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and underwater vehicles. In recent years, there is a growing interest KEYWORDS

in investigating turbulent drag-reducing capabilities.of dimpled sur- LES; dimple; channel flow;
faces, which have great potential as a passive solution, while there drag reduction; skin friction
still exists highly conflicting views and drag reduction rates reported

in the literature as well as a lack of information about the drag reduc-

tion mechanism. In this study, large-eddy simulations (LES) were

performed to investigate the characteristics and physical mechanism

of the fluid flow over dimpled surfaces in a fully developed chan-

nel flow. The Reynolds number based on the channel height and the

mean bulk velocity was nearly 5600 for all cases examined. Within

the framework of the study, various dimple depth to diameter ratios

as well as different dimple arrangements and geometries were con-

sidered. The detailed mean and instantaneous flow fields, turbulent

kinetic energy budget and spectral characteristics of the flow are

presented. The study revealed the potential of the dimpled surface

in reducing skin friction and provided critical information about the

flow features affecting the performance of the dimples.

1. Introduction

Skin friction is the main component of the overall drag force for most fluid flows. Both
restrictive legislation as a result of environmental measures and economic reasons have
made the energy efficiency issue very important [1]. Reducing skin friction has a key role
in the efficiency of rail, highway and airway transport vehicles or naval systems such as
ships and underwater vehicles.

In different studies, aiming at drag reduction using polymer additives [2] or application
of wall oscillation methods [3], which overwhelmingly indicate drag reduction of more
than 40%, it is mentioned that the drag-reducing mechanism is interpreted as shifts on
velocity profiles, velocity fluctuations and Reynolds stress profiles, increase in spanwise
vorticity generations.

In recent years, there is a growing interest in investigating turbulent skin friction reduc-
ing capabilities of dimpled surfaces [4-7], which is previously known for its positive effects
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on heat transfer problems [8,9]. A dimpled surface is a powerful passive solution for marine
applications considering its large potential for skin friction reduction capabilities and prac-
tical applicability [4,10,11]. Alekseev et al. [4] discovered that the dimpled surfaces can be
used for skin friction reduction, and they showed that the drag reduction rates can be up
to 20% with shallow dimples in a fully turbulent flow although they increase the form drag
component. However, Lienhart et al. [6] reported no drag reduction in their studies.

Tay et al. [7] and Tay [12] mentioned that the drag-reducing phenomenon only occurs
when the flow is turbulent and indicated no clear reason for conflicting results found
in the literature. Vida [11] suggests that drag reduction occurs when the flow is turbu-
lent and mentioned that a drag reduction level of up to 34% can be achieved. Wiist [12]
presented a drag-reducing technique that uses circular dimples called “Tornado Like Tech-
nology (TLT)’. It is stated that the dents on a surface of an object will generate tornado-like
vortices that reduce the drag. This article involves the unique industrial application of dim-
pled surfaces, which are applied on a high-speed train model, in the open literature. The
paper, however, did not provide any scientific background about the resistance reduction
mechanisms of dimples. Consequently, several dimple investigations were performed by
using solely flat walls with regular arrays of spherical dimples due to the complexity of
the physical mechanism [7,10]. Tay et al. [7] mentioned retained energy levels at larger
scales which are implying greater streamwise coherence and stability of the flow. In addi-
tion to the freestream flow conditions, the flow over the dimples is influenced by a variety
of dimple parameters. The most significant of these parameters is the dimple depth. Pre-
vious studies showed that the resistance increases as the dimple depth to diameter ratio
increases [8]. For the dimples with depth to diameter ratios greater than 10%, flow sepa-
ration is observed. Separated flow creates pressure drag and it lacks the gain on the wall
shear stress [5,14]. To be able to see dynamic flow structural characteristics some studies
are focused on the flow structures with depth to diameter ratios greater than 20% [15,16].
Also, the literature indicates that the drag reduction only occurred with coverage ratios
higher than 70% [17,18]. In addition, there is a strong dependency on dimple pattern ori-
entation. In the recent experimental investigations on the physical mechanism of the effect
of the dimples on the boundary layer flow, Tay et al. [7] and van Nesselrooij et al. [10]
argue that the drag reduction effect is related to the strong dependency on pattern orien-
tation and the dimple geometry. It is also mentioned that dimples influence streamwise
vorticity and it acts to reduce skin friction drag [7]. It is believed that the spanwise flow
components disrupt the normal cascading of the turbulent energy to the smaller scales for
dissipation. This results in reduced turbulent energy production and stabilised flow results
in the skin friction drag reduction with the dimples. Most recently Ng et al. [19] showed
that diamond-like dimple patterns can reduce mean drag by 7.4% while circular dimples
have an increase of around 6%.

On the other hand, most of the dimpled studies were conducted by a fully developed
channel flow. Fully developed channel flows, which are widely-known wall-bounded flows,
are relatively simple flows for the verification and evaluation of theoretical models [20-24].
The simple geometry of the channel is preferably suitable for the computational bound-
ary layer investigations in terms of relatively low computational costs. In the experimental
world, it is rather difficult to measure flow quantities, especially in the viscous sublayer
region at high flow speeds. To be able to understand the flow characteristics and investigate
the effect of the dimples or similar surface treatment methods in the turbulent boundary
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layer, extensive computational flow simulations become necessary. Computational meth-
ods and high-performance computers allow researchers to evaluate detailed flow fields and
increase their knowledge of the physics of flow behaviours over different surface structures.

The above review highlights that dimple patterns have great potential as a passive drag-
reducing solution while there still exist highly conflicting views and drag reduction rates
reported in the literature as well as a lack of information about the frictional drag reduction
mechanism. Besides, most of the studies indicate the weaknesses of the numerical simula-
tions in their ability to demonstrate drag reduction by using dimple geometries. In order
to shed light on the aforementioned ambiguity and to provide data to the related litera-
ture, this study presents an extensive computational investigation by means of large eddy
simulations on the characteristics and physical mechanism of the fluid flow over dimpled
surfaces in a fully developed channel flow. Within the framework of the study, which is
part of the postgraduate study of the first author, various dimple depth to diameter ratios
as well as different dimple arrangements and geometries with coverage ratios higher than
85% were considered. In addition to the presentation of the detailed mean and instanta-
neous flow properties, a turbulent kinetic energy budget calculation and a spectral analysis
using the Empirical Mode Decomposition (EMD) technique of Huang et al. [25] were also
performed. Since strong evidence of the drag-reducing effect of the dimples has generally
been provided by the experimental studies so far, this study focused on the skin friction
reduction mechanism and provides extensive views and discussions of the near-wall flow
fields and wall shear stress distribution which are not easy to explore in an experimental
study.

2. Model geometries and mesh structure

As mentioned previously, in order to investigate the effect of the dimples, a fully turbulent
channel flow was considered. Channel flow is defined as a flow between two infinite par-
allel plates driven by a constant mean pressure gradient or mass flow rate. This provides
a homogeneous flow in streamwise, x, and spanwise, z, directions for smooth walls. From
the computational framework, this structure allows the application of periodic boundary
conditions in both directions. The computational domain and coordinate system used in
the study are presented in Figure 1.

As far as the studies involving dimpled surfaces in the literature are concerned (e.g.
[7,10,17,19,26,27]), it can be clearly observed that the depth to diameter ratio, d/D, which
is one of the fundamental parameters defining the dimples, is nearly concentrated on 0.015,
0.05, and 0.08. According to the information gained from the literature, four different
depth to diameter ratios of 0.015, 0.03, 0.04 and 0.08 were selected for the examination.
The diameters of the dimples, on the other hand, were determined by taking the physical

Figure 1. Computational domain and coordinate system of the fully turbulent channel flow.
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dimensions of the measuring section of the flow channel, which is located at the University
of Strathclyde, where the experimental tests are planned to be conducted. The dimen-
sions of this facility’s rectangular measuring section are 598 mm x 180 mm x22.5 mm [28].
Accordingly, dimple diameters of 22.5, 45 and 60 mm were chosen for the computational
investigation to meet the physical dimensions of the experimental facility to allow future
comparisons between the computational and experimental results. Concerning the cov-
erage ratio, CR, of the dimples, which is another critical parameter, while van Nesselrooij
et al. [10] mention that increasing CR has a negative effect on drag reduction, there exist
other studies in the literature that also point out a drag increase when the coverage ratio is
less than 70% (e.g. [7,18]). In this study, it was decided to apply as high a coverage ratio as
possible by considering the production tolerances in future experimental studies as well as
real-life applications. Consequently, CR was kept larger than 85% for all dimpled cases.

