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A B S T R A C T

Dropwise condensation (DWC) is a two-phase heat transfer process that is expected to achieve heat transfer 
coefficients (HTCs) several times higher as compared to filmwise condensation (FWC). Usually, low-wettability 
coatings are required to promote DWC on metallic surfaces. However, recent studies suggest that hydrophilic 
(wettable) surfaces with low contact angle hysteresis can further increase the heat transfer coefficient, potentially 
leading to heat transfer processes with higher effectiveness. Despite this potential, the ability of such surfaces to 
sustain enhanced DWC without flooding remains unclear. Moreover, the underlying mechanisms governing the 
transition from DWC to FWC, which is likely to occur on hydrophilic surfaces, remain poorly understood. While 
some studies have addressed this phenomenon, conclusive findings are still lacking.

This paper aims to address these unclear aspects of DWC by investigating pure steam condensation on samples 
with varying wettability at a constant saturation temperature (107 ◦C) while adjusting the coolant medium 
temperature from 20 ◦C to 95 ◦C. Heat transfer measurements and high-speed imaging were employed to provide 
a detailed analysis of how the saturation-to-wall temperature difference, and consequently heat flux, affects the 
condensation mode. The results demonstrate that DWC can be effectively sustained on hydrophilic surfaces with 
enhanced droplet mobility, achieving HTC values up to 70 % higher than those observed for DWC on hydro
phobic surfaces. However, on hydrophilic surfaces, the transition from DWC to FWC occurs at lower wall sub
cooling values. As a further step, a simplified model for predicting the condensation mode and the heat flux 
during DWC is proposed and validated using the present experimental data. The model is found to accurately 
predict the effect of surface wettability and subcooling on the dropwise condensation HTC, with a mean devi
ation between calculated and measured values lower than 12 %. Furthermore, the model enables the successful 
identification of the subcooling range over which DWC can be sustained, based on the surface properties and 
operating conditions.

1. Introduction

Dropwise condensation (DWC) is a phase-change process that in
volves the formation and rapid removal of randomly distributed drops 
on the condensing surface. It is well-established that promoting DWC 
can significantly improve the heat transfer performance as compared to 
filmwise condensation (FWC) [1,2]. The condensation mode, whether 
FWC or DWC, is determined by the operating conditions, such as heat 
flux, saturation temperature, and vapor velocity as well as the interac
tion between the condensing fluid and the surface. The latter is typically 

characterized by surface wettability, which is macroscopically evaluated 
through contact angle measurements.

To promote DWC on metallic surfaces, low surface energy coatings 
are needed, indeed hydrophobic coatings (static contact angle ~90◦) are 
usually employed [3–5]. Recent studies have suggested that DWC on 
hydrophilic surfaces with low contact angle hysteresis can provide 
additional advantages such as reduced thermal resistance associated 
with conduction through the droplets [6], enhanced nucleation [7], 
facilitated sweeping [8], and thus higher heat transfer coefficients (HTC) 
[9,10]. However, owing to the challenges in surface coating realization, 
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there is a lack of measurements dealing with DWC of pure steam on 
hydrophilic surfaces with low contact angle hysteresis, and the actual 
advantage of promoting DWC on such surfaces is still unclear.

Another aspect that is still poorly understood is the transition from 
dropwise to filmwise condensation, which is likely to occur on hydro
philic surfaces. The ratio of DWC heat transfer coefficient to FWC heat 
transfer coefficient can be close to 10 [11,12], hence identifying the key 
parameters (e.g. wall subcooling, surface characteristics, fluid proper
ties) involved in the transition from DWC to FWC and understanding 
their role in the condensation process is fundamental. Although Styl
ianou and Rose [13] and Utaka et al. [14,15] conducted studies to clarify 
the transition mechanism, no definitive conclusions were drawn.

The transition could be linked to one or both of the following 
mechanisms [13]. Firstly, for sufficiently high wall subcooling, the rate 
at which new portions of the surface are cleaned by coalescence and 
sweeping events becomes unable to sustain the increasing condensation 
rate. Secondly, considering that the radius of the smallest thermody
namically viable drop is inversely proportional to the subcooling, 
increasing the saturation-to-wall temperature difference activates 
smaller nucleation sites, potentially resulting in the formation of a 
continuous film. Nevertheless, it is accepted that DWC can only be 
maintained up to a certain value of subcooling and heat flux, which is 
strongly dependent on surface properties and operating conditions 
[16,17]. Despite these hypotheses, the fundamental understanding of 
the mechanisms responsible for the transition from DWC to FWC re
mains a significant and unresolved challenge in the field.

Complete condensation curves, covering all condensation modes 
from DWC to FWC, have been mainly measured for fluids with low 
surface tension (such as propylene glycol, ethylene glycol, glycerol) that 
condense on polytetrafluoroethylene (PTFE) or oleic acid coated sur
faces [10,14,15,18]. The aforementioned studies have yielded values of 
peak heat flux (before the transition to FWC) in the range 500–1000 kW 
m− 2, depending on the specific pair vapor-surface. Despite the consid
ered surfaces being hydrophobic with water (equilibrium contact angle 
θe ≥ 90◦), their behaviour could have turned into highly wettable (θe <

90◦) with reduced contact angle hysteresis when the condensing vapor 
has a lower surface tension (e.g., σprop, glycol = 39 mN m− 1 at 20 ◦C) 
compared to water (e.g., σwater = 73 mN m− 1 at 20 ◦C) [19], resulting in a 

condensation behaviour similar to that of steam on hydrophilic surfaces 
with low contact angle hysteresis. To the best of the authors’ knowledge, 
only Takeyama and Shimizu [20] documented the DWC/FWC transition 
using pure steam as condensing fluid. Their findings indicated that the 
heat flux peak for the transition occurs at values above 7 MW m− 2.

The present study aims to address the existing gaps in the literature 
regarding the ability of hydrophilic surfaces to promote and sustain 
DWC. It will be demonstrated that, according to the operating condi
tions, hydrophilic surfaces with sufficiently high droplet mobility can 
sustain DWC, overperforming classical hydrophobic surfaces in terms of 
HTC. Additionally, this study will contribute to advance the under
standing of the mechanisms governing the transition from DWC to FWC 
and vice versa.

To achieve these objectives, sol–gel coated aluminium samples with 
hydrophilic behaviour (advancing contact angle, θa, below 70◦) and 
reduced contact angle hysteresis (Δθ < 25◦) were tested during DWC of 
pure steam at constant saturation temperature (Tsat = 107 ◦C). Tests at 
variable coolant inlet temperature (20–95 ◦C) were performed to assess 
the effect of wall subcooling and heat flux on the DWC phenomenon and 
HTC. To support the heat transfer data and provide a clear description of 
the DWC/FWC transition, high-speed videos of the phenomenon were 
recorded and analysed to characterise the evolution of the condensation 
mode. Furthermore, a key novelty of this work is the development of a 
simplified numerical method to predict both the DWC heat flux and the 
range of surface subcoolings over which a functionalized surface can 
sustain DWC. To the best of the authors’ knowledge, no similar calcu
lation methods are currently available in the literature. Overall, the 
findings of this study represent a significant step forward for both the 
practical applications of DWC and the theoretical understanding of the 
phenomenon.

2. Materials and methods

2.1. Sample fabrication and characterization

In this study, DWC of steam is investigated on two different 
aluminium sol–gel coated substrates having a condensation area of 50 
mm × 20 mm. Samples are made of 6082 aluminum alloy, mirror- 

Fig. 1. Experimental apparatus. a) Layout of the thermosyphon loop. b) 3D section view of the test section. c) 3D model of the tested sample with dimensions (in 
mm). The gravity direction is shown.
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polished on the condensation side before the deposition of the coating. 
The substrate was functionalized with a sol–gel silica film obtained by 
acid catalyzed hydrolysis and condensation of TEOS (tetraethylortho
silicate), MTES (methyltriethoxysilane), OTES (octyltriethoxysilane) in 
alcoholic media. The solution was prepared by mixing TEOS, MTES, 
OTES, EtOH, HCl 1 M and H2O in molar ratios of (TEOS + MTES +
OTES):EtOH:HAc:HNO3 (0.1 M) = 1:0.01:2.9:150 respectively, with 
molar fractions of silane precursors TEOS:MTES:OTES = 0.35:0.6:0.05. 
The deposition process was performed under controlled air humidity 
(25 %) by dip-coating the aluminum substrates into the prepared solu
tion at a withdrawal speed of 12 cm min− 1. Post-deposition, the samples 
underwent heat treatment in air within a furnace for 1 h. Depending on 
the temperature of the heat-treatment, either 450 ◦C or 300 ◦C, two 
different samples were obtained, named MTO-450 and MTO-300, 
respectively.

