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Abstract

The research involves generation of textured surfaces using micro-wire electro discharge machining (u-WEDM) for
controlling boundary layers, drag force and heat transfer during fluid flow over the textured surfaces. Numerical analysis of
the drag experienced by air, flowing over the microtextured surfaces, is initially carried out using a Large Eddy Simulation
(LES) open-source code, Hydro3D, by simulating turbulent flow over the textured surfaces. This is then followed by the
manufacture of four microtexture geometries on stainless steel specimens via y-WEDM and their characterisation using a
3D optical profiler. Velocity profile experiments are then carried out on the micro-geometries at different angles of action
against the air flow direction to analyse drag reduction and boundary layer thickness. And finally, heat transfer experiments
are carried out in a condensation chamber to evaluate surface temperature differential (A7) during matter’s phase change. The
results demonstrate that the numerical approach is reliable to simulate air flow over the microtextured surfaces when solving
Navier—Stokes equations. The velocity profile experiments exhibit lower drag force (by 6.9-16.9%) on the microtextured
surfaces as a result of the wall shear stress and boundary layer thickness diminution. The textured surfaces further aid in
enhancing the heat transfer during condensation, due to 8.6-25.7% higher surface temperature differentials (A7), heat fluxes
(g) and condensation heat transfer coefficients (/), when compared to the untextured surfaces.
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1 Introduction

Highlights

o Bio-inspired microtextured surfaces represent a passive
mechanism on surface topographical modification for energy
applications.

o Bio-inspired microtextured surfaces are successfully

1.1 Background to the research

From macro to micro and nanoscale, evolution and

manufactured via micro-wire electro discharge machining
(w-WEDM).

e The Large Eddy Simulation (LES) model is capable of
simulating turbulent flows over microtextured surfaces.

o Microtextured surfaces experimentally achieve 6.9-16.9% drag
reduction and 5.7-12.6% boundary layer thickness reduction in
turbulent flows.

o Microtextured surfaces exhibit 8.6—-25.7% higher surface
temperature differentials (AT}), heat fluxes (g) and
condensation heat transfer coefficients (%), compared to the
untextured surfaces.
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adaptation of species to the environment have inspired
researchers to introduce bespoke and innovative solutions
to complex engineering problems. By understanding the
surface properties of natural species, biomimetic engineering
can lead to developing novel engineered materials with
efficiently custom-made surface characteristics that can
imitate physicochemical properties of plants and animals
with prominent commercial and industrial interest in areas
such as thermal engineering, fluid mechanics, transportation,
electrical, electronics, construction, sportswear and
biomedical sectors for energy recovery, reduced energy
consumption, thermal and vehicle stabilisation, anti-fouling
and surface self-cleaning [1]. Some examples of these are the
enrichment of aerodynamic lift in birds through their feather
structures, high mechanical strengths of seashells, thermal
insulation properties of mammal furs and skins and so on.
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Other examples include super hydrophobicity of lotus leaves
that facilitates self-cleaning and drag reduction leading to
easy draining of water droplets while cleaning the surface to
aid photosynthesis. The microscales or dermal denticles on
sharkskin promotes cleanliness and lower drag force, thus
allowing faster swimming capability of the species [2].

Low hydrodynamic drag and self-cleaning properties
can potentially enhance the performance of energy recov-
ery systems by improving heat transfer during matter’s
phase change and controlling the boundary layer for drag
reduction. This can be achieved by adjusting surface rough-
ness and/or chemistry through topographical modification
(microtextures) and/or chemical modification (coatings).
Chemical modification has been widely explored in both
academia and industry since the 1950 s [3]. However, coat-
ings have to be continuously replaced due to the reduction
of their effectiveness and durability over time, and thus, the
technology appears to be more expensive than topographi-
cal modification [4]. Therefore, surface engineering via
microtexturing is a more reliable and cost-effective method
for improving the surface characteristics through passive
mechanisms. Various surface texturing methods have been
explored comprehensively for different application areas.
For example, Orazi et al. [5] employed a fast laser induced
periodic surface structuring (LIPSS) method to create den-
tal implants with complex geometries without any need
of specific part programmes and use of expensive 5-axis,
high precision manipulator systems. A simple and fast sur-
face texturing technique by using nanosecond pulsed lasers
has been demonstrated by Tran and Chun [6] to generate
superhydrophobic surfaces. Surface texturing has also been
extensively studied for developing structured cutting tools to
enhance the tool life and cutting performance [7].

The use of nature-inspired microtextures for energy sec-
tor applications is still under development [8]. For example,
the effects of the bio-inspired surfaces on the velocity and
temperature fields of droplets/fluids have been investigated
by Yu et al. [9] and Zhang et al. [10]. The condensation
phenomenon has been widely utilised in chemical and envi-
ronmental engineering processes, refrigeration and power
generation sectors [11], because it can promote high convec-
tive heat transfer coefficients, while controlling the hydro-
dynamic drag has helped to optimise combustion systems
performance [12]. The condensation phenomenon and
hydrodynamic drag depend largely on the surface charac-
teristics [4]. On untextured surfaces, it mainly depends on
the nature of the fluid, the ambient conditions, the liquid—gas
surface tension and surface energy; while on microtextured
surfaces, their physical structure and the chemical hetero-
geneities also play a major role [13]. Compared to the basic
surface texture designs, such as circles, triangles, lines,
squares and cross-hatch, biomimetic microtextured surfaces
can assist in greater heat transfer during condensation by
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transferring energy from the large latent heat, associated
with matter’s phase change, to the surface of the device,
instead of passing it to the drier air in energy systems, such
as a heat exchanger. Additionally, microtextured surfaces can
also reduce blow-off and flashback phenomena in combus-
tion systems [12]. These phenomena are based on the gener-
ation of micro-vortical motion encapsulated in solid valleys,
which, due to rotation, sustains a continuous exchange of
energy while maintaining a single point-in-contact with the
solid surface and thereby reduces drag and pressure losses
[14]. This represents a novel cornerstone for the design of
energy and combustion systems.

1.2 Aim and objectives

The enhancement of condensation heat transfer and drag
reduction can be achieved through the modification of phys-
icochemical properties of the surface [15]. This research
aims to explore an alternative passive mechanism by surface
topographical modification, in particular, via bio-inspired
surface microtexturing. The objectives of the study were
fulfilled through the following stages (also shown in Fig. 1):

1. Numerical simulation of different microtexture geom-
etries via computational fluid dynamics (CFD) for drag
reduction.

2. Based on the CFD analysis, manufacture and characteri-
sation of four different bio-inspired micro-geometries,
viz. Lotus, Scallop, Sharkskin and Diamond textures
using p-WEDM.

3. Velocity profile experiments for boundary layer control,
drag reduction and angle of action against the flow direc-
tion.

4. Heat transfer experiments during condensation to assess
the change in the surface temperature differential (AT),
heat flux (g) and heat transfer coefficients (/).