A staggered arrangement of the dimples was also considered in the study as it was found
to be an advantageous geometric structure with a high drag reduction rate [10]. However,
the initial calculations showed that this configuration further increased the skin friction
and for the rest of the dimpled cases a flow-aligned arrangement was applied. On the other
hand, a diamond-shaped dimple geometry was also used in the recent study of Ng et al.
[19] and it was found to be highly effective and to have great drag-reducing potential. For
this reason, it was decided to include this special type of dimple geometry in the present
study in addition to the circular dimple types.

Besides the great potential of the dimples observed in the experimental studies, their
real-life applications are also of critical importance in terms of applicability and cost-
effectiveness. However, scientific publications about the real-life applications of dimples
are rare in the open literature. The only example published in a German magazine [13] is
about an application for high-speed trains which states a decrease in aerodynamic forces
is around 17%. In the present study, the depth and diameter values of the dimples were
selected aiming to represent a real-life marine application as far as possible by considering
the constant channel height of the fully turbulent flow channels and the similarity of d/§
where § represents the boundary layer thickness corresponding to the half channel height.
As an example, by taking a 140 m tanker into consideration as a reference ship geometry,
at the ship scale, a depth of 80 mm corresponds to a d/D rate of 0.04 and d/$§ rate of 0.15,
which are comparable with a flow channel experiment.

A friction Reynolds number of Re; = 180, which is based on the friction velocity, u; =
VTw/p, and half channel height was considered in the computations where 7,, and p spec-
ify streamwise wall shear stress and density, respectively. All values non-dimensionalised
by u; are indicated with a superscript * throughout the paper. The Reynolds number based
on the channel height and the mean bulk velocity, Rey, was nearly 5600 for all cases. The
mean bulk velocity can be expressed as follows:

1
Up = 1 \\ Uy, z)dydz (1)

where A is the cross-section area at the inlet boundary and U is the mean streamwise
velocity.

Table 1 lists the fundamental parameters selected for the computational cases along with
the corresponding Reynolds numbers and grid resolutions. In the table Rep and Rey imply
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Table 1. The cases investigated.

Case Ly/8 Ly/8 DImm] dlmm] d/D d/8 CRI[%] Rep Reg  TotalCells Af AF

FP - - - - - - - 3.50M
DA549 1386  4.00 45 1.800  0.040 0.04 91 11199 448 3.50M 1" 1"
DA5g 1267 7.31 45 3.600 0.080 0.08 90 11196 896 5.84M
DA54 1267  7.31 45 1.800  0.040 0.04 90 11199 448 5.84M
D455 1267 7.31 45 0.675 0.015  0.02 90 11200 168 5.84M
D60g 17.07 985 60 4800 0.080 0.11 88 14927 1194 10.60M
D603 17.07 985 60 1.800  0.030 0.04 88 14933 448 10.60M
D6034 13.86  4.00 60 1.800  0.030 0.04 89 14933 448 9.07M
D605  17.07  9.85 60 0.900  0.015 0.02 88 15146 227 5.80M

Wall normal direction

S -
“0"

D45,, D45, D45 D60g D60, D604 D455 D225, D60,

Figure 2. The side profiles (top) and top views (bottom) of the dimple geometries.

the Reynolds numbers based on D and d, respectively. The profile and top views of the
dimpled cases are shown in Figure 2.

The dimensions of the computational domain involving solely flat surfaces were non-
dimensionally defined as a cuboid with length (L), width (L;) and channel height (H) of
4.41745,1.2778 and 28, respectively, which corresponds to a rectangular domain size of
156 mm x 45mm x 22.5 mm. The size of the computational domain was defined by con-
sidering the dimple dimensions. For each case, three and two dimples were placed in the
streamwise and spanwise directions, respectively. Consequently, the dimension of the com-
putational domain varied according to the dimple arrangements as presented in Table 1.
The top wall was specified as a flat surface and the dimples were placed on the bottom wall.
Circular dimples were described by the following depth function, /1 [29].

2
0 ,xz > D_
h(x) : (2)
x) = ,
D* — 4> s+, D
- — X X< —
8d 8d 4

In the above equation, x is the longitudinal location, and d and D are the dimple’s depth
and print diameter, respectively.

A structured mesh type was used for all computational cases. The grid spacing was kept
constant in the streamwise and spanwise directions. In the vertical direction, a slowly grow-
ing mesh size up to a height level of § was adopted whilst the y* value of the first grid in the
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Figure 3. An example of the grid structure used for the dimpled cases.

immediate vicinity of the bottom surface, Ay;}, remained around 0.2. A view of the grid
structure used for the dimpled cases can be seen in Figure 3.

3. Methodology

Large Eddy Simulation (LES) was adopted as a scale-resolving approach to be able to get
richer information about the flow with a high level of accuracy. We know that using LES is a
proven approach to study complex flows in narrow channels [30,31]. The motion of a fluid
is governed by the incompressible unsteady Navier-Stokes equations that can be expressed
in Cartesian tensor form as follows:

ou;

L 3

wkm A v
du; | 9(uiuj) ap 9 du; A

P A at * 0x; 0x; * 9% ’ dxj  0x; ij |+ Fi (4)

where p, i, u and p represent fluid density, dynamic viscosity, space-filtered velocity and
space-filtered static pressure, respectively. F; implies the mean streamwise forcing to create
a fluid flow against friction. It is customary to impose a constant value for either the flow
rate or the pressure gradient to create a fluid flow against friction. 7;; is the anisotropic part
of the stress tensor, which is also known as the subgrid-scale stress tensor. To compute the
effect of this residual stress tensor, the Wall-Adapting Local Eddy-Viscosity (WALE) model
of Nicoud and Ducros [32] was employed.

A finite-volume-discretisation-based solution algorithm was applied [33,34] to solve the
equations. Implicit filtering was used for the filtration of the eddy scales that are smaller
than the filter width or computational grid spacing used. The velocity-pressure coupling
was achieved with the PISO method [35] which is a pressure-correction technique provid-
ing a relatively high convergence speed for time-dependent simulations. A second-order
central differencing scheme was used for the viscous terms whilst a bounded central dif-
ferencing scheme [36,37] was applied for the convective terms. The second-order implicit
time-discretisation [38] was applied for unconditionally stable and accurate solutions. A
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double-precision solver was chosen for the computations. Convergence is achieved when
the residuals of the equations reach a predetermined value. In each case, the inner iterations
were run until the scaled residuals dropped to 107>, In addition, after each iteration, the
variation of the flow variables at various locations close to the bottom wall was checked. The
iterations were continued until negligible differences were obtained between the results
of two consecutive iterations. The simulations were carried out by using a widely known
commercial code Star-CCM +-.

A fixed mass flow rate was used for the streamwise periodicity at the inlet and outlet
boundaries, and it was adjusted according to the changing cross-sectional areas between
different cases to keep Uy, fixed for each case. Considering the constant mass flux in the
channel Rep can be specified for the simulation.

To trigger the small-scale fluctuations and to achieve a faster convergence in the com-
putations, a synthetic turbulence field was specified inside the computational domain by
using the turbulence intensity and length scale as the initial condition. In addition to the
streamwise periodicity, the spanwise periodicity, which allows for avoiding the effects of
the secondary flow near the channel corners and reduces the computational requirements,
was also implemented at the side boundaries. No-slip boundary conditions were used at
the flat top and dimpled bottom walls. The computational domain consisted of a cut-out
of the channel according to the dimple diameter and alignment as sketched in Figure 4.

