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ARTICLE INFO ABSTRACT

Article history: Flat surface with ellipsoidal dimple of external flow was investigated in this study.10 types
Received 25 November 2013 of dimple arrangements and dimple intervals are studied. The stream of air flows over the
Accepted 22 December 2013 heated surface with dimples. The velocity of the air stream varies from 1 @ 5 m/s.
fvailable online 28 December 2013 The temperature and velocity of air stream and temperature of dimpled surfaces were
Keywords: measured. The heat transfer of dimpled surfaces was determined and compared with the
Vortex result of smooth surface. For the staggered arrangement, the results show that the highest
Dimple heat transfer coefficients for dimpled surfaces are about 15.8% better than smooth surface
Enhanced heat transfer as dimple pitch of 54/ Dyner=3125 and 5;/Dyinor=1.875 vield the highest heat transfer

coefficient values. And for the inline arrangement, the results show that the heat ransfer

coefficients for dimples surfaces are about 21.7% better than smooth surface as dimple

pitch of 5/ Dpiner= 1875 and Sy Dpino-= 1.875 yield the highest heat transfer coefficient

values,

@ 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http: |/creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

There are many thermal applications where the fluid-to-gas heat exchanger is a crudal element. The conventional enhanced
heat transfer approaches such as fins, baffles, turbulizers etc., always increase either the heat transfer surface area or turbulence or
both. These approaches are effective in increasing heat transfer rates; however, this also results in the significant pressure drops.
The dimpled surface is a special method for improving the heat transfer rates without the significant pressure drop. Normally, the
dimple generates the vortex flow within its hole and the augmentation of heat transfer is obtained [1].

Recently, dimples or concave surfaces have been in focus extensively. In the early investigations, Afansayev et al. [2]
investigated the overall heat transfer and pressure drop for turbulent flow flat surface with staggered array of spherical
dimples. Significant (30-40%) increases in heat transfer without appreciable pressure losses are reported.

Chyu et al. 1997 [3] studied the heat transfer coefficient distributions of air flow in the channel over flat surface indent
with staggered arrays of two different shaped dimple. Their result shows that the local heat transfer coefficients are
significantly higher than values in the channels with smooth surfaces. Enhancements are of about 2.5 times of smooth
surface values, and pressure losses are about half the values produced by conventional rib turbulators.

Mahmood et al. [4] describe the flow structure above the dimpled flat surface. Flow visualizations showed vortical fluid
as vortex pairs shed from the dimples. Their results showed the existence of a low heat transfer region in the upstream half
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Nomenclature h Average heat transfer coefficient (W/m? K)
ho Average heat transfer coefficient of flat plate
A Area (m?) without dimple (W/m?K)
D Dimple diameter (mm) hy Local heat transfer coefficient (W/m? K)
Dpinor ~ Dimple diameter on monor axis (mm) 5 Streamwise pitch (mm)
Nu Average Nusselt number Sr Spanwise pitch (mm)
Nu, Local Nusselt number T Temperature (°C)
Nug Baseline average Nusselt number of flat plate v Velocity (m/s)
without dimple X Spanwise coordinate
Pr Prandtl number ¥y Streamwise coordinate
Re, Reynolds number base surface length (include
dimples surface)

of the dimple cavity followed by a high heat transfer region in the downstream half. Additional regions of high heat transfer
were identified at the downstream rim of the dimple and on the flat surface downstream of each dimple.

Ligrani et al. [5] reported that as the H/D (channel height to dimple diameter) increases the secondary flow structures
and flow mixing intensified decreased. Nevertheless, Moon et al. [6] obtained almost a constant heat augmentation ratio of
2.1 for a dimpled passage with H/D from 0.37 to 1.49.

Burgess et al. [7] reported that both the Nusselt number and the friction augmentation increased as the dimple depth
increased. These are attributed to (i) increases in the strengths and intensity of vortices and associated secondary flows
ejected from the dimples, as well as (ii) increases in the magnitudes of three-dimensional turbulence production and
turbulence transport. The effects of these phenomena are especially apparent in the local Nusselt number just inside, and on
the downstream edges of the dimples.

Wang et al. [8] investigated a novel enhanced heat transfer tube with ellipsoidal dimples. Their computed results
indicated that the Nusselt number for ellipsoidal dimpled tube and spherical dimpled tube are 38.6-1751% and 34.1-158%
higher than that for the smooth tube, respectively. The friction factors of dimpled tube increase by 26.9-75% and 32.9-92%
for ellipsoidal and spherical dimples compared with the smooth tube respectively.

Katkhaw et al. [9] studied the heat transfer of air flow over dimpled flat surface with the 14 types of dimpled
arrangement. Their results show that heat transfer coefficients for dimpled surfaces are about 26% better than smooth
surface for staggered arrangement. And for the inline arrangement, the results show that heat transfer coefficents for
dimples surfaces are about 25% better than smooth surface.

This study proposes to employ the ellipsoidal dimple on the flat surface to observe the thermal characteristic of air flow.
In addition, the effect of dimple arrangements, and dimple pitch will be included in this work. The results of this research
aim to serve the heat exchanger application.