Fourier-Transform Infrared (FTIR) spectroscopy was employed to 
investigate the presence of organic hydrophobic groups on the devel
oped coatings. Measurements were conducted in the 400–4500 cm− 1 

range using a Jasco FT-IR 690 in ATR (Attenuated Total Reflectance) 
mode. The thickness of sol–gel films was evaluated by using a J.A. 
Woollam V VASE® Spectroscopic Ellipsometer at three different angles 
of incidence (50◦, 60◦, 70◦) in the wavelength range 300–1200 nm. 
Optical micrographs of the samples were collected with a Leica® DMRE 
optical microscope.

The wettability of the surfaces was evaluated by measuring the 
advancing (θa) and receding (θr) contact angles through the standard 
sessile drop method. This involved recording a water droplet’s quasi- 
static expansion and contraction over a horizontal surface. Videos 
captured using a compact CMOS camera (Thorlabs® model DCC1545M, 
Bergkirchen, Germany) with a zoom lens (Thorlabs® model MVL7000, 
Bergkirchen, Germany) were analyzed through an in-house Matlab® 
code to automatically evaluate the contact angles from the images. For 
each surface, the contact angles were determined before and after 
condensation tests considering the average of eight measurements on 
eight different positions on the sample. The corresponding standard 
deviation was considered representative of the experimental uncertainty 
and was therefore used as an indicator of the uniformity of surface 
wettability.

Since the adhesion of volatile organic compounds (VOCs) to the 
surface has been demonstrated to modify contact angles [21,22], a series 
of measures have been adopted to minimize the effects of VOC 
contamination. Firstly, the coated samples were fabricated ~24 h before 
testing and stored in sealed conditions to prevent any exposure to 
ambient contaminants prior to condensation. Secondly, the surface 
wettability was evaluated immediately before and after each conden
sation experiment. Thirdly, tests were performed in a pure steam envi
ronment, using high-purity distilled water, and the system was operated 
under a slight overpressure, removing all non-condensable gases (NCGs) 
prior to testing. Finally, only inert materials (stainless steel tubing and a 
PEEK) were employed to eliminate any source of organic contaminants 
from the apparatus itself.

2.2. Experimental setup for condensation tests

The experimental campaign was conducted using the test rig sche
matized in Fig. 1a. The setup is a thermosiphon loop made of three main 
components: a boiling chamber, a test section, and a post-condenser. 
Complete details regarding the components of the test rig can be 
found in [23,24]. Briefly, steam is initially generated within the boiling 
chamber, which houses two electric resistances with total power of 6 
kW. From the boiling chamber, the steam flows into the test section, 
where it partially condenses on the specimen cooled by a thermostatic 
bath. At the exit of the test section, the two-phase mixture completes the 
condensation process within a post-condenser. Finally, the subcooled 
liquid exiting the post-condenser returns to the boiling chamber. The 
fluid motion in the loop is due to different density of the fluid in the 

liquid and vapor lines.
The boiling chamber and the test section are connected by a 

stainless-steel tube around which an electric resistance is wrapped to 
ensure the presence of superheated steam (~4 K) and the absence of 
liquid droplets at the test section inlet. Although this study was con
ducted with a constant steam velocity, it is noteworthy that by varying 
the power in the boiling chamber, tests can be performed at different 
steam velocities, up to a maximum value of about 14 m s− 1 as discussed 
in Tancon et al. [25,26].

Non-condensable gases can significantly hinder heat transfer during 
DWC. To address this issue, the vapor is vented multiple times through 
two discharge valves: one at the top of the circuit and the other in the 
upper section of the post-condenser. This repeated venting, while the 
apparatus reaches stable operating conditions, effectively eliminates any 
NCGs dissolved in the water. Additionally, the apparatus is operated 
under overpressure to further minimize NCG presence and is regularly 
vacuumed before being filled with deionized water.

The test section (Fig. 1b), made of PEEK, is the core of the experi
mental apparatus. It allows for both heat transfer measurements and 
simultaneous visualization of the phenomenon through a glass window. 
The aluminum sample is positioned inside the test section. Each spec
imen is designed with six thermocouple insertion holes, three on each 
side of the sample, located at two different depths from the coated 
surface (z1 = 1.3 mm and z2 = 2.8 mm). Consequently, six thermocou
ples are embedded in each sample, and are used to evaluate the local 
surface temperatures (Twall,j) of the sample at three longitudinal posi
tions along the flow direction (inlet, middle, and outlet).

The back of the specimen, opposite the condensation side, is 
machined to obtain a finned surface. In fact, the thermal resistance on 
the water side is about one order of magnitude higher than the DWC 
thermal resistance and the maximum temperature difference between 
steam and cooling water is limited by the saturation pressure inside the 
test section and by the freezing temperature of the coolant (water). 
Machining fins on the back side of the specimen leads to a reduction of 
the heat transfer resistance and consequently extends the heat flux range 
that can be investigated. The finned surface has a double effect: it en
hances the convective HTC thanks to the continuous disturbance of the 
boundary layer and, at the same time, increases the heat transfer area. 
As presented in Tancon et al. [27], the surface of the sample designed on 
the coolant side consists of an array of fins having a square cross-section 
(2 × 2 mm2), inclined by 45◦ with respect to the water flow direction: 
fins height is equal to 4 mm and fins pitch is equal to 3 mm. The 3D 
model of the sample is shown in Fig. 1c.

For the visualization of the condensation process, a setup comprising 
a high-speed camera (Photron® FASTCAM Mini UX100, Tokyo, Japan) 
coupled with a macro lens (TOKINA®) was utilized. The illumination 
system consists of a single powerful LED. All videos were recorded at a 
high frame rate (1250 fps) and a resolution of 1280 by 1024 pixels. This 
configuration allows for recording videos that can be used to evaluate 
both the maximum droplet radius and the drop-size distribution.

2.3. Data reduction and experimental procedure

To characterize the heat transfer performance during condensation, 
it is essential to evaluate the heat transfer coefficient (HTC). This can be 
accomplished by applying Eq. (1): 

HTC = q/ΔTsub (1) 

where q is the average heat flux during DWC, and ΔTsub is the saturation- 
to-wall temperature difference.

The parameter q is determined from a thermal balance on the coolant 
side of the test section, as expressed in Eq. (2): 

q = ṁw cw ΔTw/A (2) 

In Eq. (2), ΔTw represents the temperature rise of the coolant 
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between the inlet and outlet of the test section, ṁw is the coolant mass 
flow rate, cw is the specific heat capacity of the coolant, and A is the area 
of the condensing surface (50 mm × 20 mm). The accuracy of this 
measurement is verified by comparing the results obtained from Eq. (2)
with the average heat flux determined by applying Fourier’s law to the 
three thermocouple pairs embedded in the metallic substrate. For the 
present experimental data, the discrepancy between the two methods is 
less than 8 % when the average heat flux is higher than 300 kW m− 2.

The mean saturation-to-wall temperature difference over the 
condensing surface (which is also called surface subcooling) is calcu
lated by averaging three local subcooling values measured along the 
flow direction (Tsat – Twall,j), as follows: 

ΔTsub =
∑out

j=in

(
Tsat − Twall,j

)

j

3
(3) 

where the saturation temperature Tsat is obtained from the value of 
saturation pressure measured at the test section inlet corrected by 
considering the frictional pressure drop between the pressure port 
location and the given cross section in the channel [26]. While the local 
surface temperatures Twall,j at the three different locations (inlet, middle 
and outlet) are obtained applying the Fourier law (Eq. (4)) to the ther
mocouples’ readings considering a thermal conductivity (λal) of the 
6082 aluminum alloy equal to 180 W m− 1 K− 1. 

Twall,j = Tz1 ,j + q z1
/

λal (4) 

It is important to note that, since Eqs. (3) and (4) are used to evaluate the 
temperature difference between the saturation temperature and the 
substrate temperature just below the promoter layer, the HTC calculated 
by Eq. (1) accounts for both the condensation thermal resistance and the 
conduction resistance through the sol–gel coating.