2 Numerical analysis
2.1 Background

Initial numerical studies in the late 1980 s were performed
by Bechert and Bartenwerfer [16] using conformal mapping
to simulate the viscous sublayer of a turbulent boundary
layer on a surface with fine longitudinal riblets. The velocity
distribution over the various geometries was calculated. As
a result, direct numerical simulation (DNS) has been widely
used to simulate turbulent flows over textured surfaces as
a physical method for drag reduction. In 1993, Chu and
Karniadakis [17] used DNS to simulate a channel flow over
textures (riblets) using a spectral element Fourier method.
They found that the riblets limited the spanwise motion of
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Fig. 1 Stages of the study

Fig.2 Riblet parameters for numerical simulations

low-speed wall streaks, resulting in 6% drag reduction when
compared to the flat surfaces. In order to compare the results,
it is essential to identify the following wall unit parameters:
st =su,/v,h" = hu /v andtt = tu /v wheres, h, t, u, and
v denote riblet space, riblet height, riblet thickness, friction
velocity and kinematic viscosity, respectively. The param-
eters s, i and t are shown in Fig. 2. Haecheon [18] simulated
turbulent flows over V-shaped riblet surfaces with s* = 20
and st = 40, which exhibited a drag reduction of 5% and 6%.
In addition, mean-velocity profiles were computed based on
the virtual origin of the wall showing upward and downward
shifts in the log-law for drag-decreasing and drag-increasing
cases, respectively. Furthermore, Haecheon [18] suggested
that the transverse flow near the wall was obstructed by the
riblets due to the reduction of spanwise velocity fluctua-
tions above the riblets, which occurred by the decrease of

the velocity and fluctuations of the vortices, as well as the
Reynolds shear stress above the riblets.

Goldstein [19] used an immersed boundary technique
to model a riblet-covered surface on one wall of a channel
with fully developed turbulent flow. Results showed that the
damping of cross-flow velocity fluctuations reduces drag.
Very short riblets do not protrude far enough into the flow
to sufficiently damp the kinematic viscosity fluctuations.
Larger riblets, st and 4% in the range of 10 to 20, reduce the
kinematic viscosity and have a lower drag in the valleys than
that near the riblets peaks.

El-Samni et al. [20] investigated the effect of longitudinal
thin rectangular riblets aligned with the flow direction on
turbulent channel flows using DNS. They built the model
using an immersed boundary method technique and tested
different spacings between 11 and 43 wall units while keep-
ing the height/space ratio at 0.5 and the Reynolds number
at 150 based on the shear velocity and half channel width.
They reported that 17 wall units are the optimum space cor-
responding to the maximum drag reduction.

DNS was used to investigate the drag reduction based
on a scan of real biological sharkskin. It was found that the
velocity rapidly changed from a high value on the tip to
the negative velocity in the valleys (backflow). Also, the
turbulence intensity was much larger on the tip than that
on the valley, and the spreading movement of the vorticity
was restricted by the grooves of the sharkskin, which led
to drag reduction [21]. More importantly, Jin and Herwig
[22] investigated drag reduction and heat transfer behav-
iour in channels with sharkskin surfaces using the DNS
method. They analysed the turbulence close to the wall and
concluded that certain turbulent structures are lifted off and
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rearranged; hence, they proposed a mechanism called lift
off and alignment (LOA), to support the results by analysing
entropy generation rates.

Other models have also been assessed. Benhalilou and
Kasagi [23] used a nonlinear low-Reynolds number k-&
model with several turbulent scalar flux representations to
numerically study heat and momentum transfer characteris-
tics in a fully developed turbulent channel flow with trian-
gular riblets. The major advantages of the turbulence model
they adopted are the elimination of the reference to the wall
topography and the implementation of the shear parameters
in the model function, which, combined with Reynold num-
ber, could be more useful in capturing the complex flow over
the riblets.

Martin and Bhushan [24] used computational fluid
dynamics (CFD) software package ANSYS Fluent 16.0
and Large Eddy Simulation (LES) model to investigate the
optimal design of riblets through studying: spacing, height,
thickness, gap and offset. They reported that the optimum
spacing should be 15-20 wall units to lift away the vortices
with 20-30 non-dimensional units, and the height should be
around 8-10 wall units to minimise drag. However, thinner
riblets are better as drag accrues at the riblet peaks. They
numerically investigated three different riblet shapes with
optimum parameters based on their previous work, i.e. s* =
15-20, h* = 8-10 and small #*. It was found that blade rib-
lets had the greatest drag reduction by ~11.6%, followed by
that of the scalloped and saw shapes (by 5.7% and 4.1% drag
reduction, respectively).

In summary, direct numerical simulations (DNYS) is
the preferable method in drag reduction modelling over
surface structures or riblets due to its ability to solve the
Navier—Stokes equation without any averaging closure or
the need for a subgrid-scale model and to produce a series
of non-empirical solutions. This method can address basic
research questions regarding turbulence physics; however,
the limitations of its computational cost, especially with high
Reynolds numbers, prevent DNS’s use as a general-purpose
design tool, which can be challenging for microtextures’
design. Therefore, an alternative modelling method that
can solve the large scales of the flow field and filter out the
small scales based on the turbulence criteria is Large Eddy
Simulation (LES).

2.2 Methodology

For this study, a Large Eddy Simulation (LES) model,
Hydro3D, was employed. The code was developed to solve
the filtered Navier—Stokes equation on a Cartesian, block
structure grid using the finite volume method [25]. This
mathematical code for turbulence utilises the Immersed
Boundary Method (IBM) to simplify problems relating
to the grid around the object being modelled and can also
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adopt different turbulent models such as Smagornisky, wall-
adapting local eddy-viscosity (WALE) model and the one-
equation model. Moreover, Hydro3D allows parallelisation
and local mesh refinement (LMR) in which the code can
refine the mesh to concentrate the computing effort on the
most important parts of the domain. The code has been vali-
dated via complex flow studies ranging from tidal turbines
[26] to bubble plumes [27]. The governing equations used
in Hydro3D are the spatially filtered Navier—Stokes equation
for turbulent, incompressible, three-dimensional flow field,
as depicted in Egs. 1 and 2 [28].

du; 0
o (1)

ou; N O (u;45) _ a_p N 1 0%u; 0T

or 0x; _0xi Re 0x;0x; a 0_xJ 2

where x; and x; are the spatial location vectors (i.e. x; and
X=X, ¥, 2 foriand j=1, 2, 3); u, U; (i,j=1, 2, 3) are
the resolved velocity components in x —, y —and z — direc-
tions, respectively, normalised by the velocity U; and p is
the resolved pressure divided by the density. Re = UL/v is the
Reynolds number, where v is the kinematic viscosity and L

is the reference length scale [12, 28].