2. Experimental setup and procedure

The schematic diagram of the experimental setup for heat transfer measurements is shown in Fig. 1. The fluid used in the
apparatus is air at room temperature, which is generated by an air blower. The stream of air flows through the test section
and flows over test surface. In this experiment, the velocity of air stream was controlled by the frequency inverter with the
controllable range of 1-5 m/s. The velocity of air stream was measured by a hot wire anemometer with + 0.2 m/s accuracy.
The surface temperature of flat plate was measured by infrared imaging camera with +2 °C accuracy, where the measuring
instrument was also calibrated to surface temperature with T-type thermocouple. The inlet temperature of air stream was
measured by a T-type thermocouple with + 0.1 °C accuracy.

The test kit comprises test plate and plate heater. Test plates are made from 1.5 mm thickness acrylic which is depressed
in any configurations of dimple, The iron powder was filled beneath the tested plate to avoid the space between the plate
and electric heater. The exterior of the test kit was insulated with three layers of 2.5 cn-thickness glass wool insulation to
minimize heat loss. The electric heater supplies a constant heat flux, where the power to the heater was controlled and
regulated by a variac power supply. T-type thermocouples are located between each layer to determine conduction losses.

Figs. 2 and 3 illustrate the geometric details of the tested surface indent with arrays of ellipsoidal dimple. Dimples were
employed in an inline and staggered array. Table 1 lists the details of the test case.

3. Data reduction

During the experiment, inlet air stream velocity, temperature, the tested suiface temperature and power supply were
measured to determine the local heat transfer coeffident ( k), which is calculated from

hy =,/ (Ts—Too) 1
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Table 1
Geometric dimensions of dimpled surface,

Mo Sy (mm) 5. (mm) Arrangement S1iSy
1 50 40 Staggered 125
2 50 45 Staggered 111
3 50 50 Staggered 1.00
4 [£1] 45 Staggered 133
5 75 45 Staggered 167
G 40 40 Inline 1.00
7 40 45 Inline 1.89
8 40 50 Inline 0.80
9 45 45 Inling 1.00

10 50 45 Inline 111

where g, is surface heat flux which is calculated from heat rate level at the tested surface and is divided by the total tested
surface area (flat portions and dimples surface). T, is the local surface temperature and T, is the temperature of inlet air
stream flowing over the tested plate.

The averaged air side heat transfer coefficient (h) of the tested surface is determined by integrating all of the area of
tested surface as

h= lf s/ (Ts— Too)dAs (2)
As Ju,

where A; is the tested surface area comprising of flat portions and dimpled surfaces.
The averaged Nusselt number (Nu;) is defined as

hL

Nu, = —
L ks

(3)
where L is maxima stream-wise surface length comprising of flat portions and dimple portions. k; is the thermal
conductivity of air stream.

Reynolds number (Re;) for air flow is defined as

A erVJrL
= _,“'j .

Re, (4)
where py, Vy and g are the density of air, the air frontal velocity and the dynamic viscosity of air stream, respectively.

This experiment is a further study from Katkhaw et al. [9]. The previous and current results will be in comparison with
existing correlation of the heat transfer of parallel flow over flat plate with constant heat flux [10] under the lamina flow
condition.

4. Results and discussion
4.1. Staggered arrangement

There are five samples in the case of staggered arrangement as shown in Table 1. For Geometries nos. 1-3, Sris constant
and Sy varies. For Geometries nos. 2, 4, and 5, 5; is constant and Sy varies. Fig. 4 shows the temperature distribution along the
dimpled surface, which is captured by the infrared imaging camera. At frontal velocity of 2.9 m/s for Geometry No. 1, flow
direction for the figure is from the left to right. As shown in the figure, the location of ellipsoidal dimples conforms to the
ellipsoidal temperature contour. Whole area of plain surface is at lower temperature than dimple area. Higher temperature
is located at the upstream half and gradually increases along the downstream half. The lowest temperature occurs in the
downstream rim of the dimples and obviously decreases downstream on plain surfaces. In case of spherical dimples,
Mahmood et al. [6] pointed out that this is due to air stream flowing over the spherical dimples, and then shedding fluid and
votex pairs shed from the dimple.

Fig. 5 shows the effect of S; and S; on the air side heat transfer performance. Results are termed as heat transfer
coefficient vs. frontal velocity. As shown in the figure, the total heat transfer coefficient is rather constant while 5; increases
because the dimple indent establishes the weak heat transfer area inside the dimple and enhances the heat transfer area
outside the dimple, and the enhanced area is kept close to the dimple. From Geometry Nos. 1-3, as S remains constant, heat
transfer characteristic is not varied in spite of the fact that S, differs within 20%. This suggests the independence of heat
convection characteristic from §;. However, this may be because the number of dimples is also decreased by 22%.

Similarly, for Geometry Nos. 2, 4 and 5, as Sy varies by 30%, heat transfer characteristic does not change significantly, but
it increases distinctively by 15.8% when S; is 75 mm. (50% from Geometry No. 2).

76



N. Katkhaw et al. / Case Studies in Thermal Engineering 2 (2014 ) 67-74 71

60°C
50°C
40°C
30°C
120 160 200
¥ (mm)

Fig. 4. Temperature distributions of Geometry Mo. 1 at frontal velocity=2.9 m/s.