As previously mentioned, by acting on the power of the boiling 
chamber, it is possible to vary the vapor velocity at the inlet of the test 
section. Knowing the power supplied to the electrical resistances (QBO) 
and applying an energy balance to the boiling chamber, it is possible to 
calculate the mass flow rate circulating in the system (ṁv). By dividing 
ṁv for the cross-section of the channel (Sv = 5 mm × 30 mm), the mass 
flux (Gv) is determined. Finally, the vapor velocity at the inlet of the test 
section (vv) can be evaluated according to the following equation: 

vv =
Gv

ρv
=

QBO

(hv − hls)ρv Sv
(5) 

In Eq. (5), hv is the vapor enthalpy obtained from the saturation 
pressure reading, hls is the enthalpy of the subcooled liquid evaluated 
from the thermodynamic conditions at the inlet of the boiling chamber, 
ρv is the vapor density in saturated conditions. To ensure enough vapor 
to condense even at the highest heat flux, the power supplied to the 
boiling chamber for these tests was set at 1 kW, which corresponds to an 
average inlet vapor velocity of about 3.5 m s− 1.

The experimental campaign was conducted on two samples with 
different wettability, maintaining a constant saturation temperature 
(107 ◦C) and a low steam velocity (3.5 m s− 1), while varying the 

temperature of the cooling water entering the test section. All operating 
conditions are summarized in Table 1. Each experimental point pre
sented in this paper was obtained as the average of 480 measurements 
taken at a frequency of 1 Hz. The main parameters underwent to un
certainty analysis in accordance with the ISO guide, considering a 
coverage factor k = 2 for the evaluation of combined uncertainties.

The data acquisition system includes the sensors (e.g., pressure, 
temperature and flow rate transducers), signal wirings, a DAQ (data 
acquisition) device (National Instruments SCXI-1102 with PCI 6034E), 
and a computer. Furthermore, an ice-point reference was used to 
maintain the cold junction of the thermocouples at zero degrees Celsius 
± 0.02 ◦C. To ensure accurate heat transfer measurements, the tem
perature sensors (with the entire measurement chain) were calibrated 
using a Fluke® 1586A Super-DAQ precision data logger in combination 
with a Pt100 platinum resistance thermometer over the 60–100 ◦C range 
and two AS115 four-wire thermistor probes over the 20–60 ◦C interval. 
This high-precision data logger has an accuracy of ±0.005 K when using 
the AS115 probe and of ±0.01 K when using the Pt100 probe. By 
comparing thermocouples’ readings with reference probes, a linear 
calibration function has been found for each thermocouple that corrects 
the reference equation for T-type thermocouples given by NIST. After 
the calibration procedure, the deviation between the thermocouple 
measurements and the reference probes was within ±0.05 K. After the 
calibration, the accuracy of the temperature differences measured using 
the three-junction thermopile was ±0.03 K. The values of the type B 
uncertainties for the directly measured quantities and the expanded 
uncertainties for derived quantities are reported in Table 1. For addi
tional details on the instruments, the data reduction technique and the 
uncertainty analysis, the reader can refer to [23,28].

3. Experimental results

In this Section, the results obtained during condensation of steam on 
the MTO-450 and MTO-300 coated surfaces are presented. These new 
data are also compared to measurements previously obtained for a PM- 
200 sol–gel coated surface, which are taken from Tancon et al. [27]. The 
procedure for the fabrication of the PM-200 coating and its complete 
characterization are described in Parin et al. [29].

3.1. Characterization of the engineered surfaces

The mirror polished substrate exhibited an advancing contact angle 
θa = 60◦ and a receding contact angle θr < 10◦. After coating deposition, 
the wettability of the functionalized surfaces changed significantly, 
resulting in a marked reduction of the contact angle hysteresis compared 
to the untreated aluminum (Δθ ≈ 60◦). The MTO-450 coated surface was 
characterized by an advancing contact angle θa = 54◦ ± 3◦ and a 
receding angle θr = 30◦ ± 3◦, while the MTO-300 coated surface 
exhibited slightly lower wettability, with an advancing contact angle θa 
= 71◦ ± 3◦ and a receding contact angle θr = 49◦ ± 4◦. Thus, both 
developed surfaces were hydrophilic with reduced contact angle hys
teresis compared to the baseline aluminium. Despite the similar contact 
angle hysteresis (Δθ ≈ 25◦), the MTO-450 sample exhibits lower contact 
angles than the MTO-300 sample, indicating a more hydrophilic 
behaviour. To finalize the characterization of the samples, FTIR mea
surements were conducted. The results indicated the simultaneous 
presence of –CH3, octyl and methyl groups, which contribute to 
increased contact angles, compared to pure silica. Moreover, optical 
images confirmed homogeneous film deposition on the substrate, while 
ellipsometry measurements indicated a coating thickness of approxi
mately 300 nm for both MTO films.

The data obtained using the two developed samples (MTO-450 and 
MTO-300) are also compared with the measurements previously ob
tained on a surface functionalized by another sol–gel coating (named 
PM-200) with lower surface wettability (θa = 87◦, θr = 64◦) compared to 
the MTO coated surfaces. The PM-200 coating was chosen as a reference 

Table 1 
Range of variation for the main parameters measured during the experimental 
campaign with corresponding average uncertainty.

Quantity MTO- 
300

MTO- 
450

Avg. uncertainty

Absolute pressure [bar] 1.28 1.28 ±0.1 %
Saturation temperature [◦C] 107 107 ±0.5
Avg. vapor inlet velocity [m s− 1] 3.5 3.5 ± 0.2
Coolant mass flow rate [kg s− 1] 0.10 0.10 ±1 %
Coolant inlet temperature [◦C] 20–90 20–95 ±0.05
Coolant temperature difference [K] 0.4–1.4 0.5–2.1 ±0.03
Heat flux [kW m− 2] 150–850 130–600 ±4 %
HTC [kW m− 2 K− 1] 60–140 15–175 ±6 %
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among the sol–gel coatings developed for DWC promotion because of its 
robustness in harsh environment (high heat flux, steam in saturated 
conditions, and high flow velocity) [25,29]. The detailed characteriza
tion of the PM-200 coating can be found in Parin et al. [29]. Table 2
provides a summary of the dynamic contact angle and thickness 
measurements.

Since the interaction with water at high temperature can lead to the 
degradation of the silica-based sol–gel film [29], wettability and coating 
thickness measurements were also performed at the end of the 
condensation tests. After condensation, the thickness of both MTO 
coatings decreased moderately by about 50 nm. Furthermore, slight 
variations in the contact angles were observed: θa = 59◦ ± 3◦ and θr =

29◦ ± 3◦ on the MTO-450 sample, while θa = 69◦ ± 4◦ and θr = 41◦ ± 3◦

on the MTO-300 sample. The variations of contact angles (although 
limited) measured on the hybrid silica sol–gel coatings are primarily 
related to the combined effects of mechanical and chemical interaction 
with water, as discussed in Basso et al. [2]. Whatever the cause, these 
small variations in coating characteristics are not expected to affect the 
heat transfer and droplet population measurements, as demonstrated in 
the following section.

3.2. Description of the condensation modes

The condensation tests on the MTO coated surfaces were run at 
constant saturation temperature (Tsat = 107 ◦C) by varying the inlet 
temperature of the cooling water from 95 ◦C to 20 ◦C. This was done to 
control the surface temperature and, thus, the wall subcooling ΔTsub (Eq. 
(3)). Fig. 2 shows the evolution in time of the inlet coolant temperature 
and the corresponding average wall subcooling during the tests for 
measuring the condensation heat flux on the MTO-450 sample. The test 
run was performed by sending the coolant to the test section proceeding 
from the highest to lowest temperature and then vice versa. The overall 
duration of the operations was about 5 h and a half. When reducing the 
inlet coolant temperature from 95 ◦C to 20 ◦C, the saturation-to-wall 
temperature difference increased from 0.8 K to 39 K. Then, increasing 
the coolant temperature back to 90 ◦C caused the degree of subcooling to 
reduce to 1.2 K.

As highlighted by the videos recorded using the high-speed camera, 
different condensation modes correspond to different degrees of sub
cooling (Fig. 3). Pure DWC with almost circular-shaped drops (white 
dots in Fig. 2) was observed at low values of subcooling (ΔTsub < 2 K), 
whereas FWC (black dots in Fig. 2) covered the entire surface at high 
subcooling (ΔTsub > 25 K). Intermediate ΔTsub conditions resulted in the 
progressive transition from DWC to FWC with an increasing presence of 
rivulets and flooded zones as heat flux increased (light grey and grey 
dots in Fig. 2). In the region of intermediate subcooling, two further 
condensation modes can be distinguished. For subcooling degrees below 
6 K, DWC is characterized by elongated drops and rivulets. In contrast, 
for higher values of subcooling, progressive flooding of the surface 
starting from the bottom part of the surface was observed. The transition 
from DWC to FWC appears to occur when the condensation rate exceeds 
the one obtained from droplet removal by coalescence and sweeping. 