2.2.1 Wall-adapting local eddy viscosity (WALE)

In LES for incompressible flows, large-scale eddies are
retained and directly solved by a transient solution. Mean-
while, the small eddies, which are smaller than the grid
size, are removed and modelled using a subgrid scale (SGS)
model. Most subgrid scale models are based on an eddy
viscosity assumption of modelling the subgrid tensor [29].
In this work, the WALE model was used to model the small-
scale fluctuations. WALE is a model in which the subgrid
viscosity dynamically worked out with the square of the
velocity gradient tensor rather than resolved through strain
rate in a Smagorinsky-type model. This velocity tensor does
not only account for the effects of both strain and rotation
rate of the smallest resolved turbulence fluctuations but also
recovers the proper near-wall scaling for the eddy viscosity
without requiring a dynamic procedure. The model coef-
ficient is proven to have a relatively constant value (C%V / CS2
~ 10-12) [29]. Further, the WALE model is invariant to
any coordinate translation or rotation, and no test-filtering
operation is needed [12, 30]. This ensures the model’s ability
to calculate zero eddy viscosity in laminar shear flows auto-
matically. The eddy viscosity calculation and the method to
couple the pressure and velocity and to solve Poisson’s equa-
tion using fourth-order accurate approximations are fully
explained in [28]. It is essential to point out that Hydro3D
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uses parallelised domain decomposition, dividing the com-
putational domain into smaller sub-domains.

2.2.2 Local mesh refinement (LMR)

In the present work, the computational meshed domain was
performed in three levels, from a coarse to a fine mesh. A
2:1 reduction in mesh size between neighbouring levels was
performed on the staggered computational grid to imple-
ment LMR in critical areas of the geometries. The ghost cell
method was used to ensure the accuracy of the pressure and
velocity values in the interface between the coarse and fine
meshes. For pressure, first, the values at the coarse computa-
tional grid cells are quadratically interpolated. Then, another
quadratic interpolation is applied to calculate the fine ghost
pressure. The edge-centre of the fine grids is calculated, and
the arithmetic average of the fine-grid pressure is taken as
the coarse grid pressure gradient to enforce the continuity
of the gradient across the interface. For velocity, the case is
slightly more complicated since the calculation and interpo-
lation should be done for the tangential and normal veloci-
ties [12]. Full details of the procedure are well covered by
Cevheri et al. in [28].

2.2.3 Computational domain and boundary conditions

The computational domain represents a fully developed tur-
bulent flow inside a channel over a patch of microtextures
on the lower wall aligned with the direction of the flow.
No-slip condition was assigned to the bottom boundary of
the computational domain. A slip condition was assigned to
the upper and lateral boundaries to eliminate the wall effect
of the flow over the studied area of the duct. To satisfy the
physical boundary of this case, the inflow was established
as a fully developed turbulent flow by running the computa-
tion for approximately 8 convective time units (¢ =u_/ J),
where u_ is the friction velocity and 6 is the half channel
height, using a periodic condition in inflow to ensure a fully
developed turbulent flow. Then the resultant velocity profile
was stored in an output file to use it as a pre-set velocity
input for the next run. The Reynolds number was calcu-
lated based on ¢ and bulk velocity. For the comparison and
verification of the code, the Reynolds number was varied
from 2500 to 14,500, which is close to the values used by
Martin and Bhushan [31]. In the streamwise direction (along
the x-axis), the computational domain span is 106 and the
cross-sectional span (y-axis) is & 3.36 with the wall-normal
direction (z-axis) being 26. Because Hydro3D is an MPI-
parallelisation code and LMR was employed, the main com-
putational domain was divided into 36 smaller sub-domains
into three levels of refinement. LMR was applied to these
sub-domains on bases of 1:2 moving from a coarse mesh for

domains far from the wall to a finer mesh in domains at the
vicinity of the wall.

2.2.4 Microtextured surface model

The microtexture geometries, riblets, were imposed in a
small part of the computational domain to further study the
flow before, over and behind the riblets. In terms of drag
reduction and the validation of the code, as a first step, the
simplest micro-geometries, blade riblets, were numerically
tested with three different s+ /k + ratios using two of the
many advanced tools available in Hydro3D, i.e. the WALE
model and the LMR to achieve the near-wall flow and also
to save the computational time. The riblet height was kept
constant for the three models at 4= 200 um in order to have
a non-dimensional height of ~ 10 as studied by Martin and
Bhushan [24] for optimum drag reduction. Additionally,
the blade thickness was kept minimum at = 12.5 pum, as
the thickness plays a significant role in drag reduction. The
space between riblets (s*) was also varied to be compared
with the optimum s results reported by Bixler and Bhushan
[32]. Hence, the two approaches used for validation are as
follows: (a) Changing bulk velocity with constant /s = 0.5.
This led to a change in the shear velocity and s +. Since the
majority of recent research pointed out that the optimum
drag reduction can be obtained from riblets that have s+
ranging from 15 to 20 [33], the target was to investigate
ranges of s+ between 10 and 50 to cover all ranges and
to test new designs. b Changing space between blade rib-
lets, three common ratios of A/s were chosen: 0.5, 0.8 and
1. Table 1 shows a summary of the parameters used in each
case for the code validation.

After validating the code with these parameters as well as
based on the available literature, four microtexture geome-
tries were analysed in the computational domain from Fig. 3,
manufactured, characterised and experimentally evaluated.
These were as follows: a geometry based on the lotus leaves
(Lotus); a simpler design of the lotus leaf geometry (Scal-
lop); a geometry based on sharkskin (Sharkskin); and a
simpler version of sharkskin (Diamond), adopted from the
authors’ prior work [34], and shown in Fig. 4.

3 Manufacture and characterisation
of the microtextured surfaces

With the purpose of analysing the effects of different geom-
etries on the performance and improvement of the surface
and thermal characteristics at microscale, the manufacture
and characterisation of the microtextured surfaces were car-
ried out. The selection of the texture geometries was based
on the authors’ prior work [12, 34]. Considering the limita-
tions of manufacturing these highly complex natural surface
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Table 1 Cases tested numerically using Hydro3D for code validation

Approach Riblet space  Riblet height  Riblet thickness  Bulk h/sratio  Dimension- Dimension- Dimension-
s (mm) h (mm) t (mm) velocity less space  less height  less thickness
(m/s) s+ h+ t+
Varying bulk velocity  0.40 0.2 0.0125 5.0 - 10 5.0 0.30
0.40 0.2 0.0125 3.0 - 17 8.5 0.48
0.40 0.2 0.0125 2.0 - 23 11.5 0.65
0.40 0.2 0.0125 1.5 - 34 17.0 0.87
0.40 0.2 0.0125 1.0 - 50 25.0 1.15
Varying space 0.40 0.2 0.0125 - 0.5 17 8.5 0.48
0.25 0.2 0.0125 - 0.8 23 8.5 0.48
0.20 0.2 0.0125 - 1.0 34 8.5 0.48

Flow direction

Fig. 3 Computational domain with microtextures

Fig.4 Computer-aided design
(CAD) of the microtexture
geometries and the angles of
action against the flow direc-
tion: a Lotus, b Scallop, ¢
Sharkskin and d Diamond [34]
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geometries, simpler designs based on the sharkskin and lotus
leaves, such as diamond and scallop textures, respectively,
were also generated.