<
'h 11 -
E Geometry  Sp/Sp
X 10 —=&— Flat plate
—&— No.l 1.25
o] —=— Nol L1l
—&— No.3 L.o0
. —— No.d 133
—&— Mo.5 L&7
7 T T T T T T
1.0 1.5 20 25 30 5 4.0 435

Frontal velocity (m/s)

Fig. 5. Effect of dimple arrangement on heat transfer coefficient for staggered arangement.

Fig. 6 shows the heat transfer coefficient of this study in comparison with that of spherical dimple surface [9]. The result
shows that, for staggered arrangement, the spherical dimple surface significantly yields the higher heat transfer coefficent
than ellipsoidal dimple surface.

4.2, Inline arrangement

In the case of inline arrangement, there are five categories shown in Table 1. For Geometry Nos. 6-8, Stis constant and S
is varied. While for Geometry Nos. 7, 9, and 10, 5; is constant and Sy is varied. In Fig. 7, the temperature distribution along
the tested surface is shown, with an air flow direction from left to right. As in the figure, it shows that the temperature
distribution inside and around the dimples is similar to staggered arrangement. The temperature distribution is higher in
the upstream halves of the dimples and decreases progressively downstream of the dimples, which then becomes lowest
near the downstream edges.

Fig. 8 shows the effect of dimple arrangement on heat transfer coefficient. As shown in the figure, Geometry No. 6 shows
lower heat transfer coefficient in the lower flat plate. As the temperature of the inner side of dimple is low, too many
dimples cause less heat transfer. As §; increases heat transfer coeffident slightly increases. This is possibly due to the
enhanced heat transfer area increasing. Similarly, heat transfer coefficient increases while Sy increases from 40 mm to
45 mm because of the increasing of enhanced heat transfer area. However, heat transfer coefficient decreases while Sy
increases beyond 45 mm. but less than 50 mm. This finding is similar to staggered arrangement. From the figure, Geometry
No. 9 yields the highest heat transfer coefficient of about 21.7% better than the flat plate and Geometry No. 6 yields the
lowest heat transfer coefficient.

Fig. 9 shows the comparison of the heat transfer coefficients of the ellipsoidal dimple surface of this study to those of
spherical dimple surface [9]. The result shows that, for inline arrangement, the spherical dimple surface yields lower heat
transfer coefficients than those of ellipsoidal dimple surface significantly.

4.3. Empirical correlation
Based on the previous results, the test data of inline and staggered amrangements yield complex behavior.

The corresponding correlations are reported separately by inline and staggered configuration. The multiple linear regression
technique is performed to obtain the relevant correlations. The corresponding correlations are obtained as follows:
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Correlation of the Nusselt numbers for the staggered arrangement:

Nu Sp\ 00992
o~ 17(5)

Correlation of the Nusselt numbers for the inline arrangement:

NU B SL 0.0944 S'I‘ 0.3995
m—°-9“(§) (3)
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The comparison of the experimental results with the proposed correlations is showed in Fig. 10. The aforementioned can
predict 97% and 95% of the experimental data, with + 5%. The standard deviation of the correlations Eqs. (5) and (6) are 1.3%
and 2.54% respectively.

4.4. Discussion

From the literature, Wang et al. [8] report that the Nusselt number of flow inside tube with ellipsoidal dimples are higher
than the tube with spherical dimples. Nevertheless, the Nusselt number for external air flow over flat surface with dimples
has not been reported. Katkhaw et al. [9] report that the maximum enhanced heat transfer is about 25.8% for flat surface
with spherical dimples. From this work, the maximum enhanced heat transfer of 21.7% from ellipsoidal dimple is reported in
comparison with that of flat surface. Moreover the enhancement depends on configuration.

5. Conclusion

The present work reports the heat transfer performance of external air flow over the ellipsoidal dimple surface. The
dimple arrangement and dimple interval are examined. Based on the previous result and discussions, these conclusions are
obtained:

1. The air side heat transfer performance is augmented approximately 10-22% at all Reynolds Numbers and all dimple
arrangements.

2. For staggered arrangements, the dimples pitch of S;/Dminer=1.875 and S1/Dpinor=1.875 yields the optimum thermal
resistance values of about 21.7% better than flat plate.

3. For inline arrangements, the dimples pitch of S5;/Dpiner=1.875 and Sy/Dpminer=3.125 yields the optimum thermal
resistance values of about 15.8% better than flat plate.
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4. Correlations of the present experiment in both staggered and inline arrangement are obtained and the proposed
correlations yield fairly good predictive ability against the present test data.
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1. Introduction

There are many thermal applications where the fluid-
to-gas heal exchanger is crucial element. The conventional
enhanced heal transfer approaches such as fins, baffles,
turbulizers and elc., always increase either the heat transfer
surface area or turbulence or both. These approaches are
effective in increasing heat transfer rates; however, this also
results to the significant pressure drops. The dimple surface is a
special method for improving the heat transfer rates without the
significant pressure drop. Mormally, the dimple generates the
vortex flow within its hole and the augmentation of heat transfer
is obtained [1] as illustrated in Figure 1, each dimple works as a
vorlex generator that intensifies the rate of convective heat

transfer and mass transfer to the dimpled surfaces

Figure 1 Vortex generation on dimple surfaces (From
Chudnovsky and Kozlov [1])

