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Abstract: Passive heat exchangers (HXs) form an inseparable part of the manufacturing industry
as they provide high-efficiency cooling at minimal overhead costs. Along with the aspects of high
thermal cooling, it is essential to monitor pressure loss while using plate-fin HXs because pressure loss
can introduce additional power costs to a system. In this paper, an experimental study was conducted
to look at the effects of dimples on the pressure drop characteristics of single plate-fin heat exchangers.
To enable this, different configurations of National Advisory Committee for Aeronautics (NACA)
fins with smooth surfaces and 2 mm-diameter dimples, 4 mm-diameter dimples and 6 mm-diameter
dimples were designed and 3D printed using fused deposition modelling (FDM) of ABS plastic.
The depth to diameter ratio for these dimples was kept constant at 0.3 with varied diameters and
depths. These were then tested using a subsonic wind tunnel comprised of inlet and outlet pressure
taps as well as a hot wire velocimeter. Measurements were taken for pressure differences as well as
average velocity. These were then used to calculate friction factor values and to compare the smooth
fin to the dimpled fins in relation to their relative pressure drop performance. It was observed that
for lower velocities the 4 mm dimples provided minimum pressure drop, with a difference of 58%
when compared to smooth fins. At higher velocities, 6 mm dimples increased the pressure drop by
approximately 34% when compared to smooth fins. It can also be concluded from the observed data
in this study that shallower dimples produce lower pressure drops compared to deeper dimples
when the depth to diameter ratio is kept constant. Accordingly, deeper dimples are more effective
in providing drag reduction at lower velocities, whereas shallower dimples are more effective for
drag reduction at higher velocities.

Keywords: pressure drop; heat exchanger; additive manufacturing; surface textures; dimples; drag reduction

1. Introduction

When discussing heat exchangers (HXs), a primary or direct contact surface is de-
fined as a surface that separates two fluids at different temperatures. As noted by Thu-
lukkanam [1] and Shah and Sekulic [2], additional surfaces can be attached to a primary
surface to increase the heat transfer area and further improve the heat transfer characteris-
tics of an HX. These secondary appendages are referred to as fins and aid with convective
heat transfer.

With recent advancements in brazing and welding technology, most currently manu-
factured compact heat exchangers (CHX) and plate-fin heat exchangers (PFHX) involve
the brazing, semi-welding and all-welding of plates to a core [3]. Diffusion-bonded HXs
have also been applied in high-pressure industrial contexts [4].

Another important development in HX manufacturing is the introduction of additive
manufacturing (AM), which allows for complex geometries and matrices to be fabricated [5].
As a result, HXs have become more compact and more efficient [4]. For instance, in a study
conducted by Wong et al. [6], it was concluded that an AM-fabricated lattice-structured HX
provided minimal resistance to airflow as compared to traditional plate-fin and pin-fin HXs.
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However, the presence of a large number of voids within the lattice structure was
shown to not allow the adequate transfer of heat, hindering the heat transfer capabilities
of the HX. Another example of AM-fabricated HXs is the topology-optimised pin fin heat
exchanger that has been developed by Dede, Joshi and Zhou, as shown in Figure 1 [7].

Figure 1. Topology-optimised AM-fabricated Pin-Fin HX CAD model. Reprinted with permission
from [7]. Copyright 2015 by American Society of Mechanical Engineers (ASME).

The study conducted by McDonough [8] presents multiple examples of additively
manufactured heat exchangers, highlighting the complexity in design along with the ease
of fabrication of such complex shapes. Interested readers are highly encouraged to refer to
the above-mentioned study to gain in-depth details of applications of additive manufactur-
ing.

Further details of this are presented in a recently published paper by Vafadar et al. [9].
This above study discusses the application of metal AM in the development of complex
geometries, for different industries, including the civil, electrical, oil and gas sectors. AM
is presented in the above paper as a viable alternative to conventional machining (CM)
in terms of reducing both costs and energy consumption [10].

The high thermal performance of CHXs (up to 98%) in combination with an ever-
increasing demand for higher rates of heat transfer has prompted the research and develop-
ment of heat transfer augmentation techniques that have minimal pressure drop penalties
via the aid of forced convection. Forced convection, as defined by Sheikholeslami and
Ganji [11], refers to the mechanism of fluid transport where fluid is brought into motion
using external sources, such as pumps, fans, blowers, etc. To achieve this, there are two
methods of heat transfer augmentation that are widely applied in forced convection: using
complex shapes and using surface textures on extended surfaces.