3.1 Manufacturing technique

Prior to the fabrication of the microtextures, grade 316L
stainless steel inserts were manufactured via casting, fol-
lowed by conventional turning and facing operations with
a final roughness (R,) of 0.2 um. The total height of the
inserts was 25 mm; the top 15 mm had a diameter of 25 mm
while the bottom 10 mm had a diameter of 28 mm (Fig. 5a).
The selected microtexture geometries were produced on
the planar top faces of the stainless steel inserts via micro-
wire electrical discharge machining (u-WEDM), using
100-um-diameter wires. Nominal dimensions of the micro-
texture geometries are shown in Table 2. These designs were
based on the numerical results and the restrictions associated
to the smallest available micro-wire diameter (50 pm) for
manufacture. Further details on the Wire-DEM manufactur-
ing process and the optimisation of the process parameters
are given in [12, 34].

3.2 Characterisation of the microtextured surfaces

The CAD drawings of each of the microtexture geometries
are shown in Fig. 4. After creating the inserts, the charac-
terisation of the final products was executed by using a 3D
area scanning optical profiler (Sensofar Smart) and by high-
resolution surface topography analysis via scanning electron
microscopy (SEM). For the characterisation, five areas of
dimension 1.7 mm X 1.4 mm were scanned on the textured
25-mm inserts’ top face, the approximate locations of which
are shown in Fig. 5b. Each of the scanned areas was divided
into three sections from where five measurement points were
chosen as seen in Fig. 5c. Then at each point, three different

Table 2 Design specifications (nominal dimensions) for each micro-
texture geometry

Geometry Width of grooves Depth of grooves ~Width of
(um) (um) riblets
(um)
Lotus 130 65 25
Scallop 100 75 25
Sharkskin 520 130 260
Diamond 280 130 260

groove characteristics were measured: widths and depths
of the grooves, and widths of the riblets [35], as depicted
in Fig. 5d.

3.3 Wettability characterisation
of the microtextured surfaces

Surface wettability not only depends on the droplet proper-
ties, but also on a wide range of parameters including the
surface roughness or the surface microtexture. The interface,
where liquid, solid and gas coexist, is called the contact line
[36]. The experimental approach uses a shadowgraph con-
figuration with a high dynamic range (HDR) mode imaging
and image analysis to obtain the contact angle between the
water droplets and the different microtextured surfaces.

For this study, single water droplets of 0.05 mL volume
were generated by a 3.0-mL pipette and were allowed to
travel vertically downwards towards the different micro-
textured surfaces. The distance between the pipette and the
microtextured surfaces was 10 mm (Fig. 6).

The image analysis was performed using ImageJ. Two
different plug-ins were used and manually corroborated
using a virtual protractor. The first plug-in, ‘DropSnake’,
is based on B-spline snakes (active contours) to shape the
drop [37]; while the second plug-in, ‘LBADSA’ (Low-Bond

Fig.5 a An untextured insert 1.7 mm
manufactured via casting (a) u (C) 3 & &
followed by machining; b sche- I
matic diagram of the inserts’ top E ¢ $ * =
face showing the five locations - || - = = = £
of scanned regions; ¢ locations « -
of the measurements taken 2 s » i
within one scanned area; d loca- . = ® = l
tions of the grooves’ measured
characteristics
(d) widl.h of the ) -
riblet > * >
\” pitch depth of the
¢ > groove i
width of the gl Y
groove 2
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Fig.6 Shadowgraph configura-
tion diagram

Diffused light

Camera
+

Macro lens

Axisymmetric Drop Shape Analysis), is based on the fit-
ting of the Young—Laplace equation to the image data [38].
The wettability experiments were repeated 20 times for each
microtextured surface.

High contact angle surfaces are known as hydrophobic
(90-150°) or super-hydrophobic (+ 150°) surfaces; they
present a low degree of wetting, which indicates a low solid
surface energy or chemical affinity. Conversely, surfaces
with a low contact angle are known as hydrophilic (10-90°)
or super-hydrophilic (0-10°).

4 Experimental evaluation of boundary
layer and drag

The purpose of the velocity profile experiments is to evalu-
ate the performance of the microtextured surface geometries
at different angles of action, i.e. 0°, 30°, 45°, 60° and 90°

Shooting tent

Water
droplets
dispenser

)
\ P4

Microstructured
surface

Light source + Diffuser

(see Fig. 4), against the airflow direction for better boundary
layer control and drag reduction.

4.1 Experimental apparatus

The air duct test rig was specially designed to test the 25-mm
inserts with microtextured surfaces under isothermal diffu-
sion turbulent flow in a cost-effective way. The duct rig was
composed of a centrifugal fan, two rotameters, a support
disc for the inserts, a unislide and a hotwire anemometer
(see Fig. 7).

The maximum delivered flow by the pipe system is 3000
L/min, the delivery pipe has two air rotameters that can
measure up to 2000 L/min, together with a fan of 7.5 kW,
3-phase motor power rating. The test section contains an
entry hole on the top of the duct for the stainless steel disc
support. The diameter and thickness of the support disc
are 76 mm and 10 mm, respectively, while a collar of 82

(b)

Hotwire
Anemometer

Insert and
angle guide

Support Disc

Fig.7 Air duct test rig
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mm diameter and 4 mm thickness aids in fixing the support
into the hole on the duct. The support disc has a 25-mm
hole for placing the microstructured insert specimens and a
4.5-mm hole for positioning the hotwire probe. The 25-mm
insert has a guide of angles marked on the top together with
a collar that allows it to freely rotate on the disc support
(Fig. 7b). The bottom face of the 25 mm insert is ensured
to be aligned with the bottom face of the support disc and
the inner surface of the top part of the duct to effectively
test the microstructured surface. The unislide, supplied by
LG Motion, holds the hotwire probe and helps moving it
precisely. The movement of the hotwire probe is 1 mm in
the vertical direction for each full turn of the leadscrew. The
total vertical distance that could be covered is 16 cm, with a
minimum achievable distance of 10 ym +2 um. The selec-
tion of the hotwire anemometer was based on the ‘Hot-wire
and Hot-film Probe Selection Guide’ by Dantec Dynamics.
The hotwire system used in this study consists of a 55P11
probe, MiniCTA 54 T42 and StreamWare Basic software.
The 55P11 Probe is designed to measure one-dimensional
velocities up to 100 m/s in air flows.

