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ABSTRACT

Article history:

In this work, flow and heat transfer in a channel having oval trench dimples were
investigated numerically. 3-D channel flow with a cross-section of 300-mm width and
32-mm height were created using Computational Fluid Dynamic (CFD) with ANSYS,
Fluent (V.15.0). Five oval trench dimples with 3-mm depth, 10.0-mm width and 45-mm
length arranging with a single row and in-line configuration were located on the
bottom surface of the channel. Reynolds number based on hydraulic diameter of the
channel were fixed at Re=20,000 whereas a dimple inclined angle defined as the angle
of dimple centreline to the mainstream was varied at 0, 15, 30 and 45 degrees. 𝑘 − 𝜔
SST turbulent model was used to solve governing Equations. The result show that
longitudinal vortex flow occurred at θ=15° to 45° which would be enhance heat
transfer on the surface. When inclined angle became larger, the areas of Nusselt
number and high total pressure coefficient took place at dimple edge in +Z direction.
The peak of average spanwise Nusselt numbers took place for the case of θ=45°.
Moreover, the area of high spanwise average Nusselt numbers (𝑁𝑢>100) for the case
θ=30° was the largest.
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1. Introduction
Heat transfer enhancement on a surface using turbulent generators is popularly applied in
thermal industrial equipment. Heat transfer enhancement mechanism is that flow passing these
turbulator disturbs both thermal and velocity boundary layers by generating several complex flows
such as separation, attachment, circulation, longitudinal vortex, etc. Another heat transfer
enhancement mechanism by installing these turbulators are to enlarge heat transfer area. Typical
these turbulators are ribs, pins, blockages, triangular wing, hemispherical protrusion, or dimple. Most
popular turbulator which ware widely applied and comprehensively studied is dimple due to less
pressure drop penalty as compared to other turbulators, affecting on increasing thermal
performance. Several applications of applying dimple in thermal equipment are cooling part of
automotive, compact heat exchangers, micro-channel [1-4], etc.
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Flow structure passing dimple cavity is comprehensively studied. Moon et al., [5] have reported
similar flow pattern passing over dimple when a channel height is in the range of 0.37<H/d <1.49 [5].
Typical flow structures passing over the dimples is presented in Figure 1. Flow separates in half
upstream dimple forming recirculation flow. At this region, extremely low heat transfer occurs. Then,
flow attaches on half downstream dimple resulting on high heat transfer in this area. Moreover,
upwash flow, which is formed from attachment flow, mixes with bulk flow generating longitudinal
vortex pair over smooth surface along downstream of dimple. More details of flow patterns are
reported in the previous studies [6-8].
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Fig. 1. The flow Structure passing over a circular dimple

As aforementioned above, classical dimple geometry is circular or hemispherical dimple. Deferent
dimple geometries affect directly on flow structure and heat transfer characteristics. Xie et al., [9]
investigated symmetrical and asymmetrical dimple cavity, numerically. It was found that flow
through the symmetrical dimple generated circulation flow within upstream dimple cavity, resulting
heat transfer in this area. When designing asymmetric dimple cavity, the circulation flow disappeared
casing high local heat transfer in this region.
Rao et al., [10] studied the effect of circular shape and ellipsoid shape of dimple. The results
showed that ellipsoid shape has slightly lower heat transfer and slightly higher friction factors as
compared to the case of circular shape. The heat transfer distributions on dimple different
geometries as square, triangular, circular, and teardrop were studied by the previous scholars
[11,12]. The results showed that the teardrop dimple has the highest heat transfer. More details of
investigation on dimple geometry are reported in the previous studies [13-17].
Recently, Isaev et al., [18] studied oval-trench dimple which was inclined to main stream.
However, they are focused at fixed inclined angle at 45°. Hence, the main idea proposed in this work
is to vary inclined angle of oval-trench dimple with single row under fully developed flow. result in it
would show the best angle that most heat transferable. So, it can be used to increase efficiency and
steady temperature in lithium-ion batteries.
2. Methodology
2.1 Computational Model and Boundary Conditions
A Numerical model of rectangular wind tunnel forming with oval-trench dimples is shown in
Figure 2. A cross-section of the tunnel was 300-mm width and 32-mm height, and a length of the
tunnel was 1900 mm for the first section, 350 mm for test section and 950 mm for the last section.
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An origin of the Cartesian coordinates was assigned on the bottom wall of the wind tunnel in the test
section area. The Y-axis and the Z-axis were on the orthogonal plane normal to the mainstream, and
the X-axis was along the axial of the mainstream. A uniform velocity with the magnitude of 5.49 m/s,
corresponding to Re=20,000, was assigned at the velocity inlet. A row of five oval-trench dimples was
formed on the bottom surface of the tunnel. The centreline of dimple row was assigned at X/D=0.
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Fig. 2. A simulation model of wind tunnel with oval-trench dimples

