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ABSTRACT 

In dropwise condensation on vertical surface, droplets grow at nucleation sites, coalesce and reach the departing diameter. In biphilic surfaces, when 

the hydrophobic domain is small, the maximum droplet diameter is controlled by the shortest dimension where the droplets merge at the boundary. 

Through direct numerical simulations this size-effect heat transfer coefficient enhancement is calculated. Then the 1-D biphilic surface is optimized 

considering the size-dependent hydrophilic domain partial flooding (directly simulated as a liquid rivulet and using the capillary limit), the subcooling 

(heat flux) and condenser length effects. The predicted performance is in good agreement with the available experiments. 
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1. INTRODUCTION 

The heat transfer coefficient for dropwise condensation (DWC) on 

vertical surfaces is an order of magnitude larger than that for filmwise 

condensation (FWC) (Glicksman and Hunt, 1972), however, the DWC is 

challenging to maintain and easily transits to FWC (Ghosh et al., 2014). 

DWC consists of droplet nucleation, growth, coalescence, and departure 

followed by re-nucleation, with droplets ranging in size from the smallest 

nucleating droplets to departing droplets or even larger (Kim et al., 

2015). After the droplet reaches the departure size, sweeping occurs and 

this could accelerate the process of dropwise condensation since the 

falling droplet will coalesce with and sweep the droplets in its path 

(Dietza et al., 2010). Under ideal dropwise condensation, the equilibrium 

size distribution for the droplets generally follows a power law 

distribution as incorporated in the so-called Rose model (Rose and 

Glicksman, 1972). In practice, various interfacial, constriction and other 

resistances can shift the droplet distribution, causing a reduction in the 

DWC heat transfer coefficient. To promote the DWC, micro/nano 

surface structures (Shang et al., 2018 and Zarei et al., 2018), as well as 

inorganic (gold) coatings Wilkins et al., 1973, hydrophobic porous 

membranes (Hu and N. Chung, 2018) and hydrophobic organic 

(polymers (Lu et al., 2015), self-assembled monolayers (Modak et al., 

2019)), wick structure in pipe (Yunus and S. Alsoufi, 2019) have been 

used. To further enhance the heat transfer coefficient, bilphilic (patterned 

hydrophobic and hydrophilic) surfaces have been created with one-

dimensional (1-D) (Peng et al., 2015) and two-dimensional (2-D) (Van 

Dyke et al., 2015) patterns. 

Due to the advantages of the DWC, its studies have a rather long 

history, including analytical studies of the dropwise condensation 

mechanism e.g., growth rate, drop size distribution, nucleation density. 

The direct simulations of the DWC also investigate the nucleation 

density, the effect of saturation temperature (Glicksman and Hunt, 1972), 

the drop size distribution (Leach et al., 2016), the vapor pressure effect 

(Wu et al., 2001), self-propelling mechanism for poly-sized droplets 

(Chen et al., 2019). The DWC experiments generally are for surfaces 

larger than several hundred microns, the experimental evaluation of the  
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very small droplets is challenging (due to the rapid growth, large number 

of droplets, small scale, etc.). So far no study has addressed the surface 

size effect on enhancing the heat transfer coefficient of the DWC (and its 

direct simulations). Therefore, the surface size effect around and below 

hundred microns is addressed here with direct simulations using random 

droplet generation followed by the dropwise condensation processes. 

Then we consider periodic 1-D biphilic surface pattern, with the 

hydrophilic strips draining the condensate that formed in the hydrophobic 

strips by the DWC. We evaluate the surface-averaged heat transfer 

coefficient and compare with the available experimental results. The goal 

is to show the interplay of enhancement of the heat transfer by the surface 

size-effect of the hydrophobic domain, while avoiding flooding of the 

hydrophilic domain. 

2. SIZE EFFECT OF DWC  

When the domain size is below a threshold, as in biphilic patterned 

surfaces or partially-exposed surfaces, the droplets disappear at the 

boundaries. This intervening droplet removal process limits the 

maximum droplet size which in turn increases the heat transfer 

coefficient. Here we directly (numerically) simulate the DWC and 

evaluate the domain size effect and define the size-effect and no-size-

effect regimes. 

2.1 Direct simulation of DWC 

Heat transfer through a droplet 
Direct simulations of conduction through a droplet is made using the Star 

CCM+ code. The geometry is a spherical cap, as shown in Fig. 1(a). 

Progressively smaller mesh size was used until heat transfer results 

varied by less than 1%. The spherical cap can also be presented 

alternatively by a liquid film of uniform thickness δl (Modak et al., 

2019), through  

 

δl = 
kl∆Tsc

q
,                                    (1) 
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where q is found from the direct simulation, kl is the liquid thermal 

conductivity (0.68 W/m-K at 100℃ for water), ∆Tsc is the subcooling 

between the solid surface and liquid-vapor interface (saturated condition) 

and 1 K is used in the simulations. The ratio of δl to droplet radius rd is 

defined as 

ck = δl/rd.                      (2)  

The heat transfer coefficient (i.e., conductance per unit area) is 

G/A = h =
kl

δl

.                       (3) 

The computed results for ck as a function of contact angle θc are given in 

Fig. 1(b), e.g., for θc = 90°, ck is 0.109. 

