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Abstract

This study presents the experimental investigation on the effect of dimpled
arrangements on flow and heat transfer characteristics. Three plate surfaces were
prepared (smooth, evenly distributed spherical dimples and unevenly distributed
spherical dimples) and were placed successively in a channel. The unevenly
distributed dimpled plate had the same dimple density with the evenly distributed
dimpled plate but had varying transverse pitches to concentrate the dimples at mid-
plate in flow direction. Data obtained from the experiment were analysed to
determine the performance of each dimpled plate channel. It was observed that the
average Nusselt number due to the heat interaction with the air-flow increases with
the Reynolds number. The evenly and unevenly dimple plate channels had
respectively, 75.7% and 91.8% increase in Nusselt number over the smooth
channel. The flow friction factors of the evenly and unevenly dimple plate
channels were merely more than that of smooth plate channel by 0.59% and 0.67%,
respectively. Thus, the unevenly dimple plate channel had the highest overall
thermal-hydraulic performance, followed by the evenly dimple plate channel.

Keywords: surface enhancement, unevenly distributed dimples, heat transfer
characteristic, friction factor, Nusselt number, thermal performance.

1. Introduction

The growing interest of improving on the thermal efficiency of heat transfer equipment without
compromising their energy requirement has left many researchers to continuous search for
effective methods and ways in which heat can be transferred [1]. Its importance is found in many
application areas such as heat exchangers, cooling of electronic components, gas turbines,
microfluidic passages and in biomedical devices [2]. Improved performance has been achieved
either by surface vibration, fluid vibration, or the surface is enhanced and made to have special
features in order to increase heat flow, or adopting both methods [3]. Surfaces enhanced with ribs,
fins, dimples and obstacles attached to surfaces, spirals, threads, grooves among others have been
found to generally increase convective heat flow and transfer [4-6]. Dimpled surfaces have been
reported to have an insignificant progressive drop in pressure towards the lee-ward side of flow
because there is no pressure drag due to protuberances to disturb flow, instead, the dimples act as
vortex structures creating an augmentation in fluid flow hence, enhancing heat transfer [6-7].

In 1971, Kuethe investigated the use of dimpled surface for heat transfer enhancement for the first
time. The density of dimples on the surface was varied and it was observed that heat augmentation
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increased as the number of dimples on the surface increase [8]. Garcia et al. [9] studied the
thermohydraulic characteristics of corrugated tubes, wire coils and dimpled tubes based on their
artificial roughness. They observed that it greatly affected the pressure drop than the heat transfer
enhancement. The study recommended the use Reynolds numbers below 200 for plain tubes. Wire
coils were recommended for Reynolds numbers less than 2000 while corrugated tubes are
preferable to wire coils in the range above 2000.

Chen et al. [10] investigated the thermal enhancement of a coaxial tube heat exchanger with
dimpled inner tube. At constant Reynolds number, increase in heat transfer over the plain inner
tube ranged from 15% to 137% while it was from 15% to 84% at the same pumping power. Studies
have also shown that arrangement, diameter, shape and depth of dimples have notable effect on
the heat transfer characteristics. Patil and Deshmukh [11] also performed the numerical analysis
on plain, inline and staggered almond shape dimpled tubes, their results showed that there was
more improvement in heat transfer in the staggered arrangement than the inline arrangement while
the plain tube with the low heat transfer exhibited low pressure drop. Also, the staggered dimple
tube gave the best performance.

Apet and Borse [12] conducted experimental examinations of forced convection heat transfer on
dimpled tubes of different diameters and depths. They were able to conclude their research that
dimpled tubes with smaller depths and diameters showed better heat transfer rate. Akthar et al.
[13] examined natural convection heat transfer via circular dimpled plates. The results obtained
lead to a significant improvement in the heat transfer at the surface of the dimpled plate.

Mahmood et al. [14] employed the flow visualisation technique to study structure of surface flow
above dimpled surfaces. The authors observed periodic and continuous detachment of the primary
vortex pair from the central part of the depression and the secondary vortex pair from the edges of
the depression in the sense of span. In the experimental analysis conducted by Leontiev et al. [5]
to establish the heat transfer performance of surfaces with six different dimple shapes: spherical,
teardrop, oval, inverted teardrop, spherical dimples with rounded edges and dimples obtained by
milling a sphere along an arc. The teardrop dimple was found to have the highest heat transfer
coefficient, while the rounded-edges had the highest heat-hydraulic efficiency.

Hwang et al. [15] studied the thermal performance of a rectangular channel with pattern
arrangement of spherical dimples and protrusions along its surface. It was observed that the
coefficient of heat transfer was very high in the case of the arrangement of double-walled
protrusions for its high flow mixing while the channel with double protrusion wall exhibited a
higher pressure drop. Burgess and Ligrani [16] showcased the influence of dimple depth on Nusselt
number and indicated that Nusselt number and friction increased as the depth of dimple increased.