4.2 Experimental design

The experiments were conducted in the air duct test rig
(shown in Fig. 7) with turbulent air flow under isothermal
and atmospheric conditions using a hotwire anemometer to
measure velocities in the boundary layer. Each set of experi-
ments took 7 h and was carried out four times on different
days to corroborate repeatability. Three velocity measure-
ments were undertaken for each texture geometry, angle
and position from the wall in the vertical direction to obtain
the velocity profiles in the boundary layer. The duct had an
internal height of 20 mm (20,000 pm) at the test area. There-
fore, considering that the boundary layer thickness is defined
as the distance between the wall and the point where the
velocity reaches 99% of the free stream velocity and assum-
ing that the free stream velocity is approximately located at
10 mm (10,000 um) from the wall, velocity measurements
were taken at every 100 pm from the wall until the distance
reached 1000 pm. Further measurements were taken every
1000 um until the distance reached 13,000 um from the wall
to ensure that the velocity profiles include the full boundary
layer. Based on previous studies that showed damage to the
hotwire probe when working at less than 125 um from the
wall [12], this study did not consider velocities at less than
100 pm from the wall to avoid damage to the experimental
apparatus.

In order to provide a fully developed turbulent flow, ten
experiments were performed to find the most reliable flow
rate delivered by the system. Furthermore, to validate and
compare results with the numerical simulations conducted

in the present study as well as with that reported in the lit-
erature [31], the Reynolds number range that was used for
drag reduction experiments was between 8000 and 13,000.
As a result, a flow rate of 1000 L/min was selected. The
hotwire calibration system for this study was previously
validated by using a Laser Doppler Anemometry (LDA)
at the same conditions with 10-pm seeding particles [12].
Thus, for every experimental run, a set of velocities was
measured at different flow rates (0, 250, 350, 450, 550,
650, 750, 850, 950, 1000, 1050, 1150, 1250 L/min) using
an AF210 anemometer to develop a calibration curve for
the hotwire anemometer system.

The outer edge of the velocity boundary is typically
defined by u= 0.99U, thus the boundary layer thickness
() is defined as:

6 = 6(x) = ¥(4=0.99000) 3

where U, is the free stream velocity and y(,_ g97.,) 1S the
distance from the surface at which the velocity is equal to
99% of the U.,.

The drag force (D) was calculated as follows:

hy hy
D=p b Uy —wdy=p bU,? | —(1--=)d
pw/OM(oo u)dy = pe, oo/OUW< o )®
“)
where hy is the height and b width of the plate.

5 Experimental evaluation of condensation
heat transfer

The objective of the condensation heat transfer experi-
ments is to evaluate the effectiveness of the microstex-
tured surface geometries to facilitate nucleation, growth
and condensate drainage, in order to enhance heat transfer
through the increase of surface temperature differential
(AT,). Research in this area has been successfully under-
taken using different surface modification techniques to
increase heat transfer and detachment of droplets while
delaying surface flooding [8]. Surface condensation can
take place through two mechanisms: dropwise condensa-
tion (DWC) and filmwise condensation (FWC). Numeri-
cal and experimental studies demonstrated heat transfer
enhancement when grooved surfaces are used to decrease
liquid film thickness. In addition, Orejon et al. [13] dem-
onstrated notable heat transfer performance with simulta-
neous DWC/FWC by varying the microtextured surfaces’
design parameters despite the fact that FWC offered an
order of magnitude lower heat transfer coefficients than
DWC due to the thickness of the liquid film covering the
solid surface [11].
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5.1 Experimental apparatus

The experimental apparatus was designed to test the four
microtextured inserts with respect to an untextured insert.
The apparatus consists of three main parts: condensation
chamber, data acquisition/control system and humidi-
fier system (Fig. 8). The condensation chamber consisted
of a 400 mm X400 mm X 500 mm Perspex chamber with
a visualisation window of 250 mm X 300 mm; a 100 mm
diameter opening at the top for the entry of humid air from
the humidifier; a 20 mm X 20 mm opening on the bottom
sidewall 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 X 130 mm
inside the chamber for three inserts to be placed on, with a
20-mm separation space between them. Each insert had a
0.9-m-long bead wire subminiature type-K thermocouple
probe attached near the microtextured surface (Fig. 7). The
thermocouples were connected to a 3-Channel LCD tem-
perature data logger, with an accuracy of +(0.5% +0.5 °C)
from — 100 to 4+ 1300 °C, which was part of the data acquisi-
tion/control system outside the chamber. The data acquisi-
tion/control system also consisted of a wireless temperature
and humidity sensor with display inside the chamber with
a temperature accuracy of +£0.5 °C from 0 to +40 °C and a
humidity accuracy of +2% typical from 20 to 80% and +5%
maximum from 0 to 100%. 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 tem-
perature, humidity and dew point data logger with an LCD
screen was used to acquire and record the conditions inside
the condensation chamber with a temperature accuracy of
+0.55 °C typically from 5 to 60 °C and a humidity accuracy
of £2.25% from 20 to 80% and +3% maximum from O to
100% at temperatures up to 60 °C. Finally, the humidifier
contained an ultrasonic water vaporiser, a temperature and
%RH sensor and an air humidity control that delivered flows
between 250 and 400 mL/h.

5.2 Experimental design

For the thermal experiments, the following arguments were
taken into consideration: (1) The rate of heat transfer (Q)
is directly proportional to the surface temperature differen-
tial (AT,). Hence, AT, was chosen as the main parameter in
this study to analyse the effects of the microtextured surface
geometries during condensation. (2) The humid flow veloc-
ity entering the condensation chamber is very low (0.15 m/s),
thus the interfacial shear between the liquid and the vapour
is negligible [11]. (3) Taking into account the application of
the microtextured surfaces in energy recovery systems where
the condensation phenomenon occurs under humid environ-
ments, the temperature and relative humidity in the condensa-
tion chamber were set up to 301.57 K+ 0.5% and 96 +3%RH
and 1.02 bar +0.5% according to the statistical analysis and

Fig.8 Experimental appara-
tus for the condensation heat
transfer experiments (adapted
from [35])

thermocouple

Placement of the

Rubber
insulation

Humidifier

Testing support base
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collection of data by The National Oceanic and Atmospheric
Administration (NOAA) [39].

The inserts were insulated with waterproof insulating tape,
leaving the top surface open for testing. The thermocouples for
the temperature measurement were placed inside the insulating
area, right at the edge between the top and side faces. Each set
of experiments was carried out for a period of 8 min under
stable conditions. Temperature and %RH measurements inside
the chamber were recorded every 10 s whereas the inserts’
surface temperatures were measured after every 20 s. With the
recorded data, two differential temperatures were calculated:
the inserts’ surface temperature differential (A7) which is the
difference between the final temperature of the insert and its
temperature at the beginning of the experiment, and the sur-
face subcooling temperature differential (A7) which is defined
as the temperature difference between the humid air and the
surface temperature. Consequently, the specific heat absorbed
by the inserts (Q) in joules, the rate of heat transfer (Q) in
watts, heat flux (g) in W/m? and heat transfer coefficients (k)
in W/m?K were calculated as follows:

0=mXCpXxAT, )
Q=0xt (©6)
q=0/As @)
h=q/AT )

where m is the mass of the insert in kg, Cp is the specific

heat capacity of the 316L stainless steel in J/kgK, ¢ is time of

the experiment in seconds, and A, is the surface area in m?.