In the eary investigations, Afansayev et al [2]
investigated the overall heat transfer rate and the pressure drop
for a flat plate having shallow dimples under the turbulent flow of

air stream. They found 30-40% increasing of heat transfer

Abstract In the present study, heat transfer analysis of dimpled surfaces of external
flow was investigated. The effect of dimpled geometries, the dimple depth, and the
attack angle of the ellipsoidal dimple was simulated. The SOLIDWORKS Flow
Simulation 2012 is employed for all numerical predictions. The simulations were
carried oul with air stream flows over the isothermal dimple surface. The entrance air
velocity is varied from 1 to 4 mfs. The heat transfer performance and surface friction
coefficient of dimple surfaces were investigated and compared with the result of
smooth surface. As the result, the ellipsoidal dimple surface with depth of O_ZDmﬁ,
and 45" attack angle is the best configuration which gives the highest effectiveness.

Keyword Vortex, Dimple, Enhanced Heal transfer

performance with negligible pressure drop. Chyu et al. [3]
presented the influences of the concavilies imprinted on the
surface in the staggered arrays. They found the augmentation of
heat transfer rate around 2.5 times compared to the smooth
surface. Mahmood et al. [4] studied the flow structure above the
dimpled surface by using flow visualization technique and
numerical analysis. Their results showed the periodic and the
continuous shedding of primary vortex pair from the central
portion of the dimple and the secondary vortex pair shed from
the span-wise edges of the dimple. Moreover, they found the
heat transfer distribution and local Nusselt number variation on
the dimpled surface. Their resulls showed the lower heat transfer
region on the upstream half of the dimple cavity followed by the
higher heat transfer region on the downstream half. The
additional regions of high heat transfer were identified at the
downstream rim of the dimple. Ligrani et al. [5] also studied the
flow structure of the dimpled channel and the effect of channel
height on the vortex form. They found that as the ratio of
channel height to dimple print diameter decreases, the strength
of the primary vorlex pair increases, and two additional
secondary vortex pairs which form near the span-wise edges of
each dimple become significantly stronger. Ligrani et al. [6]
investigated the Mussell numbers and flow structure on and
above a shallow dimpled surface within a channel including the
effects of inlet turbulence intensity level. They found that the

highest local Nusselt number ratios are presented within the
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downstream portions of dimples, as well as near dimple span-
wise and downstream edges. Loecal and spatially averaged
Nusselt number ratios sometimes change by small amounts as
the channel inlet turbulence intensity level is altered, whereas
friction factor ratios increase somewhal at the channel inlet
turbulence intensity level increases. Burgess et al. [7] studied the
effect of dimple depth on the Musselt number and they reported
that both the MNusselt number and the fricion augmentation
increased with the raising of dimple depth.

From the literalures, their results show the superior
performance of dimple surface. However, the influence of some
dimple geometry on the heat transfer performance has not
report. Therefore, the objective of this study is to observe the
thermal characteristic of air flow over flat plate having dimpled
surface. In addition, the effect of dimpled geometries (spherical
and ellipsoidal shape), the dimple depth, and the attack angle of
the ellipsoidal dimple will be included in this work by numerical
simulation. The results of this research aim to serve the heat

exchanger application.

2. Problem definition
2.1 Problem conditions and main assumptions
Figure 2 shows the test surface which single dimple

indent is employed. The problem under consideration is an
external air flow over the isothermal plate and has the following
conditions.

+ The fluid is air at 300 K.

* The entrance air velocity is varied from 1 to 4 mis.

« A constant surface temperature of 400 K is applied lo
the dimple and plan surface.

+ Inlet turbulent intensity level (TI) of 3% is used.

« The air flow is assumed to be sleady slate in three-

dimensional domain.

Figure 2 Details dimple geometry (all dimensions are in mm).

2.2 Numerical method

The numerical solutions of mixed convection of
laminar and turbulent are obtained by using the SOLIDWORKS

Flow Simulation 2012. The k-£ model [8] is employed as the

turbulence model for all numerical predictions. Figure 3
shows a side view of the computational grid which is employed

for dimple surfaces.

Figure 3 computational grids for dimple surfaces.

3. Results and discussions
3.1 Data reduction

After simulation is finish, the surface heal transfer rate
and surface friction force are oblained to determine the heat
transfer coefficient and surface friction coefficient. The averaged

air side heat transfer coefficient (h) is calculated by

h=gl T, ~T.) ST

where g" is surface heat flux. The heat flux is calculated from
heat rate level at the tested surface under the total surface area
(flat portion and dimple surface). T, is surface temperature and
T, is temperature of inlet air stream flowing over the tested plate.

The average surface friction coefficient is calculated
by

c, =ﬁ (2)
where F, . is surface friction force in x-direction. #rand V) are
the density of air and air frontal velocity respeclively. A is the
total surface area (flat portion and dimple surface).

For comparing the integrated performance of dimple
surface, the effectiveness (E) factor is obtained as the
performance criterion. It is defined as the heat transfer ratio
under the friction coefficient ratio.