Table 2 
Advancing and receding contact angles, contact angle hysteresis and coating 
thickness. The uncertainty in the contact angle measurements corresponds to the 
standard deviation evaluated from eight independent measurements.

Sample θa [◦] θr [◦] Δθ [◦] δp [nm]

MTO-450 54 ± 3 30 ± 3 24 ± 3 280 ± 15
MTO-300 71 ± 3 49 ± 4 22 ± 4 300 ± 10
PM-200 [27] 87 ± 3 64 ± 2 23 ± 3 400 ± 20

Fig. 2. Steam condensation tests on the MTO-450 sample at constant Tsat = 107 ◦C. a) Coolant inlet temperature; b) surface subcooling; c) heat flux vs time. The 
different condensation regimes are indicated: I) pure DWC (white dots), II) DWC with rivulets (light grey dots), III) transition DWC/FWC (grey dots), IV) FWC 
(black dots).
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Once flooding of the surface was achieved at the highest wall subcool
ing, reversion to pure DWC was observed when increasing the coolant 
temperature and thus reducing wall subcooling and the heat flux.

In Fig. 4a and 4b, the average heat flux and HTC measured during 
condensation of steam on the MTO-450 sample are plotted against 
surface subcooling. The obtained condensation curve can be divided into 
four regions. In the first region (I), for ΔTsub < 2 K, the heat flux increases 
almost linearly with subcooling, resulting in constant HTC values of 
about 170 kW m− 2 K− 1. Region I corresponds to pure DWC condensation 
mode. In the second region (II), for values of ΔTsub between 2 K and 6 K, 
the heat flux increases sublinearly with subcooling. This results in a 
decrease of the HTC, which, however, remains considerably higher 
(>100 kW m− 2 K− 1) compared to traditional FWC. As shown in Fig. 3, 
the condensation mode in region II can be classified as DWC with 
elongate drops and rivulets.

Further increasing the subcooling results in the transition from DWC 
to FWC, with progressive flooding of the condensing surface starting 
from the bottom. Within the DWC/FWC transition region (III), for values 
of ΔTsub from 6 K to 12 K, the heat flux continues to increase until it 

reaches a maximum value of about 600 kW m− 2, corresponding to a 
flooded area of the condensing surface of about 25 %. Further increasing 
the subcooling up to ΔTsub ≈ 12 K causes the heat flux to decrease. The 
local minimum value of heat flux (q ≈ 450 kW m− 2) is expected in 
correspondence to the complete flooding of the surface (ΔTsub ≈ 25 K). 
In region III, the HTC strongly decreases approaching the values of FWC. 
In the last region of the condensation curve (IV), for ΔTsub > 25 K, the 
condensation mode corresponds to FWC: the heat flux increases again 
with subcooling, while the HTC decreases. For the lowest cooling water 
temperature (20 ◦C), the surface subcooling and heat flux were respec
tively equal to 39 K and 580 kW m− 2, corresponding to an HTC value of 
15 kW m− 2 K− 1.

When increasing the cooling water temperature from 20 ◦C to 60 ◦C, 
reversion from FWC to DWC with rivulets condensation was observed. 
Thus, the subcooling was strongly reduced from about 40 K to 4.6 K with 
a slightly reduction of the heat flux from 580 to 530 kW m− 2. Conse
quently, the HTC rose from 15 to 114 kW m− 2 K− 1. Further increase in 
the coolant temperature up to 90 ◦C led to the recovery of pure DWC 
with HTC values close to those measured at the beginning of the test run 

Fig. 3. Images taken during condensation on the MTO-450 coated surface when varying the coolant inlet temperature (between 90 ◦C and 20 ◦C) and thus the wall 
subcooling ΔTsub. The corresponding condensation regime, time, wall subcooling and heat flux are reported.

Fig. 4. Steam condensation on the MTO-450 sample at constant Tsat. a) Heat flux and b) HTC vs surface subcooling. The different condensation regimes are indicated: 
I) pure DWC (white dots), II) DWC with rivulets (light grey dots), III) transition DWC/FWC (grey dots), IV) FWC (black dots). Connecting arrows indicate the 
sequence of the test run.
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(Fig. 4b). It is worth mentioning that the MTO-450 coating was tested on 
two different samples, yielding results in excellent agreement.

With regard to the condensation curve presented in Fig. 4, one 
question remains unanswered: what is the mechanism governing the 
DWC/FWC transition? As discussed in the Introduction, there are two 
main theories to explain the transition [13]. The first theory assumes 
that, for sufficiently high wall subcooling, the rate at which new portions 
of the surface are cleaned by coalescence and sweeping events is not 
sufficient to sustain the increasing condensation rate. This results in the 
flooding of the surface, starting from downstream. The second hypoth
esis is that increasing the saturation-to-wall temperature difference ac
tivates smaller nucleation sites, which may potentially result in the 
formation of a continuous film. This question will be addressed in the 
following section.

3.3. Effect of wettability on DWC/FWC transition

The condensation curve vs subcooling measured for the MTO-300 
sample is presented in Fig. 5, alongside that obtained for the MTO-450 
surface, which has already been presented in Fig. 4. In particular, the 

average heat flux and HTC measured during steam condensation on the 
MTO-450 sample are respectively plotted against surface subcooling in 
Figs. 5a and 5b. For comparison, the heat transfer measurements ob
tained on a sol–gel surface with lower wettability (named PM-200) 
taken from a previous work [27] are also reported. These data refer to 
inlet cooling water temperatures ranging from 80 ◦C to 5 ◦C, saturation 
temperature of about 106 ◦C, and average inlet vapor velocity of 5.5 m 
s− 1. In Table 2, the values of contact angles and thickness for the PM-200 
coating are summarized. For detailed characterization of the coating, 
the reader is referred to Parin et al. [29]. Before condensation, the 
thickness of the PM-200 coating was approximately 400 nm, while the 
advancing and receding contact angles were respectively equal to 87◦

and 64◦. After condensation, the coating thickness remained almost the 
same, while the contact angles underwent to minor variations (θa = 82◦

and θr = 60◦).
These three surfaces allow for the investigation of the effect of sur

face wettability on the condensation curve. It is notable that, despite the 
similar contact angle hysteresis (22◦ < Δθ < 24◦), the MTO-450 displays 
greater hydrophilicity, with an equilibrium contact angle of 43◦ (θe =

cos− 1(0.5 cos(θa) + 0.5 cos(θr)), whereas the PM-200 sample exhibits the 

Fig. 5. Heat transfer measurements during steam condensation on the two fabricated surfaces (MTO-450 and MTO-300) at constant Tsat. a) Heat flux and b) HTC vs 
wall subcooling. Data obtained on the PM-200 sample by Tancon et al. [27] are also reported for comparison.

MTO-300 PM-200
DWC DWC DWC with rivulets DWC DWC DWC

ΔTsub = 2.2 K
q = 295 kW m-2

ΔTsub = 4.9 K
q = 594 kW m-2

ΔTsub = 15. 2 K
q = 855 kW m-2

ΔTsub = 2.9 K
q = 293 kW m-2

ΔTsub = 6.3 K
q = 613 kW m-2

ΔTsub = 8.8 K
q = 896 kW m-2

5 mm 5 mm

Fig. 6. Images of condensation recorded on the MTO-300 and PM-200 coated surfaces for different cooling water inlet temperatures: 80 ◦C, 50 ◦C and 20 ◦C. The 
corresponding wall subcooling and heat flux are reported.
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least hydrophilic behaviour, with an equilibrium contact angle of 76◦. 
The MTO-300 sample exhibited an intermediate behaviour with θe =

61◦.
For low values of subcooling, the condensation curves for the MTO- 

300 and PM-200 samples exhibit a similar trend compared to that ob
tained for the MTO-450 sample, which instead covers all the different 
condensation modes from DWC to FWC. In particular, with respect to the 
four different regions of the condensation curve shown in Fig. 4, the 
measurements performed on the MTO-300 sample only cover the first 
two regions (I and II), characterized by DWC and DWC with rivulets 
condensation modes, while those on the PM-200 surface correspond to 
the first region (I), characterized by pure DWC mode. In fact, for the 
MTO-300 sample, the heat flux increases almost linearly with subcool
ing up to ΔTsub ≈ 5 K, resulting in constant HTC values of about 130 kW 
m− 2 K− 1; the condensation mode is pure DWC (Fig. 6). When the sub
cooling exceeds 5 K, the heat flux increases sublinearly with subcooling, 
resulting in a decrease of the HTC. The minimum coolant temperature of 
20 ◦C corresponds to a subcooling of 15 K and a heat flux of 855 kW m− 2 

(HTC ≈ 56 kW m− 2 K− 1). As shown in Fig. 6, in this range of subcoolings, 
the condensation mode gradually changes from pure DWC with almost 
circular drops to DWC with elongated drops and rivulets, particularly at 
the bottom of the surface.