Figure 3 shows the schematic outline of an oval-trench dimple. A length and a wide of the
dimple were 55 mm and 10 mm, respectively. A depth and a depth radial of the dimple were 3 mm
and r=5.67 mm. These dimensions were referenced from similar dimple configuration as oval shape
[19].
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Fig. 3. Configuration of oval-trench dimple

For boundary condition, the uniform velocity at 5.49 m/s was set at velocity inlet, and pressure
at 0 Pa was set at pressure outlet. The heated surface where the dimples were formed was assigned
as constant heat flux. The details of boundary conditions are shown in Table.1.
Table 1
The details of boundary conditions
Boundary condition
Constant velocity inlet
Front and far side surface
Top and bottom surfaces
Pressure outlet
Constant heat flux

Define
5.49 m/s
wall
wall
0 Pa
1000 W/K.m2
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2.2 Governing Equation
The governing Equation of the fluid flow and heat transfer which include the conservation of the
mass, momentum and energy are [20]
The mass conservation
ui 
0
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(1)

The momentum conservation
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x j
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The energy conservation
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The production term Pk   ij ui / x j and the Reynolds stress  ij are related to the mean strainrate tensor S ij through the Boussinesq approximation
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The kinematic eddy viscosity is given by
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where a1  0.31 and S  2S ij S ij is the absolute value of the mean strain-rate tensor. Other model
parameters are
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where ν is the kinematic viscosity. The model coefficients in Eqs. (1) and (2) are obtained from

 k    T

 F1  k    1  1  F1  k    2
T

T

With the following values

 k1  0.85 ,

 1  0.5 ,

1  0.075

  2  0.856 ,  21  0.0827 ,

 k 2  1.0 ,

the coefficient  is




2

 *   *

with   0.41 and  *  0.09 .
2.3 Grid Generation and Grid Dependency
In numerical simulation study, mesh quality must be evaluated to achieve accurate results from
the effect of mesh number. Figure 4 shows grid generation in test section area where a row of
dimples was formed. The number of the generated grid was varied in the range of 4 to 8.3 million
elements. The effect of variation of grid number on Nusselt number distributions along the centerline
of dimple row is shown in Figure 5. These results show that Nusselt Numbers do not change
significantly when the mesh number increases from 5.0 million to 7.0, 8.3 million. Therefore, a mesh
number of 5.0 million for the computation domain was adopted in this study for all parameters.

C

C
Bottom side
Bottom side

Fig. 4. Grid generation at test section area
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Fig. 5. The effect of variation of grid number on Nusselt
number distributions along the centerline of dimple row

2.4 Calculation Method and Algorithm
Computations were conducted by solving Reynolds averaged continuity, Navier-Stokes, and
energy equations under steady state conditions. In this work, k   SST turbulence model was used
because it can provide similar predicted reattachment flow on the surface and it can generate strong
longitudinal vortex flow results of Oval-trench dimples problems. Moreover, this model can
accurately predict the solutions of heat transfer problems with moderate computation cost. The
SIMPLE algorithm was used with second order upwind scheme for all spatial discretization. The
convergence of iterative solution was insured when the residual of all the variables was less than the
specified value was 1×10-4.
2.5 Parameter Definitions
The parameters employed in this study are described follow. The Reynolds number, Re, is given
by
𝑅𝑒 =

𝑉𝐷
𝑣

(6)

where 𝑉 are the mean velocity of the channel at origin of test section, 𝑣 are the kinematic viscosity
of air at 303 K. Distribution of the total pressure coefficient which is defined as
𝐶𝑝 =

(𝑝−𝑝𝑜 )
0.5𝜌𝑉 2

(7)

where 𝑝 , 𝑝𝑜 are the static pressure at the point of the oval-trench dimple surface and the static
pressure before the oval-trench dimple; 𝜌, 𝑉 are the density and mean velocity of the channel at
origin of test section. The local heat transfer coefficient (h) can then be evaluated from Eq. (4)
ℎ = (𝑇

𝑞̇

𝑤 −𝑇𝑚 )