One of the most commonly used types of HXs are PFHXs, which have external fins that
increase the overall heat transfer area of an exchanger. These fins can be further modified
to introduce turbulence in the flow, which enhances heat transfer [12]. These modifications
may occur in the form of surface textures that are classified as passive methods of heat
transfer enhancement, since they do not require any external source of power. Often, this
enhancement in heat transfer is accompanied by an increase in pressure drop that requires
additional pumping power for fans/blowers [12]. Hence, investigating surface textures to
enhance heat transfer with a reduced pressure drop has become a major area of research
for engineers.

Surface textures are an extension of passive methods and include features that are
embossed/engraved on the surfaces of HXs to improve thermal and pressure drop per-
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formances. One surface texture that has been extensively studied by a range of different
researchers is dimples. A number of numerical and experimental studies have been con-
ducted that deal with dimples as a means of improving heat transfer while reducing
drag/pressure drop. For instance, Burgess and Ligrani [13] have investigated the effects
of dimple depth on the Nusselt number and friction factor, considering the dimple print
diameter to dimple depth ratios (ε) of 0.1, 0.2 and 0.3 whilst keeping the print diameter
constant at 50.8 mm with constant streamwise and spanwise pitches of 82.2 and 41.1 mm,
respectively. Streamwise pitch (s) reflects the spacing between the dimples in the direction
of the flow, whereas spanwise pitch (p) defines the spacing between dimples perpendicular
to the flow of the fluid.

Their study compared the experimental values obtained for a depth to diameter
ratio of 0.1 with other studies possessing depth to diameter ratios of 0.2, 0.3, 0.28 and
0.19 for friction factor values. Their study concluded that the values of friction factors
increased with either an increase in depth to diameter ratio or an increase in the number
of dimples [13]. Investigations conducted by Rao, Wan and Xu [14] on pin-fin dimpled
channels with various dimple depths have revealed the dependency of pressure loss
behaviour on dimple depth to diameter ratios. Further, their study included dimple
depth to diameter ratios of 0.1, 0.2 and 0.3, where the obtained results showed that pin-
fin dimple channels with shallower dimples exhibited a reduction of up to 17.6% for
the values of friction factors [14]. Experiments on various density patterns of dimples
along with different dimple depths have been conducted by Nesselrooij et al. [15] to show
the sensitivity of drag reduction to the direction of fluid flow and flow conditions such as
the bulk velocity. Their study looked at dimple depths of 0.025 and 0.05 with 20 mm and
60 mm dimple print diameters, respectively. Multiple dimple orientations, such as flow
aligned and staggered, were also investigated.

Nesselrooij et al. [15] concluded that for both low-density and high-density patterns,
increasing the depth to diameter ratio from 0.025 to 0.05 increased the overall drag at all
velocities. The reason for this was attributed to the interactions between the boundary
layer and the spanwise velocity component [15]. In turn, shallow dimples with low-density
patterns produced a drag coefficient that was 4% less than the drag coefficient for flat
plates [15]. Although drag reduction for the high-density deeper dimples improved with
the Reynolds number, it still produced an 8% increase in drag performance [15]. Rao
and Feng [16] conducted experimental and numerical studies for spherical and teardrop
dimples with a depth to diameter ratio of 0.2. Their study concluded that compared to
smooth flat plate, both dimple geometries increased the friction factor with the teardrop
dimpled channel having relatively higher friction factor values than those of spherical
dimples [16].

Moon, O’Connell and Glezer [17] experimentally investigated the effect of the fluid
flow channel height on the heat transfer coefficient and friction factor. They tested four
different channel heights (6, 13, 19 and 25 mm) while keeping the channel width and length
constant. The bottom surface of the test setup was machined to incorporate the dimples.

Their study revealed that heat transfer improved by approximately two-fold, whilst
friction factors ranged from 1.6 to 2 times relative to a smooth channel [17]. Moon,
O’Connell and Glezer [17] also noted that studies conducted by other authors on dimples
showed a lower pressure drop in comparison to other turbulators (such as continuous
ribs) whilst significantly improving the thermal performance by a margin of 38%. Several
other authors, including Abbas et al. [18], Zhong et al. [19] and Yan, Yang and Wang [20],
have also conducted studies on the drag reduction properties of dimples on golf balls
and cylinders, concluding that the addition of dimples has a significant effect on reducing
the overall drag observed.

It is evident from the above review that much research and many experiments have
been conducted using dimpled surfaces on a flat plate. Although flat plates provide a good
indication of the thermal and pressure drop performances of dimpled HXs, they do not
provide information regarding their implementation for plate-fin compact heat exchangers.
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This is due to the difference in the orientation of PFHXs when compared to flat plates.
In practical applications of PFHXs, multiple sides of the fins are exposed to the fluid flow
and the fins are indeed perpendicular to the flow. Additionally, there is much disparity
within the current literature on dimpled channel heat exchangers in terms of results relating
to the thermal and pressure drop performances, a gap which the current study seeks to
bridge. The effects of variable dimple diameters and dimple depths on the pressure drop
performance of single elliptical plate-fin HXs will be tested. These will be compared to
experimental results and conclusions provided by various authors. Based on the results of
this current study, future work can be conducted on the thermal performances of various
dimple configurations.