The collection of the node, surface and volume data was performed with different sam-
pling rates due to the enormous memory and disk space requirements of the simulations.
Eight straight lines were defined in streamwise and spanwise directions at four different
heights. Each line allowed the collection of time-varying data for each cell along the lines.
Two vertical line probes were located at the dimple centre and the dimple edge in the span-
wise direction. The instantaneous wall shear stress values were collected at four different
nodes, in the spanwise direction. The node data were recorded with a frequency of 1666 Hz.
Likewise, the surface averaged drag and wall shear stress signals were gathered at the same
frequency for the bottom wall. Four planes at different heights of 80y™ = 2,17, 86 were also
defined parallel to the bottom wall to collect data with a sampling rate of 166 Hz including
the bottom wall. Both node and surface data were recorded for 20 s. The data of the whole
flow volume, on the other hand, were saved at a low sampling rate of 1/50 for 3 s. The

S
/7,
Crow Diccio B Ve
/1’ 7
—y

Figure 4. Flow-aligned configuration of dimples (left), the staggered configuration of dimples (right).
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longitudinal

center

transverse

Figure 5. Data collection locations: Longitudinal (x) and transverse (z) beams represent the location of
the data collection positions at different heights of y* = 2, 17, 86and 180. 1,2 and 3 represent the data
collection points in the longitudinal direction at x/D* = 0.25, 0.5 and 0.75, respectively.

locations where the data were collected can be seen in Figure 5. Considering the different
geometry of the diamond-shaped case, an effective length, D*, is used to define the longi-
tudinal dimension of the dimples which is equal to D for the circular dimples and equal to
2D for the diamond-shaped dimpled case.

4, Verification and validation
4.1. Flat plate cases

For verification and validation purposes, a series of fully turbulent channel flow simulations
with different grid resolutions were performed. As the reference work, the DNS dataset of
Moser et al. [24] was selected. The domain size and mesh resolution of the fully turbulent
channel used in the mentioned DNS work are presented in Table 2.

In the table, N and A™ represents the number of cells and non-dimensional cell dimen-
sions in the x, y and z directions, respectively. A;,FC is the cell height at the centreline of the
channel in wall units. In line with the work of Moser et al. [24], the grid convergence study
was carried out at Re; ~ 180.

The grid dependency analysis was completed in two stages. In the first stage, the effect
of the number of cells in the streamwise and spanwise directions on the results was investi-
gated while keeping the total number of cells in the wall-normal direction constant. After

Table 2. Domain size and mesh resolution of DNS dataset [24].

Re.  Rew Ly L Ne NN AF AF AL

180 5600 4ms 4mé/3 128 129 128 17.7 5.9 4.4
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Table 3. Resolutions used in the first stage of the verification study.

Gase  Af  AF AL Ay Ny N, Ny Cell count Tw[Pal
FP1 50 50 79 0.2 58 17 128 0.13 x 108 0.156
FP2 30 30 79 0.2 97 28 128 0.35 x 108 0.191
FP3 18 18 79 0.2 162 47 128 0.97 x 106 0.230
FP4 14 14 79 0.2 208 60 128 1.61 x 108 0.241
FP5 11 11 79 0.2 265 77 128 2.60 x 100 0.248
FP6 9 9 79 0.2 324 94 128 3.89 x 106 0.251
FP7 7 7 79 0.2 417 120 128 6.42 x 106 0.253
\ o5t

3, )

oL ! N N

1H: 22 Tores

0 02 04 06 08 1 02 04 06 08 1

y/d ¥/

Figure 6. Comparison of the results of the different grid resolutions for the non-dimensional velocity
(left), turbulent kinetic energy (mid) and shear stress (right) profiles.

the determination of the adequate resolution in the x and z directions, in the second stage,
the mesh resolution was solely varied in the y direction. The time step used in the grid
dependency analysis was A" & 0.15 which is non-dimensionalised by the u, and kine-
matic viscosity, v. The grid configurations used in the first stage of the verification study
are listed in Table 3 along with the surface-averaged mean streamwise wall shear stress
values, 7,,, obtained for each computational case. The comparison of the velocity, turbu-
lent kinetic energy and shear stress profiles with those of the DNS work of Moser et al.
[24] are also presented in Figure 6 for the three selected cases. It can be seen that for the
resolution levels that are coarser than A = A = 11 the value of 7, is highly variable.
Consequently, by also taking the required simulation times and available computational
resources into consideration, the resolution of the mesh configuration FP5 was found to
be suitable and was selected for the rest of the simulations. It is concluded that the grid
resolution of A} = A} = 11 is sufficient to obtain grid-independent Reynolds stresses
based on the discussions of Piomelli et al. [39].

As mentioned previously, in the second stage of the verification study, the subsequent
simulations proceeded by varying the grid spacing in the y direction. The resolution in the
other directions remained unchanged. The configurations applied for the second stage of
the grid dependency analysis for each case are shown in Table 4. As is seen, the value of 7,,
did not display any variation with the application of the incremental grid resolution. How-
ever, further examinations showed that FP5f provides better accuracy in terms of velocity,
ut, turbulent kinetic energy, kT, and shear stress, uv T, profiles displaying closer results to
the finest grid structure FP7 as can be seen in the comparative plots presented in Figure 6.
The plots particularly indicate that FP5f is capable of better capturing the peak level of k*
and uv . Accordingly, it was decided to proceed with FP5f for the subsequent analyses. The



10 Y. K.ILTERET AL.

Table 4. Configurations for the Y grid spacing.

Gase  AF  AF AR Ayy Ny N, Ny Cell count Ty [Pa]
FP5 1" I} 79 0.2 265 77 128 2.60 x 10° 0.248
FP5f 1" 1 56 0.2 265 77 172 3.50 x 10° 0.248

FP5c il 1 112 0.2 265 77 94 191 x 108 0.247

510

)T 08 —0.6/—0.4 02 0 08 06 04 02 0

+
wRMS

=4

08 06 -04 02 0 S Sy S 7w O o7 <7 b
y /5 y/d

Figure 7. Comparison of the FP case with the DNS results.

grid includes 9 points below y* = 5 and 18 points below y* = 10, satisfying the require-
ment of having at least 10 grid points within the first 9 wall units for accurate resolution of
near-wall flow physics [40].

Furthermore, to capture the effect of the time step on the results additional simula-
tions with smaller time steps were also conducted. The application of the non-dimensional
time steps of 0.07 and 0.28 showed no appreciable variations in the results, however,
substantially increased the computational time. Consequently, the rest of the simulations
proceeded with A" & 0.15.

In Figure 7, the profiles of the streamwise mean velocity, fluctuating RMS velocity com-
ponents, shear stress and turbulent kinetic energy, TKE, obtained from the present LES
study are comparatively presented along with those of the DNS work of Moser et al. [24].
All values are non dimensionalised by using u;. A good agreement was generally found in
all profiles. Particularly, the streamwise mean and RMS velocity profiles closely follow the
DNS data. The transverse and vertical components of the RMS velocities slightly underes-
timate the DNS values; however, the trend of the profiles indicates a good correlation, and
the results were found satisfactory. Likewise, the agreement of the shear stress and turbu-
lent kinetic energy profiles is good. Considering the compatibility with DNS data, it was
decided that the grid resolution selected would be appropriate to be used in the present
study.

4.2. Dimpled cases

The same systematic approach was followed for the verification of the grid structures gen-
erated for the dimpled cases. The exact grid resolutions were applied to the dimpled case
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Table 5. Resolutions used in the first stage of the verification study for the dim-

pled cases

Gase  AF  AF AL Ayh Ny N, Ny Cell count Ty [Pa]
D1 45 45 79 0.2 65 19 128 0.16 x 106 0.193
D2 30 30 79 0.2 97 28 128 0.35 x 106 0.227
D3 18 18 79 0.2 162 47 128 0.97 x 108 0.258
D4 14 14 79 0.2 208 60 128 1.61 x 10° 0.269
D5 11 1 79 0.2 265 77 128 2.60 x 10° 0.278
D6 9 9 79 0.2 324 94 128 3.89 x 10° 0.279
D7 7 7 79 0.2 417 120 128 642 x10° 0280

Table 6. Configurations for the Y grid spacing for the dimpled cases.

Case Af Af A;; Ay Ny N, Ny Cell count 7,, [Pa]
D5 11 1 79 0.2 265 77 128 2.60 x 10° 0.278
D5f 1 1 56 0.2 265 77 172 3.50 x 106 0.276

D5c 1 1 112 0.25 265 77 94 1.91 x 108 0.275

Figure 8. Comparison of the results of the different grid resolutions for the non-dimensional velocity
(left), turbulent kinetic energy (mid) and shear stress (right) profiles.