6 Results and discussion

6.1 Manufacture and characterisation
of the microtextured surfaces

The microstextures’ characterisation results, obtained from
the 3D optical profilometer, together with the percentage
deviations from the nominal dimensions, are shown in
Table 3. The 3D-scanned surfaces, in addition to scanning
electron microscope (SEM) images, are presented in Fig. 9
against the corresponding computer-aided designed (CAD)
geometries. It is observed that widths of the grooves are
more closely achievable with respect to the nominal dimen-
sions, compared to the depths of the grooves and the widths
of the riblets (unmachined regions in between the machined
grooves). This is because the movement and tool wear of
the wire can be more precisely controlled during wire-
EDM, than the occurrence of the thermo-electric interaction
between the wire and the workpieces. Further, the real-life
bio-inspired structures (Lotus and Sharkskin) were more
challenging to imitate due to the inherent manufacturing pro-
cess limitations. In contrast, the simplified textures (Scallop
and Diamond) were relatively easier to generate. Thus, the
deviations from the nominal dimensions were also consider-
ably lower (— 0.58 to — 6.38%) for the latter two designs.
The microtextured surfaces’ wettability characterisation
results (contact angles), together with the standard errors,
are presented in Table 4. Additionally, images of the con-
tact angles between the water droplets and the different
micro-geometries are shown in Fig. 10. While the untex-
tured surface’s contact angle was 81.41° +£2.66° and was
considered generally hydrophilic, the Scallop texture showed

Table 3 Characterisation data for the microtextured surfaces and percentage difference with respect to the nominal dimensions

Geometry  Parameters

Width of grooves Depth of grooves Width of riblets Surface area

Surface area without texture

with texture (m?)
(m?)
Untextured - - - - 0.00049
Lotus Nominal dimension (um) 130 65 25 0.00058
Measured dimension (um) 126.21 54.79 16.66
Percentage difference (%) —2.92 —-15.71 —33.36
Scallop Nominal dimension (um) 100 75 25 0.00107
Measured dimension (um) 101.56 75.63 26.53
Percentage difference (%) + 1.56 +0.84 +6.12
Sharkskin ~ Nominal dimension (um) 520 130 260 0.00057
Measured dimension (um) 448.08 71.22 323.71
Percentage difference (%) — 13.83 —45.22 +24.50
Diamond  Nominal dimension (um) 280 130 260 0.00070
Measured dimension (um) 278.39 121.71 251.70
Percentage difference (%) — 0.58 —-6.38 -3.19
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CAD image

Perspective
scan view

Top down
scan view

500 pm

SEM top
down view

200 pm

Diamond

Fig.9 CAD designs and scanned microtextured surfaces using a 3D optical profilometer (Sensofar), together with their corresponding SEM

micrographs [34, 35]

Table 4 Wettability characterisation data for the microtextured sur-
faces, together with the standard errors

Micro-geometries  Contact angle (°) Standard error Wetting state

Untextured surface 81.41 2.66 Hydrophilic
Lotus 117.60 4.61 Hydrophobic
Scallop 56.20 2.65 Hydrophilic
Sharkskin 90.80 2.77 Hydrophobic
Diamond 131.47 2.92 Hydrophobic

Unstructured Lotus
CA=814+74° CA=117.6+-12.8°

~..
Scallop
CA=56.2+74°

lesser hydrophilic properties, with the contact angle varying
around 117.6° +£4.61°. The Diamond geometry exhibited
close to superhydrophobic characteristics, with a contact
angle of 131.47° +£2.92°. It is also noted that designs that
contained grooves along one direction (Scallop and Shark-
skin, from Fig. 9) typically showed lower contact angles,
because the water droplets spread along the channels. Con-
versely, cross-hatch patterns (Lotus and Diamond) exhibited
greater contact angles.

Diamond
CA=1315+8.1°

{ Sharkskin
CA=908+17.7°

3 mm

Fig. 10 Contact angles between water droplets and the textured and untextured surfaces
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6.2 Numerical analysis

In order to validate the Hydro3D code, the dimensions of
the geometries studied in [24, 32, 33] were used in the code
input file, and the drag reduction results were grouped in two
sets of s+ values, with an angle of action of 0° (Fig. 11). The
first set of data was obtained by varying the velocity while
the second set was recorded by varying the space between
the riblets (Table 1). The first set of results (Fig. 11a) pre-
sented good agreement with the literature, showing that,
for the range of s+ between 0 and 45, the drag reduction
followed the same tendency before diverging with high s+
(> 45). The results of the second set (Fig. 11b) also pre-
sent fair alignment with the literature by exhibiting similar
trends within a range of s + between 0 and 30, before start-
ing to diverge from the findings of [24, 32, 33]. In both
approaches, the drag reduction increases after s + =20 due
to eddies forming between the riblets and creating interfer-
ence between the flow and the surface that reduces the fric-
tion and drag consequently.

For the numerical analysis, the velocity gradient at the
wall (du/dz) is presented in Fig. 12 for an untextured sur-
face, as well as for the riblet base and tip of a microtex-
tured surface. For the microtextured surface, it is found that
the velocity gradient increases with sharp fluctuation when
moving up from the base towards the riblet tip due to the
presence of the riblets. However, the results show that the
untextured surface exhibits a higher velocity gradient (up to
142 s71) than the riblet tip (up to 94 s~') and the riblet base
(up to 23 s7.

In terms of drag reduction, the shear stress at the wall
plays a significant role in the transition from laminar to tur-
bulent conditions and its integration with the area is directly

(a) Drag reduction by varying velocity
15
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=
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Velocity gradient near the wall
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Fig. 12 Velocity gradient near the wall of an unstructured/untextured
surface, as well as near the riblet base and riblet tip of a microtex-
tured surface (blade geometry)

proportional to the drag force [40]. The wall shear stress is
a function of the viscosity and the velocity gradient at the
wall. The effect of microtextures on the shear stress near the
wall against an untextured surface is shown in Fig. 13. The
shear stress in the microtextured surface is between 44.5 and
89% which is less than that generated in the untextured sur-
face. This is because the riblets maintain the vorticities over
the riblet tips, leading to the reduction of velocity fluctuation
near the wall and thus decrease the surface area attached
to the high-velocity fluctuations, which in turn reduces the
wall shear stress.

(b)  Drag reduction by varying space between riblets
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Fig. 11 Validation of the code through drag reduction as a function of s+. a Approach 1: Varying velocity with #/s= 0.5. b Approach 2: Varying

space between riblets with constant height &
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Fig. 13 Shear stress (N/m.%)
near the wall for a untextured
surface and b microtextured sur-
face (blade geometry of height
=200 pm and width =280 um)

Shear: -0.0002 00002 00006 0001 00014 00018

Following the same procedure and under the same condi-
tions, the numerical results of the velocity distribution and
shear stresses on the selected microtexture geometries are
shown in Figs. 14 and 15 and Table 5.