Patel and Borse [8] conducted experimental studies on forced convection heat transfer at the
dimpled surface. They observed that the staggered dimple arrangement exhibited greater Nusselt
number than that of the inline arrangement when subjected to the same operating conditions.
Vorayos et al. [6] investigated heat flow and transfer over dimpled surfaces with inline and
staggered arrangements with varying pitch ratios. An outstanding augmentation observed at
S1/S1=1.33 for inline arrangement and for staggered arrangement, the best performance was
observed at S1/Si, lower than 2.0.
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Thus, the studies have shown that surfaces with staggered arrangement of dimples exhibits better
thermal performance than a surface with inline arranged dimples. However, it is rare in literature
studies on performance of uneven distribution of dimples in staggered arrangement. Therefore,
this research work would investigate the thermal and hydraulic characteristics of staggered dimple
arrangement with unequal transverse pitches on a plate within a channel. This would have denser
distribution of dimples at the mid-plate in flow direction and its performance would be compared
with evenly distributed dimpled plate and smooth plate channels.

2. Experimental Details

2.1 Dimple arrangement on test plates

Three plates were used in the course of the experiment and each was made of mild steel of 220mm
in length, 140mm width and 10mm thickness. As depicted in Fig. 1, eleven rows of spherical
dimples with print diameter of 15 mm and depth of 5 mm were created on two of the plates in the
stream-wise direction having a longitudinal pitch of 19.5 mm. The dimples on one were evenly
distributed with transverse pitch ratio of 1.5 while the other has unevenly staggered arrangement
of dimples of varying transverse pitch ratios ranging from 1.3 to 1.7. The three mild steel plates
are as shown in Fig. 2.
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Fig. 1: Geometrical dimensions of the plates with (a) evenly distributed staggered dimples, and (b)
unevenly distributed staggered dimples

(a) (b)

Fig. 2. The photographs of the (a) smooth plates, (b) evenly distributed staggered dimples, and (c)
unevenly distributed staggered dimples

2.2 Experimental Setup

The experimental rig with channel air-flow cross-section of 35 mm x 140 mm and 1000 mm long,
and its schematic diagram are as shown in Figs. 3 and 4, respectively. The closed channel was
fabricated from mild steel angle bars and plywood. The complete setup comprises of a 1 hp blower,
a 400 W heating element, a digital thermometer, a digital differential manometer and a Pitot tube.
The blower with a variable speed control unit was installed to supply air and alter its velocities of
flow through the test chamber. The heating element was installed inside a compartment fabricated
at the base of the channel to heat the test plate above it. It was lagged on the lower-side for better
concentration to the plate. Four K-type thermocouples (+0.16% uncertainty) were connected to
the thermometer to take the temperature readings and were installed at test locations: one at
upstream the test plate; one downstream the test plate, almost at the tunnel exit; and the remaining
two were fixed on surface of the test plate at both ends. The manometer was used to measure the
pressure drop of air through the channel. The precision and accuracy of the manometer is 0.2 and
+0.1, respectively. The pitot tube fixed at the upstream the tube bundles was employed to take the
air velocity reading. To ensure steady air pressure drop and temperature readings at downstream
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the tube bundle, their probes were positioned far away from the tube bundle towards the exit of
the channel.

Fig 3: The Experimental rig

b

-~
L

Fig. 4: Schematic diagram of experimental setup
where: 1. blower 2. straighteners. 3. 1stthermocouple. 4. air-flow channel. 5. test plate. 6.
2nd thermocouple 7. digital manometer. 8. 3rd thermocouple. 9. heating element. 10. 4th
thermocouple.  11. entry length. 12. exit length.

2.3 Experimental Procedure

Leakages that could affect the experimental results were checked before taking any reading. This
was done by supplying air from the blower and appropriate corrections were made where
necessary. As depicted in Fig. 4, the air flow through the channel was again supplied from the
blower and electricity supply was activated on the heater. All readings were taking when the
average readout temperature on the test plates was approximately 60°C. In each run, the inlet air
flow velocity through the channel was varied from 3.97 to 5.80 m/s. In order to ensure reliability
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of measurements, this operation was repeatedly carried out for each inlet air flow velocity. Also,
this experiment was conducted for each of the test plates in turn.

3. Data reduction

The experimental data obtained were further analysed to find the flow and thermal characteristic
of the channel as being affected by each of the test plates. The heat transferred to the due to change
of difference in temperature between the downstream and upstream of the test plate is

Q=rc,(T,,~T,) (1)

Therefore, the convective heat transfer coefficient of the dimpled plate channel is defined as

-_ O (2)
AAT,,,

Where the log mean temperature difference between the heated test plate and the cool air from the
blower is given as

_(1-T,)~(T~T.,)

out

AT, =
W (LT ©
In>2> "/
(I; - T;mt)
and the surface area of the plate is
A =Lw )
Thus, the average Nusselt number is calculated from
Nu =2 5)
and d) is the hydraulic diameter of the closed channel, obtained from
2wH
d = 6
" wa+ H ©)
The air flow Reynolds number is estimated to be
vd
Re = PY% (7)
U
The friction factor of the flow across the channel is determined as
2Ap
= (8)
(L/ d, ) pv’

The thermal hydraulic performance factor, PF of the dimpled plate channel was calculated based
on the constant pumping power condition by considering heat transfer augmentation and the
pressure loss in the channel [17]; then we have
Nu/Nu,

f11 ®

The Nup and fy represent the Nusselt number and friction factor of the smooth plate channel.

