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Abstract

A simulation study of flow and heat transfer on a dimpled surface is presented. A 3-D model was tested in a wind tunnel
with rectangular cross section. A row of dimples with inline arrangement were formed on the internal wind tunnel surface, so that the
centerline of dimples was perpendicular to the air flow. The dimples were made with 40 mm diameter sphere, and the printed diameter
of dimples on the surface was D=26.4 mm. The depth of a dimple was H=0.2D. The dimple-to-dimple spacings tested were S=1.125D,
1.25D, 1.5D and 2D. The Reynolds number of internal flow, based on the hydraulic diameter of the wind tunnel, was 20,000. The fluid
flow and heat transfer were numerically solved using a Shear Stress Transport (SST) k-w turbulence model. The results show that at
S=1.125D, peak Nusselt numbers downstream of the dimples were found in two regions, whereas for cases with S>1.25D there was a

single such region.
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1. Introduction

Various techniques are used to improve heat transfer
for the cooling of gas turbine engine passages and turbine air-
foils. Heat transfer at a fluid solid interface is the main barrier to
improve in various engineering applications, such as automotive
and aerospace components, heating and refrigerating, solar col-
lectors, and electronic devices as described in Heo, Seo, Ku, and
Kang (2011), Lan, Xie, and Zhang (2011). For the past decades,
tremendous efforts have been made to improve efficiency and
performance of thermal equipment, enabling reducing their size,
weight and cost. Generally, convective heat transfer can be
improved by active and/or passive techniques. Among the well-
known passive techniques to enhance heat transfer are swirl flow
devices Ligrani, Oliveira, and Blaskovich (2003), surface tension
devices, rough surfaces Kurniawan, Kiswanto, and Ko (2017),
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Ligrani et al. (2011), pin fins (Ligrani et al., 2011), ribbed tur-
bulators (Ligrani et al., 2011) and surfaces with dimples Rao, Li,
and Feng (2015), Vorayos, Katkhaw, Kiatsiriroat, and Nunta-
phan (2016), Xie, Qu, and Zhang (2015). Dimplesare regarded as
most effective structures to enhance heat transfer rates without
significant pressure drop or flow resistance.

Mahmood et al. (2000) conducted a wind tunnel investi-
gation on an array of hemispherical dimples with staggered
arrangement. They reported the formation of large vortex pairs
ejected from the dimple cavities. Other studies on flow structures
involving dimples have been reported by Ligrani, Harrison,
Mahmmod, and Hill (2001), Shin, Lee, Park, and Kwak (2009),
Won and Ligrani (2007), and Won, Zhang, and Ligrani (2005).

Recent studies on flow structures involving dimples have
been carried out by numerical CFD simulations. Low cost and
rapid experiments are two preferred aspects of the CFD
approach. Another advantage of CFD is its ability to provide
details on the flow structure, which are commonly very difficult
to analyze in experiments. Rao et al. (2015) studied the flow and
heat transfer characteristics of hemispherical and tear drop
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dimples by using CFD. The dimensions of hemispherical dim-
ples were similar to the case of Mahmood et al. (2000). The
results showed details of heat transfer characteristics on the
dimple surface and agreed well with experimental results. In
addition, Elyyan and Tafti (2008), Kim and Shin (2008), Xie et
al. (2015), Yoon, Park, Choi, and Ha (2015) used CFD to predict
flow and heat transfer with a dimple array in channel flow.

Although the aforementioned studies have focused on
arrays of dimples, there is a need to fundamentally understand
the effects of single dimple by eliminating the effects of neigh-
boring dimples: lateral, upstream and downstream dimples. In
order to eliminate the effects of neighboring dimple effects,
many studies, such as Isaev, Kornev, Leontiev, and Hassel (20
10), Isaev, Schelchkov, Leontiev, Baranov, and Gulcova (2016),
Kore, Yadav, and Sane (2015), and Xia, Tang, Shi, and Tao
(2014) focused on a single dimple.

In this work, hemispherical dimples on a smooth
surface were studied to understand the thermal characteristics
and flow structures. The aims of present work were to investi-
gate the flow interaction between dimple and lateral dimple,
and the effects of hemispherical dimple-to-dimple spacing on
flow structure and heat transfer characteristics, by CFD
simulations.