Figure 14 shows the axial velocity distribution (U/Um) in
the channel, where U is the local velocity in the X-direction
and Um is the bulk velocity at the inlet. The results show
the effects of viscosity on the laminar sublayer and how
the momentum transfer from the turbulent layer counter-
acts the wall effects on the buffer zone. The boundary layer
thickness can be found at U/Um = 0.99. After this point,
the effect of the wall completely disappears, and the flow
velocity attains the mainstream velocity value or the bulk
velocity. With higher velocities Reynold Numbers increase,
thus the momentum near the wall considerably increases,
allowing the boundary layer to withstand a larger unfavour-
able pressure or positive pressure gradient [41]. This positive
pressure results in higher wall shear stress (Fig. 15) and drag
(Table 5).

6.3 Experimental evaluation for drag reduction
and boundary layer control

In relation to the effects of the microtextured surfaces on
drag reduction, numerical simulation results show higher
drag reduction (by 6.1-6.7%) in comparison to the untex-
tured surface. The experimental results also exhibit similar
trends of drag reduction when using the textured surfaces;
however, the experimental average drag reduction (10.75%)
was almost twice the values predicted by the numerical
models (4.98% average value) when compared against an
untextured surface. This experimental result is comparable
to the 9.9% drag reduction obtained by Bechert et al. [42].
The difference between drag reduction values predicted and
experimentally measured was possibly because of some
unmodeled factors, such as the viscosity of the real sur-
faces and the turbulence in the air flow. Figure 16a shows
the effects of the microtexture geometry and the angle of

@ Springer

action on drag reduction. The geometry with the highest
drag reduction effect in comparison to an untextured surface
was Lotus (16.9%), followed by Scallop (9.8%), Diamond
(9.4%) and finally Sharkskin (6.9%), with standard errors
of the mean of 0.12, 1.67, 0.96 and 0.99, respectively. In
each of the geometries, the maximum drag reduction was
observed at the 0° angle of action. However, the angle of
action’s effect had a minor impact on the drag reduction
when compared to the geometry’s contribution. For Lotus,
there was a difference of 1% only between the angles of
action associated with the highest and lowest drag reduction.
For the Scallop structure, this difference was 2.9%, while
that for the Sharkskin and Diamond geometries were 2.5%
and 1.6%, respectively.

One interesting finding was the reduction of the boundary
layer thickness (6) in Fig. 16b. The Lotus geometry with a 0°
angle of action () exhibited the highest 6 reduction (12.6%),
followed by Scallop with = 45° (9.1%), Diamond at 6=
45° (7.8%) and Sharkskin at 8= 0° (5.7%), with standard
errors of mean of 0.38, 1.54, 1.94 and 0.87, respectively.
The differences between the highest and lowest d reduction
with respect to the angles of action for each geometry were
as follows: 3% for Lotus, 1% for Scallop, 0.5% for Diamond
and 1% for Sharkskin structure.

6.4 Condensation heat transfer experiments

Figure 17 presents the results of the condensation experi-
ments after 8 min in the condensation chamber. The sur-
face temperature differentials (A7) in the Lotus, Scallop,
Sharkskin and Diamond textured surfaces were higher by
8.57%, 22.86%, 17.14% and 25.71%, respectively, than the
untextured surface.

The highest AT, was observed with the Diamond geom-
etry. Previous work by Chatterjee et al. [43] also reported
a 25% improvement in the heat transfer while Qi et al. [11]
found that grooved surfaces can enhance heat transfer by
50% when compared with smooth surfaces. Additionally,



The International Journal of Advanced Manufacturing Technology

Velocity distribution (m/s)

UUm: 010305070911

04
0.3
H0.2

40.1

0 0.2

04

0.6

(cm)

Velocity distribution (m/s)

UUm: 0201 04 07 1

L

y
Sharkskin

R 0'6 B
06
05 ]
1 105
104 ]
y 04
403 a
] 03
402
1 0.2
4 0.1 ]
] 0.1
: : 10
0 0.2 04 06 08 2 X 0
. . i X 1
Velocity distribution (m/s) y + 0 02 04 06 08 e
y +
UUm: -03-02-01 0 0.1 02 03 04 05 06 07 08 09 1 1.1 12 | (cm) Scallop (cm)
Velocity distribution (my/ z z
— * Velocity distribution (m's)
| uum: 02 0 02 04 06 08 1 ] I [ I | I
Y 020104 07 1 Y

04
03
0.2

4 0.1

04

Diamond

Fig. 14 Velocity distribution (m/s) near the walls of the untextured and textured specimens (inset images show the magnified areas)
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Fig. 15 Shear stresses (N/m.?) near the walls of the untextured and textured specimens (inset images show the magnified areas)

when considering the larger superficial area (A) that the untextured insert, while the heat transfer coefficient (/) is
microtextures represent, the specific heat (Q), heat rate  between 6.36 and 20.83%. The wettability property of the
(Q) and heat flux (¢) are 6.6-36% greater than that of the  textured surfaces appears to have effects on the extent of
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Table 5 Numerical results of
the different micro-geometries

Micro-geometries Untextured Lotus Scallop Sharkskin Diamond
Drag reduction (%) - 6.6 6.7 0.5 6.1
Pressure gradient (Pa/m) 0.8 135 14.7 1.5 14
Riblet space, s (um) - 250 110 520 320
Riblet height, # (um) - 135 80 230 155
Dimensionless space, s+ - 16 17 17 18
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Fig. 16 a Experimental drag reduction, b experimental boundary layer thickness reduction

heat transfer. Greater hydrophilicity (Scallop texture) or
hydrophobicity (Diamond texture) is thought to be linked
with the higher differential temperatures obtained with these
micro-geometries.

Figure 18 displays the condensation heat transfer perfor-
mance based on heat flux (g) and heat transfer coefficient
(h) as a function of the surface subcooling temperature dif-
ferential (AT). The results are comparable with the work
carried out by Wen et al. [44]. The obtained coefficients
(in the range of 150 to 800 W/m?K) follow a similar trend
reported by Ghosh et al. [45] and Mahapatra et al. [46] in
which condensation heat transfer coefficients were in the
ranges of 30-90 W/m?K and 30-120 W/m?K, on patterned
aluminium surfaces with chemical coatings. This infers that
microtextured surfaces without chemical coating can pro-
mote higher heat transfer coefficients than untextured and
chemically treated surfaces.