 

DWC dynamic simulations 
The software MATLAB was used to simulate the DWC under random 

droplet nucleation, growth, coalescence (and re-nucleation) and 

departure (including merging at the boundaries).  

The random droplet generation is implemented with the random 

generator in MATLAB to generate droplets in the target area and based 

on the droplet nucleation density. 

 

          
(a) 

 

       
                                                     

(b) 
Fig. 1 (a) A snapshot of the simulated droplet temperature distribution   

with a contact angle of 90° using the Star CCM+ code. The 

corresponding uniform liquid film thickness is also shown. (b) 

Variations of the ck with the contact angle θc. 

 

The volume for spherical cap droplet is given as 

Vd = 
π

3
rd

3(2+ cos θc)(1 -cos θc)
2
 .                                                              (4)  

The droplet growth is by condensation of vapor on the droplet surface 

and by coalescence with neighboring droplets. The volumetric growth 

rate due to condensation is calculated from heat flow rate by     

  

V̇d ρ
l
 ∆hlg = Q,                                                                                           (5)  

where  ρ
l
 is the liquid density for water at 100℃ (958 kg/m3), ∆hlg is the 

heat of evaporation (2257 kJ/kg) and 

 

 Q = ∑
kl∆Tsc

δl

Ad = ∑
kl∆Tsc

ckrd

πrd
2  = π

kl∆Tsc

ck

∑ rd ,                                             (6) 

V̇d = π
kl∆Tsc

ck ρ
l
 ∆hlg

∑ rd.                                                                                    (7) 

At k
th timestep, the first-order time discretized form of Eq. (7) gives 

Vdk
 = Vdk-1

+π
kl∆Tscrd

ck ρ
l
 ∆hlg

∆t,                                                                          (8) 

and using Eq. (4) we have 

rdk
 = {Vdk

/[π(2+ cos θc)(1- cos θc)2/3 ]}
1/3

.                                            (9)  

The area-averaged heat flux ⟨q⟩ is 

⟨q⟩ = 
Q

LzWD

 .                                                                                              (10) 

The thermal conductance ⟨G/A⟩D is 

⟨G/A⟩D = 
⟨q⟩

∆Tsc

 .                                                                                        (11) 

 

The heat flow rate for the dry surface (the surface that not covered 

by droplets) is negligible compared to the area covered by droplets. This 

is due to the very small thermal conductivity of the vapor compared to 

the liquid (in particular for water). Also, the radiation heat transfer from 

the vapor-covered surface is negligible because of the rather small 

subcooling common in the DWC. Due to the large nucleation density 

used here, the area fraction covered by droplets is also rather large. The 

neglecting of the heat transfer from the vapor-covered regions is also 

used in other direct simulations (Mikic, 1969).   When two droplets touch 

(their center-center distance is less than the sum of their radii), a new 

droplet is created with the combined volume, and positioned at their 

center of mass. With coalescence, the combined droplet would be stored 

firstly, and the un-coalesced droplets would be updated at the end of each 

iteration. After coalescence, new droplets nucleate at the available 

exposed nucleation sites. Once the droplet reaches the departure radius 

(depending on substrate), it begins to slide along the assumed vertical 

surface in the direction of gravity. The sliding droplets will sweep all the 

droplets in their path until exiting the domain. The mechanisms of droplet 

departure and its speed are not addressed here, since for the optimal 

surface size effect, and in the case of the optimal biphilic surfaces, the 

droplets do not grow to be large enough to slip by gravity (even after 

coalescence). For larger surfaces the kinematics of the droplet departure 

should be addressed. 

Other assumptions are: (i) before generating the random distribution 

for the droplets, the surface is assumed to be totally clean, (ii) all the 

droplets have the same initial radius  ri = 0.5 μm (Leach et al., 2016), (iii) 

when a droplet touches the domain boundary, it is deleted or merged 

(achieved by biphilic surface) and the droplet number is reduced by one, 

(iv) at every time step, there may be several coalescences called the 

subsidiary coalescence, so it is needed to ensure that there will be no 

more coalescences before the next time step, (v) the average of the last 

several steps are used for the final distribution, (vi) the vapor pressure 

remains constant during condensation at the saturation temperature, for 

water Tlg is 100℃, (vii) coalescence occurs instantaneously (Rose, 

1966), (viii) contact angle θc is 90°, and (ix) there is no wall friction. 
 

Sub-millimeter domain regime 

The droplet nucleation density no is an important factor affecting 

the droplet number, droplet distribution, heat flux, etc. (Glicksman 

and Hunt, 1972). A submillimeter domain 40 μm × 100 μm, contact 

angle 90° and variable no are used to examine the predictions. 

With the increase in no, the droplet-size distribution becomes 

smoother, and the heat transfer coefficient rises. The droplet 

distributions for different no are shown in Fig. 2(a), (b) and (c). 

