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ABSTRACT
Microstructured surfaces have been found to be energy
efficient and cost effective through enhancement of heat
transfer, drag reduction and anti-fouling in areas such as
thermal engineering, fluid mechanics, microelectronics
and transportation. However, their use with the
condensation phenomenon has yet to receive
considerable attention. Therefore, based on a new
approach to recover energy in humid environments, the
influence of different geometries manufactured on
stainless steel inserts via micro-wire electro discharge
machining (µ-WEDM) on condensation was analysed.
The experimental work was carried out in a chamber
with a high percentage of relative humidity (% RH)
comparing the geometries against an unstructured
surface. The experimental results showed a differential
temperature (ΔT), 26% higher than the unstructured
surface. Thus, it is reasonable to believe that this
experimental study could be used in the design of energy
recovery systems to enhance condensation heat
transfer.
Keywords: Microstructured Surfaces, Heat Transfer
Enhancement, Condensation, Biomimetic Engineering, µWEDM.
NOMENCLATURE
Abbreviations
µ-WEDM
RH
DWC
FWC

Micro-wire electro discharge
machining
Relative humidity
Dropwise condensation
Filmwise condensation

1.

INTRODUCTION
Reduction of greenhouse gases through the efficient
use of energy can be achieved by imitating nature
through biomimetic engineering. Microstructured
surfaces are already being used in transport applications,
aerospace and medical equipment, combustion systems
and heat transfer processes for the reduction of energy
consumption, vehicle stabilisation, surface self-cleaning,
stabilisation of flashback in swirl burners, electronics
cooling, heat exchangers, heat sinks, boiling and thermal
control in nuclear power plants and so on. Nevertheless,
their application with the condensation phenomenon
has not received the same attention as in liquid cooling
and boiling for phase change enhancement [1–7]. Due to
its high heat transfer coefficient, vapour condensation
has been widely utilised in chemical and environmental
engineering processes, refrigeration and power
generation sectors [8].
Extremely energetic meteorological phenomena
with humid environments, such as storms, contain an
enormous amount of energy [9]. Thus, the use of
microstructured
surfaces,
that
can
improve
condensation heat transfer between these phenomena
and energy recovery systems, represents a new futuristic
alternative energy source that could support the
reduction of fossil fuels’ consumptions.
Therefore, the objective of this experimental study is
to provide some fundamental information, such as
microstructure geometry, in order to develop a system
capable of recovering all the energy in humid
environments. Furthermore, the results can be used in
other heat transfer applications and can also expand the
applications for other high-value manufacturing and
materials science sectors.

Symbols
𝑄̇
ΔT

Rate of heat transfer
Differential temperature
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2.

THEORY
Enhancement of condensation heat transfer can be
achieved through the modification of physical and
chemical properties of the surface [10]. Consequently,
microstructured surfaces can help to ensure high heat
transfer in locations with high humidity levels by
transferring the energy from the large latent heat,
associated with the phase change to the surface of the
device, instead of passing it to the drier air. This
phenomenon is based on the generation of microvortical motion encapsulated in solid valleys, which due
to rotation, keeps a continuous exchange of energy while
maintaining a single point-in-contact with the solid
surface and thereby reduces drag and pressure losses
[11]. Furthermore, research in this area has been
successfully undertaken using specific surfaces to
increase heat transfer and detachment of droplets whilst
delaying surface flooding [2].
Surface condensation can take place through two
mechanisms: Dropwise Condensation (DWC) and
Filmwise Condensation (FWC). On unstructured surfaces,
it depends on the nature of the fluid, the ambient
conditions, the liquid-gas surface tension and surface
energy; while on microstructured surfaces, their physical
structure and the chemical heterogeneities also play a
major role [2]. Numerical and experimental studies
demonstrated heat transfer enhancement when
grooved surfaces were used to decrease liquid film
thickness [8]. Even though FWC offers an order of
magnitude lower heat transfer coefficients than DWC
due to the thickness of liquid film covering the solid
surface, Orejon et al. [2] demonstrated a good heat
transfer performance with simultaneous DWC/FWC by
varying the microstructured surfaces design parameters.
Due to the complexity of the microstructured
surfaces geometries and the condensation mechanisms
that could be presented during the experimental phase,
the following arguments were considered: (1) The
vapour velocity is very low (0.15 m/s), therefore the
interfacial shear between the liquid and the vapour is
negligible [8]. (2) The rate of heat transfer (𝑄̇ ) is directly
proportional to the differential temperature (ΔT). (3) The
inserts used for the experiments possess the same
properties with a marginal difference in the total
microstructured surface areas among them, and hence
Relative
Pressure (bar)
Humidity (%)
301.57 ± 0.5%
96 ± 3%
1.02 ± 0.5%
Table 1. Experimental conditions in the chamber.