Visualisation of the condensation after 8 min, shown in
Fig. 19, displays an active dropwise condensation (DWC)
on the microtextured surfaces and an inversely proportional
relationship between the droplet size and the AT,. This
observation is in agreement with the results reported by
Chatterjee et al. [43] and Wen et al. [44] in which a higher
temperature differential presented a lower droplet density
and size. Furthermore, three stages of a droplet life were

observed in this study: nucleation, growth, and departure.
The droplets on the untextured surface reached up to the first
stage after 8 min of condensation, while those on the Lotus
and Sharkskin textured surfaces signalled the second stage
whereas the droplets on the Diamond and Scallop surfaces
were already in the final stage of their life (Fig. 19).
Although the droplets on the untextured surface were
evenly distributed, the droplet life cycle was longer on
this insert compared to the other textured surfaces. From
Fig. 20, only three droplet life cycles are observed on the
untextured surface and the Lotus structure. In contrast, the
Scallop texture exhibits five, while the Sharkskin and the
Diamond textured surfaces display six droplet life cycles,
approximately. According to Anand et al. [47], the removal
of the condensates from the surface results in a considerable
increase in heat transfer. Grooten and Geld [48] 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 AT, observed
for the microtextured surfaces in the present study. While
comparing among the various microtextures, the Diamond
and Scallop structures exhibit the highest AT, (Table 6),
possibly due to the geometry configuration that places
them closest to the superhydrophobic and superhydrophilic
wetting states with respect to the other textures (Tables 4
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Fig. 18 Condensation heat

1000 . . . . . . . — 1000 {0
transfer performance of textured i Heat Fl L e
and untextured surfaces. Heat 900 - 7:1 qu d L 900 E
flux (¢) and heat transfer coef- e Lnstructure —~
ficient (%) as a function of the 1 . otus _ B
. 800 - Heat Transfer Coefficient —A— Scallop - 800
surface subcooling temperature —~ . ~—
differential (AT) o : o Unstructured Y Sharkskin o ~
g 7004 —O— Lotus —@— Diamond _* -700 ¥
B i —~— Scallop ** /AA L 8
n —v— Sharkskin - ALV | . —
~ 600 A\Q\ — > Diamond e & /‘¢ 2V 600 2
S 1 A O B 4 /A AL 3 a:“
% 5004 N o, A 500 @
= ] OV%XQ\ . & A‘VA//;:-‘-/ I o
P~ 4 \G%V DA o a yV e~ L O
400 OO, = 400 —
- e SN
] SV
300 & DAR 0 - 300 2
= 1 o Zﬁ%@&% Ao i 5
200 vay .f‘i‘ 8‘?%%@;%3\%“ oo 200 (5
_ Sieos [ E
<
100 - 100 15
T T T T .
0.4 0.8 1.2 1.6 2.0
Temperature differential AT (K)
Scallop Diamond

~ Growth

Departure ~

Departure

S mm

Fig. 19 Formation of condensates on the unstructured and microstructured surfaces

and 5), thereby rendering a higher condensation rate
as well as a greater drainage rate. Additionally, by
analysing the changes in the surface temperature trends,
higher temperature change is observed at the nucleation
stage whereas more stable temperature change is noted
during growth. The durations of the droplet life cycles
are approximately 80 to 150 s (Fig. 20). Chatterjee et al.
[43] reported droplet life cycles between 9 and 12 s by
visualising the condensates on copper patterned surfaces at
different flows using a digital camera, whereas He et al. [49]
reported cycles between 421.1 and 487.4 s for aluminium
micro-/nanosurfaces with chemical coating by using optical
microscopy visualisation. Further research is planned to
investigate droplet life cycles to optimise the performance
at each stage that can corroborate the trend of the change
in temperature in order to quantify the droplet life cycles.

7 Conclusions

The present research explores the opportunities of enhanc-
ing the surface and thermal characteristics of metallic
surfaces using bio-inspired microtextured geometries for
applications in the energy sector. In relation to the iso-
thermal characteristics to control boundary layer and to
reduce drag, the in-house code, Hydro3D, was success-
fully implemented to solve the Navier—Stokes equations
when turbulent flow is simulated over microtextured sur-
faces. The numerical and experimental results based on
the microtexture geometry parameters showed similar
trends for drag reduction, even though the experimen-
tal data exhibited twice the values achieved during the
simulations. The Lotus and Scallop geometries rendered
the best performance in terms of the isothermal charac-
teristics enhancement, exhibiting ~17% and ~ 10% drag
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Table 6 Summary of the results from the numerical and experimental studies
Micro-geometry Untextured  Lotus Scallop Sharkskin Diamond
Numerical drag reduction (%) - 6.6 6.7 0.5 6.1
Experimental drag reduction (%) - 16.9 9.8 6.9 9.4
Experimental boundary layer reduction (%) - 12.6 9.1 5.7 7.8
Contact angle (°) 81.4 +£7.4° 117.6 £12.8°  56.2+74°  90.8 £7.7° 131.5 £8.1°
Optimal angle of action (°) - 0 45 0 45
Surface area without texture (m?) 0.00049
Surface temperature differential AT, enhancement (%) - 8.57 22.86 17.14 25.71
Specific heat Q and heat rate Q and heat flux g enhancement (%) — 6.60 20.62 15.01 36.00
Heat transfer coefficient 4 enhancement (%) - 6.36 16.99 11.08 20.83
Numbers of droplet life cycles 3 3 5 6 6
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reduction and ~ 13% and ~ 9% boundary layer reduction,
respectively. This was due to their well-defined tips that
decreased the velocity fluctuations interacting with the
surface, thereby providing lower wall shear stress. Mean-
while, the angle of action against the air flow direction
showed marginal effects during the study.

Regarding the thermal experiments, the results demon-
strated that the condensation heat transfer performance was
higher for all the microtextured surfaces. Especially, the Dia-
mond and Scallop geometries exhibited surface tempera-
ture differentials AT, 1.26 and 1.23 times higher, and other
thermal parameters 1.7 and 1.36 times higher, compared to
the untextured counterpart. This could be possibly attrib-
uted to the wetting properties of the Diamond and Scallop
geometries, which were more hydrophobic and hydrophilic
in nature, respectively, than the untextured surface tested in
this study. The greater roughness of the textured surfaces
could also have been attributed to the higher heat transfer
capability of these specimens. Furthermore, the arrangement
and size of the droplets and droplet life cycles were consid-
erably influenced by the design of the microtexture geom-
etries. For the Scallop pattern, this can be explained by the
hydrophilic effect in which the droplets increased their size
to the point of departure that facilitated condensate drainage.
In contrast, the hydrophobicity of the Diamond, Lotus and
Sharkskin patterns provided better droplet nucleation due to
the promotion of dropwise condensation, albeit subsequent
decline during the growth stage.

The simpler version of the Lotus structure, i.e. the Scal-
lop structure, exhibited superior performance with respect
to the plain surface, in terms of ~ 10% greater drag and
~9% higher boundary layer reduction as well as a~ 23%
increase in the surface temperature differential. This pat-
tern is also easier to manufacture on different object sur-
faces compared to the other geometries and thus can be
adopted for wider applications in the energy sector.

Finally, this research contributes to the scientific under-
standing of drag reduction, condensation phenomenon and
droplet life cycle on microtextured surfaces that could be
generated on swirl burners and heat exchangers. Future
work will evaluate the possibility of implementing other
manufacturing techniques, such as laser microprocessing,
to create bio-inspired textured surfaces for improved heat
transfer and drag reduction performance for energy and
combustion system applications.
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