction (Ry),
over-layer lubricant resistance (R;;), and lubricant within the pil-
lars (R}). The thermal resistances of the pillar and the hydrophobic
coating are R;, and Ry, respectively.

= )

) ) -1
__ 1 4y _RO 4 9 One H H
2h;(T—cos 0) + Tysing T k;sin?0 + < ((@khcsinzo + Skpsin? o) + <(1- &)kpsin0

modeled the SFS using different lubricants to reach tunable CAs
and compared their performances on heat transfer. We also mod-
eled the SRS, on which the roughness is above 1, giving rise to lar-
ger heat transfer areas.

Since the surface chemistry is governed by the SFS (i.e., lubri-
cated nanotextures), we will first build up the theoretical model
of condensation on the SFS with tunable wettability. Once the con-
densation is well understood on the SFS (roughness R, =1), we
will further study the condensation on the SRS (roughness
Rm > 1). The air-independent SRS will circumvent the Cassie to
Wenzel transition and surface flooding on SHS, providing a concep-
tually different strategy for condensation enhancement [34,35].

2.4. Modeling of condensation on SFS (roughness R, = 1)

The slippery flat surface is made by replacing the air lubricant of
the superhydrophobic nanotextures with water-immiscible oil
lubricant (Fig. 4). We theoretically studied the heat transfer perfor-
mance on the SFS by using the thermal resistance loop.

-1
‘shc
t 2k 0) ) >

where R is the droplet radius, AT is the temperature difference
between the saturated vapor and substrate temperature, AT, =
(Tsat — Ts) is the temperature drop due to the droplet curvature,
dhe» O, and H are the thickness of the hydrophobic coating,
lubricant thickness, and pillar height, respectively. k, k, k,, and
k, are the thermal conductivities of the hydrophobic coating,
lubricant, water, and pillar, respectively. h; is the interfacial con-
densation heat transfer coefficient from vapor-liquid phase change
[8] and ¢ is the solid fraction.

The overall heat flux g“ can be obtained by the integration as
shown below. Here, n(R) and N(R) are the population densities
for small and large droplets before and after coalescence, respec-
tively [8,38]. Ruin is the initial radius when the droplet nucleates,
and it is assumed to be 10 nm independent of the type of surface,
Re is the coalescence radius (assuming it is a half of the coalescence

length), Ris the departure radius that provides enough gravity for
droplet departure [39], and t is the droplet sweeping period.

Re R
qr= | qn(RdR+ [ gN(R)dR (8)

Rinin Re
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If N is the nucleation density and L. is the coalescence length
[38], then

Lc = 1/(4N)*? (14)
The departure radius R can be calculated using the retention
force equation [39]:

pgV = d(coslr — —cos0x)2R (15)

2 -\ 3
(1 — cos0)”(2 + cos0) (2 R)
V= — (16)
24sin°0
where 0 is the receding CA, 0, is the advancing CA and V is the vol-
ume of the droplet. We assume the surface is in the vertical
orientation.

The thermal conductivities of liquid lubricants range from
0.09 W/m K to 0.15 W/m K, which are 246% and 477% higher than
that of air. More importantly, the smaller CAH can dramatically
increase the heat transfer coefficient at a constant CA (Fig. 5a).
Specifically, when the CAH decreases from 16° to 2°, the heat trans-
fer coefficient increases from 99.5 kW/m? K to 116.7 kW/m? K at
the CA = 120°. The SFS can give small CAH (below 5°) with tunable
wettability, with water CAs from 57.2°+1.8° to 121.5°+2.2°.
Smaller CAs result in smaller thermal resistances across the liquid
droplet. When the CA reduces from 120° to 57.2°, the heat transfer
coefficient increases from 111.1 kW/m? K to 188.9 kW/m? K, show-
ing a 70% enhancement (Fig. 5a). Therefore, the hydrophilic and
slippery surface is favorable for condensation heat transfer. We
refer to the experimental heat transfer coefficient in a prior publi-
cation [12], so in the theoretical study we assume 0.5% non-
condensable gases as the reference shows. If there are more non-
condensable gases, the heat transfer coefficient will decrease. The
SRS are still based on surface modification, so they behave like
other surfaces when non-condensable gases are present.