D455, which was selected for this grid convergence study. The configurations used in the
first stage of the verification study are presented in Table 5 along with the 7,, value obtained
for each computational case. A good convergence can be detected following D5 which has
a resolution of A = Af = 11. Consequently, for the second stage of the grid conver-
gence study, D5 was selected. The configurations applied for the second stage of the grid
dependency analysis for each case can be observed in Table 6. The comparative profiles of
velocity, turbulent kinetic energy and shear stress are also presented in Figure 8. The results
showed that the application of D5f significantly increases the accuracy of the profiles and
was selected to be used for the rest of the dimpled simulations.

5. Results and discussion
5.1. Drag characteristics

The left plot in Figure 9 shows the reduction obtained in the frictional component of the
total drag force acting on the dimpled surfaces, which is related to the streamwise compo-
nent of the wall shear stress. At this point, it should be recalled that the potential positive
effect of the dimples is related to the skin friction component of the total drag force. How-
ever, they naturally generate a form drag component, which represents the streamwise
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Figure 9. Friction and total drag reduction percentages for each computational case (The percentages
were calculated with respect to the reference value of 0.248 Pa obtained for FP. The negative values
indicate an increase in the drag component).

component of the viscous pressure force that can be calculated by the difference between
the total drag and skin friction force. When the amount of the gain in the skin friction com-
ponent exceeds the amount of the loss in the form drag component as form drag increases,
the total drag force can be reduced. It is seen that most of the dimpled surfaces positively
affected the skin friction and effectively reduced it with respect to that of FP. The larger
dimpled cases with a diameter of 60 mm generally displayed better performance in terms
of friction, probably due to the higher Reynolds number seen by the flow inside the dimples
with the exception of D60g. This case along with D454, which was organised with a stag-
gered arrangement, increased the surface friction. The plot points out that, taking solely
the frictional performance into account, the optimal dimpled depth is around 3-4%, which
resulted in the maximum friction reduction of 2% and 4% for both dimple diameters (of
45 and 60 mm) considered, respectively. The tests with larger or smaller dimpled depths
gave lower reduction rates. The diamond-shaped D603, on the other hand, exhibited a
successful skin friction performance with a significant reduction rate of 4.9%.

The right plot in Figure 9 displays the total drag force reduction rates obtained from
the dimpled cases. As is seen, no case achieved a reduction in drag force due to the addi-
tional form drag component that is generated by the dimples. Most of the dimpled cases
substantially increased the total drag acting on the bottom surface. However, the two
most shallower cases (D45; 5 and D60, 5) along with D603, produced an encouraging out-
come displaying almost no increase in drag, indicating that further studies with a slight
optimisation in the dimple geometry will likely result in a considerable drag reduction.

The ratio of the contribution of the form drag component to the total drag force is given
in Figure 10 for different cases. It is clear that the application of deeper dimples should be
avoided due to their enormous profile drag. The plot shows that the depth of the dimples
should be at most 3%, while, in fact, this configuration also displays a considerable form
drag rate of 10%. The implementation of larger depths substantially increases the additional
contribution of the form drag. The staggered arrangement also resulted in a very high rate
of above 20%. On the other hand, although a depth of 3% was applied to the diamond
shaped dimples, the form drag rate of this arrangement was not found to be higher than
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Figure 10. Percentages of the contribution of the form drag to the total drag for each computational
case.

that of the shallower dimpled case D60, 5. The study reveals, then, the great potential of
this configuration which exhibited a significant skin friction reduction and a relatively low
form drag rate.

5.2. Time-averaged and fluctuating flow fields

In the following sections, the comparative flow fields of the selected cases are presented
for brevity. The cases with a d/D rate of 0.08 are avoided since they presented an entirely
different flow structure with significant flow separation. The staggered arrangement was
also not decided as the general focus of the study is on flow-aligned arrangements. To
provide a clearer representation of the differences with respect to the skin friction reduction
performance the two best performing computational cases, D603 and D603, and the case
with the lowest reduction rate amongst the rest, D454 alongside FP were selected for further
investigation.

The mean (time-averaged) flow fields were obtained from the temporally averaged
velocity and stress distributions for all cases. The mean streamwise wall shear stress, 7,,, dis-
tributions non-dimensionalised by the surface-averaged 7,, of the FP, £, on the bottom
wall along with the limiting streamline traces can be examined in Figure 11. As expected,
FP displays a nearly homogenous stress distribution throughout the surface while the stress
values were found to be around 1.02. The circular dimpled cases present rounded contour
shapes around the entrance of the dimples with a large gradient along with them. Due to its
highest streamline curvatures, the largest gradient in the wall shear stress was observed in
D45, where very low-stress values of below 0.041 were computed around the leading edge
of the dimples. Flow separation and reattachment within the dimple can be observed for
D454. A closer observation in z = 0 cross-sectional plane, which is not presented here for
brevity, indicated that the separation is limited to a zone in the immediate vicinity of the
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Figure 11. 7,,/7L? distributions and limiting streamlines on the bottom wall (FP, D454, D603, D603,
from left to right, respectively. The flow is from bottom to top.).

wall. The recirculation further helps decrease the streamwise wall shear stress around this
zone. One can see from the plots that the introduction of the dimples generates substantial
transverse flow motion. Due to the existence of the separation zone, the flow largely moves
towards the outer edges of the dimple and the streamline traces becomes sparse following
the separation for D454. The zig-zag nature of the flow can also be seen in D603, where
a smoother distribution of the stream traces covers the dimpled wall. One can see that
the structure of the streamlines is rather different from that of the circular dimpled cases.
The sudden deflection of the streamline following the boundaries of the dimples is strik-
ing. Near the leading edge, the strong convergence of the streamlines can be also observed
while they diverge towards the trailing edges. The stress values progressively raised along
with the dimples up to the trailing edges where the largest stress values of over 2.03 were
obtained. An identical stress structure was predicted for D603 where the maximum and
minimum values were computed as 0.16 and 2.85, respectively. The flat zones remaining
between the dimples exhibited stress values generally larger than those of FP. The case that
displayed the best skin friction performance, D6034, on the other hand, presented a more
uniform stress distribution through the surface, where the values on a large portion were
found to be below those of FP. The largest values of around 1.63, which are higher than
those of FP but are rather lower than those of the other two cases presented, occurred in a
confined space near the trailing edges of the dimples.

The velocity vectors and the non-dimensional profiles of 7, along the longitudinal
centre plane of the bottom surface are shown in Figure 12 for the computational cases con-
sidered. As can be seen and expected, in the near wall region, inside a dimple, the gradients
of the tangential velocities in the vertical direction and the streamwise component of wall
shear stresses are related to each other. The incompressible flow in the channel exhibits
a diffusion and contraction-like behaviour in the vertical direction as it passes through a
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Figure 12. Velocity vectors and ms\msm\u on the centre plane along the longitudinal centre plane of the
dimples (from top to bottom FP, D454, D603, D603, respectively).
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Figure 13. Pressure Coefficient distributions on mid dimple centred area on surface (FP, D454, D603,
D603, from left to right, respectively. The flow is from bottom to top.).

dimple. The large wall shear stress gradient exhibited by the two circular dimpled cases
particularly around the last quarter of the dimples is immediately striking in the figure.
As can be observed, when a portion of the flow near the bottom wall moves towards the
dimple, the boundary layer becomes somewhat stretched while the displacement thickness
remains almost constant. In this way, the expansion area provided by the dimple causes
the fluid flow to slow down and the velocity gradients to decrease, leading to a reduction
in the streamwise wall shear stresses. This fluid flow also increases the local pressure due
to the reduced velocity magnitude. Figure 13, which shows the pressure distribution on
the bottom wall, can be examined along with Figure 12. For the circular dimpled cases, it
can be seen that approximately after the first quarter of the dimple, the velocity gradients
begin to rise while the fluid flow remains inward. The change in the direction of the flow
severely increases the wall shear stress levels approaching to the trailing edge of the dim-
ples due to the contraction trend of the surface geometry where the velocity levels increase
and pressure levels drop. However, the pressure drop rate around the second half of the
circular dimples appears to be shifted towards the trailing edge of the dimples and the
pressure distribution displays an asymmetrical structure with respect to the spanwise axis
of the dimple. This is due to the high velocity flow around the outer region of the boundary
layer which is barely directed inward as the flow reaches the centre of the dimple, where
the dimple geometry starts to get shallower. As the fluid continues to flow forward, the
geometry of the surface forces the flow to change its direction and to move upward, lead-
ing to a stagnation pressure and an increase in the velocity level in the near wall region.
This also explains the sudden increase in wall shear stresses at that zone. Additionally,
the high-pressure region on the dimple wall shifts towards the trailing edge, contribut-
ing to the pressure-induced drag. As mentioned previously, an asymmetrical nature of the
flow can be examined for the circular dimpled case in Figure 12 in terms of the vertical
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Figure 14. Sectional area variations for dimpled cases.