It should be noted here that the scope of the current study is limited to the investigation
of passive surface textures, as they do not require any additional machines or materials
to be formed/created. One of these surface modifications makes use of the dimples as
turbulators to improve heat transfer while introducing a minimal pressure drop.

2. Experimental Study
2.1. Experimental Setup

For the experimental setup, the ‘AF1125 Subsonic Wind Tunnel’ (TECQUIPMENT,
Nottingham, UK) was utilised, since it is able to replicate forced convection conditions as
seen in the real-world applications of PFHXs. The following Figure 2 shows an overview
of the experimental setup.

Figure 2. AF1125 subsonic wind tunnel.

The AF1125 wind tunnel consists of an inlet air duct followed by a rectangular working
section, a diverging outlet duct and a blower that sits at the end of the diverging duct.
The fluid (air) is drawn into the wind tunnel by the blower. Before entering the working
section, the fluid encounters the flow straightener which sits right at the entrance of the inlet.
The flow straightener minimises the lateral movement of fluid caused by the suction of
the fluid and the swirling motion of the air by allowing the air to pass through an array of
honeycomb-shaped cells. This ensures that the fluid reaching the working section has no
lateral components of velocity and that the flow is as straight as possible.

The rectangular working section measures at a cross section of 125 mm × 125 mm,
with a length of 350 mm. Further, it is equipped with four manometer probes that measure
the static and dynamic pressure in the inlet and outlet sections of the wind tunnel. Static
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pressure or mechanical pressure, as defined by Shaughnessy, Katz and Schaffer [21], is
the force measured perpendicular to a surface of interest that is exposed to fluid. This form
of pressure represents the average of the normal stress at a certain point within the fluid.
Accordingly, if the kinetic energy of a fluid particle was converted into pressure potential
energy, the increase in the pressure due to this conversion is represented by dynamic
pressure [21]. These probes were used in this study to measure the dynamic pressure
at the inlet and outlet of the working section with the aid of HD755 digital differential
manometer (EXTECH, Nashua, NH, USA). The manometer measures the pressure differ-
ence between two points. Notably, it was connected to measure the difference between
the pitot tube pressure and the static pressure values at the inlet and outlet, respectively.
Aquarium valves were used to switch between the inlet and outlet pressure taps in this
study, as is shown in Figure 3. Pressure values were also used as performance indicators
for assessing the pressure drop performances of the varied HXs that were tested. Finally,
VT110 velocimeter (KIMO Instruments, Mumbai, India) was installed near the inlet section
to measure the velocity of the inlet flow. The measured velocity was then used to calculate
the Reynolds number of the free stream flow.

Figure 3. (a) Subsonic wind tunnel working section with the fin; (b) digital manometer and hot wire anemometer together
with the switch valve assembly.

Table 1 summarises the apparatus and the various measuring components installed
within the wind tunnel, and these are further highlighted in Figure 3.

Table 1. Component list for pressure testing in subsonic wind tunnel.

Sr. No. Component

1 Velocimeter
2 Inlet Pressure Probes
3 Outlet Pressure Probes
4 Inlet Differential Pressure Valve
5 Outlet Differential Pressure Valve
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2.2. Pressure Performance Criteria

There are several parameters that can be used to evaluate the pressure drop perfor-
mances of heat exchangers, such as the coefficient of drag and friction factor. For the pur-
pose of the current study, friction factor was chosen as the evaluation criteria for pressure
drop performance, as measuring the coefficient of drag was not feasible. The experimental
setup illustrated in Section 2.1 has been designed specifically to measure the inlet and
outlet dynamic pressure, as well as the free stream velocity. Friction factor emerges as
the preferred choice in representing the head loss within the test section due to friction,
since it is directly proportional to the pressure drop, as shown in Equation (1). Friction
factor values allow for results to be presented in a non-dimensional form, which can be
readily evaluated against results from similar studies in relation to the coefficient of drag.

2.2.1. Friction Factor

The friction factor or Darcy friction factor can be used to estimate pressure loss due to
friction in pipe flow or open-channel flow [22]; it is a non-dimensional quantity and can be
expressed using the general equation shown below, adapted from Barker [22].

f =
∆P2Dh
ρLV2 (1)

where f is the dimensionless Darcy friction factor, ρ (kg/m3) is the fluid density, L (m) is
the characteristic length of the fin, V (m/s) is the fluid velocity, Dh (m) is the hydraulic
diameter and ∆P (Pa) is the pressure difference between the inlet and the outlet of the work-
ing section.

