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An experimental research was conducted to investigate the effect of channel height on heat transfer
enhancement of a surface affixed with arrays (7 × 7) of short rectangular fins of a co-angular type
pattern in channels. An infrared imaging system with the camera (TVS 8000) measured the temperature
distributions to calculate the local heat transfer coefficients of the overall surface (fin base and endwall)
of the representative fin regions. Heat transfer experiments were performed for a co-angular type fin
pattern varying the channel to fin height ratio (Hd/H f ) from 2 to 5. Friction factors of the finned
surfaces were calculated from pressure drop measurements. Relatively larger friction occurs for the
smaller channel to fin height ratios and the friction factor slowly decreases with increasing Reynolds
number. For the larger channel to fin height ratios, friction factor slowly increases with Reynolds number.
The area averaged heat transfer decreases with increasing the channel to fin height ratio and channel
aspect ratio, while heat transfer increases with the mainstream velocity. This is because, separation space
between the channel wall and the fin top surface has a great influence on the phenomena of flow
separated from the fin edge and vortex formation. At a smaller separation space, generated vortex is
strongly reflected and vortex structure formation is adequately completed having full strength to interact
with fins and endwall surface which leads to larger friction and contributes heat transfer enhancement.
A detailed heat transfer analysis and iso-heat transfer coefficient contour gives a clear picture of the
heat transfer characteristics of the overall surface. A relative performance graph indicates that the lowest
channel to fin height ratio (Hd/H f = 2) has the highest thermal performance out of the channels tested.
In addition, significant thermal enhancement, 2.6–3 times the smooth surface value can be achieved at
lower Reynolds numbers with a co-angular fin pattern in the channel.

© 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

The recent development of more powerful chips and the minia-
turization of electronic circuits and other compact systems have
created a greater demand for development of efficient heat re-
moval systems. Fins are widely used as the primary means of heat
exchanging devices. With the increasing demand for high perfor-
mance heat exchanging devices, researchers are now trying to use
the fins as extended surfaces and, additionally, as vortex generators
which is an emerging technology in the field of heat transfer. Re-
cently, an inclined rectangular fin attached to the endwall is found
to be an effective configuration for enhanced heat transfer, because
the vortexes, longitudinal and other, produced by this fin maintain
their intensity far downstream. It is expected that the heat transfer
from the endwall and the fin surface can be improved and hence
this configuration is identified as being very promising. The au-
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thors have conducted a series of experimental investigations [1–3]
with rectangular fins, using different patterns and arrangements,
to study heat transfer enhancement in a rectangular channel. The
heat transfer enhancement in arrays of rectangular blocks in a
channel has been investigated by other researchers. Sparrow et al.
[4,5] studied the heat transfer and pressure drop characteristics of
arrays of rectangular modules commonly encountered in electronic
equipment and determined the thermal behavior of the arrays in
different situations. Heat transfer enhancements exceeding a fac-
tor of two were achieved by using multiple fence like barriers,
with the interbarrier spacing and the barrier height being varied
parametrically with Reynolds number. Molki et al. [6] experimen-
tally studied the heat transfer at the entrance region of an array
of rectangular heated blocks and presented empirical correlations
of the heat transfer for the array. Heat transfer from an array of
parallel longitudinal fins to a turbulent air stream passing through
the inter fin spaces has been investigated both numerically and
experimentally by Kadle and Sparrow [7]. They found that the lo-
cal heat transfer coefficients varied along the fins and along the
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Nomenclature

A cross sectional area of the channel . . . . . . . . . . . . . . . . m2

D H hydraulic diameter of the channel . . . . . . . . . . . . . . . . . . m
f friction factor
L fin length = 20 mm
Hd height of channel = 20–50 mm
H f height of fin = 10 mm
h area average heat transfer coefficient . . . . . . . . . W/m2 K
h heat transfer coefficient . . . . . . . . . . . . . . . . . . . . . . . W/m2 K
hx streamwise local heat transfer coefficient. . . . . W/m2 K
hz spanwise local heat transfer coefficient . . . . . . . W/m2 K
Nu area-average Nusselt number (hD H/λ)
ṁ mass flow rate (ρ AU ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/s
P , P∞ streamwise pressure and atmospheric pressure

respectively . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N/m2

tw wall temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
t∞ mainstream temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
Re Reynolds number (U D H/ν)