2. Methods

ANSYS (Fluent) software was used to simulate the
flow and heat transfer characteristics of the cases. A three
dimensional (3D) numerical model was created imitating the
geometrical details of a wind tunnel used in prior
experimental work by Wae-hayee, Tekasakul, Eiamsa-ard,
and Nuntadusit (2014) and Wae-hayee, Tekasakul, Eiamsa-
ard, and Nuntadusit (2015). The studies Wae-hayee et al.
(2014) and Wae-hayee et al. (2015) were also used for
validation of the present CFD results.

2.1 Model of dimples

The model with a row of dimples formed on the
inner surface of a rectangular wind tunnel is shown in Figure
1. Fully developed air flow passes through the test section.
The origin of Cartesian coordinate system is located at the
centerof the middle dimple. The X-axis is in the direction of
flow inside the wind tunnel, Y-axis is along the height, and Z-
axis is perpendicular to the flow.

The details of a dimple are shown in Figure 2. The
diameter of hemispherical dimple was 40 mm, and printed
diameter on the surface was D=26.4 mm. The depth of
dimple, from the surface to the dimple bottom, was 0.2D as in
Isaev et al. (2016), Kim et al. (2008), Rao et al. (2015). The
dimple-to-dimple spacing was set to S=1.125D, 1.25D, 1.5D
and 2D. The Reynolds number of air flow inside the wind
tunnel, based on the hydraulic diameter of the wind tunnel,
was fixed at Rew=20,000 as in Mahmood et al. (2000) and
Rao et al. (2015).

2.2 Wind tunnel

In this work, a wind tunnel was investigated to be able
to validate the CFD results, while the experimental measure-
ments have been done only with a smooth wall. The temperature
of heat transfer surface of smooth wall was measured using TLC

Wind tunnel

Spherical dimple

P

(a) Side view

Symmetry

Symmetry
(b) Top view

Figure 1. The model investigated.

technique. The details of measurements and wind tunnel were
given earlier by Wae-hayee et al. (2014) and Wae-hayee et al.
(2015).

Figure 3 shows the computational model imitating the
geometrical details that have been used in the experimental setup
of Wae-hayee et al. (2014) and Wae-hayee et al. (2015). The
wind tunnel has a rectangular cross-section consisting of three
parts: upstream of the test section (1700 mm), test section (280
mm), and downstream of the test section (490 mm). The length
of the upstream section was designed to achieve fully developed
flow. The height of model was set at 26.4 mm (1D). The width
of wind tunnel was varied depending on the dimple-to-dimple
spacing.

The details of simulation grid used in this study are
shown in Figure 4. A cut along the centre-line of the dimples is
shown to expose the internal grid system. The majority of the
mesh had even hexahedral geometries, while uneven hexahedral
geometries were used to accommodate the non-uniform surfaces
at dimples and their surroundings. Intensive mesh generation
was applied at the near wall region to enable accurate prediction

—

Flow

D=26.4 mm

Figure 2. The details of a dimple.
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Pressure Outlet

Velocity Inlet

Figure 3. The wind tunnel with spherical dimples.

Figure 4. Generated grids.

in the viscous sub layer. In a mesh dependency test, different y+
distributions were considered as shown in Figure 5. The analysis
of y+ distribution was considered for the (-5 < X/D <5) (Z/D=1)
and S=2D case. Based on the y+ distributions, 7,294,941 ele-
ments were chosen as the computational domain.

2.3 Assumptions and boundary conditions

In the numerical model, the upper and the lower wall
had no slip condition imposed. All walls, except for the bottom
wall of test section, were insulated for adiabatic conditions. A
steady state simulation as in Kore, Yadav, and Sane (2015), Rao,
Li, and Feng (2015), Xie, Qu, and Zhang (2015), Xia, Tang, Shi,
and Tao (2014), of incompressible flow with constant thermal
properties and no gravitational effects was employed in this
current study. The inlet was set to have uniform velocity with
Ren=20,000 and the air was at 25 °C. The pressure at outlet was
set at 1 atm. Both of the lateral walls were set as symmetry. The
heat transfer surface with dimples was set at a constant heat flux
(G=150 W/m?).

y plus
w

Figure 5.