The hydraulic diameter can be calculated using the equation given below, which has
been adapted from Genium Publishing Corporation [23].

Dh =
2WH

(H + W)
(2)

where W (m) and H (m) are the width and height of the wind tunnel working section, respectively.

2.2.2. Reynolds Number

The Reynolds number can be used to characterise the inertial and viscous properties
of a moving fluid [24], where it can be calculated using the equation given below that has
been adapted from Vafadar, Guzzomi and Hayward [25].

Re =
ρVDh

µ
(3)

where µ (kg/m·s) is the dynamic viscosity of the fluid.

2.3. Uncertainty

Since the results are presented relatively using the same exact test equipment, uncer-
tainty was calculated using single sample standard deviation in order to outline inaccura-
cies in measurements and to describe the reliability of the results. Standard deviation was
calculated for the 5 individual runs to make sure the experimental data and the equipment
did not show any error. A maximum standard deviation of 8% was noted for the smooth
NACA fin at a velocity of 12 m/s. Standard deviation for the remainder of the tests was
below 5%. These uncertainties are within a reasonable range of accuracy, where similar
uncertainties have been noted by Burgess and Ligrani [13] as well as Rao, Li and Feng [16].
Individual runs for all geometry profiles were conducted consecutively within a period
of 120 min. This was to ensure the ambient conditions within the lab were as consistent
as possible for all individual runs, without introducing bias from external factors such as
change in temperature, pressure and humidity.
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2.4. Test Methodology

Thermal probes were removed from within the test section to avoid hindering the path
of the fluid and to ensure the pressure drop was based solely on the geometry being tested.
The bottom section of the wind tunnel was redesigned in a way to accommodate the base of
the fin and to make it flush with the bottom panel of the wind tunnel. In turn, this excludes
the pressure drop of the plate itself and provides measurements for only the pressure drop
performance of the fin and the dimples.

Pilot tests were conducted to establish the range of velocities to be tested, where
velocities from 2 m/s to 30 m/s were tested. Since the range of the velocimeter reached its
maximum at 30 m/s, pressure readings were measured at velocities starting at 12 m/s and
going up in increments of 2 m/s thereafter until 28 m/s. This made it possible to obtain
nine measurements to evaluate the pressure drop. Pressure measurements at 30 m/s were
not measured since the velocimeter failed to provide consistent readings, where subsequent
experimental data showed a relatively large standard deviation. Similarly, velocities below
12 m/s showed inconsistent pressure readings for the NACA fins and therefore, were
not included in these tests. The main reason for this inconsistency in the measurements
was the limited range of the measuring equipment which failed to provide adequate
measurements for velocities below 12 m/s and beyond 28 m/s.

Experiments were conducted five times for each of the geometries being tested. Ini-
tially, ten pilot tests were conducted, where standard deviation was calculated for five
runs and ten runs, respectively. Average standard deviations of 0.29 Pa and 0.27 Pa were
observed for the five and ten runs, respectively. Accordingly, it was decided that five runs
were sufficient to ensure accurate results without increasing the uncertainty of the measure-
ments. An average of the five collective runs was used for the final calculation of friction
factor as well as Reynolds number.

During the experiments, static inlet/outlet pressure, dynamic inlet/outlet pressure,
ambient room temperature and fluid velocity were recorded. These were further used to
calculate friction factor for different fin geometries.

A boundary layer thickness of 3 mm was estimated based on flat plate approximation
of the elliptical fin along the length of the entire NACA profile. As a result, the pitot tube
within the wake/outlet section of the fin was positioned 6 mm off the trailing edge of
the fin in order to not capture the boundary layer effects and measure the pressure drop
based on the wake of the fin. An equation suggested by Çengel and Cimbala [26] was
used to calculate the approximate thickness of the turbulent boundary layer based on flat
plate approximation.

δ=̃x × 0.38

(Re)1/5 (4)

where δ is the boundary layer thickness (mm), x is the characteristic length from the leading
edge (mm) and Re is the Reynolds number (dimensionless).

A digital manometer was used to provide a rolling average of the pressure drop for
the inlet and outlet sections of the tested fins. Similarly, a velocimeter was used at the in-
let section to calculate the average of the velocity. Both the manometer and velocimeter
do not have the capability to provide values over a data acquisition system, whereby
the rolling average was taken for the pressure and velocity. The overall pressure drop was
then calculated by obtaining the difference between the inlet and outlet’s averaged experi-
mental pressure values, whilst the Reynolds number was calculated using the average of
the velocity distribution.