On the other hand, the less hydrophilic PM-200 sample only presents 
the region of the condensation curve where the heat flux linearly in
creases in the entire range of subcooling (3 K < ΔTsub < 11 K), reaching a 
maximum value of 1020 kW m− 2 for ΔTsub = 11 K. The images recorded 
during condensation revealed that the condensation mode on the PM- 
200 surface was pure DWC in the entire subcooling range (Fig. 6).

The results clearly show that the peak of the heat flux curve, as well 
as the transition from DWC to FWC, was not achieved for either the 
MTO-300 and PM-200 samples, which have both higher contact angles 
(θe = 61◦ and θe = 76◦, respectively) compared to the more hydrophilic 
MTO-450 sample (θe = 43◦). However, in the case of the MTO-300 
sample, which is more hydrophilic than the PM-200 sample, it is 
possible to observe a flexion of the condensation curve corresponding to 
the transition from pure DWC to DWC with rivulets, which is charac
terized by lower HTCs compared to pure DWC. Further increase in 
surface subcooling is expected to cause the flooding of the bottom area 
of the condensing surface, as observed for the MTO-450 coated sample 
(Fig. 3).

As shown in Fig. 5, the higher the surface wettability, the higher the 
HTC that can be achieved during DWC due to the enhanced nucleation 
and lower conduction thermal resistance of the droplets [10,30]. In 
particular, the HTC values measured on the MTO-450 sample (θe = 43◦) 
are 30 % higher than those obtained on the MTO-300 sample (θe = 61◦) 
and 70 % higher compared to the PM-200 sample (θe = 76◦). It is 

important to note that the lower HTC values measured for the PM-200 
sample may be partially attributed to the higher thermal resistance of 
the coating. Since the HTC calculated using Eq. (1) accounts also for the 
coating thermal resistance, it can be deduced that the greater thickness 
of the PM-200 film (~400 nm) compared to the two MTO coatings 
(~290 nm), combined with the typical thermal conductivity of sol–gel 
silica-based coatings (in the range 0.1–0.3 W m− 1 K− 1 [31,32]), could 
contribute to a reduction of the heat transfer.

Conversely, for comparable contact angle hysteresis, the more hy
drophilic is the condensing surface, the lower the surface subcooling and 
heat flux values that can be achieved while promoting pure DWC. For 
the MTO-450 sample, pure DWC with constant HTC was maintained 
only up to a subcooling of about 2 K and a heat flux of 350 kW m− 2. Due 
to the lower wettability, the MTO-300 sample was able to sustain DWC 
with constant HTC values over a broader range of subcooling and heat 
flux (ΔTsub < 5 K, q < 600 kW m− 2), whereas the less hydrophilic PM- 
200 sample sustained pure DWC across the entire range of wall sub
cooling (ΔTsub < 10 K) and heat flux (q < 1000 kW m− 2) here 
investigated.

The results presented in Fig. 5 suggest that surface wettability plays a 
key role in determining the shape of the condensation curve vs sub
cooling. For a vertical oriented surface, at low vapor velocities, the 
droplet removal efficiency is mainly related to gravity force and droplet 
adhesion force (which in turn depends on the surface wettability) [24]. 
Specifically, for a given Δθ, the droplet removal efficiency increases 
with the equilibrium contact angle, resulting in smaller droplet 
departing radii [33,34]. In particular, the departing radius measured on 
the PM-200 surface (rmax = 1.3 mm) are 40 % smaller than those 
measured on the MTO-450 surface (rmax = 1.8 mm). Therefore, it can be 
expected that the lower the surface wettability (and thus the higher the 
condensate removal efficiency), the higher the values of subcooling and 
heat flux that the surface can withstand before transiting from DWC to 
FWC. This results in a shift of the condensation curve peak towards the 
top-right edge of the q-ΔTsub chart. Therefore, it seems plausible that the 
transition from DWC to FWC occurs when the condensation rate exceeds 
the one obtained from droplet removal.

For the same investigated range of coolant temperature, the transi
tion from DWC to FWC was only observed for the more hydrophilic 
surface (MTO-450). The higher droplet removal efficiency of the MTO- 
300 and PM-200 samples allowed DWC to be sustained over a wide 
range of surface subcooling, resulting in higher values of heat flux that 
can be achieved (Fig. 5). The surface wettability could also explain the 
differences in the condensation mode between the MTO-300 and PM- 
200 sample. At high heat flux values, the rivulets are present on the 
MTO-300 surface, which exhibits a lower θe and thus a lower condensate 
removal efficiency. Furthermore, the role of surface wettability on DWC- 

Fig. 7. a) Measurements of drop-size density N(r) vs drop radius on the three samples. The data refers to three values of heat flux (obtained with coolant tem
peratures of 80 ◦C, 50 ◦C, and 20 ◦C). The Le Fevre and Rose [36] correlation obtained with rmax = 1.5 mm is also reported. Empty symbols refer to pure DWC, light 
grey symbols to DWC with rivulets, grey symbols to transition DWC/FWC. b) Image of DWC and c) resulting reconstructed image (in black and white).
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FWC transition could also explain the results present in the literature 
[13–15,20].

To further understand the dropwise condensation HTC decrease with 
increasing subcooling (and thus heat flux), the droplet population was 
investigated. First, the videos recorded by the high-speed camera were 
analysed using a custom MATLAB® script (which is described with more 
details in [35]) for the determination of the average drop-size distri
bution (Fig. 7). Figs. 7b and 7c show an example of the investigated area 
of the sample (15 mm × 21 mm) and the reconstructed image obtained 
by the MATLAB® program. The experimental uncertainty associated 
with the drop-size distribution measurement is less than 12 %. Briefly, to 
obtain the drop-size distribution, the whole range of measured radii is 
divided into multiple bins (classes). Each droplet is counted into a spe
cific class based on its radius. These stages are repeated iteratively for 
each frame of the video, allowing the evaluation of the drop-size dis
tribution. The present optical setup allowed for the accurate detection of 
droplet radii above 250 μm. Fig. 7a displays the drop-size distribution 
measured on the MTO-300, MTO-450, and PM-200 samples under three 
different heat flux conditions (300, 520, 870 kW m− 2). The experimental 
data are compared with the well-known model by Le Fevre and Rose 
[36] for the drop-size distribution of large droplets N(r): 

N(r) =
1

3πr2rmax

(
r

rmax

)− 2/3

(6) 

where rmax is the droplet departing radius.
As a further step, the videos recorded under different operating 

conditions were analysed in order to evaluate the average area (A*) of 
the surface filled by drops with a radius larger than rmax, elongated 
droplets and rivulets. Indeed, due to the high thermal conduction 
resistance through the increased liquid thickness of elongated droplet 
and rivulets, areas occupied by the large aggregation of condensate are 
expected to less contribute to the DWC heat transfer. Furthermore, the 
presence of flooded areas prevents the renewal of the surface (with the 
nucleation of new droplets) and consequently hinders the heat transfer. 
For each video, 12 frames corresponding to 1 s of condensation were 
analysed. In each video frame, the area occupied by sweeping drops and 
rivulets has been measured. Finally, all the areas detected for one 
sequence of frames were summed, divided by the number of frames 
analysed and by the area of the sample (20 × 50 mm2) to obtain an 
average value. These results are reported in Table 3.