(8)
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where q are the heat losses from wall to surrounding, Tw is the local wall temperature, 𝑇𝑚 is the
average temperature from origin of test section to dimple downstream.
The local Nusselt number (Nu) is calculated using Eq. (5)
𝑁𝑢 =

hD

(9)

k

where D are the hydraulic diameter of the rectangular channel and k are thermal conductivity of air.
3. Results
3.1 Flow Characteristics
Figure 6 shows streamlines over oval-trench dimples. At θ=0° (Figure 6(a)), it can be seen that
small recirculation flow appears at the upstream of oval-trench dimple. Then, the streamlines flow
parallelly along longitudinal axis of the dimple. At θ=15° (Figure 6(a)), small recirculation flow appears
at the upstream of the dimple, similarly as previously shown for the case of θ=0°. At this case, small
longitudinal vortex flow was generated along downstream of the dimple. This longitudinal vortex
flow became larger when inclined angle was larger as θ=30° and 45° (Figure 6(c) and (d)).
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Fig. 6. 3-D streamline distributions on dimple with different inclined angles at Re=20,000 (Dash line is
the centerline of dimple row)

3.2 Total Pressure Coefficients Characteristics
Figure 7. shows the total pressure coefficient distributions on a heated surface of the bottom of
the wind tunnel in area of -6<Z/D<6 and -4<X/D<8. It shows that high total pressure coefficient took
place in upstream region while low total pressure coefficient appeared in downstream region. At
θ=0° (Figure 7(a)), the total pressure coefficient is symmetry in Z-axis.
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Fig. 7. Total pressure coefficient fields on a heated surface of the bottom of the
wind tunnel (Re=20,000)

When inclined angle become θ=15° (Figure 7(b)), area of high total pressure coefficient is also
inclined in +Z direction. This high area of total pressure coefficient at the upstream of every dimple
in +Z direction can be clearly seen when the angles became larger at θ=30° (Figure 7(c)) and θ=45°
(Figure 7(d)). This area of total pressure coefficient distributions would be effect on heat transfer
enhancement which would be discussed in the next section.
3.3 Local Nusselt Numbers Characteristics
Local Nusselt number distributions on a heated surface of the bottom of the wind tunnel in area
of -6<Z/D<6 and -4<X/D<8 are shown in Figure 8. Generally, Nusselt number distributions were high
in upstream region and low in downstream region. This corresponded to the characteristics of total
pressure coefficient distributions as previously shown in Figure 7.
At θ=15° (Figure 8(b)), the Nusselt number distribution is quite different when compared to the
case of At θ=0° (Figure 8(a)). The area at dimple edge in +Z direction of θ=15° were higher than that
of θ=0°. This high Nusselt number is from the effect of inclined angle generating longitudinal vortex
flow as previously shown in Figure 6. Longitudinal vortex flow became larger when inclined angle was
larger. This also affected on larger area of Nusselt number when inclined angle was larger as θ=30°
and θ=45° (Figure 8(c) and (d)).
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Fig. 8. Local Nusselt number distributions on a heated surface of the bottom of the
wind tunnel (Re=20,000)

3.4 Spanwise Average Nusselt Numbers
Spanwise average Nusselt numbers which were calculated in the range of -6<Z/D<6 is shown in
Figure 9. Noted that this average number included area of dimple cavity. Generally, spanwise average
Nusselt numbers of θ=0° is lower than the other cases, exception in the rage of 2.5<Z/D<3.5, which
is higher than the case of θ=30° and θ=45°. When the inclined angle become larger, the peak of
spanwise average Nusselt numbers is higher. In addition, it was found that an area of high spanwise
average Nusselt numbers ( Nu >100) for the case θ=30° was larger than the other cases.

Nu
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Fig. 9. Spanwise Average Nusselt numbers in the range of 6<Z/D<6 (Re=20,000)

4. Conclusions
Effects of oval trench dimple angle on heat transfer enhancement and flow characteristics have
been numerically investigated in this study. Main results can be summarized as follows
i. At θ=15° to 45°, longitudinal vortex flow occurred. This cased to enhance heat transfer on the
surface.
ii. Area of high Nusselt number corresponded to the area of high total pressure coefficient.
When inclined angle became larger, the areas of Nusselt number and high total pressure
coefficient took place at dimple edge in +Z direction.
iii. The peak of average spanwise Nusselt numbers took place for the case of θ=45°.
iv. The area of high spanwise average Nusselt numbers ( Nu >100) for the case θ=30° was larger
than the other cases.
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