2.5. Test Parameters

Different configurations of dimples, as shown in Figure 4, were tested. The aim
was to investigate the effect of varying dimple diameters and depths on pressure drop
performance while keeping the depth to diameter ratio, also known as surface roughness
(ε), constant at 0.3.
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Figure 4. (a) HX 1–2 mm dimples; (b) HX 2–4 mm dimples; (c) HX 3–6 mm dimples; (d) 3D-printed
HX 1; (e) 3D-printed HX 2; (f) 3D-printed HX 3.

Test fins were fabricated using 3D printing of ABS plastic with Zortrax M200 3D
printer (Zortrax, Olsztyn, Poland). Three-dimensional models were developed for the plate
and the fin as a single solid using Solidworks (Dassault Systèmes, Waltham, MA, USA) and
these were then converted into appropriate file formats to process using the Zortrax M200
(Zortrax, Olsztyn, Poland). Three-dimensional-printed fins were then inspected for surface
defects and irregularities. No post-processing of the fins was required and the finished
samples are shown below in Figure 4.

Initial experiments investigated the effects of varying the dimple diameter and depth
on pressure drop performance; the tested dimple geometries are shown in Figure 4.

These dimpled fins’ pressure drop performances were compared to the smooth NACA
63-015 profile fin. Measurements for the smooth fin were used as the base measurements
to indicate the effective change in pressure drop after implementing dimples. The smooth
fin is shown below in Figure 5.

Figure 5. NACA 63-015-inspired smooth 3D-printed PFHX.
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As stated in the literature review, a larger diameter to depth ratio has been shown/proven
to provide a better thermal performance. A large diameter to depth ratio can introduce stag-
nant air pockets and turbulence, which may increase the pressure drop. Therefore, dimple
diameters of 2 mm, 4 mm and 6 mm were chosen with a D/d ratio of 0.3. The selection of
the ratio was based upon the previous studies while the selection of the dimple diameters
was limited by the geometry of the fin and the manufacturing equipment. All fins were
printed using the Zortrax M200 3D printer which provides a resolution of 0.4 mm for
a single printable point. Taking this into consideration and the curvature of the dimples,
it was decided to use 2 mm as the minimum dimple size which corresponds to a depth of
0.6 mm. Dimple diameters lower than 2 mm would have depths lower than 0.4 mm, which
when manufactured would lose the details of the curvature of the dimple. The number of
dimples on the fins for the above-mentioned diameters were 352, 36 and 12, respectively.
The number and configuration of dimples were normalised using the volume of material
removed, where all efforts were made to keep the removed volume as consistent as possible.
This is shown in Table 2.

Table 2. Smooth vs. dimpled fins’ mechanical properties.

Fin Fin Volume
(mm3)

Fin Surface Area
(mm2)

∆ Volume
(mm3)

∆ S.A
(mm2)

HX Smooth 11,571 5149 - -
HX 1–2 mm Dimples 11,191 5475 380 326
HX 2–4 mm Dimples 11,260 5277 311 128
HX 3–6 mm Dimples 11,216 5241 356 91

Figure 6a,b present the geometrical dimensions used to create the varied dimple
profile and the array of dimples on the fin, respectively.

Figure 6. Geometrical dimensions for (a) dimple profile; (b) fin with dimples. Dimensions are in millimeters (mm).

Table 3 below presents the summary of the samples that were tested in the cur-
rent study, including the geometrical configurations of dimples as well as their span-
wise/streamwise spacing. All dimensions are in millimeters.
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Table 3. Geometric configuration of HX samples.

Fin a b c d e a/b

HX Smooth - - - - - -
HX 1–2 mm Dimples 0.6 2 1.13 3 3 0.3
HX 2–4 mm Dimples 1.2 4 2.27 18 4.5 0.3
HX 3–6 mm Dimples 1.8 6 3.4 18 9 0.3

3. Results

Figure 7a presents the average of the pressure drop measurements for the smooth
NACA 63-015 fin whereas Figure 7b shows the results of five individual runs that were
undertaken for the NACA fin. The trendline corresponds to a second-order polynomial
equation, the coefficient for which is shown in Figure 7a.

Figure 7. Experimental results for smooth NACA/elliptical profile; (a) average of 5 runs and (b) 5 individual runs.

Figure 8a presents the average of the pressure drop measurements for the 2 mm-
dimpled fin whereas Figure 8b provides the pressure measurements for the five individual
runs. The trendline corresponds to a second-order polynomial equation, the coefficient for
which is shown in Figure 8a.