velocities. The accelerated upward flow near the trailing edge of the dimples enhances the
tangential velocity on the surface and hence the friction force in that area. As seen in the
figure the tangential velocities and the velocity gradient become relatively large towards
the trailing edge of the dimple for the two circular dimpled cases. From this perspective,
it could be argued that increasing the length of the dimple without changing the depth
and width would decrease the harsh slope at the leading and trailing edges and potentially
reduce the vorticity, pressure difference, and therefore the form and frictional drag. This
may explain the reason for the lower drag components predicted for the diamond-shaped
dimpled case which presents an almost symmetrical flow structure around the spanwise
axis of the dimple and slowly rising walls shear stress levels. This is simply related to the
geometric specifications of the dimpled walls. The circular dimples have a parabolic change
in their sectional area with a rapid increase and rapid decrease at the leading and trailing
edges, respectively. However, the diamond-shaped dimple exhibits a more linear variation.
The sectional area variation rates normalised by the projection area of the dimples for the
cases considered are shown in Figure 14. The variation of the sectional area at the edges is
highest for the D45, case and lowest for the D603, case, due to its wedge-like shape, which
reflects the performance of the surfaces in the skin frictional reduction. A comparison of
Figure 11 and Figure 14 reveals an inverse relationship between sectional area variation
rates and wall shear stresses. Indeed, there should be an optimal dimple length depend-
ing on the bulk velocity, boundary layer thickness, etc. Obviously, an infinitely long dimple
would not be effective on the drag reduction. However, an excessively shorter length would
increase the frictional and form drag due to the arguments explained above.

The vertical non-dimensional mean velocity fields are presented in Figure 15. As
explained previously, due to the bottom surface geometry the flow is forced to display a
diffusion and contraction-like behaviour, which indeed generates vertical velocity com-
ponents. The vertical velocities tend to increase or decrease parallel to the ascending or
descending surface profiles. However, they display an asymmetrical structure with respect
to the spanwise axis of the dimples, which does not reflect the exact geometry of the dim-
ple surfaces. An interesting resemblance of the vertical velocity distributions to those of
the streamwise wall shear stress fields is remarkable. This particularly enhances the pre-
viously explained physical mechanism involving the relationship between the structure of
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Figure 15. Vertical non-dimensional mean velocity (V/Up) distributions at y* /H = 0.05 (FP, D454, D603,
D603, from left to right, respectively. The flow is from bottom to top.).

the flow, skin friction, and wall pressure levels. FP displays a nearly zero vertical velocity
level through the flow field as expected whilst D454 presents the largest velocity gradient in
the streamwise direction due to the stronger curvature of the dimple profiles as indicated
previously. A much smoother contour structure can be observed in the diamond-shaped
dimpled case. The figure highlights the relationship between the smoother surface profiles
and the frictional resistance. A slight variation in the surface depth is enough to create
the vertical motion and substantially modify the boundary layer and the velocity gradi-
ents. This encourages the optimisation studies to take the variation of the sectional area
of the dimples into consideration to create substantial friction reduction without largely
increasing the form drag component.

The streamwise non-dimensional mean velocity distributions at a height of y*/H =
0.05 are presented in Figure 16 for different computational cases. The velocity values were
normalised by the associated bulk velocities. Here, y* represents the distance from the flat
sections of the bottom surface where zero depth is defined. It should be noted that the y*
values are not constant through that plane due to the changing distance from the bottom
surface of the dimples and varying local wall shear stress values. At y*/H = 0.05, the y*
values are around 17 on the zones corresponding to the areas between the dimple geome-
tries and the sides of the dimple structure. The y* values are rising to 45 along the front
half of the dimple geometry and fall to 1 along the aft half for D454. The maximum value
tends to stay around 45 while the minimum value increases with the increasing wall shear
stress up to 17 for the D603,.

Concerning Figure 16, it is seen that FP has a uniform distribution as expected. The
dimpled cases present a nearly symmetrical structure about the dimple centreline. The two
circular dimpled cases displayed high and low-velocity streaks on either side of the cen-
treline. Due to the large velocity gradient found in the spanwise direction, it is expected
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Figure 16. Streamwise non-dimensional mean velocity (U/Up) distributions at y* /H = 0.05 (FP, D454,
D603, D603y, from left to right, respectively. The flow is from bottom to top.).

to have counter-rotating pairs of streamwise vortices along the surface depending on the
direction of the spanwise velocity component. The enhancing effect of the dimples on the
vortex structures is also indicated by many research studies found in the related litera-
ture [5,14,15]. It can be seen that the relatively deeper dimpled case, D454, displays the
largest peak velocity values and hence a larger velocity gradient highlighting the effect of
d/D on the flow field. For both circular dimpled cases, the highest streamwise velocity
occurred between the consecutive dimple structures. Towards the side edges of the dim-
ples, the lowest velocity levels were detected. The non-dimensional averaged velocity value
for both cases was predicted as 0.83 and 0.85 respectively. For the diamond-shaped case,
D604, no continuous velocity streaks were observed about the centreline due to the tighter
arrangement of the dimples. This dimpled case presented the highest velocity distribution
among the cases investigated with a non-dimensional average velocity value of 0.87. Within
a dimple structure, two high-velocity zones took place on either side of the centreline which
were then followed by small low-velocity areas where the values were around those of FP.
The occurrence of counter-rotating pairs of streamwise vortices seems to be likewise highly
likely in that computational case, weaker vortices are nevertheless expected. The correla-
tion between the streamwise velocity levels and the skin friction values of the different cases
was found to be remarkable at this stage.

As far as the non-dimensional spanwise velocity distribution are concerned, in
Figure 17, FP presents almost no spanwise component which is quite expected. However,
it can be clearly seen that the dimple structures induce significant spanwise components to
the mean flow field as indicated, for instance, by Tay et al. [7], van Nesselrooij et al. [10] and
Wang et al. [29]. The topology is largely dominated by the alternating spanwise flow. For
the two circular dimpled cases, the peak values occurred in a relatively large zone between
three adjacent dimple structures near the diagonal edges of the dimples due to the curvature
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Figure 17. Transverse non-dimensional mean velocity (W/Up) distributions at y*/H = 0.05 (FP, D454,
D603, D603, from left to right, respectively. The flow is from bottom to top.).

of the streamline associated with the rounded shape of the dimples while the central zone
of the dimples showed almost no spanwise component. The diamond-shaped dimples yet
created strong spanwise components in a relatively more confined diagonal zone along the
dimple edges. The peak values also occurred nearly on these edges. The information gained
from the two velocity components investigated so far suggests an alternating arrangement
of counter-rotating streamwise vortex pairs.

Investigating the flow topology given in Figures 16 and 17 in common, it can be deduced
that another effect that may influence the high wall shear stress 1levels may be partly related
to the spanwise motion of the flow. As seen in the figures, the spanwise component of the
motion does not affect the whole surface area of the dimples. This flow structure is strongly
related to the geometric arrangement of the dimples. In the flow-aligned arrangement, for
the two circular dimpled cases, since a flow portion that leaves one dimple in the diago-
nal direction enters the adjacent one in the same direction, a zig-zag nature of the flow is
generated around the edges of the dimples which are diagonally positioned. This flow por-
tion cannot reach the middle of the dimples. Around the streamwise axis of the dimples,
on the other hand, the flow displays higher velocity levels since the bottom wall surface
is located at a deeper level. This flow gains a substantial acceleration passing through the
area between two consecutive dimples in the streamwise direction. In this way, around this
zone, high momentum levels are added to the inner part of the boundary layer and the
shear stresses present a significant increase. This can be also observed in Figure 11 where
the mean streamwise wall shear stress distributions are presented. The diamond shaped
dimpled case, on the other hand, provides a somewhat stronger spanwise flow component
which can affect the regions towards the middle of the dimple which relatively avoids the
high-velocity streaks in the middle part of the dimple. This partly contributes to the lower
wall shear stress values predicted around the trailing edges of the dimples.
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The examination of the time-averaged flow fields so far basically reveals that the main
effective influence on the surface friction originated from the mean flow. Based on the
current research and existing literature, two physical mechanisms that are effective on the
frictional drag reduction in the streamwise direction may be identified. The first one is the
amount of gradient of the tangential velocities in the inner part of the boundary layer at
the immediate vicinity of the bottom wall. This is directly related to the geometrical char-
acteristics, particularly the sectional area variation rates of the bottom wall. Indeed, lower
gradient values will decrease the overall amount of wall shear stresses. The second physi-
cal property, which is relatively effective on the frictional resistance, is the flow direction
in high-speed regions close to the wall. If a high-momentum flow portion can be orien-
tated to the spanwise direction, even if high shear stress levels exist on the fluid adjacent
to the wall, a part of them will be transferred to the spanwise flow component, which is
insignificant in terms of the skin friction resistance.