E= (WhoW(C/Cpo) )
where hy is averaged air side heat transfer coefficient of flat
plate, and Cpp is the average surface friction coefficient of flat
plate.

Reynolds number (Re,) for air flow is defined as

R - 2L @

My
where #H,is the density of air, the air frontal velocity and the
dynamic viscosity of air stream respectively. L is stream-wise

surface length.

3.2 Result of base case

The heat transfer and pressure loss of external air

flow over the isothermal flat plate without dimple was simulated.

.
W Ao 13

85



These results are the base case for comparing with dimple
surface. The simulated result is shown in figure 4.

From the figure 4, the average heat transfer coefficient
values increase as frontal velocity increase. Contrary, the
average surface friction coefficient values decrease as frontal
velocity increase. It should be notice that the heat transfer
coefficient data from the simulation agrees very well with the
model [9]. In part of friction coefficient, although the result has

error about 10% from the medel, it has the same trend with the
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Figure 4 Comparison cof the heat transfer coefficient and friction

coefficient from the numerical simulation and the model.

3.3 Flow behavior

Figure 5 shows the flow trajectory of spherical dimple
surface for frontal velocity of 1 m/s. As shown in the figure, air
flow along the plain surface and then, the air flow is induced into
the dimple. The recirculating flow is occurred inside the dimple is

evident and eject along the downstream line.

S
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Figure 5 flow trajectory of spherical dimpled surface.

3.4 Effect of dimple shape
In this part, there are three dimple configurations,
spherical dimple, and two shapes of ellipscidal dimple with 45°

attack angle as shown in figure 6.

side heat transfer performance. As shown in the figure, the kg
values are less than 1.0 because in this study, the performance
is evaluated only single dimple, which Katkhaw et al. [10]
explained that the heat transfer performance will be gradually
adopted and increased at the next dimple along the streamline.
level

From the simulated results, the turbulence

increases from SHAPE-1 to SHAPE-3, but SHAPE-1 yields the

intensity

highest heat transfer coefficient because the total surface area of
SHAPE-1 is lower than SHAPE-2 and SHAPE-3 (as Eq.1, h is
inverse to surface area). This result is similar to the results of

Katkhaw et al. [11].

40

35

30 4

—&— SHAPE 2
—a— SHAPE 3
------- Flat plate

o+ T T T T T T T

05 1 16 2 25 3 85 4 45
Frontal velogity (m/s)

Figure 7 Effect of dimple shape to the air side heat transfer

performance.

The effect of dimple shape to the surface friction
coefficient is illustrated in figure 8. As shown in the figure,
SHAPE-1 has the highest friction coefficient and the SHAPE-2
and SHAPE-3 have the closer values of friction coefficient similar

to the results of heat transfer performance.

Figure 9 shows the effect of dimple shape to the
effectiveness (E). As shown in the figure, the SHAPE-3 gives

higher effectiveness than other shapes at all frontal velocity.
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Figure 8 Effect of dimple shape to the surface friction coefficient.
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Figure 9 Effect of dimple shape to the effectiveness (E)

3.5 Effect of attack angle of dimple

In this part, the effect of the attack angle of 0°, 30°,
450, 60“, and 90° of ellipsoidal dimple surface is studied. Figure
10 shows the configuration of ellipscidal dimples in the various
attack angles. The air flow direction is from bottom to top of the

figure

@ O

~

(d) (e)

Figure 10 Details of: (a) 0° attack angle (b) 357 attack angle (c)
45° attack angle (d) 60° attack angle (e) 90° attack angle.

The effect of attack angle on the air side heat transfer
performance is shown in figure 11. It is found that; the heat
transfer coefficient values decrease as the attack angles
increase because the small attack angles have a larger frontal

area than high attack angles.
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Figure 11 Effect of attack angle on the air side heat transfer

performance.

Figure 12 shows the effect of attack angle on the
surface friction coefficient. As shown in the figure, the surface
friction coefficient values decrease as the aftack angles increase
similar to the result of heat transfer performance while the a0°

attack angle has the considerably higher than other attack

angles.
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oz | . —— 00 atiack angle
- e Flat plale
0015 4
001 4
0.005 ; . T T ' ' '

0.5 1 1.5 2 25 3 3.5 4 45
Frontal velocity (mis)

Figure 12 Effect of attack angle on the surface friction

coefficient.
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Figure 13 Effect of attack angles to the effectiveness (E).

The effectiveness (E) of each attack angles is

illustrated in the figure 13. As shown in the figure, the attack



angles of 0” has the extremely low effectiveness and 45 has the

slightly effectiveness higher than other attack angles.

3.6 Effect of dimple depth

The depths of 0.1Dge. 0.20mge and 0.3Dgq of
dimple are shown in the figure 14. The effect of dimple depth to
heat transfer performance and surface friction coefficient is

studied in this part

bl
- &
.

) s y
‘ - . 4
g5 : © N = =
’ . [
i

] _ 1
ol o
I

=

(a) (o) ()
Figure 14 Detail of: (a) 0.1Dy4, of dimple depth (b) 0.20, of
dimple depth (c) 0.30 g, of dimple depth.

Figure 15 shows the effect of dimple depth to the air
side heat transfer performance. From the simulated results, the
turbulence intensity level increases as the depth of dimple
increases, but highest heat transfer coefficient decreases as the
depth of dimple increases because the total surface area has
mere influence, which this result is similar to dimple shape

condition.