Figure 9a shows the pressure drop measurements for the 4 mm-dimpled fin and
Figure 9b provides the results for the five individual measurements undertaken. The trend-
line corresponds to a second-order polynomial equation, the coefficient for which is shown
in Figure 9a.
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Figure 8. Experimental results for 2 mm dimples engraved on the NACA/elliptical Profile; (a) average of 5 runs; (b) 5 indi-
vidual runs.

Figure 9. Experimental results for 4 mm dimples engraved on NACA/elliptical profile; (a) average of 5 runs; (b) 5 individual runs.

Figure 10a highlights the average pressure drop for the 6 mm-dimpled fin whereas
Figure 10b presents the results for the five individual runs undertaken. The trendline
corresponds to a second-order polynomial equation, the coefficient for which is shown
in Figure 10a.
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Figure 10. Experimental results for 6 mm dimples engraved on NACA/elliptical profile; (a) average of 5 runs; (b) 5 individ-
ual runs.

Figures 11 and 12 compares the pressure drop performances of the different dimpled
fins (2 mm, 4 mm, 6 mm) against the smooth NACA fin as well as their friction factor
characteristics.

Figure 11. Comparison of pressure drop between smooth, 2 mm, 4 mm and 6 mm dimples engraved
on NACA/elliptical profile.
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Figure 12. Comparison of friction factor value between smooth, 2 mm, 4 mm and 6 mm dimples
engraved on NACA/elliptical profile.

4. Discussion of Results

The results from the wind tunnel testing of smooth NACA/elliptical fin, and fins with
2 mm, 4 mm and 6 mm dimples, are presented in Figure 7, Figure 8, Figure 9, Figure 10,
respectively. These include the five individual runs to determine the accuracy of the mea-
surement as well as the average of these five runs. These average runs were then compared
to each other, as seen in in Figure 11, for their relative pressure drop performances. It can
be observed in Figure 11 that with an increase in diameter as well as depth of the dimples,
there was a noticeable increase in the pressure drop of the fins. A similar trend has been ob-
served by Ting [27] in relation to golf balls, where initially increasing the surface roughness
of golf balls via dimples reduced the coefficient of drag. The above study also observed
that after a certain limit is reached for dimple depth, a further increase in the depth of
dimples had the opposite effect, where the coefficient of drag increased significantly. In the
current study, fins with dimples outperformed the smooth fin in terms of pressure drop
performance up to velocities of 20 m/s, after which the pressure drop for the dimpled fins
increased significantly. These observations can be attributed to the fact that the addition of
dimples delays the boundary layer separation, which subsequently induces a narrower
wake behind the fin leading to reduced form drag. These dimples introduce localised
turbulence within and around the dimple cavity, which re-energizes the boundary layer
and delays boundary layer separation. As a result of this localised turbulence, the bound-
ary layer sticks to the surface for a longer duration and reduces the overall wake behind
the fin. This contributes to a reduction in form drag, which is seen as the initial decline
in the friction factor or the lower pressure drop observed with a low Reynolds number.
Form drag is highly dependent on flow separation, whereas friction drag is a function of
shear stresses observed on the surface of a geometry [28]. With an increase in the Reynolds
number, there is an increase in shear stresses, which in turn increases the overall friction
drag. For the case of dimpled fins, shear stresses are further magnified due to the intro-
duction of localised turbulence by dimples, where as a result there is a significant increase
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in the pressure drop for dimpled fins starting at a velocity of 20–22 m/s, which is equivalent
to a Reynolds number of approximately 7 × 104–7.5 × 104. Experiments conducted by
Chowdhury et al. [29] have shown that increasing the depth of dimples lowers the critical
Reynolds number, where the transition to turbulent flow happens earlier within the flow
in comparison to smooth fins. Even though this shift in transition has the possibility of
increasing the coefficient of drag in the transcritical regime, as observed by Chowdhury
et al. [29], it also creates local turbulence within dimples. This local turbulence can be
controlled via the depth of the dimples and used to energise the boundary layer, which
delays the aforementioned separation. Accordingly, as can be observed in Figure 11, the fin
with 2 mm dimples showed a higher pressure drop at 12 m/s relative to 4 mm and 6 mm
dimples, both of which experienced negligible differences in the pressure drop performance
at 12 m/s. Starting at 14 m/s, the fin with 2 mm dimples showed a consistently lower
pressure drop, followed by fins with 4 mm and 6 mm dimples, respectively. This trend
could be observed up until 26 m/s, after which the fin with 2 mm dimples surpassed the 4
mm-dimpled fin and showed an increase in pressure drop. It is worth noting here that
the difference in pressure drop between 2 mm- and 4 mm-dimpled fins was quite insignifi-
cant when compared with 6 mm dimples. As suggested by various authors, including Ge,
Fang and Liu [30], this could be attributed to the threshold of dimple depth and diameter,
whereby if the depth and diameter of dimples is increased beyond a limit, the favourable
effect of pressure reduction is negated and an increase in pressure drop can consequently
be observed.