Heat is conducted through the lubricant and nanotextures par-
allelly. As the thermal conductivity of silicon is 144 W/m K, most of
the heat will conduct through the silicon nanotextures. Thus, the
lubricant locked within the nanotextures can provide the liquid-
repellent function but will not reduce the heat transfer coefficient.
However, there could be an over-layer lubricant above the nan-
otextures. It is shown that a 25 + 5 nm lubricant film exists above
the solid surface. Such a film is stabilized by van der Waals inter-
actions between the liquid lubricant and solid surfaces [40]. This
over-layer is super slippery for droplet removal. However, as the
thickness of the over-layer lubricant §;; increases the thermal
resistance also rises, resulting in decreased heat transfer perfor-
mances (Fig. 5b). The heat transfer coefficient is not significantly
reduced when §;; is below 20 nm. This overlayer can be easily
removed because the nanotextures cannot retain it. On the SFS,
we have taken the thickness of the over-layer lubricant as 1 nm
in our model.

In the studies of jumping droplets, researchers assume that the
droplet only jumps on superhydrophobic surfaces and the CAH is
assumed to be negligible. However, CAH is an important parameter
for droplets with low CAs. The droplet jumps when the jumping
force dominates the retention force. On the SFS, we established a
relationship between CAH and heat transfer coefficient and found
that a lower CAH gave a better heat transfer performance at a con-
stant CA. In this case, when the gravity force dominates the reten-
tion force in Eq. (15), the droplet starts to depart.

Our SFS shows the 6cay of 4°, indicating high mobility of the
droplet. The CA can be simply tuned by changing the liquid
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Fig. 5. Theoretical heat transfer coefficient on slippery flat surfaces. (a) Contact angle and contact angle hysteresis (Re =4 um), and (b) the thickness of lubricant over layer

(Re =4 um, 0can = 4°) influence heat transfer performances.
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Fig. 6. Theoretical heat transfer coefficients on slippery flat surfaces with tunable
wettability, superhydrophobic surface, and hydrophobic flat surface. On SFS,
Re =4 pm, 0cay = 4°; on SHS, Re =2 um; on hydrophobic flat surfaces, Re = 10 um,
Ocan = 25°.

lubricant. Thus, the SFS shows a small CAH but tunable CAs, from
120° to 57.2°. However, when the surface textures and the
hydrophobic coating is fixed, the SHS shows a fixed 6" = 155°.
The CAH on the hydrophobic flat surface is 25° [41]. The CAs can
also be tuned by changing the hydrophobic coating. If we compare
the SFS with the SHS and the hydrophobic flat surface, as shown in
Fig. 6, the SFS (0=76.2°) shows the heat transfer coefficient of
172.5 kW/m? K, 286% larger heat transfer coefficient than that on
the hydrophobic flat surface (6 = 120°, which is widely used) and
174% higher than to the SHS. Although the SFS shows both a high
nucleation density and droplet mobility, it has smaller areas
(roughness Ry, = 1) which restrict its capability of nucleating more
droplets.

When the gravitational force is larger than the retention force,
the droplet will shed off. According to Egs. (15) and (16), the depar-
ture radius is large for droplets with small CAs as the contact area
becomes larger. In the prior model, it was assumed that the 6 and
Ocan Were constant for various radii of droplets on SHS [9], so the
smaller departure radius led to improved heat transfer perfor-
mances (Fig. 7). However, on our SFS, the departure radius is a
function of the intrinsic CA 0 as shown in Eq. (15). A smaller CA 0

200
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—— SFS with constant CA
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Fig. 7. The influence of departure radius on the heat transfer coefficient. The SFS
with varying CA can be made by using a different type of lubricant. The SFS with
constant CA can be made by changing the viscosity of the same type of lubricant
(e.g., Krytox). Black curve: Re =4 pum, 0can = 4°; red curve: Re =4 pm, 6can = 4°, and
0 =120°. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

results in a larger departure radius. Thus, the heat transfer coeffi-
cient is enhanced with the increasing departure radius. Note that

Eq. (8) shows that a larger departure radius R favors the integra-
tion, resulting in a higher heat transfer coefficient. The theoretical
heat flux is calculated by integrating the droplet size on the con-
densing surface. In a real condensation process, the droplet is
removed, and then new droplets are nucleated. However, this the-
oretical model cannot consider the dynamics process with time.
Sweeping droplets cannot be modeled here due to the complexity
of different time steps. This is a limitation of the current theoretical
model, which only shows the integration of all the droplets on the
condensing surface at a given time but could not consider the re-
nucleation of the next cycle.

When it reaches a critical value, the heat transfer coefficient
decreases by increasing the departure radius (Fig. 7). The reason
is that at higher contact angles the droplets have larger droplet
height (increasing the circumference of the droplet) which
increases the droplet conduction resistance and thus decreases
the overall heat transfer coefficient. Since the departure radius is
a function of contact angle, it varies from surface to surface. It is
assumed that the departure radius varies at constant CA. For exam-
ple, when we use Krytox oils with different viscosities as the lubri-
cants, the contact angle hysteresis varies, but the contact angle will
be constant.