The graph corresponding to q ≈ 300 kW m− 2 covers the entire range 
of investigated radii (from 250 μm to 1400 μm). The drop-size distri
bution on the three samples exhibits a decreasing trend as the radius 
increases and comparable values of N(r). This similarity in trend and 
values can be explained considering that, at such low heat flux, the three 
samples promote DWC without the formation of elongated drops or 
rivulets. Comparing the results with the Le Fevre and Rose [36] model 
considering rmax = 1.5 mm (which is the average of the values measured 
on the three surfaces), an average deviation of approximately 10 % was 
found for all samples in terms of droplet radii smaller than 600 µm. As 

the droplet size increases, measured values deviate from model pre
dictions due to the sweeping effect of the falling droplets. In fact, the 
shape of N(r) near rmax deviates downward compared to the power law 
trend formulated by Le Fevre and Rose [36] which does not account for 
this effect. Overall, these results indicate that major part of the surface is 
working in DWC mode, without significant portions (less than 10 %) of 
the surface occupied by obstacles to the heat transfer (Table 3).

In order to facilitate the comparison of the various samples, the 
experimental data obtained at higher heat flux values are focused onto a 
narrow range of droplet radii (200–600 μm), thus excluding the larger 
droplets which contribute less to the heat transfer [26]. At q = 520 kW 
m− 2, since the condensation mode for both the MTO-300 and PM-200 
remains pure DWC, the drop-size distributions continue to follow the 
Le Fevre and Rose [36] equation with good agreement. On the contrary, 
the condensation mode on the MTO-450 coated surface has turned into 
DWC with rivulets. In fact, due to the presence of rivulets, the average 
area available for DWC decreased by 33 %, resulting in a reduction by 
about 50 % of the drop-size density in the considered range of droplet 
radii (200–600 μm). At the highest heat flux (about 870 kW m− 2), only 
the data sets for the PM-200 and MTO-300 samples are reported, as the 
MTO-450 sample exhibited a transition from DWC to FWC for the same 
temperature of the cooling water (20 ◦C). As a consequence of the 
enhanced condensation rate, the MTO-300 sample (which is more hy
drophilic than the PM-200 surface) was not able to maintain pure DWC, 
resulting in the formation of elongated drops and some short rivulets, 
which reduced the surface area available for the formation and growth 
of drops by 25 %. Thus, the density of drops with radii between 250 and 
600 μm decreased by 24 % compared to the PM-200 sample, which 
instead remained consistent with the Le Fevre and Rose [36] model.

4. Modeling of DWC heat transfer and DWC/FWC transition on 
hydrophilic surfaces

This section addresses the modelling of dropwise condensation on 
hydrophilic surfaces. It presents a comprehensive procedure for calcu
lating the steady-state DWC heat flux and for predicting the maximum 
surface subcooling that can be applied to a surface while promoting 
DWC, before the transition to FWC occurs. Finally, the calculation 
method is validated by comparing the numerical results with the heat 
transfer data presented in Section 3.

4.1. Heat transfer model

The time-averaged heat flux transferred during DWC (q) obtained by 
combining the heat flow rate through a single drop (Qd) with the average 
drop-size distribution on the condensing surface can be expressed as: 

q =

∫ re

rmin

Qd(r) n(r) dr +
∫ rmax

re

Qd(r) N(r) dr (7) 

In Eq. (7), n(r) and N(r) are, respectively, the drop-size density function 
of small and large drops, re is the effective radius (i.e., the threshold 
radius between the two distributions), rmin is the radius of the smallest 
thermodynamically viable drop, and rmax is the departing radius.

The minimum droplet radius is evaluated according to the nucleation 
theory [37] as: 

rmin =
2 σ Tsat

ρl hlv ΔTsub
(8) 

where σ is the surface tension, ρl is the liquid density, hlv is the latent heat 
of vaporization.

The effective radius is evaluated assuming the nucleation sites 
distributed according to the Poisson distribution [38] as: 

re =
1

4
̅̅̅̅̅
Ns

√ (9) 

Table 3 
Total area occupied by elongated droplets and/or rivulets at different operating 
conditions.

Sample Tcool [◦C] q [kW m-2] A *[%]

MTO-450 80 321 9
50 600 33

MTO-300 80 295 5
50 594 14
20 855 25

PM-200 80 292 4
50 613 7
20 896 13
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where Ns is the density of nucleation sites on the condensing surface. The 
literature on DWC of pure steam reports a broad range of values for the 
nucleation site density (1010–1015 m− 2) [4]. The choice of Ns will be 
further discussed in Section 4.3.

In order to predict the combined effects of vapor velocity and surface 
inclination on the DWC heat flux, the departing radius is evaluated as 
suggested by the present authors in [25,39]: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

rmax =
− C +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
C2 + 4AB

√

2B
, 0◦ < β ≤ 90◦

rmax =
A
C
, β = 0◦

(10) 

where the A, B and C coefficients are evaluated as follows: 

A = 2kcsin(θe)σ(cosθr − cosθa) (11) 

B =
1
3
(
2 − 3cosθe + cos3θe

)
sin(β)πρlg (12) 

C =
1
2

ρv v2
v Cd(θe − sinθecosθe) (13) 

where kc is a constant (named retention factor) that depends on the drop 
shape, β is the inclination of the condensing surface from the horizontal, 
g the gravity acceleration, Cd is the drag coefficient.

For the population of large droplets (re < r < rmax), the drop-size 
density function N(r) is calculated using the Le Fevre and Rose [36] 
model (Eq. (6)). Whereas, for the small droplet population (rmin < r < re), 
the resolution of the population balance theory [40] leads to express the 
drop-size density function of small droplets n(r) as: 

n(r) = N(re)
r(re − rmin)(A2r + A3)

re(r − rmin)(A2re + A3)
eB1+B2 (14) 

For the analytical expressions of parameters A1, A2, A3, B1 and B2, the 
reader is referred to the original work by Miljkovic et al. [38]. It is worth 
noting that the drop-size distribution can also be determined through 
numerical simulations without relying on any statistical assumptions 
[41–43]. Nevertheless, in order to simulate DWC on hydrophilic sur
faces, the required large departing radii (rmax > 1 mm) and high 
nucleation site densities (1010 m− 2 < Ns < 1015 m− 2) requests long 
computational time.

The heat exchanged by a single droplet is evaluated employing the 
Lethuillier et al. [44] model, which offers the widest validity range for 
droplet Biot number (10− 4 < Bi < 105) and dynamics contact angles 
(20◦-170◦). In particular, the flow rate through a single droplet can be 
expressed as: 

Qd =
πr2

(
1 − rmin

r

)
ΔT

δHC
λHCsin2θe

+ 1
2hi(1− cosθe)

+ πr
λl

f(θe,Bi)
(15) 

where hi is the interfacial heat transfer coefficient calculated as 
described in Miljkovic et al. [38], λp and δp are respectively the thermal 
conductivity and thickness of the promoter film, and the factor f (θe, Bi) 
is calculated as follows: 
{

f(θe,Bi)=ζ0[tanh(ζ1 − logBi)− tanh(ζ2+ζ3logBi)+ζ4 ], 10− 2<Bi<105

f(θe,Bi)=ζ0ζ4, Bi<10− 2

(16) 

ζi =
∑6

j=0
ai,j θj

e + bitan
θe

2
(17) 

The analytical expressions of ai,j and bi can be found in the original 
manuscript by Lethuillier et al. [44].

Since the condensation heat flux (which is the primary result of the 

heat transfer model) is necessary for calculating the average vapor ve
locity along the condensing surface, which in turn is used to determine 
the departing radius by Eq. (10), an iterative procedure is required. 
From an initial trial value for rmax, the drop-size density functions and 
single-droplet heat transfer model are solved to obtain an initial value 
for the DWC heat flux q (Eq. (7)). At the next iteration, the heat flux from 
the former iteration is used to calculate the outlet vapor velocity and, 
thus, the average vapor velocity along the sample length. Then, the 
remaining equations are solved, resulting in an updated value for the 
DWC heat flux. The iterative procedure stops when the variation of q 
between two consecutive iterations is below 10− 3 W m-2.

4.2. Model for condensation mode prediction

The aim of this section is to present a simplified model that can be 
employed to predict the condensation mode (DWC or FWC/transition) 
on a functionalized surface. In particular, it can be used to determine the 
maximum values of subcooling and heat flux that a surface can with
stand before the transition from DWC to FWC, in accordance with spe
cific operating conditions and wettability.