1 (Wim'K)

—&— 0.2Dmajor
10 4 0.3Dmajor

5 e Flit plate:

0 T T T T T T T
0.5 1 15 2 25 3 35 4 45

Frontal velocity (mis)

Figure 15 Effect of dimple depth to the air side heat transfer

performance.

Figure 16 shows the effect of dimple depth on the
surface friction coefficient as a function of frontal velocity. As the
results, the surface friction coefficient values decrease as the
depths of dimple increase, which this result is similar to the heat

transfer performance.

The effectiveness (E) of each dimple depth is shown
in figure 17. The dimple depth of 0.204, has the highest

effectiveness
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Figure 16 Effect of dimple depth to the surface friction

coefficient
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Figure 17 Effect of dimple depth to the effectiveness (E).

4, Summary and conclusion
The present study reports the heat (transfer
performance of air flow over the dimples surface. The effects of
dimples shape, dimple attack angle and dimple depth are
examined. On the basis of previous discussions, the conclusions
are made:

1. From simulated results, the air flows over the dimple
surface is induced into the dimple. The recirculating flow is
occurred inside the dimple and eject along the downstream line.

2. Spherical dimple surface gives the higher heat
transfer performance than the ellipsoidal dimple. Nevertheless,
ellipsoidal dimple surface gives the higher effectiveness (E) than
the ellipscidal dimple.

3. Both heat transfer performance and surface friction
coefficient decrease as the attack angles increase while dimple
with 45° attack angle gives the highest effectiveness (E).

4. Both heat transfer performance and surface friction
coefficient decrease as the depths of dimple increase. The
0.2D e, dimple depth yields the highest effectiveness (E).

5. Ellipsoidal dimple surface with 0.20p,j,- and 45° attack
angles is the best configuration which gives the highest

effectiveness.
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Area (mz)

Dimple diameter (mm)

Dimple diameter on minor axis (mm)
Dimple diameter on major axis (mm)
Prandtl number

Reynolds number base surface length
Average heat transfer coefficient (WJ'mZK)
Average heat transfer coefficient of flat plate without
dimple (Wim’K)

Local heat transfer coefficient (WimzK)
Temperature (DC)

Velocity (m/s)

Spanwise coordinate

Streamwise coordinate
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1. Introduction

The conventional enhanced heat transfer approaches;
in general, involve the incorporation of fins, baffles, turbulizers
and efc. to increase either the heat transfer surface area or
turbulence or both. These approaches are effective in increasing
heat transfer rates; hence, this also results to the significant
pressure drops. Dimple indent is the configuration aiming at
increasing heat transfer rates without significant sacrifaction in
pressure drop or fouling [1]. The dimpled plate and dimpled
tubes give the superior to other approaches, as illustrated in
Figure 1. Heat exchanger equipped with flat-finned tubes should
give the higher heat transfer coefficient and less pressure drop
than those with circular-finned tube. Applying the dimples on flat
tube is possibly beneficial approach due to its potential in wake
induction.

Recently, dimples or concave surfaces have been in
focus extensively. In the early investigations, Afansayev et al. [2]
investigated the overall heat transfer and pressure drop for
turbulent flow of flat surface with staggered array of spherical
dimples. Significant 30-40% increasing of heat transfer without
significant pressure losses is reported. Chyu et al. [3] studied the
heat transfer coefficient distributions of air flow in the channel
over flat surface indent with staggered arrays of two different
shapes of dimple. Their result shows the local heat ftransfer

coefficients are significantly higher than values in the channels

Abstract In this study, heat transfer performance of the single-flat tube in cross flow
was studied in comparison with bare-flat tube and tube bank was examined and the
effect of tube space of single-row tube bank was also investigated. The stream air
flows over the heated tubes and the velocity of air stream is varied from 1-3 m/s. The
temperature and velocity of air stream, the temperature of tube surface and
temperature of inlet and outlet tube bank were measured. The heat transfer of tube
bank was determined. As the result, heat transfer enhancement is about 1.5 and 1.63
times for flat tube and flat-dimple tube respectively, compare to cylinder,

Keyword Vortex, Dimple, Enhanced Heat transfer

with smooth surfaces. Enhancements of about 2.5 times of
smooth surface values, and pressure losses are about half the
values produced by conventional rib turbulators. Mahmood et al.
|4] describe the flow structure above the dimpled flat surface.
Flow visualizations showed vortical fluid as vortex pairs shed
from the dimples. Their resulis showed the existence of a low
heat transfer region in the upstream half of the dimple cavity
followed by a high heat transfer region in the downstream half.
Additional regions of high heat transfer were identified at the
downstream rim of the dimple and on the flat surface of
downstream of each dimple. Ligrani et al. [5] reported that as the
H/D (Channel height to dimple diameter) increase the secondary
flow structures and flow mixing intensified decreased.
Nevertheless, Moon et al. [6] obtained almost a constant heat
augmentation ratio of 2.1 for a dimpled passage with H/D from
0.37 to 1.49. Burgess et al. [7] reported that both the Nusselt
number and the friction augmentation increased as the of dimple
depth increased. Wang et al. [8] investigated a novel enhanced
heat transfer tube with ellipsoidal dimples. Their computed
results indicated that the Nusselt number for ellipsoidal dimpled
tube and spherical dimpled tube are 38.6-175.1% and 34.1-
158% higher than that for the smooth tube respectively. The
friction factors of dimpled tube increase by 26.9-75% and 32.9—
92% for ellipsoidal and spherical dimples compared with the