The thermal performance, TP of each dimpled plate channel in comparison with the smooth plate
channel was also described in terms of the actual surface area exposed to the air flow and was
estimated as the normalised Nusselt number to active surface area ratio of the dimpled surface to
the smooth surface [18], which is given as

PF =
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Al4,
(10)

4.  Results and Discussion

The average Nusselt number from the thermal interaction in all the plate channels for a range of
Reynolds number are as presented in Fig. 5. It can be seen that the Nusselt number increases with
increase in Reynolds number. The unevenly staggered dimpled plate channel demonstrated the
highest heat transfer performance with 91.8% increase over the smooth plate channel while the
evenly staggered dimpled plate channel increased with 75.7% over the range of Reynolds number.
For fully developed flow through each of the channels, the plate is exposed to higher velocity at
the middle than its edges at the corners of the channel, hence the outstanding thermal
characteristics of the unevenly staggered dimpled plate channel for higher concentration of
dimples at the mid-plate. As indicated in Fig. 6 for the normalized average Nusselt number, this is
the ratio of the average Nusselt number of the dimpled plate channel to that of the smooth channel.
The Nusselt number ratios of the dimpled channels are higher at lower Reynolds number than the
higher Reynolds number. The heat transfer augmentation of dimpled surfaces over the smooth
surface ranged from 1.29 —2.29.
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Fig. 5: The average Nusselt number versus Reynolds number
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Fig. 6: The normalised Nusselt numbers at different Reynolds numbers

The friction characteristics of the flow through the recessed plate channels with respect to the
Reynolds number are illustrated in Fig. 7, respectively. The increase is almost insignificant and is
considered low because no flow enters the river [ 19]. Figure 8 shows the normalized friction factor
of smooth channel indented channels between 1.002 and 1.010. The tendency of the normalized
friction factor is similar to that of Fig. 12 due to the almost constant friction factor obtained for the
smooth channel in the Reynolds number range.
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Fig. 7: The flow friction factor versus Reynolds number
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Fig. 8: The normalised friction factors at different Reynolds numbers

The overall thermal-hydraulic performance of the dimpled plate channels is presented in Fig. 9.
Evidently from this figure, the overall performance exhibited by the unevenly and evenly staggered
dimpled plate channels are averagely higher than that of smooth plate channel with 90.5% and
74.6%, respectively. Thus, the performance of the dimpled channels could be attributed to
turbulent mixing promoted by the presence of vortex structure in dimple cavities [18]. Also
presented in Fig. 10 is the normalised Nusselt number to active surface area ratio of the dimpled
surface to the smooth surface. It can be clearly seen from the figure that the additional surface area
created by the dimpled surface does not affect their thermal performance. The thermal performance
is enhanced by 57.3% and 71.8% for the unevenly and evenly staggered dimpled plate channels,
respectively.
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Fig. 10: The thermal performance of the dimpled channels

5.  Conclusion

The experimental investigation of heat transfer enhancement and flow characteristic of three mild
steel plates was successively carried out in a channel. The surface of one of the plates was smooth
while the other two were arranged with evenly and unevenly distributed staggered dimples,

10
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respectively. The study has indicated that the rate of heat flow between the plate surfaces and air
flow through the channel increased with the flow rate or Reynolds number. The dimpled plate
channels had higher Nusselt number than the smooth plate channel with 75.7% and 91.8% increase
for the evenly and unevenly dimple plates, respectively. The friction factors of the evenly and
unevenly dimpled plate channels only increased over the smooth plate channel by 0.59% and
0.67%, respectively. The unevenly dimpled plate channel exhibited better overall thermal-
hydraulic performance, followed by the evenly dimpled plate channel. Hence, more spread of
dimples at the mid-surface in flow direction have better enhancement capability of thermal
efficiency without appreciable compensation for energy than even distribution of dimpled surface.

Nomenclature

Abbreviations and Symbols

A Tube Cross-Sectional Area (m?)

Cp Specific Heat Capacity at Constant Pressure (J/kgK)
dn Hydraulic diameter (m)

f Friction factor

k Thermal Conductivity (W/mK)

L Plate Length (m)

Re Reynolds Number

Ap Pressure Drop (Pa)

h Heat Transfer Coefficient (W/m*K)
H Channel height (m)

7] Mass flow rate (kg/s)

Nu Nusselt Number

Q Heat Transfer Rate (W)

T Temperature (K)

v Flow velocity (m/s)

w Plate width (m)

ATim Log Mean Temperature Difference
Greek Symbols

p Density (kg/m?)

Subscripts

in Inlet

out Outlet

s Surface
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