The blue lines are this study and the orange straight line is the 

Rose model (Rose and Glicksman, 1972), i.e., 

 

nd(rd)drd = 
1

3πrd
2rmax

(
rd

rmax

) -
2

3 drd .                                                        (12) 

o r𝑑 𝛿𝑙 

c k
c k

 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

40 60 80 100 120

𝜃
c
 

𝜃
c
(°) 



Frontiers in Heat and Mass Transfer (FHMT), 14, 1 (2020)
DOI: 10.5098/hmt.14.1

Global Digital Central
ISSN: 2151-8629

3 

 

                
        (a)  

        
      (b) 

 
      (c)  

Fig. 2 Results of the droplet nucleation and growth simulation showing 

variations of the droplet-size number density distribution with 

respect to droplet radius for (a) no = 106, (b) 107 and (c) 108 1/cm2.  

 

For no = 108 1/cm2, the simulations are in agreement with the Rose 

distribution. For no = 107 1/cm2, the results diverge for droplet radius 

smaller than 2 μm, while for no = 106 1/cm2, this occurs for smaller than 

7 μm. These results are similar to those reported in (Glicksman and Hunt, 

1972). The difference between the results with time step of 10-6 and 10-5 

s is within 2%, so 10-5 s is used. 

As an example of sub-millimeter area, when the shorter dimension 

of the DWC surface (WD) is 100 μm, then the largest droplet radius rmax 

is assumed to be 50 μm. However, the largest droplet is smaller than half 

the width as the simulation result shows in Fig. 3(a). This is because the 

largest droplet may touch the boundary and be deleted before it reaches 

the maximum. So, the maximum droplet radius rmax depends strongly on 

the domain size. The droplet nucleation density has a relatively small 

influence on the rmax. The results for no = 106 1/cm2 have some 

fluctuations.  

 

      
 

     
(a) 

                
          (b) 

Fig. 3 (a) Variations of maximum and average droplet radius with 

respect to the domain width, for no = 106, 107 and 108 1/cm2. (b) 

Comparison of the variations of the heat transfer coefficient using 

two different methods with respect to the domain width, for no = 

107 and 108 1/cm2.  

 

For no = 107 and 108 1/cm2, the average droplet radius rave is nearly 

independent of the width as shown in. 3(a), i.e., the droplet density is 

large enough to counter the influence of width increase. However, for no 

= 106 1/cm2, the rave grows a bit with the width. For WD = 400 µm and no 

= 106 1/cm2, the large droplet is relatively small compared to the domain 

width, so it does not have high chance of touching the boundary, while 

the nucleation density is small. It also has a little chance of coalescing 

with other droplets, so the large droplet more likely stays in the domain, 

making rave relatively large compared to other no. 

With the increase in WD, the variations of the heat transfer 

coefficient (or G/A), for different no, are shown in Fig. 3(b). However, 

the extent of the deceasing trend is larger for the larger no. The results 

show that small WD increases the heat transfer coefficient, since the 

average as well as the maximum droplet radius are small, so most of area 

is active and the small droplets can grow at high rate.  

However, using the domain size to limit the rmax is not accurate as 

Fig. 3(a) showing the rmax always slightly smaller than half of WD, a “cut 
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method” is proposed to simulate droplet with radius that exactly half the 

width we want. This is achieved by setting another domain large enough 

to accommodate several droplets with the maximum radius. Once the 

droplet reaches a preset maximum radius, it is forced to be deleted from 

the domain. 

Compared with the heat transfer coefficient of the first method 

(shown with “a”), the heat transfer coefficient of the cut method (shown 

with “c”) is higher, as shown in Fig. 3(b). This is because the former 

allows only for one droplet with the maximum radius and it is very 

unstable, the large droplets probably touch the boundary and disappear 

before reaching the maximum radius. With the cut method, it is certain 

that there are several droplets with the maximum radius, and the domain 

is large enough to accommodate them. Therefore, before they reach the 

maximum radius, they will continue to remain in the domain. With the 

decrease in WD, the difference between the two methods becomes more 

pronounced. Since the cut method gives more accurate results, it will be 

used here. 

 

Millimeter domain regime 
The gravity sweeping occurs in DWC with millimeter-scale domain size. 

This is implemented with a sweeping mechanism by assuming that after 

a droplet reaches the departure size, it sweeps/shifts due to the gravity 

with a prescribed velocity 0.1m/s (Hassan, 2019). Small change about 

velocity will not affect the final result can be also verified. The sweeping 

droplets have higher chance of coalesce with other droplets within their 

tracts. A snapshot is also shown in Fig. 4. 
 

 
Fig. 4 Snapshot of the direct simulation of the DWC on a vertical 

surface. A video of the DWC dynamic simulation is available at 

this link site https://youtu.be/sYlTaBYhgxY.  To create the video 

with reasonable computation, exaggerated small domain and 

corresponding scaled-down departing droplet radius are used. 