Spanwise cross center line

Streamwise cross center line

1,891,281 elements
3,692,501 elements
-------- 4,593,111 elements
= =« 7,204 941 elements
——— 7,745,246 elements

y plus distributions on the surface over the dimple inter-
val interval(-5 < X/D < 5) (Z/D=1) with S=2D.
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2.4 Numerical calculation method

A 3-D numerical model based on the finite volume
method was adopted to solve the governing equations with
boundary conditions. The details can be found in Versteeg and
Malalasekera (2007). Fluid flow and heat transfer were solved
using a Shear Stress Transport (SST) k-o turbulence model
because it tends to be accurate with moderate computational
cost, Versteeg et al. (2007). The suitability of this turbulence
model has also been reported in various studies, such as Rao et
al. (2015), Wae-hayee et al. (2015), Xie et al. (2015).

The solution used Semi Implicit Method for Pressure-
Linked Equations (SIMPLE) algorithm with second order
upwind for all spatial discretizations. As convergence criteria,
the root mean square (RMS) residuals of continuity and energy
equations were required to be better than 108 and that of
momentum equation was required to reach 105, Rao et al. (2015)
and Wae-hayee et al. (2015).

2.5 Nusselt number calculation

The heat transfer coefficient, h, could be calculated
from:

h :7(1
T T @
wall air

where, ¢ is heat flux, Twan is wall temperature and Tai is air

temperature.
The Nusselt number, Nu, is calculated from:

&)

where Dy is the hydraulic diameter of the tunnel and Kk is the
thermal conductivity of the air.

3. Results and Discussion

3.1 Verification of simulation

For verification, the well-known Dittus-Boelter cor-
relation, Ny, =0.23Re®8 pr04 where Re and Pr are Reynolds

number and Prandtl number, was used to compare internal heat
transfer in the smooth channel, Rao, Li, and Feng (2015). The
average Nusselt number versus Reynold number for smooth
wind tunnel were compared between the correlation, the
experimental results, and the CFD results in this work, as shown
in Figure 6. The current data agrees well with the correlation and
with the experimental results, and overall heat transfer increases
with the Reynolds number. Discrepancies were found in the
same range as in the work of Rao et al. (2015).

The velocity profiles of air flow in wind tunnel by
height before entering the test section at Z/D=0 are shown in
Figure 7. The velocity profiles over smooth surfaces were ana-
lyzed both experimentally and by simulation. In the wind tunnel
experiment, a Pitot tube was fixed at Z/D=0 and X/D =2.84 and
the air velocities were identical to those from numerical analysis.
The experimental results were also used to verify the CFD
results with the setup in earlier work by Wae-hayee (2014) and

Wae-hayee et al. (2015). Good agreement of the velocity profiles
between CFD and experiment can be observed. The highest
velocity is at the centre of the wind tunnel. The blunt velocity
profiles are typical of turbulent flow.
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Figure 6.  Average Nusselt number versus Reynold number from
prior experiments and from current CFD simulations.
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Figure 7. The velocity profiles of flow before entering the test

section (Z/D=0 and 1,560 mm from the inlet).

3.2 Flow characteristics

Streamlines of flow over a dimpled surface are shown
in Figure 8. The figure clearly indicates the circulation flow in
the dimple cavities. The figure also shows that the circulation
was occurring at the upstream portion of the dimple cavity. This
can be further confirmed in Figure 9, which shows a streamline
inside the dimple cavity. The static circulation flow acts as a
thermal insulator reducing heat transfer in upstream portion of
the dimpled surface, as will be further discussed later.

In Figure 8, the upstream streamline (before passing a
dimple) is straight whereas downstream streamlines (imme-
diately after passing dimple, X/D = 0.5) separated from the
centre-line and tended to the lateral side. This was an effect of
the longitudinal vortex pair in flow after passing the dimple, as
reported earlier by Ligrani et al. (2003), Mahmood et al. (2000),
Mahmood and Ligrani (2002). Here, it can be noted that for the
case of S=1.125D shown in Figure 8 (a), the flow tendency to the
lateral sides of this vortex pair seems to be lesser than in other
cases, due to confinement by neighboring vortex pair with close
dimple-to-dimple spacing.

Streamline passing the centre of middle dimple (Z/D
=0) for the case of S=1.125D is shown in Figure 9. The figure
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Figure 8. Streamlines above the surface of dimples.

Circulation flow
Attachment flow

Figure 9. Streamlines at the center plane of middle dimple (S/D=
1.125).

shows the flow inside the dimple. It can be observed that
stationary circulation occurred upstream of the dimple, while
attachment occurred downstream of it. The attachment increases
heat transfer as will be further discussed in the next section.