smooth tube respectively. Katkhaw et al. [9] studied the heat
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transfer of air flow over dimpled flat surface with the 14 types of
dimpled arrangement. Their results show that heat transfer
coefficient for dimpled surfaces are about 26% better than
smooth surface for staggered arrangement. And for the inline
arrangement, the results show that heat transfer coefficient for

dimples surfaces are about 25% better than smooth surface.
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T

Relative Heat Transfer Gain
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Figure 1 Compared to other types of heat transfer enhancement

approaches. (From Chudnovsky and Kozlov [1])

In this work, flat-dimpled tube and tube bank without
fins is in focus to study the heat transfer. Ellipsoidal dimple

geometry will be used primarily.

2. Experimental setup and procedure

Figure 2 presents the schematic sketch of the
experimental setup. In this experiment, the air stream generated
by a centrifugal air blower was flowed over the heated plate with
dimples. The velocity of air stream was controlled by the
frequency inverter with the controllable range of 1-4 mfs. The
velocity of air siream was measured by a hot wire anemometer
with £0.2 m/s accuracy. The inlet temperature of air stream was
measured by 4 sets of T-type thermocouple. The outlet
temperature was measured by a T-type thermocouple mesh
which consists of 16 thermocouples. Note that all of
thermocouples have +0.1 °c accuracy. The surface temperature
of flat tube was measured by infrared imaging camera with =2
‘c accuracy. This temperature measuring instrument was also

calibrated surface temperature with T-type thermocouple.

ST DI

Variablevolume
Airblower

Hoi wine
Annemometer

Straightener

p— Culet airicp

Yo Testid srfice temp
H— Ikt aix femp.
Drata
Logger

Figure 2 Schematic diagram of the experimental setup.
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The tested section comprises three flat-dimpled tubes
which made from steel. The 1500 watt of plate electric heater
was plugged in the tube. The Iron powder was filled between the
tube surface and plate heater to avoid air gap. Figs. 3 present
the geometric details of the tested tube, including dimpled
geometry. The S as shown in the figure is varied from 75 mm,

100 mm, and 125 mm.
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Figure 3 Details of: (a) dimpled-ilat tube arrangement, (b)
individual dimpled-flat tube geometry and (c) individual dimple

geometry. All dimensions are in mm.

3. Data reduction
3.1 Single tube in cross flow

During the experiment, inlet air stream wvelocity,
temperature, tube surface temperature and power supply were
measured. The local heat transfer coefficient (h,) is calculated
from

h, = q:f(Tj -T.) (3)
where ¢" is surface heat flux. The heat flux is calculated from
heat rate level at the tube under flat projected tube surface area.
T, is the local surface temperature and T, is the temperature of
inlet air stream flowing over the tested tube respectively.

The averaged air side heat transfer coefficient (h) of

tested tube is determined by integrating all of the area of tube

surface as

h=-2[q:KT, ~T,)da, @

A, A,

where A; is tested surface area (flat projected tube surface area
only).

The spanwise average Nusselt number (Nu,) is
defined as

Nu, = hD, )
kl

where D, = P/m and P is perimeter of tested tube. kris the
thermal conductivity of air stream.

Reynolds number (Repy) for air flow is defined as



AL ©)
u

Rep,
i
where;, V; and #;are the density of air, the air frontal

velocity and the dynamic viscosity of air stream respectively

3.2 Tube bank in cross flow

During the experiment, inlet and outlet air stream
velocity, temperature, the tube surface temperature and power
supply were measured. The air side heat transfer rates can be
calculated as

0, =mCp, T, ~T,) @
where (O, is the heat transfer rate of air flow. For this studied,
the average heat transfer rate is the mathematical average of
the air side and the power supply of heater as

0,, =050,+0,) @)
where (, is the electrical power supply.

The averaged air side heat transfer coefficient (h) of

tested tube is determined by

h= Qm /(NA,AT, ) (9)
and AT, is a log-mean temperature difference which is defined
as

(T, =TT, 0, =T.) 10

a7, = T o (10)

Toaw =T,
In(—=—)
Time =T,

where N is the total number of tubes in the bank, A, is the
surface area of one tube (flat projected surface area only), T, ,,,,
is the average surface temperature, T; and T, air the inlet and
outlet of air stream respectively.

The averaged Nusselt number (Nup) is defined as

Nu, =2 (1)
kl

where D is tube width

Reynolds number (Rep ) for air flow across tube
bank is defined as
_ VD (12)

where V,,. is the maximum air velocity occurring within the tube

Rey

bank.

This experiment is a further study from Katkhaw et. al.
[9]. The previous and current result will be in comparison with
existing correlation of the heat transfer of parallel flow over flat
plate with constant heat flux [10] under the laminar flow

condition.