 

To manage the extensive computation under very large droplet 

density starting with small initial radius of 0.5 µm, one method is 

ramping up the density, starting from 103 1/cm2 and progressive 

increasing it after getting a converging result. However, beyond 106 

1/cm2 the computations are still extensive. Therefore, the “patch method” 

is proposed. This method predicts the results for high droplet nucleation 

density, by dividing the total simulation into two parts. One is the 

simulation for the large droplets starting with relatively large radius rp 

(called patch radius), where the sweeping effect is included using the 

departure radius of 1 mm for copper substrate coated with gold (Lu, et 

al., 2015). The other is for the small droplets starting with the initial 

radius of 0.5 µm and ending with the rp (using the cut method). The final 

result is the sum of two parts, i.e., 

G/A = X Gb/A + (1-X) Gs/A,                                                              (13) 

where X is the fraction of area covered by droplets with radius larger 

than rp (Le Fevfie and Rose,1966), and X is  

X = 1- (rp/rmax)
1/3

.                                                                              (14) 

 

The results are shown in Fig. 5. The patch radii used are from 15 to 

100 µm, for no = 107 and 108 1/cm2. In general, there is no patch radius 

dependence (the difference is within 1%, which is negligible). It is 

because that as rp increases, while the heat transfer coefficient of the 

small droplets and big droplets decrease, the fraction for small droplet 

increases (dominant). For large rp, the simulation time for the large 

droplets is minimal for reaching the departure radius and sweeping effect, 

however, the simulation for the small droplets dominates the 

computation. The situations are reversed for small rp. The rp = 40 µm is 

used here for computing efficiency. 

 

 
 

Fig. 5 Predicted variations of the thermal conductance per unit area for 

DWC and the fraction X, with respect to the patch radius. The 

results are for no = 107 (orange) and 108 1/cm2 (black). The blue 

curve is for the X.  

 

Filmwise condensation 
As WD increases, flooding occurs in the lower portion of the condenser, 

i.e., the DWC will turn into filmwise condensation (FWC).  The Nusselt 

integral analysis of the filmwise condensation on vertical surface is 

(Carey, 1992) 

G/A = 0.943(
kl

Lz

) [
ρ

l
(ρ

l
-ρ

g
)g∆hlgLz

3

kl μl
∆Tsc

]

1/4

 .                                                       (15) 

It is assumed that the flow of condensate remains laminar 

(ρ
g
 = 0.597 kg/m3, g = 9.8 m/s2, ∆hlg = 2257 kJ/kg, kl = 0.679 W/m-K, 

and  μ
l
 = 2.78×10-4 N-s/m2). For subcooling of ∆Tsc = 1 K and Lz = 200 

mm, this give G/A = 0.0174 MW/m2-K, which is about ten times smaller 

than the DWC.  

2.2 Size-Effect Regime Diagram 

The cut and patch methods discussed above are used to simulate DWC 

with gold-coated copper substrate of variable domain size WD (Lz = WD) 

from micrometer to meter. The conditions are: θc = 90°, droplet departure 

radius of 1 mm (Lu et al., 2015), liquid-vapor interfacial conductance 

(G/A)
lg

= 5×106 MW/m
2
-K, and the constriction resistance of 20% of the 

total resistance which is significant for the large droplets (Carey, 1992).  

The results for the heat transfer coefficient as a function of the 

domain size (although using the cut method, the x axis here is two times 

of the maximum radius) are shown in Fig. 6. There are three regimes, 

namely, the DWC size-effect regime, the DWC no size-effect regime 

(with gravity sweeping), and the FWC regime. From the FWC to no size-

effect regime, there is an enhancement by ten folds, while from the no 

size-effect to the size effect regime, there is another ten folds 

enhancement. The band between no = 107 and 108 1/cm2 is marked as 

extra enhancement although achieving no = 108 1/cm2 is rather 

challenging in experiments. 

The results of the existing simulations (Rose, 2002) and 

experiments (Alwazzan et al., 2017, Hoenig, and Bonner, 2018, O’Neill, 

and Westwater, 1984) are also shown in Fig. 6, with good agreement with 

the predictions of this study. The result for condensation of a 1-D biphilic 
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surface tube is adjusted for the fraction of the DWC area and only half of 

that area (top surface) is assumed to be not flooded. The minimum WD 

(1µm) which gives the maximum heat transfer coefficient is limited by a 

single droplet nucleation when there is only one droplet in the domain. 

So far, there are no experiments for WD < 100 µm, so the comparison 

between simulations and experiments has not been extended there either. 

 

 
Fig. 6 The DWC size effect regime diagram showing the variations of 

the heat transfer coefficient with respect to the width of the 

hydrophobic surface. The simulation snapshots for different 

regimes, the experimental results and the calculated results for 

FWC are also shown. 

3. SIZE EFFECT in 1-D BIPHILIC SURFACE  

As the condenser length increases, the departing droplets accumulated 

downstream create flooding and then DWC will transition to FWC which 

reduces the heat transfer coefficient. What’s more, the high heat transfer 

coefficient from size effect is based on assumption that droplets will 

merge at the boundaries of WD. But this is ideal and not achievable for 

only hydrophobic surface in reality. To remedy this, the 1-D biphilic 

surface consisting of alternating hydrophobic and hydrophilic strips can 

help drain the condensate from hydrophobic strips into the neighboring 

hydrophilic strips which allow for downward flow of the liquid as 

isolated rivulets. This was realized in the experiment reported in (Peng 

et al., 2015). Here the Computational Fluid dynamics (CFD) simulations 

of this 1-D biphilic surface is conducted for the optimal combination of 

the hydrophilic strip width (WF) and hydrophobic strip width (WD) for 

different condenser length (Lz) and subcooling (∆Tsc).  