Velocity vectors in the Y-Z plane are shown in Figure
10. At X/D=0.5 (immediately downstream of dimple) for all S/D
cases (Figure 10 (a), (e), (i) and (m)), the vectors rose upward
from bottom of dimple to the upper surface of wind tunnel in
dimple area. Then, at X/D=1.0, these frames show the different
characteristics of velocity vectors for every S/D due to the main
flow: (1) S=1.125D (Figure 10(b)), a longitudinal vortex pair can
be detected clearly; (2) S=1.25D (Figure 10(f)), a longitudinal
vortex pair was depressed by the main flow and cannot be
detected clearly; (3) S=1.5D (Figure 10(j)), velocity vectors
attached laterally on the smooth downstream surface; (4) S=2D
(Figure 10(n)), the attachment velocity turned upward from the
bottom surface. All this can be seen from the white bold arrow
sketches in the figures.

In the case S=1.125D, the longitudinal vortex pair was
confined by neighboring ones due to short dimple-to-dimple
spacing, whereas with S>1.25D a longitudinal vortex pair was
separated by attachment flow. Sketches of the flow structures
downstream of dimples,with short and large dimple-to-dimple
spacings,are shown in Figure 11. A sketch of flow structure for
the case of a dimple array was presented by Mahmood et al.
(2000). The longitudinal vortex pair downstream was similar as
in this study, as shown in Figure 11(a), in the case of short
dimple-to-dimple spacing. When dimple-to-dimple spacing is
larger, the vortex-to-vortex spacing is also larger replacing the
attachment flow at the middle between them, as shown in Figure
11(b).

3.3 Heat transfer

Contours of Nusselt numbers on the surface are shown
in Figure 12. In the dimples, it is found that Nusselt numbers
were high on the downstream portion of a dimple, especially
near the rear rim of the dimple, because of the attachment flow
shown previously in Figure 9. On the other hand, Nusselt
numbers were low on the upstream portion of a dimple due to
stationary circulation. Attachment and circulation flows increase
or decrease the Nusselt number on a dimple surface as pre-
viously discussed by Rao et al. (2015) and Xie et al. (2015). For
the case of $>1.25D (Figure 12 (b)-(d)), the Nusselt numbers on
smooth surface downstream of the dimples were high in a single
region, whereas in the case S=1.125D (Figure 12 (a)) high values
come up in two regions. The double peak regions are generated
by the longitudinal vortex pair that was confined, with strong
circulation above the heat transfer surface and effective removal
of heat from the surface.

Nusselt number distributions in the spanwise direction
(Z/D) are shown in Figure 13. Generally, in every S/D case, the
Nusselt number peaked at just downstream of the dimples and
then decreased downstream. At X/D=0.5, the peaks of Nusselt
number for S>1.25D were extremely high, but the peak areas
were very small. In contrast, with S=1.125D the peaks seem
blunt and with larger areas. This was the initiation of a single
peak region (for S>1.25D) by attachment flow, and blunt double
peaks (for S=1.125D) from the effect of closing vortex pair
spacing. In addition, for S>1.25D the secondary peak can be
detected, especially for the case of S=2D (Figure 13(d)). This can
be attributed to the longitudinal vortex pair that was separated by
attachment flow. With S>1.25D the attachment flow was
dominant over the longitudinal vortex pair giving a single peak
that is more obvious than the secondary peak.



Y. M. Oo et al. / Songklanakarin J. Sci. Technol. 41 (5), 966-973, 2019 971

! (i) X/ID=0.5

(i) XID=1.0

(e) X/D=05 !

. |
> :f':(“llihwﬁl‘r‘; »\"’{lﬂl':“”"\}\;

() XID=1.0 !

Figure 10.  Velocity vectors in the Y-Z plane (Dashed straight line is the center of the dimples).
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Large vortexes dimples was confined by neighboring vortex pairs. In this

case, the area with high Nusselt number had two peaks per

(a) Short dimple-to-dimple spacing dimple, due to the vortex pair. For S>1.25D, the longitudinal

vortex pair was separated by an attachment flow between
them, so that there was a single Nusselt number peak per
dimple. In addition, with S>1.25D the longitudinal vortex pair
still affected the Nusselt number giving secondary peaks,
Attachment flow especially with the largest dimple-to-dimple spacing, S=2D.
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(b) Large dimple-to-dimple spacing
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