Temperature (K)

can be considered negligible. Thus, ΔT becomes the main
parameter for this study.
3.

MATERIALS AND METHODS
Taking into account the application of the
microstructured surfaces in the energy recovery from
energetic meteorological phenomena in humid
environments, the conditions for the experiments in
Table 1 were chosen according to the statistical analysis
and collection of data by The National Oceanic and
Atmospheric Administration (NOAA) at temperatures
above 26°C (299.15 K) where the %RH is between 75%
and 100% at the inner core of large storms and between
63% and 96.5% at the periphery of the storm [12]. Each
set of experiments was carried out for a period of 8
minutes to corroborate repeatability under stable
conditions. Temperature and %RH measurements inside
the chamber were recorded every 20 seconds whereas
the inserts’ surface temperatures were measured after
every 10 seconds.
3.1 Inserts with microstructured surfaces
The stainless steel (grade 316L) inserts were
manufactured via casting followed by machining. The
height of the inserts was 25 mm of which the bottom 10
mm had a diameter of 28 mm while the top 15 mm had
a diameter of 25 mm (Figure 1a). The top faces of the 25
mm diameter section were machined (roughness Ra = 0.2
μm) prior to the fabrication of the microstructures which
were created via µ-WEDM. More details about the
generation of the microstructures are presented in the
study by Al-fahham et al. [13]. The selection of the
geometries was based on the extensive research
available on the properties of shark skin and lotus leaves
[14–17]. However, a major factor for the selection was
the limitations presented by the manufacturing
technique. Hence, simpler geometries, such as scallop
and diamond, were also chosen.
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Figure 1a. A machined unstructured insert
Figure 1b. Experimental apparatus for the condensation heat
transfer experiments.
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Figure 2. CAD designs and scanned geometries of the microstructured surfaces.

3.2 Characterisation of the microstructured surfaces

3.3 Experimental apparatus

The computer aided drawing (CAD) for each of the
microstructure geometries is shown in Figure 2. After
creating the insert, an optical 3D scanner ‘Sensofar
Smart’ was used for scanning of each geometry. The
perspective and the top down scaled views of the scans
are shown in Figure 2. For the characterisation, five areas
of dimension 1.7 mm × 1.4 mm were scanned on the
structured 25 mm inserts’ top faces, the approximate
locations of which are shown on an equivalent
unstructured surface in Figure 1a. Each of the scanned
areas was divided into three sections from where five
measurement points were chosen. At each point, three
different groove characteristics were measured: widths
and depths of the grooves, and widths of the riblets.
Thus, a total of 75 measurements were taken on each
insert. The averages of the measured data are presented
in Table 2.

The experimental apparatus comprised of three
main parts: the humidifier system, the condensation
chamber, and data acquisition/control system (Figure
1b). The humidifier (LB7 by Steba) contained an
ultrasonic water vaporiser, a temperature and %RH
sensor and an air humidity control that delivered flows
between 250 and 400 ml/hr [18]. The condensation
chamber consisted of a 400 mm × 400 mm × 500 mm
Perspex chamber with a visualisation window of 250 mm
× 300 mm; a 100 mm diameter opening at the top for the
entry of humid air from the humidifier; a 20 mm × 20 mm
opening on the bottom side wall to connect the inserts
with the data acquisition system and another similar
opening at the bottom of the back wall to drain the
condensate out of the chamber. The chamber was
insulated with a 13 mm thick nitrile rubber sheet to
reduce heat loss and surface condensation. There was an
insulated testing support base of 180 mm × 130 mm
inside the chamber for three inserts to be placed on, with
a 20 mm separation between them. Each insert had a 0.9
m long bead wire subminiature type-K thermocouple
probe (TP873 by Extech Instruments) attached near the
microstructured surface. The inserts were completely
insulated with waterproof insulating tape while leaving
the top surface open for testing. The thermocouples
were connected to a 3-Channel LCD temperature data
logger (SD200 by Extech Instruments), with an accuracy