3.1 Direct Simulation of Liquid Rivulet 

Geometry 
The schematic of the circular 1-D biphilic surface used in the 

experiments of (Peng et al., 2015) is shown in Fig. 7(a). It is made of unit 

cells of two different strips. The contact angles for hydrophobic surface 

and hydrophilic surface is 90° and 60° respectively, to match those 

experiments. The hydrophilic strips are considered as liquid rivulets 

which are assumed to have a cylindrical cap cross section formed by the 

surface tension. So, the maximum pressure drop along the rivulet is 

limited by the critical pressure across this liquid-vapor interface 

http://www.insula.com.au/physics/1279/L8.html. This gives 

∆p
c
 = 

σ

r
 = 

2σsin θc

WF

,                                                                                  (16) 

where σ is the surface tension for water at 100 ℃, σ = 0.059 N/m, r is the 

radius of cylinder. 

 

                     
                       (a)                                             (b) 

 
(c) 

Fig. 7 Schematic of the circular 1-D biphilic surface (Peng et al., 2015), 

with the unit-cell strip widths and the condenser length.  (b) A 

rendering of the hydrophilic rivulet flooding at a distance Lf from 

the top, results in the partial flooding of the lower part of the 

condenser. (c) Details in geometry plot of the flooded lower 

region and its geometric parameters.  

 

Flooding   
The condensate formed within WD is drained along the z direction (along 

the gravity vector) in this liquid rivulet. If rivulet viscous pressure drop 

∆p that getting from the CFD simulation is larger than ∆p
c
, there is 

flooding downstream along Lz. A location is marked as Lf which is 

defined as critical length (where  ∆p = ∆p
c
). For Lz > Lf, it is assumed that 

the surface floods so that region below becomes ineffective area with 

negligible heat transfer, as shown in Fig. 7(b). The geometric relation for 

the 1-D biphilic circular surface and the related parameters are shown in 

Fig. 7(c). The blue segment is flooded area and the rest is effective area. 

The radius r is the half of the total length Lz. The parameters l and θ1 

shown in Fig. 7(c) are calculated by  

l = 2[r2-(
Lf

2
)
2

]

0.5

,                                                                                   (17) 

θ1 = arccos (
0.5l

r
) .                                                                                 (18) 

The areas of the white-marked region “wh” and the green region “gr” in 

the Fig. 7(c) are 

 

Awℎ = Lf l,                                                                                                     (19) 

Agr = 2Aarcℎ = 2 (πr2 2θ1

2π
-0.5Lf 0.5l)  = 2(r2θ1-0.25Lf l).                        (20) 

The total effective area is the sum of white and green parts, 

Ae = Awℎ+Agr = Lf l-2(r2θ1-0.25Lf l).                                                       (21) 

The DWC width fraction is 

 

α1 = 
WD

WD+WF

.                                                                                                       (22) 

The area fraction for effective area with partial flooding is  
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α2 = 
Ae

A
 = 

Lf l-2(r2θ1-0.25Lf l) 

πr2
.                                                                     (23) 

The heat flux for the 1-D biphilic surface under partial flooding is  

q = <G/A>
D

∆Tscα1α2,                                                                             (24) 

where  <G/A>D is thermal conductance from Fig. 6 with size effect of 

DWC and no = 107 1/cm2.  

The thermal conductance for the 1-D biphilic surface is  

<G/A> =  <G/A>Dα1α2.                                                                          (25) 

The total heat flow rate is 

Q
D

 = <G/A>D ∆TscWDLz = QF = ṁ∆hlgWFLz.                                     (26) 

The mass flux is given by 

ṁ = 
WD

WF

<G/A>D  ∆Tsc

∆hlg

.                                  (27) 

 

The Star CCM+ code is used for the calculation of the rivulet 

viscous flow under gravity. Typical predicted pressure drop profile, 

pressure distribution along the rivulet with the marking of the critical 

pressure drop (which indicates flooding beyond this distance Lf) and the 

liquid velocity vector field are shown in Figs. 8(a), (b) and Fig. 9. Fig. 8 

and Fig. 9 are all for WF = 400 µm and Lz = 25 mm. The initial condition 

for the liquid rivulet simulation is p = 0 Pa; ux = 0 m/s, uy = 0 m/s, uz = 0 

m/s. The boundary condition are: (i) the top curved surface is wall type 

(slip surface with zero shear stress), (ii) the bottom surface is mass flow 

inlet type (no slip with specific mass flux given), (iii) the outlet surface 

is constant pressure outlet type (p = 0 Pa), and (iv) the inlet arch surface 

is wall type (no slip surface). 

In Figs. 8(a), (b), the liquid flows along the direction of gravity (z 

direction) and the total pressure drop is 482 Pa. The maximum pressure 

appears at the entrance, and the minimum pressure is 0 Pa set at the end. 

The maximum velocity is at the outlet, which is 0.233 m/s. A close-up of 

the liquid velocity vector field within the rivulet near the exit region is 

also shown in Fig. 9. 

To compare the predictions of the WD size effect and flooding in WF, 

the experimental conditions (Peng et al., 2015) of WD = 950 µm, and 

variable WF are imposed. The pressure drop within WF as a function of 

WF with circular condenser of diameter Lz are shown in Fig. 10(a) and 

for subcooling of 2, 4, and 6 K. The corresponding critical pressure drop 

for the given WD is also marked. 