The authors hypothesize that, in the case of DWC-FWC transition 
governed by surface condensate removal efficiency (as evidenced by the 
experimental data presented in Section 3), stable DWC can be achieved 
as long as the characteristic time required for droplet removal (τsweep) is 
smaller compared to the characteristic time for the droplet to grow from 
rmin to rmax (τgrowth), i.e. as long as the sweeping process can be consid
ered “fast” compared to the droplet growth process. On the other hand, 
the transition from DWC to FWC, and eventually the complete flooding 
of the condensing surface, is expected to occur when the growth time 
becomes shorter than the removal time (τgrowth < τsweep). This criterion is 
summarized as: 
{

DWC if τgrowth > τsweep
Transition/FWC if τgrowth < τsweep

(18) 

It is expected that the time required for droplet removal by sliding is 
likely to remain constant when the surface wettability, the length of the 
condensing surface along the sliding direction, and the vapor velocity 
are kept constant. On the other hand, the time required for droplet 
growth is expected to decrease significantly with increasing subcooling 
(and thus with increasing heat flux). For the sake of simplicity, the 
formation of rivulets during the transition from pure DWC to FWC is not 
considered. This decision aligns with the primary objective of the 
developed model, which is to identify the range of wall subcooling over 
which the DWC heat transfer model described in Section 4.1 can be 
applied. To account for the effect of rivulets on condensation heat 
transfer, dedicated models can be implemented [45,46].

As described in Eq. (19), the characteristic droplet growth time is 
calculated as the sum of the time required for a droplet to grow by direct 
condensation of vapor from rmin to re (τcond) and the time required for the 
droplet to grow by coalescence from re to rmax (τcoal). 

τgrowth = τcond + τcoal (19) 

Under the assumption that all the heat transfer during DWC occurs 
through the drops, the heat transfer rate of a single drop (Eq. (15)) can 
be equated to the latent heat of phase change at the droplet surface (Qd 
= ρl hlv dV/dτ) to obtain the infinitesimal time dτgrowth required for a 
droplet to grow by an infinitesimal radius dr: 

dτcond = ρl hlv π
(
2 − 3cosθe + cos3θe

)
Q− 1

d (r) r2dr (20) 

The integration of Eq. (20) between rmin and re yields τcond.
As described in Yamali and Merte [47], the time period τcoal required 

for the droplet to grow by coalescence from re to rmax can be calculated 
by integrating the following differential equation: 
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dτcoal =

n ρl hlv (2− 3cosθe+cos3θe)
3 (n+1)

(
1 + n rn+1

e r− (n+1)
)

q
dr (21) 

Where n = 1/3 is the exponent of the function obtained by Le Fevre and 
Rose [36] for the distribution of large drops.

The characteristic time for droplet sliding is here calculated by 
implementing a model describing the droplet motion on a solid surface. 
Solving the balance of forces acting on the moving drop, the droplet 
velocity (ud) can be obtained from the following differential equation: 

ρl V(r)
dud

dt
= Fg(r)+ Fdrag(r) − Fad(r) − Ff (ud, r) (22) 

where V is the droplet volume, Fad is the adhesion force evaluated as Fad 
= A r, Fg is the gravity force calculated as Fg = B r3, Fdrag is the drag force 
acting on the drop obtained as Fdrag = C r2, Ff is the viscous force acting 
on the droplet accounting for both the bulk and wedge (i.e., contact line) 
contributions, calculated according to Wang and Zhao [48]. The pa
rameters A, B and C are calculated by Eqs. (11)–(13). By determining the 
velocity function in the variable of time, it is possible to calculate the 
time τsweep required for the droplet to move from its initial position at the 
top of the surface (x = 0) to the lower edge (x = L). For the sake of 
simplicity, it is assumed that the droplet moves in a straight line and 
maintains a circular contour during the sliding process.

When considering a droplet moving with a variable volume, such as 
on a condensing surface where drops grow along their sliding due to 
coalescence, the solution of the differential equation (Eq. (22)) requires 
the knowledge of the droplet growth function throughout its motion. 
Assuming an average drop-size distribution on the condensing surface 

calculated according to Le Fevre and Rose [36], the droplet growth 
function during the sliding process can be evaluated as follows: 

dr =
2 r ud

[ ∫ rmax
re

N(r) π
3 (2 − 3cosθe + cos3θe)r3 dr

]

πr2(2 − 3cosθe + cos3θe)
dτ (23) 

where the term within the square brackets represents the average vol
ume of drops present on the condensing surface, according to the 
considered drop-size distribution. In Eq. (22), it is assumed that the 
width of the swept area is equal to the drop diameter.

In the present work, the droplet sliding is solved using the following 
numerical procedure. Initial values of droplet dimension (r = rmax) and 
velocity (ud = 0) are assumed at the onset of the sliding process (τ = 0) in 
order to numerically solve Eq. (22) and obtain the finite but small 
variation of droplet velocity (Δud) within the considered time step Δτ. 
Consequently, the velocity of the droplet after covering a small discrete 
distance (Δx) can be determined. Assuming that the swept area within 
the time step can be calculated as 2 r Δx, the increment of droplet radius 
(Δr) due to coalescence with other droplets within the considered time 
step can be calculated using Eq. (23). At the next time step, the values of 
droplet radius and sliding velocity from the previous time step are 
employed as inputs to the force balance equation (Eq. (22)) for evalu
ating the variation of drop velocity and the discrete covered distance Δx 
within the new time step. Then, Eq. (23) is used to evaluate the addi
tional increase of drop radius due to coalescence within the time step. 
This procedure continues until the distance covered by the sliding 
droplet (

∑
Δx) exceeds the length of the condensing surface (L).

4.3. Comparison against experimental data

The model is here compared with the experimental data presented in 
Section 3. Table 4 lists all the input parameters required for the calcu
lation of the DWC heat flux and condensation mode. For each considered 
surface wettability, the table provides information on the quantities (ΔT, 
Tsat, vv), the contact angles (θa and θr), the coating thickness (δp) and 
thermal conductivity (λp), the nucleation sites density (Ns), time step 
(Δτ), and length of the condensing surface (L). Since direct measure
ments of nucleation site density are challenging, the value of Ns is 
typically assumed. Here, a nucleation sites density of 2 × 1012 m− 2 was 
chosen to best match the measured HTCs for the PM-200 surface, as 
previously discussed in [25]. This value is aligned with measurements 
reported in the literature [49,50]. In accordance with Chrobak et al. 
[32], the thermal conductivity of the sol–gel silica-based coating was 

Table 4 
List of input parameters used for the prediction of dropwise condensation HTCs 
and condensation mode.

Parameter MTO-450 MTO-300 PM-200

ΔT [K] 0.8–2 1.6–4.9 2.9–10.7
Tsat [◦C] 107 107 107
vv [m s− 1] 3.5 3.5 5.5
θa [◦] 54 71 87
θr [◦] 30 49 64
λp [W m− 1 K− 1] 0.2 0.2 0.2
δp [nm] 280 300 400
Ns [m− 2] 2 × 1012 2 × 1012 2 × 1012

Δτ [ms] 1 1 1
L [m] 0.05 0.05 0.05

Fig. 8. Comparison between heat transfer measurements obtained during pure DWC of steam on the three surfaces with different wettability (MTO-450, MTO-300, 
PM-200) and predictions by the proposed calculation method (Section 4.1). a) Experimental (symbols) and calculated (lines) HTC values versus degree of subcooling. 
b) Experimental versus predicted heat flux q. Model inputs are listed in Table 4.
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assumed to be 0.2 W m− 1 K− 1.
Fig. 8 shows the comparison between experimental data and model 

predictions. In Fig. 8a, the measured and calculated HTCs are plotted as 
a function of surface subcooling. In this graph, the red, blue, and green 
data series represent respectively the experimental HTCs for the MTO- 
450, MTO-300, and PM-200 samples, while the black lines correspond 
to the predicted values. It can be noted that the proposed model accu
rately predicts the trends of HTC with surface subcooling for all the 
considered wettabilities. In particular, an excellent agreement between 
the experimental data and the model predictions is observed, with a 
mean relative deviation below 10 % for all three samples. Specifically, 
the lowest mean deviation, 3 %, was obtained for the PM-200 sample, 
whereas the highest deviation (12 %) was observed for the MTO-450 
sample. This discrepancy can be attributed to the model’s assumption 
of perfectly circular droplets. Indeed, for MTO-450, the high 

hydrophilicity leads to droplet elongation during sliding, deviating from 
the circular assumption. In contrast, the PM-200 sample exhibits 
behavior closer to that of a hydrophobic surface, characterized by nearly 
circular sliding droplets. Furthermore, on surface characterized by 
higher wettability (as the MTO-450), the nucleation sites density could 
theoretically be higher [30]. However, for the sake of simplicity, it has 
been decided to assume a unique value of Ns for all three surfaces.