Width of
Depth of
Width of
grooves (μm) grooves (μm) riblets (μm)
Diamond
278.39
121.71
251.70
Lotus
126.21
54.79
16.66
Scallop
68.33
224.68
60.53
Sharkskin
448.08
71.22
323.71
Table 2. Characterisation data for the microstructured
surfaces.
Geometry
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Unstructured

Lotus
Sharkskin
Scallop
Figure 3. Condensate on different microstructured geometries.

5 mm

of ±(0.5% + 0.5°C) from -100°C to +1300°C [19], which
was part of the data acquisition/control system outside
the chamber. The data acquisition/control system also
consisted of a wireless temperature and humidity sensor
with display (EkkoSensor ES-THD-02 by Ekkosense) inside
the chamber with a temperature accuracy of ±0.5°C from
0°C to +40°C and a humidity accuracy of ±2% typical from
20% to 80% and ±5% maximum from 0% to 100% [20].
The displayed data was used to control the temperature
inside the chamber using a fan that blew air through
nichrome wire coils before starting the humidifier to
increase the humidity in the chamber. A temperature,
humidity and dew point data logger with an LCD screen
was used to acquire and record the conditions inside the
condensation chamber (EL-USB-2-LCD by EasyLog) with a
temperature accuracy of ±0.55°C typically from 5°C to
60°C and a humidity accuracy of ±2.25% typically from
20% to 80% and ±3% maximum from 0% to 100% at
temperatures up to 60°C [21].
4.

RESULTS AND DISCUSSION
The differential temperature (ΔT) in the Diamond,
Scallop, Sharkskin and Lotus surfaces was 26.32%,
21.05%, 15.79% and 7.89% higher than the unstructured
surface, respectively. Thus, the highest ΔT was observed
for the Diamond geometry (Table 3). Results can be
supported by the experimental and numerical data
obtained by Chatterjee et al. [10] with a 25%
improvement, and Qi et al. [8] with 20% and 50% better
heat transfer when using grooved surfaces.
Unstructured

Lotus

Sharkskin

Scallop

Diamond

relationship between the droplet size and the ΔT, which
is consistent with the studies conducted by Chatterjee et
al. [10]. Furthermore, the three stages of a droplet life
were observed during this study: nucleation, growth, and
departure. The unstructured surface exhibited the first
stage after 8 mins of condensation, while the Lotus and
Sharkskin structured surfaces showed the second phase
whereas the Diamond and Scallop surfaces were already
in the final stage of a droplet life (Figure 3). Although
droplets on the unstructured surface were evenly
distributed, the droplet life cycle was longer on this
insert compared to the other structured surfaces. From
Figure 4, only three droplet life cycles are observed for
the unstructured surface and the Lotus structure, while
the Sharkskin and the Scallop structures exhibit five, and
the Diamond structured surface displays six droplet life
cycles. The droplet cycles of the individual structured
surfaces are shown in Figure 5. According to Anand et
al. [22], the removal of the condensate from the surface
results in a significant increase in heat transfer. Grooten
and Geld [23] also detailed that higher frequency of
droplet removal reduces the probability of droplets
sticking onto the condensation surface. These could in
part explain the higher ΔT observed for the
microstructured surfaces in the present study. While
comparing among the various microstructures, the
Diamond structure exhibited the highest ΔT (Table 3),

Diamond

ΔT (K)
1.27
1.37
1.47
1.53
1.60
Errors
0.18
0.12
0.17
0.22
0.21
Table 3. Differential temperature (ΔT) results and standard
errors of means.

Visualisation of the condensation after 8 mins,
shown in Figure 3, displays an active DWC on the
microstructured surfaces and an inversely proportional

Figure 4. Differential Temperature (ΔT) vs. Time.
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possibly due to the greater width and depth of the
grooves with respect to the other structures (Table 2),
thereby rendering a higher condensation rate as well as
a greater drainage rate.
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