 

 
(a) (b) 

 

Fig. 8 (a) Predicted pressure profile along the liquid rivulet flowing 

down the hydrophilic strip (b) Pressure distribution along the 

rivulet with respect to distance from origin in z direction.  

 
Fig. 9 Predicted liquid velocity vector field within the rivulet and the 

close-up near the exit region. The results are all for WF = 400 µm 

and Lz = 25 mm. 

 

With increase in WF, the rivulet pressure drop decreases, which is 

duo to viscosity, the critical pressure drop also decreases but not as much 

as viscous pressure drop. Therefore, the intersections indicate the point 

that flooding starts. 

Figure 10(b) shows the variations of the flooding length Lf with 

respect to WF, for three different subcooling. These are the x axis value 

for intersection points between the critical pressure horizontal line and 

the curve in Fig. 8(b). And there is a critical hydrophilic strip width WF,c 

where ∆p = ∆p
c
(Lz = Lf). For Lz > Lf, the downstream of the Lf will flood 

as rendered in Figs. 7(b) and (c). With the decrease in WF, Lf decreases. 

With a larger subcooling, Lf decreases since the condensate mass flux 

entering WF increases. 

From the above results, the variations of the WF,c with respect to the 

WD is shown in Fig. 11. Showing that for given WD, there is an optimal 

combination of two strip widths for subcooling of 0.1, 0.5, 1, 2, 4, and 6 

K. The larger the subcooling, the larger is WF,c . With a decrease in WD, 

the WF,c also decreases. However, the drop is not as pronounced as that 

in the WD. As WD tends to zero, all results tend to converge to zero. 

 

3.2 Results and Comparison with Experiment 

From Fig. 10(b) and Eqs. (17)-(27), the results for variations of the 

surface averaged heat flux and heat transfer coefficient with respect to 

the WF are shown in Figs. 12(a) and (b), for three subcooling and given 

WD and Lz, for the circular condenser of Fig. 7(a). The area-averaged heat 

flux first increases with WF due to an increased condensate draining 

capacity and then decreases owing to a smaller area fraction (occupied 

by the DWC strip) available for heat transfer. The predictions are in good 

agreement with the experimental results of (Peng et al., 2015). The 

shaded region indicates partial flooding when the WF is smaller than the 

WF,c, which are 495, 634, and 738 µm for subcooling of 2, 4, and 6 K 

respectively. The dashed line indicates the ideal heat flux under no 

flooding (extremely small subcooling). The average heat flux is 

proportional to the subcooling, while the average heat transfer coefficient 

is independent of subcooling when there is no flooding. Upon flooding, 

the heat transfer coefficient suffers depending on subcooling.  

Figures 12(c) and (d) show similar variations, but with respect to the 

WD while WF is constant. With increase in the WD, the heat flux increases, 

reaching a maximum and then decreases. So, for a given WF the 

hydrophobic strip cannot be too small (not enough heat transfer area) or  
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            (a) 

 

                 
        (b) 

Fig. 10 (a) Variations of the rivulet pressure drop with respect to the 

hydrophilic strip width of the 1-D biphilic surface, for subcooling 

of 2, 4, and 6 K. The variation of the capillary pressure with 

respect to the hydrophilic strip width is also shown. (b) The 

variations of the flooding length with respect to the hydrophilic 

strip width, for subcooling of 2, 4, and 6 K.  

 

 

 
Fig. 11 Variations of the critical hydrophilic strip width (i.e., when 

flooding starts to occur) with respect to the hydrophobic strip 

width, for subcooling of 0.1, 0.5, 1, 2, 4, and 6 K.  

 

 
(a) 

       
(b) 

        
(c) 

            
       (d) 

Fig. 12 Variations of the predicted (a) heat flux and (b) heat transfer   

coefficient with respect to the hydrophilic strip width (for 

hydrophobic strip width of 950 µm); Variation of the predicted 

(c) heat flux and (d) heat transfer coefficient with respect to the 

hydrophobic strip width (for hydrophilic strip width of 450 µm) 

for different subcooling, and comparison with the experimental 

results. The regimes of partially flooding are marked with shades. 

For (d) the predicted limiting case of zero subcooling is also 

shown with broken lines.  
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too large (flooding in WF). The predicted results are still in good 

agreements with the experimental results which have large scatter (Peng 

et al., 2015). The deviation might result from the assumptions like the 

flooded region for this study, depicted in Fig. 7(b) and the difference of 

contact angles compared to experiments and so on. The shaded areas 

mark flooding occurring at WD = 600, 218, and 127 µm for subcooling 

of 2, 4, and 6 K, respectively. The dashed line in Fig. 12(d) implies no 

flooding (diminishing subcooling).  

3.3 Optimized size effects for 1-D biphilic surface 

To demonstrate the optimal performance, we choose a subcooling of 2 

K, and examine the variations of the average heat transfer coefficient 

with respect to the WF for several WD from 100 to 5000 µm, as shown in 

Fig. 13. The end points for all the lines are the onset of flooding given by 

Fig. 11. The loci of the end points to all curves on the top left portion of 

the figure representing the maximum heat transfer coefficient are marked 

by the red dashed line. There are two regimes, the biphilic size effect 

regime, and the biphilic no size effect regime, and these are consistent 

with the results of Fig. 6 (for the DWC domain only). The two regimes 

are separated by the hydrophobic strip width of 2000 µm. The dotted line 

shows the upper limit for the hydrophobic surface only, the hydrophobic 

strip width is in the range of 2 mm and 200 mm (no size effect DWC). 