Figure 12 shows the friction factor calculated using Equation (1) provided in the theory
section. The friction factor allows for the comparison of head loss within an open-channel
flow, where flow can be observed in a pipe measured over a specific distance [31]. In this
study, friction factor values were plotted against the Reynolds number for a smooth fin
and dimpled fins (2 mm, 4 mm and 6 mm). This allowed the authors to determine the re-
lationship between the head loss observed within the wind tunnel for various dimpled
and non-dimpled fins relative to the Reynolds number. It is evident from the trends ob-
served in Figure 12 that the friction factor for the smooth NACA fin was the highest up to
a Reynolds number of 6.5 × 104, whereas the 2 mm dimples provided the lowest friction
factor for Reynolds numbers ranging from 4.6 × 104 to 7.2 × 104. Experiments conducted
by Choi, Jeon and Choi [32] found that with an increase in the Reynolds number, a sharp
decrease in the coefficient of drag can be observed for dimpled spheres as compared to
smooth spheres. A similar trend is also visible in Figure 12 for the 2 mm-dimpled fin and
the smooth fin, where a sharp decrease in the friction factor can be observed for the 2 mm-
dimpled fin between Reynolds numbers of 4 × 104 and 5 × 104, and for the smooth fin
between the range of 4 × 104 and 6 × 104. The same study by Choi, Jeon and Choi [32]
further concluded that the coefficient of drag hit a constant value after the sharp decline
region. Their study examined dimpled spheres with varied surface roughness values
(ε), with a higher surface roughness indicating deeper dimples. The results published
in the above study further summarised that the coefficient of drag for higher surface rough-
ness (ε) spheres showed a sharp decline at a lower Reynolds number while maintaining
a higher constant value than spheres with lower surface roughness values (ε). Similar
observations are evident in Figure 12 where, on the one hand, the equipment could not
capture the sharp decline of the friction factor for deeper dimples (4 mm and 6 mm), as was
observed for the 2 mm-dimpled fin and the smooth fin. On the other hand, it can be clearly
observed that the friction factor starts to plateau at a Reynolds number of approximately
6.8 × 104, with 6 mm dimples showing the largest head loss, and 2 mm dimples exhibiting
the lowest head loss. The overall trend for the coefficient of drag as observed by Choi, Jeon
and Choi [32] in their experimental studies can also be observed in Figure 12 for the plot of
the friction factor. This similarity in the overall trend can be explained by the formation of
a separation bubble within the dimples resulting in delayed boundary layer separation,
as mentioned earlier, leading to a reduction in the overall drag and consequently reducing
the overall pressure drop.



Metals 2021, 11, 1757 15 of 18

These results also coincide with the trends observed by Rao, Wan and Xu [14], Nes-
selrooij et al. [15] and Patel and Borse [33] where the introduction of dimples was shown
to reduce pressure drop relative to a flat plate. Further, a study conducted by Rao, Wan
and Xu [14] also concluded that shallower dimples perform better at reducing the pressure
drop as compared to deeper dimples, since shallower dimples reduce the velocity near
the upstream half of the dimples which consequently reduces turbulent mixing in the main
flow. With deeper dimples, even though turbulent mixing is reduced in the upstream half
of the dimples, there is a strong flow impingement near the downstream rim of the dim-
ples [14]. Interested readers may refer to the above-mentioned study by Rao, Wan and
Xu [14] for additional insight regarding the pressure loss due to flow impingement.

This flow impingement introduces additional pressure loss within the flow. This is
visible in Figure 11, where the fin with 2 mm dimples provided the lowest pressure drop,
followed by fins with 4 mm and 6 mm dimples, respectively. At low velocities of up to
22 m/s, a maximum pressure drop reduction of 58% was observed using 4 mm dimples
relative to the smooth NACA fin, whereas at high velocities above 22 m/s, a 34% increase
in pressure drop was observed with 6 mm dimples relative to the smooth NACA fin.
Figure 13 presents the percentage difference in pressure for all three configurations of
dimples tested against the smooth fin.

Figure 13. Pressure drop % difference for NACA fin vs. 2 mm-, 4 mm- and 6 mm-dimpled fins.