Shown in Figure 18 are the streamwise vorticity, @y, distributions non-dimensionalised
by Up and H on the plane y*/H = 0.05. In the open literature, there is a quite solid
belief that the dimple structures create strong streamwise vortices and there is a corre-
lation between the relative depth of the dimples and the level of the vorticity or the size
of the instantaneous vortices [7,15,41]. In addition, the related literature states that there
exists a relationship between the size and/or level of these streamwise vortices and the skin
friction reduction degree of the related dimple arrangement. Bearing these recommenda-
tions in mind, one can see in Figure 18 that FP exhibits almost no streamwise vorticity
with an occasional low level of positive component probably due to the need for a fur-
ther long time-averaging period. However, with the introduction of the dimples, strong
counter-rotating pairs of alternating streamwise vortex zones can be observed along the
two corridors between the dimples for the two circular dimpled cases. The inner part of the
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Figure 18. Streamwise non-dimensional mean vorticity (wy x H/Up) distributions at y* /H = 0.05 (FP,
D454, D603, D6034, from left to right, respectively. The flow is from bottom to top.).
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dimples also displays a sparse zone of high-level vorticity. The level of the vorticity and the
size of the affected area is the largest for D454 which has a relatively deeper dimple struc-
ture but the lowest skin friction reduction performance. D6034, presented a similar flow
structure in terms of streamwise vorticity with quasi organised vortices along the edges
of the dimples. The level of the vorticity and the size of the affected area were predicted
to be lower than those of the two other dimpled cases whilst the best skin friction perfor-
mance was found for this computational case. This suggests that the physical mechanism
that lies behind the skin friction reduction performance of the dimples is not directly pro-
portional to the introduction of the streamwise vortex structures at least without taking
the generation of the spanwise vortices into account.

The mean distribution of the non-dimensional spanwise vorticity (w, x H/Uyp) at the
vertical plane, z/H = 0, passing through the longitudinal centre of the dimples can be seen
in Figure 19. The figure indicates that FP has a tendency for clockwise rotational motion
around the spanwise axis due to the interaction between the streamwise and wall-normal
fluctuations. The figure implies that the size of the high-level vorticity zones significantly
increases with the introduction of circular dimples. It should be recalled that, at the zones
where the spanwise vorticities are strong, the velocity gradients in the vertical and stream-
wise directions should present high levels. At these zones, hence, the instability of the flow
should also be high. High levels of spanwise vorticity that are close to the wall would cause
an increase in the frictional resistance about these zones. In the figure, it can be seen that
for the two circular dimpled cases, the clockwise high-vorticity bands are slenderised in
the zones between the dimples and near the trailing edges, but their intensity is increased.
The figure shows that, around the leading edge of the dimple, the fluid with high-vorticity
flows away from the bottom surface without affecting the wall shear stresses. The related
zones correspond to those which display a substantial decrease in the skin friction pointed
out previously. The diamond-shaped dimpled case, on the other hand, displays a much
smoother flow structure. Around theleading edge, the relatively strong band remains closer
to the wall without, however, presenting significantly high levels. The zones between the
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Figure 19. Spanwise non-dimensional mean vorticity distributions (w, x H/Up) atz/H = 0 (FP, D454,
D603, D6034, from top to bottom, respectively. The flow is from left to right.).
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Table 7. Spanwise non-dimensional
mean vorticity (o, x H/Up) values at the
vicinity of the bottom wall (z/H = 0).

X/D FP D45, D603 D603y

—0.50 ~225 40.9 347 25.1
—0.25 ~225 1.6 5.1 14.9
+0.00 ~22.5 17.3 19.9 19.6
+0.25 ~22.5 37.4 29.2 23.2
+0.50 ~225 743 56.0 295

dimples and near the trailing edges, similarly, do not show extreme vorticity values. In this
way, D603, presented the most favourable skin friction performance. Table 7 shows the
values of the spanwise non-dimensional mean vorticity computed at the immediate vicin-
ity of the wall along the streamwise centre axis of the surface. As pointed out above, the
considerable increments in the vorticity towards the trailing edge of the dimples for the
two circular dimpled cases are remarkable in the table, whilst the variation of the values is
seen as limited for D605,.

To provide a better understanding of the underlying dynamics of the spanwise vortic-
ity distributions, Figure 20 presents the instantaneous spanwise non-dimensional vorticity
distributions (w, x H/Uy) at an xy plane passing through the dimple centrelines (z/H =
0) at two different flow instants. The frames, which are captured with a rate of roughly
33 Hz, contain a single dimple structure for the dimpled cases with a display height of
around y*/H = 0.2. The flow is from left to right. The structure of the vorticity and the
effect of the dimples can be clearly investigated in the figures. In FP Accumulation of the
negative vorticity generates a shedding-like flow motion with an elongated vortex structure
expanding slightly in the positive y direction while losing its strength. The vortex shedding
phenomenon is pronounced in the dimpled cases. The build-up of the high-level vorticity
begins at the entrance of the dimple, due to the high curvature of the bottom surface and,
hence, the limiting streamlines, mostly for the two circular dimpled cases. For the rela-
tively deeper dimpled case, D454, the shedding is more visible. By closely examining the
consecutive images, the breakdown of the high-strength vortex structure into smaller and
weaker fluctuating vortices and the shedding into the flow field in the streamwise direc-
tion can be observed. A second vortex shedding phenomenon occurs around the centre of
the dimple in a rapidly diminishing manner. The existence of the relatively deeper dimple
structures clearly augments the spanwise vorticity traffic in the vicinity of the wall up to
mostly y*/H = 0.1. A similar flow structure was computed for D603 which exhibited more
elongated vortex zones with weaker strength. The fact that the strong vorticity band leaves
the surface at the trailing edge and moves towards the bottom surface with a breakdown
around the middle of the dimple while increasing its strength in a more confined zone may
be explained by the directional change of the flow which leads to a stagnation pressure as
pointed out previously.

D6034, on the other hand, display relatively high vorticity levels and structures only in
very slender zones closer to the wall compared to FP and seemed to not increase the level
of negative vorticity and diminish the turbulent exchange. Although the vorticity zones are
distributed in a more frequent form, it can be observed that they are more diffused with
generally lower values which agrees with its lower skin frictional performance.
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Figure 20. Instantaneous spanwise non-dimensional vorticity (w, x H/Up) at centre plane (z/H = 0)
for different cases, to = 4.0s (top) and At = 0.03s. The flow is from left to right.