2.5. Modeling of condensation on SRS (roughness R, > 1)

On SHS, water droplets contact the top of each texture, but can-
not be in full contact with the roughness. On SFS, water droplets
are in contact with a slippery flat surface (R, = 1). The heat transfer
areas on both surfaces are small. To overcome the disadvantage of
its small heat transfer areas, we created the slippery rough surfaces
which combine the unique surface characteristics of pitcher plants
and lotus leaves as shown in Fig. 1. The air-independent slippery
rough surfaces are created by infusing liquid lubricant into the

Slippery rough surface

Fig. 8. Thermal resistance loop of dropwise condensation on the air-independent
slippery rough surfaces. T, is saturated vapor temperature; T; is the interfacial
temperature on the droplet; Ty, is the lubricant temperature above the hydrophobic
coating; Ty, is the temperature between the hydrophobic coating and the
nanopillar; Tp3 is the temperature between the nanopillar and the micropillar;
Tps is the temperature between water and the hydrophobic coating; Tys is the
temperature below the overlayer lubricant, and T; is the substrate temperature. R;
and Ryi, Ryz are the thermal resistances of the vapor-liquid interface, the
condensate droplet, and the condensate liquid within micropillars, respectively.
Ri1, Rner Riz, Rpp, and Ry are the thermal resistance of the lubricant above the
nanopillars, the hydrophobic coating, the lubricant between the nanopillars, the
nanopillars, and the micropillars, respectively.
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nanostructures alone to increase the mobility of droplets even in
the Wenzel state. The surface chemistry and slippery microtex-
tures can be changed by varying the lubricant and surface rough-
ness, respectively. Surface chemistry governs the intrinsic CA 0
whereas surface structures amplify the apparent CA 6.

We modeled the SRS in a similar way using the thermal resis-
tance loop (Fig. 8). The roughness of the slippery rough surface is
given by the equation Ry =1+ 4wh/I> where w is the width of
the square micropillar with boundary lubrication, h is the height
of the micropillar and [ is the spacing between the micropillars.
Due to the surface roughness, the apparent CA is governed by the
Wenzel's equation (Eq. (4)).

The heat transfer rate g for an individual droplet is calculated in
a similar way as that of the SFS, using thermal resistance loop. As
shown in Eq. (17), &, and &, are the solid fractions of nanopillar
and micropillar, and H,, and Hy, are the heights of nanopillar and
micropillar, respectively. The third term in the denominator repre-
sents the lubricant, hydrophobic coating, nanopillar, micropillar,
and water thermal resistances (Rj2, Rne, Rnp, Rmp, Rw2), respectively.

condensed droplets are in full contact with the slippery rough sur-
faces. As demonstrated in our prior work, the retention force is
proportional to the surface area of the slippery micropillars [35].
However, we have shown that the slippery microchannels can give
a much smaller CAH than the slippery micropillars at a given
roughness when the droplet slide in parallel with the slippery
microchannels [34]. When the CAH is reduced from 16° to 2°, the
higher heat transfer coefficient is increased by 19.3% at the rough-
ness R, = 2.

The lubricant retention is critical for the droplet repellency. On
SRS, the lubricant is retained by the nanotextures. The height of
nanopillars has little influence on the heat transfer coefficient
(Fig. 9b). If the height of nanopillars is increased, we can retain
more liquid lubricant within nanotextures for durable operations
with almost no change in the heat transfer performance. Therefore,
a larger height of the nanopillar can help retain lubricant and
improve surface durability.

The roughness of the SRS can be increased either by increasing
the height of the micropillars or decreasing the spacing between

-1 -1
1 RO (5;,5 Hn Hn 5hc
= (AT — ATc)nR? + — + + +
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Thus, the overall heat flux q“ is given by:

Re R
q" = qn(R) x RmdR+ | gN(R) x RmdR (18)
Rinin Re
The factor of roughness R,, is multiplied by the population
densities of the small and large droplet to account for the increase
in the droplet nucleation area on the slippery rough surface com-
pared to the slippery flat surface.
On SRS, the effect of CAH on the heat transfer coefficient is like
that on the SFS. A lower CAH results in a higher heat transfer
coefficient because of the high droplet mobility (Fig. 9a). The
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the micropillars. When the intrinsic CA is below 76°, the heat
transfer coefficient increases from 172.3 kW/m? K to 323.6 kW/
m? K, leading to an 87.8% enhancement. On the conventional slip-
pery flat surface, the CA is 120°, so the heat transfer coefficient is
111.1 kW/m? K. When the roughness R, =2 and the intrinsic
0 = 76°, our SRS show a 191.3% higher heat transfer coefficient than
the conventional slippery flat surface and a 407.2% higher heat
transfer coefficient than SHS. The reason for the enhancement is
that roughness reduces the apparent CA, and thus reduce the
thermal resistance. Furthermore, the heat transfer areas are
augmented. Both factors are favorable for heat transfer enhance-
ment. Non-lubricated hydrophilic surfaces can also reduce the
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1.0 1.2 1.4 1.6 1.8 2.0
Roughness, Rm