It should be observed here that the results obtained by several authors including Choi,
Jeon and Choi [32] as well as Abbas et al. [18] for drag coefficients coincide with the trends
observed in Figure 12 for friction factor values. As a result, it can be summarised from
Figure 12 that deeper dimples induce drag reduction at a lower Reynolds number, which
can be seen in the sharp decline in the friction factor value for 2 mm dimples. This sudden
decrease in friction factor could not be captured in the 4 mm and 6 mm dimples due to
the limit of the measuring equipment and the reasons outlined in Section 2.4 of the current
study. However, from the similarity of the trends observed in the literature and Figure 12,
the critical regime of the sudden decrease in drag for 4 mm and 6 mm dimples should lie
beyond a Reynolds number <4 × 104. This is evident from the values for a friction factor of
4 mm- and 6 mm-dimpled fins, as they are observed to increase when going from a Reynolds
number of 5 × 104 to 4 × 104, suggesting a linear increase in overall drag at velocities lower
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than 12 m/s. Consequently, it can also be concluded from Figure 12 that deeper dimples
induce a higher pressure drop at a higher Reynolds number of >7 × 104 when compared to
shallower dimples. This is evident from the trend where friction factor values start to plateau
within the transcritical regime (Re, 6.5 × 104—9 × 104), whereby at that stage the 6 mm
dimpled fins have the highest friction factor values, followed by the 4 mm- and 2 mm-
dimpled fins. The smooth NACA fin provided the lowest frictional resistance. In summary,
it is apparent that deeper dimples are preferred for reducing drag at lower velocities with
a larger pressure drop an in the transcritical regime. Shallower dimples are preferred for
medium to high velocities with a smaller pressure drop in the transcritical regime.

5. Conclusions

In this study, we have experimentally investigated the pressure drop characteristics
of NACA/elliptical fins with smooth surfaces and with 2 mm, 4 mm and 6 mm engraved
dimples. The experimental results for the smooth and dimpled fins were obtained using
wind tunnel testing and compared relative to each other for velocities ranging from 12 m/s
to 28 m/s, translating to a Reynolds number range of 4 × 104–9.2 × 104. The results
show a clear distinction in pressure drop and friction factor for smooth and dimpled fins.
Dimpled fins outperformed the smooth fin for velocities of 12 m/s to approximately 22 m/s,
with 2 mm-dimpled fins providing the lowest pressure drop and the least friction amongst
the compared fins. Another important observation was the increase in the pressure drop
and friction factor with relative increases in the dimple diameter and depth. With the depth
to diameter ratio being constant at 0.3 for all dimpled fins, it was evident that shallower
dimples performed better and induced a lower pressure drop compared to dimples with
larger diameters and depths. Dimples with 4 mm diameters led to a reduction of 58%
in pressure drop at a velocity of 12 m/s when compared to the smooth fins. Dimples with
2 mm diameters showed a 53% reduction in pressure drop at a velocity of 16 m/s relative
to the smooth fin. Dimples with the largest diameter of 6 mm showed a reduction of 55% at
a velocity of 12 m/s when compared to the smooth fin and the 2 mm dimples. This occurred
due to the fact that a higher surface roughness or deeper dimples shift the critical Reynolds
number upstream, which reduces the drag at low velocities while the constant value of
the drag coefficient within the transcritical regime increased significantly. A smaller surface
roughness or shallower dimples provided a larger drag reduction at higher velocities with
the constant value of drag coefficient within the transcritical regime being lower when
compared to deeper dimples. As a result, applications that require drag reduction at lower
velocities should opt for deeper dimples, whilst applications that require significant drag
reduction at high velocities should utilise shallower dimples.

Future Work

The current study focuses on the investigation of the pressure drop characteristics of
dimpled fins relative to a smooth NACA fin. Even though favourable results have been
obtained with the use of dimples to reduce the pressure drop, a framework is still missing
in order to optimise dimple design for specific applications. As a result of the current
investigation, the following future works are proposed, which seek to further establish
dimples and the use of turbulators as a means of increasing the efficiency of PFHXs.

• Heat transfer studies should be conducted on the geometries investigated in the cur-
rent study. Even though a significant pressure drop reduction was observed with
the introduction of dimples, how well these dimples allowed the transfer of heat will
eventually be a decisive factor in the relevance of the use of additive manufacturing
and the use of turbulators in improving the efficiency of HXs.

• Mathematical models should be investigated that allow the design of dimples based on
common parameters observed in the application of HXs. These include velocity, drag,
Reynolds number, surface roughness and other factors that contribute to increasing
the pressure drop efficiency of HXs. The current literature regarding dimples has
mainly focused on experimental results, where the design of the dimples is either cho-
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sen arbitrarily based on existing literature or is influenced by their existing applications
in golf balls. These designs have been verified for their effectiveness based on these
experimental parameters. A framework or a mathematical model that provides insight
into the design of dimple parameters, such as the optimal depth and diameter for
specific velocities or specialised applications, will be highly advantageous in removing
the need for extensive testing of various arbitrarily chosen dimple designs.
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