Shown in Figure 21 are the instantaneous Q criterion [42] iso surfaces at different
instants for the four computational cases examined. Q values of 1000 were selected to pro-
vide a readable graphical view. The top and bottom plots represent the iso surfaces coloured
by streamwise and spanwise vorticity levels, respectively. It should be recalled that a vortex
structure and vorticity have different physical meanings. For instance, a longitudinal struc-
ture does not necessarily contain solely streamwise vorticity or a spanwise structure can
have both streamwise and spanwise vorticity components. The figures offer a clearer rep-
resentation of the vortex structures near the bottom surface throughout the flow field. The
figures indicate that FP has discrete structures randomly spread in particularly streamwise
directions. However, by close examination of the colours, one can foresee that the flow is
mainly dominated by the spanwise vorticities. The left and right plots also demonstrate the
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Figure 21. Instantaneous Q criterion iso surfaces (Q = 1000s~2) for FP, D454, D603, D6034, from top to
bottom, respectively. Coloured by streamwise vorticity, to = 4.00s (left) and t; = 4.03s (right).

motion of the structures over the period. The interaction of the structures with each other
appears to be relatively low. The number of vortex structures significantly rises with the
application of the dimples. In the two circular dimpled cases, the vortex structures spread
in both streamwise and spanwise directions. However, they are once again under the influ-
ence of spanwise vorticities. The trailing edges of the dimples appear to be typically covered
by spanwise structures. The discrete vortex formation mainly occurs inside the dimple
close to the central location. The interaction between the discrete structures appears to be
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augmented particularly around the dimple centre. The diamond-shaped dimples show rel-
atively similar behaviour to that of FP producing much fewer vortex structures compared
to the other two dimpled surfaces. A more uniform distribution over the surface can be
observed throughout the surface. Whilst the number of the small-scale structures is higher
than that of FP, they are generally in the streamwise direction. At this point, it should be
noted that the critical aspect is the directional position of the small-scale structures rather
than their quantity of rate of occurrence. Streamwise structures may not be significantly
effective on the fictional resistance. However, spanwise structures located close to the wall
surfaces have a much more negative influence on the skin friction performance, which are
seen intensively around trailing edges of circular dimples.

5.3. Turbulent kinetic energy budget and spectral characteristics

In this section, we examine the turbulent kinetic energy budget and the spectral content
of the velocity signals collected from different computational cases to reveal the effect of
the dimples on the fluctuating energy levels of the time-dependent data and the turbulent
kinetic energy (TKE) transport. The same computational cases, which were investigated in
the previous sections, were considered.

In fluid dynamics, the term ‘turbulent kinetic energy budget’ refers to the balance of
energy in a turbulent flow. In a turbulent flow, TKE is constantly being transferred from
the large-scale motion of the fluid to the smaller-scale eddies and vortices that make up
the turbulent flow. This transfer of energy is a critical factor in determining the overall
behaviour of the turbulent flow. For the present channel flow, the turbulent kinetic energy
transport equation can be written in Cartesian tensor notation as:

9u; u; Ou; a /1 di__ 1d—
— —=vuu— ——vp' = (5)

where the overbars indicate time averaging. This equation implies the balance of produc-
tion (P), dissipation (¢), viscous diffusion (VD), turbulent transport (TT), and pressure
gradient (PG), respectively [43]. Figure 22 presents a comparison of the TKE budget terms
for dimpled and flat channel flows obtained by the current LES study. The profiles at the
dimple centre (x/D = 0) are plotted against y* on the horizontal axis, which is the non-
dimensionalised distance from the wall. The shear stress value used to estimate y* in these
plots is the streamwise component of the mean wall shear stress of the bottom wall.

In Figure 22, it is clear that the introduction of the dimples significantly affects the turbu-
lent kinetic energy transport phenomenon. An increase in the turbulence production can
be observed for the dimpled cases within the range covering the viscous sublayer, buffer
and logarithmic layer compared to that of FP. The peak of the production term is substan-
tially amplified for the two circular dimpled cases, particularly for D45,. Supporting the
previous investigations presented here, the location of the peak indicating the zone where
the turbulence is intensively created is observed to be shifted away from the wall due to the
somewhat stretched structure of the boundary layer. The smoother sectional area variation
rate of D603, provides a similar production behaviour to that of FP. The stretching of the
boundary layer also affects the dissipation profiles. The decrease of the vertical gradient
of the tangential velocities within the viscous sublayer generally intensifies the amount of
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Figure 22. Comparative TKE budget profiles for the centre of the dimple.

dissipation in this area. For the same reason, the viscous diffusion in the viscous sublayer
is significantly increased for the dimpled cases. D603 and D603, display a similar trend
for the turbulent transport term slightly increasing the small-scale structures in the vis-
cous sublayer and logarithmic layer. The anomalous trend shown by D454 most probably
originated from the wake of the small fluid zone displaying flow separation and reattach-
ment within the first quarter of the dimple. The pressure gradient term for FP exhibits
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a nearly flat profile which is expected due to the constant pressure distribution along the
vertical direction. The amplification in the pressure gradient within the immediate vicinity
of the wall is most probably caused by the stagnation pressure created by the flow barely
directed towards the wall surface between the middle and trailing edge of the dimple. Due
to the smoother surface profile of the diamond-shaped dimples the pressure gradient form
is found to be similar to that of FP.

The spectra obtained with a direct Fourier transform of the signals can be highly noisy. It
may be difficult to clearly distinguish the differences between the spectral plots of different
cases without having very long-time data and applying several block averaging techniques
etc. that occasionally over-smooth the data resulting in the loss of critical information.
To obtain a smooth frequency spectrum, oscillations containing low energy levels can be
extracted from the original signal. One way to perform this task is the use of the Empirical
Mode Decomposition (EMD) technique of Huang et al. [25]. EMD results in intrinsic mode
functions (IMF) that represent the intrinsic oscillatory modes embedded in the data. For
the general properties of the IMFs and related decomposition techniques, the reader is
referred to Huang et al. [25]. Thus, the original signal can be represented by the following
sum of IMFs:

N
¢(t) =) IMF{(1) (6)
n=1

where N is the number of IMFs. In Figure 23, the original streamwise velocity signal col-
lected from the location x/D* = 0.5,z/D = 0.5 for D454 along with the IMFs computed
can be seen as an example. In this way, the turbulent velocity signal is expanded to different
time scales with seven terms. The sum of the IMFs gives the original signal with high accu-
racy. To calculate the fluctuating energy levels, first, the Hilbert spectrum, Sy, of each IMF
can be computed. As is known, the Hilbert spectrum includes the variable amplitude and
instantaneous frequency which highly improve the efficiency of the expansion. The result-
ing transform characterises the energy levels with respect to both time and frequency. The
distribution of the energy according to the frequency and time can, then, be investigated.
To compute the energy for a single IMF the following summation should be performed:

E, = \ \ S2..(f> 1) dodt (7)
tJf

The levels can also be normalised with respect to the total energy obtained from FP to
facilitate the reading:

E
E% = ——— (8)

IMEY:
The calculation of the energy level of each IMF reveals the dominant time scales of the
flow signal. The energy levels of different IMFs for different computational cases and each
velocity component can be examined in Figure 24. As is seen, for the three velocity com-
ponents the first four 4 IMF are dominant and contain most of the total amount of energy.
Consequently, the sum of the first four IMF was selected for each computational case for
the spectral analysis and the low-energy content of the remaining IMFs was neglected.
In Figure 25, the first notable aspect is the significant rise in the amplitudes of the fluc-
tuating vertical and spanwise velocities by the introduction of the dimples. Contrarily,
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Figure 23. Empirical mode decomposition components of the streamwise fluctuating velocity (u’)
signal collected from the location x/D* = 0.5,z/D = 0.5 for D45,.
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Figure 25. The original and reconstructed streamwise fluctuating velocity (u’) signals for different com-
putational cases. A closer look at the reconstructed and original signals is given in the third column, black:
original, red: reconstructed fluctuating velocity signal.
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the differences between the energy levels of the streamwise velocities may seem to be less
pronounced. This is since the three-dimensional structure of the dimples mainly induces
transverse and vertical flow components. By focusing on the energy levels of the different
IMFs separately, it can be seen that FP displays a significant rise in IMF 3. This may be due
to the flow phenomenon similar to vortex shedding captured in the instantaneous shots
presented in Figure 19. Since the introduction of the dimples breaks this flow structure,
the amplitude of IMF 3 is damped for the dimpled cases. The information gained partic-
ularly from the investigation of the Q criterion contours suggests that the energy levels
of the first 3 or 4 IMFs should present an increase representing the creation of the small-
scale structures. However, it can be seen that D603, shows equal or lower amplitudes than
those of FP in IMFs 1 to 3 for the streamwise fluctuations. This is partly in agreement
with our previous finding that the small-scale structures that emerged in D603, are mostly
streamwise oriented which induce velocities mainly in y and z directions. Considering the
spanwise and vertical components of the fluctuations in Figure 25, it may be seen that the
order of the rise in the amplitudes associated with different computational cases is in line
with the amount of the small-scale structures observed previously at different cases and
the frictional performance of the surfaces. One remarkable feature of the graphic is that
the energies of the high-frequency fluctuations of the vertical velocities are found to be
significantly higher than those of the spanwise velocities. For instance, concerning IMF 1,
the increment ratio in the amplitude of the vertical fluctuations is about 34 with respect to
that of FP for D454, while the energy of the spanwise fluctuations shows a 4.4 times rise.
This implies the relative strength of the vertical fluctuations. This is since both streamwise
and spanwise structures include vertical flow components that significantly amplify the
energy levels of the vertical fluctuations.