Fig. 9. Theoretical analysis of (a) CAH (R. =4 pm, 6 = 76°, and H, = 1 um) and (b) the height of nanopillars (Re =4 pm, 0 = 76°, and 6cay = 4°) on condensation heat transfer.
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Fig. 10. Theoretical heat transfer coefficients of roughness-augmented condensa-
tion on air-independent rough surfaces (R. =4 pum, 6can = 4°, and H, = 1 pm). The
CA is the intrinsic CA 6 on SFS.

apparent CA by roughness, but the CAH on those surfaces is extre-
mely high. Nonetheless, when the CA is above 90°, roughness
increases the apparent CA. In the meantime, the heat transfer area
is increased. There is a trade-off between the increased heat trans-
fer area and the increased apparent CA. To ensure that the con-
densed droplets are in the Wenzel state, not the Cassie state, we
used Eqgs. (1) and (2) to set the restrictions for the roughness aug-
mentation. When the intrinsic CAs are 120°, 110°, and 100°, the
roughness Ry, cannot be larger than 1.75, 2.44 and 4.57, respec-
tively. Otherwise, the droplet will be in the Cassie state at a large
roughness, which is out of the scope of this work (Fig. 10). For a
higher intrinsic CA on the SFS (6 > 90°), as we increase the rough-
ness R, the apparent CA 6 increases (Eq. (4)). This significantly
increases the conduction thermal resistance (R4) of the droplet,
and thus decreases the heat transfer coefficient. The trade-off
between the increased heat transfer area and the increased appar-
ent CA exists when the intrinsic CA 6 > 90° since the roughness
increases the apparent CA (Fig. 10). This will increase the thermal
resistance and decreases the contact area for heat transfer. The
critical apparent CA is 151° when the intrinsic CA is 120°. However,
as long as the slippery rough surface shows a small contact angle
hysteresis in the Wenzel and hemiwicking state, there is no restric-
tion with roughness when 6 < 90°.

3. Conclusion

We experimentally fabricated the air-independent slippery
rough surface on which the droplets are mobile in the slippery
Wenzel state, and theoretically studied the design rationales for
condensation heat transfer. To be clear, on a conventional rough
surface the Wenzel state droplets cannot be completely removed
from the surface textures, so the condensates will make the surface
flooded even on superhydrophobic surfaces. The surface chemistry
of our SRS is governed by the liquid lubricant, not the solid tex-
tures, and the roughness is determined by the lubricated microtex-
tures. We first developed the slippery flat surface with tunable
wettability by changing the lubricant. The hydrophilic SFS possess
both high nucleation density and droplet mobility as compared to
SHS, but still lack of heat transfer area. To solve this problem, we
then developed the SRS by combining the slippery interfaces of
pitcher plants and the rough textures of lotus leaves. Condensed
droplets on our SRS are in the Wenzel state but can be effectively
repelled because of the lubricated boundary conditions, and the
roughness can increase the heat transfer areas. While SHS rely on
the existence of air within the rough surface textures, we show

that condensation on a rough surface can be significantly enhanced
in the absence of air. Our theoretical models provide design ratio-
nales on various parameters, such as the design of slippery Wenzel
state, lubricant thickness, the height of the pillars, roughness and
the CAH. We also show that the condensation heat transfer coeffi-
cient on our SRS at the roughness Ry, =2 is 191.3% and 407.2%
higher than those on the conventional slippery flat surface
(6=120°) and SHS (6" = 155°), respectively. Compared with pure
theoretical analysis, this theoretical study made reasonable
assumptions based on the successful fabrication of the slippery
rough surfaces. For example, we chose the contact angle of 76°
as the hydrophilic slippery surface because this was achieved
experimentally. Even though the slippery micropillars may get
flooded during condensation, we point out that parallel slippery
microchannels can repel condensates more effectively although
the surface is temporally wetted [34]. Our theoretical studies gain
significant insights into designing an air-independent surface for
the enhancement of dropwise condensation.
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