U mainstream air velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
W channel width = 230 mm
X∗ streamwise coordinate (X∗ = 0 at the center of rectan-

gular fin of third row)
Z∗ spanwise coordinate (Z∗ = 0 at the center of rectan-

gular fin of third row)

Greek symbols

α inclination angle
ν kinematic viscosity of air . . . . . . . . . . . . . . . . . . . . . . . . . m2/s
λ thermal conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . W/m K
ρ density of air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

Subscripts

s smooth surface
d channel
f fin
surface of the base plate. Turk and Junkhan [8] measured the
spanwise heat transfer downstream of a rectangular fin mounted
on a flat plate. El-Saed et al. [9] investigated heat transfer and
fluid flow in rectangular fin arrays and found that the mean Nus-
selt number increases with increasing Reynolds number, inter-fin
space and fin thickness but did not examine endwall heat trans-
fer. Oyakawa et al. [10] studied the heat transfer of plate setting
rectangular fins with an attack angle of 20◦ and showed that this
configuration can enhance heat transfer. Igarashi [11] studied heat
transfer from a square prism with different attack angles and ob-
served reattachment flow for attack angles of 14◦–35◦ . Bilen and
Yapici [12] investigated heat transfer enhancement from a surface
fitted with rectangular blocks at different attack angle and found
that the maximum heat transfer was obtained at an angle of 45◦ ,
though the local heat transfer characteristics were not reported.

Some of the researchers also studied heat transfer enhancement
considering the influence of the rectangular channel dimensions.
Park et al. [13] studied heat transfer performance comparisons
of five different rectangular channels with parallel angled ribs. In
their research they investigated the combined effects of the chan-
nel aspect ratio, rib angle of attack and flow Reynolds number
on heat transfer and pressure drop in rectangular channels. Their
results showed that the narrow aspect ratio channel give much
better heat transfer performance than the wide aspect ratio chan-
nels. Warrier et al. [14] performed heat transfer and pressure drop
experiments in five parallel small rectangular channels. They varied
the mass flow rate, inlet liquid sub cooling, and heat flux. Based on
the measured temperatures, pressure drops and the overall energy
balance across the test section, they calculated the heat transfer
coefficients for both single phase forced convection and flow boil-
ing. They developed a correlation for two phase flow pressure drop
under sub cooled and saturated nucleate boiling condition. Min-
goo and Keumnam [15] also investigated the effect of aspect ratio
of rectangular channels on the cooling characteristics of paraffin
slurry flow. They observed that the influence of the aspect ratio of
the rectangular channel on the local heat transfer coefficients for
both water and paraffin slurry at a high heat flux was greater than
at low heat flux.

Chang et al. [16] studied the influence of channel height on
heat transfer in rectangular channels with skewed ribs at differ-
ent bleed conditions. They calculated average heat transfer and
thermal performance factors to establish the heat transfer corre-
lations with applications to the design of coolant channels in a
gas turbine blade. In the other research, Chang et al. [17] experi-
mentally studied heat transfer and pressure drop in a rectangular
narrow channel roughened by scaled surfaces on two opposite
walls. Experimental correlations of heat transfer and friction co-
efficient were derived for the scale roughened rectangular channel.
Murata and Mochizuki [18] studied the effect of cross-sectional as-
pect ratio on turbulent heat transfer in an orthogonally rotating
rectangular duct with angled rib turbulators. In their study heat
transfer was numerically simulated where the rotation number and
the duct aspect ratios were varied for a friction Reynolds number
of 350 and rib angle of 60◦ . They showed how local heat transfer
was changed by duct aspect ratio.