The marked point on the left axis is the experimental result for the 

hydrophobic surface only (23% below the maximum measured 1-D 

biphilic surface results in (Peng et al., 2015)). The marked point on the 

top of the right axis is the predicted maximum for a biphilic surface with 

WD of 200 mm. 

We compare three sets of experimental results (Peng et al., 2015) 

with our predictions. The hollow orange symbols represent the 

predictions while the filled symbols represent the experiments. The 

hollow and filled squares overlap, so, for WF = 930 µm and WD = 2100 

µm, implying a very close match between prediction and experiment. For 

WF = 450 µm and WD = 550 µm combination, the prediction is about 16% 

higher. For the combination WF = 2100 µm and WD = 2500 µm, the 

difference is rather large and this can be due to the extent flooding occurs 

along the hydrophobic strip which is not accounted for in our model, so 

flooding in the biphilic no size effect regime with large WF and WD needs 

closer examination. 

Since the 1-D biphilic surface enhances DWC in the size effect 

regime, the variation of the maximum heat transfer coefficient with 

respect to the WF for WD from 100 to 1200 µm and subcooling of 0.1, 

0.5, 1, 2, 4, and 6 K is shown in Fig. 14. With decrease of the WD, the 

optimal WF (which is WF,c) also decreases, the overall heat transfer 

coefficient increases, reaching a peak (optimal) and then decreases. The 

optimal WF,c, WD pairs are marked for each subcooling. 

 

 
Fig. 13 Variations of the predicted average heat transfer coefficient with 

respect to the hydrophilic strip width, for a subcooling of 2 K and 

different hydrophobic strip widths. Two regimes are identified as 

size effect (enhancement occurs), and no size effect regimes (WD 

itself could generate flooding and decrease <G/A> obviously but 

is not shown here).  

With the decrease in subcooling, smaller WD (which follows smaller 

WF,c) can be used and the size effect shows in the enhanced average heat 

transfer coefficient. The optimal WF,c, WD pair become smaller as the 

subcooling decreases. The broken line connects the loci of the optimal 

pairs giving the maximum average heat transfer coefficient for different 

subcooling values. For subcooling < 0.1 K, the maximum average heat 

transfer coefficient increases to a high value, although such a small 

subcooling 0.1 K is difficult to achieve in practice. The optimal WF,c, WD 

for 2 K in experiment (Peng et al., 2015) is 450, 550 µm while the result 

from our model is 435, 528 µm which is really close. 

 

 
 

Fig. 14 Variations of the predicted maximum (optimal) heat transfer 

coefficient with respect to the hydrophilic stripe width, for 

various subcooling. For each subcooling the effect of variation in 

the hydrophobic strip width is also shown, along with the values 

for the peak performance (broken line). The above results were 

for a circular condenser to compare with the experiments.  

 

To generalize the results, a 1-D rectangular biphilic surface is also 

considered. The variations of the maximum average heat transfer 

coefficient with respect to condenser length Lz for subcooling of 0.1, 0.5, 

1, 2, 4, and 6 K are shown in Fig. 15(a), (b) for WD of 950 and 600 µm 

respectively. For different subcooling, the maximum heat transfer 

coefficient starts at different point for a constant length. With the 

decrease of Lz, the maximum heat transfer coefficient increases. In the 

limit of Lz → 0, all the lines tend to converge to the predicted heat transfer 

coefficient for a single hydrophobic surface by dropwise condensation 

simulation. The dashed line shows when subcooling is small enough, the 

heat transfer coefficient becomes independent of the condenser length. 

For different WD, the trends remain the same while the maximum heat 

transfer coefficient for diminishing length rises for smaller WD due to the 

size effect in Fig. 6. Figure 15 could directly show this. 

4. SUMMARY AND CONCLUSIONS 

The hydrophobic vertical surfaces cause dropwise condensation allowing 

for higher heat transfer coefficient (or specific conductance G/A) 

compared to filmwise condensation on hydrophilic surfaces. The 1-D 

biphilic surfaces made of periodic hydrophobic and hydrophilic strips 

allow for efficient draining of the condensate generated from the WD 

through the WF and can further enhance surface averaged G/A, i.e., 

<G/A>. In addition, for small WD, the droplets adjacent to the WF merge 

with the draining liquid rivulet there before reaching their maximum 

departing radii and this causes enhancement in the G/A within WD (called 

size effect of DWC). Also noting that the G/A within WF is negligible due 

to the rather thick flowing liquid rivulet there. Additionally, the rivulet 

can become unstable and cause flooding when the condensate flow rate 

reaches a critical value. This threshold is reached when the viscous 

pressure drop along the rivulet (along the direction for gravity) reaches 
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the capillary pressure within it. The viscous pressure drop depends on the 

mass flux and the geometry of liquid rivulet while the capillary pressure 

is determined by the contact angle θc and WF. Then the 1-D biphilic 

surface can be optimized to maximize the size effect of WD while keeping 

WF to a minimum and avoiding flooding.    