Fig. 8b further corroborates the accuracy of the proposed model. This 
figure plots the calculated DWC heat flux by Eq. (7) against the exper
imental heat flux. The proposed methodology demonstrates reliable 
predictions of condensation heat flux, with an average relative deviation 
of about 6 %. Based on the observations above, it can be concluded that 
the presented calculation method effectively predicts the effect of sur
face wettability and wall subcooling on heat transfer performance dur
ing dropwise condensation.

In addition to the prediction of the DWC heat transfer, the model 
presented in Sections 4.1–4.2 can be used to estimate the range of sur
face subcooling over which DWC can be probably sustained. The results 
of the analysis are reported in Fig. 9, where the trends of the charac
teristic time for droplet growth τgrowth (black dashed line) and removal 
τsweep (black solid line) predicted by the model are plotted vs surface 
subcooling for each considered wettability. In addition to the charac
teristic times, the measurements of HTC are reported. According to the 
developed model (Section 4.2), it can be expected to promote and sus
tain DWC when τgrowth > τsweep, whereas transition to filmwise conden
sation or even flooding of the condensing surface is expected to occur 
when τgrowth < τsweep. The subcooling range corresponding to the DWC 
region is highlighted in purple.

In the case of the MTO-450 sample (Fig. 9a), the model predicts 
τgrowth values decreasing from 1.2 s to approximately 0.3 s as subcooling 
increases from 1 K to 5.5 K. This obviously is reflected in increasing 
condensation rates (and heat fluxes) with subcooling. On the other hand, 
τsweep (which mainly depends on surface wettability) remains nearly 
constant at around 0.6 s. The intersection of the two curves, indicating 
the threshold between DWC and FWC, occurs at ΔTsub of about 2 K. This 
result is in good agreement with the experimental data, which show 
constant HTCs of approximately 170 kW m− 2 K− 1 for subcooling below 
2 K and a rapid decrease in HTC beyond this threshold. Fig. 9b shows the 
results obtained for the MTO-300 sample. Considering the lower 
wettability of this surface, τsweep is lower (0.3 s) compared to MTO-450 
(0.6 s). With regards to the growth time, the model predicts a 
decrease in τgrowth from 1.2 s to 0.2 s as the subcooling increases from 
approximately 1 K to 9 K. The condition τsweep = τgrowth, which corre
sponds to the maximum subcooling value for sustaining pure DWC, is 
achieved at ΔTsub = 6 K, demonstrating good agreement with the 
experimental data. Fig. 9c illustrates the model predictions for the PM- 
200 sample, which exhibited constant HTC values in the entire range of 
wall subcooling here investigated (3–11 K). Specifically, the predicted 
τgrowth decreases from 1 s to 0.15 s as subcooling increases from 2.5 K to 
18 K, while τsweep remains nearly constant at around 0.2 s. The inter
section between the two characteristic times occurs at a subcooling 
value of approximately 13 K, substantially higher compared to the 
maximum value experimentally tested. Therefore, pure DWC is correctly 
predicted for PM-200 over the entire range of subcooling.

It must be noted that the nucleation sites density must be assumed as 
input parameter in the model (Sections 4.1–4.2). Ns plays a crucial role 
in shaping the drop-size distribution and thus in determining the 
condensation heat flux (Eq. (7)). Since the characteristics time for 
droplet growth depends on q, the maximum surface subcooling for 
sustaining DWC is also affected by Ns. For the results reported in Figs. 8- 
9, a fixed value of 2 × 1012 m− 2 was chosen for all three surfaces. 
However, given that Ns is difficult to infer experimentally and can vary 
over several orders of magnitude, a sensitive analysis was conducted to 
study the effect of Ns on the predictions of the developed model. Ac
cording to the literature regarding DWC with pure water vapor 
[49,51,52], values of Ns in the range 1010-1014 m− 2 were assumed for 

Fig. 9. Calculated characteristic times for droplet growth (τgrowth) and sweeping 
(τsweep) by the proposed model (Section 4.2) at varying surface subcooling on 
the three considered surfaces: a) MTO-450, b) MTO-300 and c) PM-200. The 
model predicts the DWC condensation mode with constant values of HTC for 
τgrowth > τgrowth (purple area). The experimental values of HTC presented in 
Section 3 are also reported. Model inputs are listed in Table 4.
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the three different surfaces (MTO-450, MTO-300, and PM-200). The 
other input parameters were maintained constant, as listed in Table 4.

The results of the sensitivity analysis for the three surfaces are pre
sented in Fig. 10, where the calculated HTC (Fig. 10a) and maximum 
subcooling value for sustaining pure DWC (Fig. 10b) are plotted versus 
the nucleation sites density. Compared to the predictions obtained for 
the reference Ns = 2 × 1012 m− 2, the HTC increases by about 7 % on all 
the surfaces when Ns is increased by one order of magnitude, while it 
decreases by 12 % when decreasing Ns down to 2 × 1011 m− 2. These 
variations of q are reflected with similar weights on the predicted 
maximum ΔTmax for promoting pure DWC. In particular, for a Ns in
crease by an order of magnitude compared to the reference value, the 
maximum surface subcooling before transition is reduced by 7 %, while 
it increases by about 14 % when Ns decreases by one order of magnitude.

5. Conclusions

Dropwise condensation on hydrophilic surfaces with reduced contact 
angle hysteresis has recently emerged as a promising strategy to further 
enhance two-phase heat transfer, potentially resulting in higher HTC 
compared to traditional DWC on low-wettability surfaces. However, the 
extent of this enhancement, as well as the limitations of such surfaces to 
promote stable DWC without transitioning to filmwise condensation, 
remain poorly understood.

In this work, condensation of pure steam was studied on two hy
drophilic coated aluminum vertical samples (θa ≈ 57◦ for MTO-450, 
θa ≈ 71◦ for MTO-300) that present reduced contact angle hysteresis 
(Δθ < 25◦) compared to the untreated aluminum. Heat transfer mea
surements and video analysis were performed at constant saturation 
temperature (107 ◦C) and vapor velocity (3.5 m s− 1) while varying the 
inlet temperature of the cooling water in the range 20–95 ◦C, and thus 
the surface subcooling. The results were also compared to the perfor
mance of a sample with lower wettability (PM-200). A summary of the 
key findings is provided below. 

• The results showed that the MTO-450, which displays the highest 
wettability, exhibited a complete transition from DWC to FWC when 
increasing the surface subcooling. Pure DWC with roughly constant 
values of HTC (170 kW m− 2 K− 1) was obtained when ΔTsub < 2. For 
ΔTsub > 25 K, FWC occurs on the surface leading to HTC values lower 
than 20 kW m− 2 K− 1. For intermediate ΔTsub, a progressive transition 
from DWC to FWC was observed, with the formation of elongated 
droplets and rivulets first, and then the gradual flooding of the sur
face starting from the bottom.

• The effect of wettability on the DWC/FWC transition was studied by 
comparing the results obtained on the MTO-450 sample with those 
over the MTO-300 and PM-200 specimens. In the case of the MTO- 
300 sample, for ΔTsub < 5 K, the HTC remained almost constant to 
about 130 kW m− 2 K− 1 (pure DWC). For higher values of ΔTsub, the 
HTC decreases as the condensation mode varied from pure DWC to 
DWC with elongated drops and short rivulets. Finally, the PM-200 
sample sustained pure DWC across the entire ΔTsub range, 
achieving constant HTCs of about 100 kW m− 2 K− 1. For both the PM- 
200 and MTO-300 samples, the flooding of the surface was not 
observed in the whole range of subcooling conditions that can be 
investigated in the present test rig.

• A comprehensive numerical method developed to predict, for hy
drophilic surfaces, the steady-state heat flux (and HTC) during steam 
DWC and the range of surface subcooling over which pure DWC can 
be achieved was presented and compared against the present data
base. The proposed calculation method provides an accurate pre
diction (within 12 %) of the effect of surface wettability and surface 
subcooling on the HTC values realized during DWC. Furthermore, it 
was able to predict the maximum surface subcooling up to which the 
HTC remains constant (pure DWC).

• Overall, the results indicate that the promotion of DWC on hydro
philic surfaces is possible if the droplet mobility is sufficiently high (i. 
e. reduced contact angle hysteresis) and the condensation rate is 
sufficiently low. Furthermore, the higher the surface wettability, the 
higher the HTC during DWC (due to the lower conduction thermal 
resistance inside the droplets). Finally, the transition from DWC to 
FWC occurs at lower subcooling and heat flux over a more hydro
philic surface.
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