As the above literature review shows, previous studies have in-
vestigated heat transfer enhancement from surfaces in rectangular
channels and a few studies only have concentrated on heat transfer
considering channel aspect ratio. Very few studies are found deal-
ing research with the effect of channel height on the heat transfer
from the arrays of rectangular finned surface in channels. There-
fore, we have investigated the influence of channel height on the
heat transfer enhancement and friction factor for short rectangular
fins on a channel wall, because the separation space between the
channel wall and fin top edge has a great influence on the forma-
tion of vortex structure and flow behavior. In smaller channel to
fin height ratio, vortex generated by the inclined fin is reflected by
the lower wall that strongly touches the endwall and fin surfaces
which increase the friction. On the other hand, at larger channel to
fin height ratio, the lower wall has comparatively less influence on
the vortex structure and the flow is not reflected strongly by the
wall as well. So less friction is experienced. Both strength and cir-
culation of the vortex structure are affected by the lower wall of
the channel which contributes heat transfer enhancement.

This paper attempts to analyze the detailed heat transfer char-
acteristics of overall surface for the co-angular type fin pattern.
Detailed heat transfers as well as averaged heat transfer coeffi-
cients are estimated from the infrared image of the representative
fin region for different channel to fin height ratios and the channel
aspect ratios.

2. Experimental apparatus and procedure

Experiments were conducted in a long rectangular channel of
230 mm span (width) and 784 mm length. The channel height
was varied, and the fin height was kept constant. So, channel to
fin height ratios (Hd/H f ) were varied from 2.0 to 5.0. The first
row of fins was located 200 mm from the channel entrance. The
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Fig. 1. Infrared image techniques.

Fig. 2. Co-angular type fin pattern.
experimental apparatus with rectangular fins is shown in Fig. 1.
The fins were made of aluminum and have rectangular dimensions
of 20 mm (length) × 5 mm (thickness) × 10 mm (height). The fins
were set in lines and rows of seven each. Fin spacing, fin center
to center distance Sx , in streamwise direction were set to 40 mm
whereas Sz in spanwise direction was 20 mm as shown in Fig. 2.
The ratios Sx/L and Sz/L are defined as pitch ratio. Aspect ratio of
the channel can be defined as the ratio of channel height to chan-
nel width. Geometrical specification of test channels is shown in
Table 1. The inclination angle of the fins with respect to the flow
direction was fixed at α = 20◦ . The fins were attached to the in-
ner side of the upper plate of the channel by means of a 100 μm
double sided thin tape. Since the tape electrically insulated the fin
(aluminum material) from stainless steel foil, no heat will be gen-
erated within these aluminum fins. At the same time, the tape has
a very low thermal conductivity resistance compared with convec-
tive resistance of fins. Therefore, the heat generated in the stainless
steel foil will flow to the aluminum fins by heat conduction pro-
cess. A schematic figure of the co-angular fin pattern used in this
study is illustrated in Fig. 2.
Table 1
Geometrical specification of test channels.

Width
(W )
(mm)

Height
(Hd)
(mm)

Hydraulic
diameter
(D H ) (mm)

Aspect
ratio
(Hd/W )

Channel
height to fin
height ratio
(Hd/H f )

Fin height to
hydraulic
diameter ratio
(H f /D H )

230 20 40 0.086 2 0.25
230 25 50 0.108 2.5 0.2
230 30 60 0.130 3 0.166
230 35 70 0.152 3.5 0.142
230 40 80 0.174 4 0.125
230 45 90 0.195 4.5 0.111
230 50 100 0.5 5 0.10

To measure the pressure drop resulting from the presence of
the fins, 0.5 mm diameter static pressure taps were placed at 13
locations upstream and downstream from the fins on the pressure
plate at 60–120 mm intervals. To measure the local heat trans-
fer coefficients, the channel wall was formed from a 10 mm thick
bakelite plate with a 30 μm thick stainless steel foil heating sur-
face. During the experiment, the temperature difference between



1642 M.D. Islam et al. / International Journal of Thermal Sciences 48 (2009) 1639–1648
Table 2
Calculated bulk temperature at exit from the energy balance for all channel aspect ratios and air velocity.