      

     
         (a) 

        
       (b) 

Fig. 15 Variations of the maximum heat transfer coefficient with respect 

to the condenser length, for several subcooling. (a) WD = 950, and 

(b) 600 µm. The results are for a 1-D rectangular biphilic surface. 

 

Here through direct simulations of the droplet nucleation, growth, 

coalescence, merging at the boundaries of WD, re-nucleation and 

departure and through the direct simulations of the rivulet condensate 

flow and pressure drop within WF, the area average <G/A> for the total 

1-D biphilic surface is predicted for condensation and contact angles of 

90° and 60° for WD and WF are used respectively. The results are 

summarized below. 

(i) Figure 4 shows a snapshot for direct DWC simulation and the 

video of the droplet nucleation, growth, coalescence, merging at the 

boundaries of WD, re-nucleation and departure is also available.  

(ii) The predicted homogeneous hydrophobic surface size effect is 

shown in Fig. 6, where the size effect begins when WD is smaller than 2 

mm and the G/A increases smoothly till the physical limit of the 

nucleation site diameter is reached. The results for the lower droplet 

nucleation density of 107 1/cm2 rather better match the experimental 

results, so this is chosen for the rest of the analysis.  

(iii) To compare the predicted results with the available 

experimental results of (Peng et al., 2015), their circular condenser 

surface and similar conditions are used and shown in Fig. 7, and it is 

assumed that once the rivulets flood in WF, the entire surface below the 

flooding length Lf is covered with the condensate and heat transfer for 

this ineffective area is negligible. The simulated rivulet profile and the 

predicted Lf for specific geometry are shown in Fig. 8 and Fig. 9. The 

effect of subcooling on the critical flooding width and length is shown in 

Fig. 10. The corresponding minimum WF for no flooding, i.e., WF,c is 

shown in Fig. 11. 

(iv) The predicted size effects (enhancement in WD and flooding in 

WF) on the <G/A> under experimental conditions of (Peng et al., 2015) 

are shown in Fig. 12, and it is shown that under large subcooling the 

flooding is more pronounced and there are optimal WD  and WF values 

for each subcooling. There are good agreements with the experimental 

results. 

(v) Beyond the conditions of the experiments (Peng et al., 2015), 

the results are generalized for very small (∆Tsc → 0) and moderate 

subcooling, and variable condenser length (a 1-D rectangular biphilic 

condenser) including very small values (tending to zero). For ∆Tsc = 2 K, 

the optimal WD and WF values are found and two regimes (the size effect 

regime where WD is below 2 mm and the no size effect regime.) are 

identified which is consistent with Fig. 6 for homogeneous hydrophobic 

surface. In Fig. 13, we also show that the optimal <G/A> has an upper 

bound which is for (∆Tsc → 0) with WF = 0 (i.e., homogeneous 

hydrophobic surface). 

(vi) We also show the effect of ∆Tsc on the optimal WD and WF,c 

values in Fig. 14, which shows <G/A>max decreasing monotonically with 

increase in ∆Tsc for the optimal pairs of WD and WF,c. Finally, similar 

monotonic decrease is shown with increasing condenser length in Fig. 

15. 

The predicted results show that for moderate ∆Tsc and condenser 

length ranges, optimal WD and WF values give similar enhanced <G/A> 

results reported in several experiments. Therefore, with a proper 

combination of the WF, the WD, the Lz and ∆Tsc, we can get a better 

enhancement of overall heat transfer coefficient in 1-D biphilic surface. 

NOMENCLATURE 

A                  area (m2) 

AR               specific thermal resistance [K/(W/m2)] 

ck                 film-thickness to droplet-radius ratio 

D                 distance between two droplets (m) 

g                  gravity (m/s2) 

G                 Conductance (W/K) 

h                  heat transfer coefficient [W/(m2-K)] 

∆hlg              heat of vaporization (J/kg) 

k                  thermal conductivity (W/m-K) 

L                  length (m) 

ṁ                 mass flux (kg/m2-s) 

no                 droplet nucleation density (1/cm2) 

nd                 number of droplets 

p                  pressure (Pa) 

∆p                pressure drop (Pa) 

q                  heat flux (W/m2) 

Q                 heat flow rate (W) 

r                   radius (m) 

t                   time (s) 

T                  temperature (oC or K) 

∆T                temperature difference (oC or K) 

u                   velocity (m/s) 

V                  volume (m3) 

W                 width (m) 

X                  droplet coverage fraction 

x, y, z           coordinate (m)  

 

 

Greek Symbols  

α                  area fraction 

δ film thickness (m)  

ρ density (kg/m3)                    

θc                         contact angle (°) 

μ                  viscosity (N-s/ m2)  

σ surface tension (N/m) 
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Subscripts  

b                  big droplet 

c                  critical value 

con constriction  

d droplet 

D                 dropwise condensation 

f flooding 

F                  filmwise condensation 

g gas or vapor 

i initial condition 

inter             interfacial 

l liquid 

lg liquid-vapor saturation 

max maximum 

p patch method 

s small droplet 

sc                 subcooling 

 

others 

< >               area averaged 
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