Hence a new velocity signal was generated by calculating the sum of the first four IMFs
for all signals that were selected for spectral investigation. For instance, the regenerated
streamwise velocity signals for different cases at x/D* = 0.5,z/D = 0.5 are comparatively
presented in Figure 25. This is also a rational approach as the spectral content of an IMF
significantly reduces as the number of the IMF rises and the investigation of the very low-
frequency part of the data by using a signal with a length of 20 s may result in an inaccurate
representation of the spectrum. One can also define the marginal spectrum which contains
the whole amount of energy of the signal and can be computed by an integration of the
Hilbert spectrum over time as follows:

T
Su(f) H\o Su(f,t) dt 9)

The Hilbert-Huang marginal spectrum of the regenerated signals of each fluctuating veloc-
ity component, which were computed according to the procedure explained above, for the
location x/D = 0 can be seen in Figure 26. It should be noted here that the existence of
energy at a frequency implies the likelihood for such a wave to have appeared locally. This
is different from Fourier representation where the energy level at a frequency indicates the
persistence of sine or cosine waves through a time span of the data.

Concerning the streamwise velocity fluctuations, the existence of the dimples seems to
energise nearly whole fluctuations in the range of f >~ 5Hz. FP displays clear peaks at
around ~ 35 — 55Hz on the centre of the dimple which appears to be shifted to higher fre-
quencies due to the dimples. The spectra of the dimpled cases present an almost smooth
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Figure 26. The marginal spectrum of the fluctuating velocity components. (from top to bottom,
u', v, w, respectively) (17 < y* < 28).

structure up to ~ 35Hz. However, the amplitudes are still higher than that of FP. The plots
also indicate that the energies at very low frequencies decrease to some degree. This indi-
cates a transfer of energy from the large, coherent structures to the smaller ones. This
conflicts with the finding of e.g. Tay et al. [7] who mentioned that the energy was retained
at the larger scales and a greater streamwise coherence was obtained with the application
of the dimples. Consequently, they observed a shift of the power spectra of the streamwise
fluctuations to the lower frequencies. The current study demonstrates that although the
dimples introduce streamwise vorticity and strong spanwise flow components they do not
stabilise the flow, on the contrary, they create smaller flow scales that are more prone to
viscous dissipation. According to the three velocity spectra obtained from the locations on
the dimpled surface, the likelihood of higher frequency waves greatly increases particu-
larly for the location corresponding to the centre of the dimple. From the mean wall shear
stress distributions, we know that the friction significantly reduces around the entrance of
the dimple and gradually rises towards the trailing edges. The streamwise velocity spec-
tra presented do not display significant variations with respect to the signal location. This
prevents comments on the effect of the instantaneous interaction of the boundary layer
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with the wall through the time span. However, we know that the minimum gain in skin
friction was obtained in D454, which shows the highest spectral variations compared to
FP for the three locations considered. D6034, on the other hand, displays relatively smaller
variations in the spectrum whilst presenting a larger gain in frictional drag. As mentioned
previously, this suggests a negative effect of the smaller-scale structures and fluctuations
on the frictional characteristics of the dimpled surfaces while the fundamental advantage
comes from the vertical movement of the flow.

The spectra of the two other fluctuating velocity components (v/, w' ) demonstrate that
the amplitude of almost the whole frequency range rises on the dimples’ surfaces. This
implies that the application of the dimples amplifies both the large — and small-scale tur-
bulent fluctuations in spanwise and vertical directions. This can also be seen in Figure 24
where the top right and bottom plots clearly show that the energy levels of the first four
IMFs significantly rise due to the existence of the dimples with respect to FP. The maximum
increment occurs in D454.

6. Concluding remarks

In this study, large-eddy simulations of the turbulent channel flow with various dim-
pled surfaces were presented. The drag characteristics along with the time-averaged and
instantaneous flow fields were extensively examined and the effect of the dimples was inves-
tigated. The study also included a spectral analysis in terms of the Hilbert-Huang spectrum
of the velocity fluctuations and revealed the effect of the dimples on the frequency domain.
The critical findings of the investigations are briefly addressed as follows.

o All of the dimpled surfaces with the exception of the case with a staggered arrange-
ment and the one involving the dimple geometry with a d/D rate of 8% considerably
reducing the frictional drag component. The cases involving larger dimples cases
with a higher diameter-based Reynolds number displayed better performance in
terms of skin friction. With the application of the dimples, a frictional drag reduction
of up to approximately 5% was obtained.

e The Reynolds numbers based on the diameter, or the depth of the dimples are not
the sole physical parameter affecting the skin friction. The combination of these
Reynolds numbers along with the dimple geometry and arrangement is effective in
friction reduction. Within the Reynolds number range investigated in this study, a
higher Rep and a lower Re; were found to be desirable depending on the dimple
configuration.

e Rejalong with the dimple geometry is the primary parameter affecting the form drag
component. A higher value of Re; substantially increased the form drag. The two
shallower cases as well as the diamond-shaped dimpled case produced an encour-
aging outcome displaying almost no increase in overall drag, indicating that further
studies with a slight optimisation in the dimple geometry will most possibly result in
a considerable drag reduction.

e The main effective influence on the surface friction originated from the mean flow.
The amount of gradient of the tangential velocities in the inner part of the bound-
ary layer at the immediate vicinity of the bottom wall is particularly related to the
sectional area variation rates of the bottom wall. Indeed, lower gradient values will
decrease the overall amount of 7,,,.
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e The flow direction in high-speed regions close to the wall is also a relatively effective
physical property on the frictional resistance. If a high-momentum flow portion can
be orientated to the spanwise direction, even if high shear stress levels exist on the
fluid adjacent to the wall, a part of them will be transferred to the spanwise flow
component, which will help decrease the skin friction in the streamwise direction.

e For the Reynolds number examined in the study, the dimples did not reduce the
high-frequency content of the flow and did not provide a more stable flow topol-
ogy, contrary to what is pointed out in the open literature. The instantaneous flow
topologies as well as the spectral investigations exposed a substantial increase in the
high-frequency small-scale structure production, and a large rise in the fluctuation
almost throughout the spectral span was recorded.

o Investigation of the time-averaged and instantaneous spanwise vorticities revealed an
inverse relationship between the skin friction reduction performance and the level
of the spanwise vorticity as well as the quantity of the smaller-scale structures in the
vicinity of the wall. The flow was least disturbed by the diamond-shaped dimples,
which resulted in the best skin friction reduction obtained.

e With the introduction of the dimples, strong counter-rotating pairs of alternating
streamwise vortex zones were generated. However, contrary to the information given
in the associated literature, the increase in the level of streamwise vorticities did not
enhance skin friction reduction.

e The results suggest that future optimisation studies should consider the sectional
area variation of the dimpled surface as the primary parameter by taking also the
freestream velocity into account. An asymmetrical surface geometry in the xz plane
may also be desirable to avoid the excessive wall shear stress increment towards the
trailing edge as far as possible, which was also investigated by Ng et al. [19]. The side
edges should be optimised such that a sufficient spanwise flow component that affects
the middle zone of the dimple is ensured.

The authors believe the present study offers essential information to understand the
physics of the boundary layer flow phenomenon on the dimpled surfaces to assist the opti-
misation studies for reducing skin friction by means of dimples and provides a critical
contribution to the literature with extensive computational simulations. Future works will
involve experimental pressure measurement and flow visualisation studies in a fully turbu-
lent flow channel facility of the University of Strathclyde with the exact physical conditions
considered in this study. The experimental studies with large dimpled plates, on the other
hand, will be conducted in the cavitation tunnel (ITUKAT) of Istanbul Technical Univer-
sity with high flow speeds to further examine the effect of the Reynolds number on drag
reduction. In this way, the highly likely effect of the boundary layer thickness, which was
constant in the present study due to the fixed height of the channel considered, on the flow
field will also be investigated by varying the thicknesses with the use of sandpapers at the
inflow.
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