4. Results and discussion
4.1 Temperature distribution
The temperature distribution on the ellipsoidal dimpled

tube surface was observed by using the infrared imaging
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camera. The sample of result is shown in figure 4. As shown in
the figure, the location of ellipsoidal dimples conforms to the
ellipsoidal temperature contour. Whole area of plain surface is at
lower temperature than dimple area. Higher temperature is
located at the upstream halve and gradually increase along the
downstream. The lowest temperature occurs in downstream rim
of the dimples and obviously decreases along the downstream
on plain surfaces. These results come from the recirculation of

air stream in the dimpled.

150C
288 ),
N 1

(mm) 240

130°C
195

120°C

46 Bl

¥ (mm)
Figure 4 Temperature distributions along the plain surface of

ellipsoidal dimple tube.

4.2 Single tube in cross flow

In this part, heat transfer of air flow across the flat
tube and flat-dimple tube are studied. Figure 5 shows the
variation of the local Nusselt number with surface length of
cylinder, flat tube and flat-dimple tube in cross flow of air.
Starting at the stagnation point, Nu, of all tube configurations
decreases with increasing surface distance as a result of laminar
boundary layer development. For cylinder, a minimum is reached
at angular dimension is about 80° and Nu, increases with
angular dimension due to vortex formation in the wake. On the
other hand, Nu, of flat tube and flat-dimple tube reach the
minimum at surface distance is about 80 mm, which is on the
plain surface. Both flat tube and flat-dimple tube have the same
Nu, trend line with the flat tube laggaing by about 9%.

160

140

120 -

100
% 80 -

B0

---w--- Cylinder [11]  *80°

—=— Flat whe

—a— Flat whe with ellipsoidal dimple

0 T T T T T

a0 -
20

0 20 40 60 B0 100 120 140 160 180 200

S-Surface distance (mm)
Figure 5 Average spanwise Nusselt number of cylinder, flat tube

and flat-dimple tube. (*angular coordinate for cylinder)

Figure 6 shows the average air side heat transfer

performance of cylinder, flat tube and flat-dimple tube. As shown
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400
in the figure, flat tube and flat-dimple tube give the higher heat
transfer coefficient than cylinder in same D, and at all frontal
velocities. Over a range of frontal velocity, enhancement of the

average heat transfer coefficient is about 1.5 and 1.63 times for

flat tube and flat-dimple tube respectively, compare to cylinder.
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5 —a— Flat ube
—=— Flat tuba with allipsoidal dimple
o T

1 1.5 2 25 3 3.5
Frontal velocity (m/s)

Figure G Average heat transfer coefficient for cylinder, flat tube

and flat-dimple tube.

4.3 Tube bank in cross flow

In this part, heat transfer of air flow across single row
tube bank is investigated. Tube bank comprises of three flat-
dimple tube. The tube pitch (S/D) is varied from 1.5, 2 and 2.5.
Figure 7 shows the effect of Sy/D to the air side heat transfer
performance. As seen in the figure, Average heat transfer
coefficient decrease as Sy/D increase due to the maximum air

velocity passing the tube bank is increased with decreasing of

tube pitch.
50
40 SiD=15
SiD=2
£ 30 81D =25
s
= 20 (_.:[Z[L.
10 = —[_7 _]s_
=p-
0 T T T T
05 1 1.5 2 25 3

Frontal velocity (m/s)
Figure 7 Average heat transfer coefficient to frontal velocity for

tube bank.

4.4 Empirical Correlation
From the previous results, the multiple linear
regression technique is performed to obtain the relevant

correlation. The corresponding correlation is given as follows:

Nu,, =0.1983Re " pr'” (13)

W asun 13
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Figure 8 shows the comparison of Nu of the
experimental results with the proposed correlation. For the
Nusselt number correlation Eq. (13) can predicts 95.1% and of
the experimental data with £5%. The standard deviation of the

correlation Eq. (12) is 1.8%.

20

80 4

o Present corelation

30 40 50 60 70 a0
L y——

Figure 8 Comparison of Nu correlations with experimental data.

5. Summary and conclusion

The present study reporis the heat transfer
performance of air flow over the flat tube, flat-dimple tube and
flat-dimple fube bank. The effect of tube pitch is examined. On
the basis of previous discussions, the conclusions are made:

1. Air side heat transfer performance of flat tube and
flat-dimple tube is augmented at all frontal velocity. The heat
augmentation is approximately 60%.

2. Heat transfer enhancement is about 1.5 and 1.63
times for flat tube and flat-dimple tube respectively, compare to
cylinder in the same surface area condition.

3. Correlation of the present experiment is developed.
The proposed correlation yields fairly good predictive ability

against the present test data.
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Nomenclature

ReDh

hy
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Area (m2)

Tube width {mm)

Hydraulic diameter (mm)

Wind tunnel height

Spanwise average Nusselt number base on tube width
Average Nusselt number base on tube width

Baseline average Nusselt number of flat tube without
dimple

Prandtl number

Reynolds number base on tube width

Reynolds number base on hydraulic diameter

Average heat transfer coefficient (meZK}

Average heat transfer coefficient of flat tube without
dimple (W/m’K)

Local heat transfer coefficient (meZK)

Temperature (DC)

Velocity (m/s)
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