Aspect
ratio
(Hd/W )

U = 3 m/s U = 4 m/s U = 5 m/s U = 6 m/s U = 7 m/s U = 8 m/s U = 10 m/s

T inlet
(◦C)

Texit
(◦C)

T inlet
(◦C)

Texit
(◦C)

T inlet
(◦C)

Texit
(◦C)

T inlet
(◦C)

Texit
(◦C)

T inlet
(◦C)

Texit
(◦C)

T inlet
(◦C)

Texit
(◦C)

T inlet
(◦C)

Texit
(◦C)

0.086 32.41 38.89 32.9 38.52 33.2 38.41 33.35 38.14 33.51 38.12 33.71 38.25 33.97 38.22
0.108 32.82 37.33 33.15 37.06 33.35 37.07 33.58 37.18 33.81 37.16 33.94 37.11 34.22 37.26
0.130 33.3 36.82 33.86 36.90 34.17 37.14 34.63 37.38 34.88 37.49 35.06 37.66 35.60 38.09
0.152 33.38 36.24 33.64 36.25 33.86 36.35 33.96 36.37 34.09 36.29 34.43 36.60 34.43 36.57
0.174 32.51 35.01 32.89 35.13 33.28 35.36 33.46 35.42 33.66 35.59 33.74 35.58 33.94 35.69
0.195 32.39 34.49 32.64 34.58 32.39 34.30 32.69 34.42 32.89 34.54 33 34.61 33.15 34.75
0.5 32.23 34.13 32.54 34.19 32.82 34.45 33.07 34.61 33.17 34.61 33.28 34.67 33.48 34.80

(a) Thermal insulation of the heating surface attached with thermocouples. (b) Thermal insulation of the heating surface except window

Fig. 3. Thermal insulation techniques.
mainstream and the heating surface was kept constant and the
heat flux was varied. It should be mentioned that the temperature
difference between mainstream and heated wall at one particular
spot was monitored by adjusting the heat flux in the heating sur-
face. The mainstream temperature was calculated by averaging the
temperatures of the two T-type thermocouples located at the mid-
dle of the channel height as shown in Fig. 1. Bulk temperature at
the exit of the channel for different channel aspect ratio and air
velocity are also calculated from the energy balance equation and
is shown in Table 2. To prevent heat loss from the heating surface,
the bakelite plate was insulated by a layer of 50 mm thick foam
except for the window area through which the infrared image was
taken as shown in Fig. 3. The infrared image technique was em-
ployed in order to observe the temperature distributions and the
heat transfer coefficients on the overall surface including the fin
base and endwall. Images were taken using an infrared camera
with an indium-antimony (In-Sb) sensor, which can measure the
temperature at 160 × 120 points with a resolution of 0.025 ◦C for
a black body. In this case, the temperature was measured at the
back of the heating surface through a window (80 mm × 160 mm)
which was covered by polyvinyledene film with a transmissiv-
ity for infrared energy of nearly unity. The back of the heating
surface was painted black and the whole experimental apparatus
was covered by black cloth to ensure that the surroundings were
completely dark. Since the fins are electrically insulated with hav-
ing very low thermal contact resistance at the fin base, the wall
temperature measurement of the back of the stainless steel foil
through window will eventually reflect the temperature of the fin
base and endwall (fin base excluded). A centrifugal (NIKO TPH)
blower was used to supply the air in the channel. The blower spec-
ifications were: flow rate 45 m3/min, pressure 350 mm Aq., power
5.5 kW and revolution 2830 rpm. The velocity profile at the in-
let of the channel was uniform with a thin boundary layer and
the turbulence intensity was 3% of the main flow velocity at the
channel inlet. The detailed heat transfer and the averaged Nusselt
number in the representative (window) region, especially at the
third, fourth, fifth and sixth rows were estimated from the infrared
images. The experiments were performed for Reynolds numbers
in the range of Re = 7500–130000 (U = 3–10 m/s), based on the
mainstream velocity and the hydraulic diameter of the channel
(see Eq. (3)).

3. Data reduction

In this study, we investigated the heat transfer characteristics
and fluid flow behavior. The essential quantities determined were
the friction factor and the heat transfer coefficients for the co-
angular fin pattern at various channel heights.

The total heat generated from the heating surface is distributed
by convection to the flowing air, heat losses through the insulation
and the window. It was found that the heat loss from window was
1.3% of the heat flux supplied to the heating surface. This value is
so small compared to the heat input that it can be neglected. Con-
sequently, the total heat transferred by convection to the flowing
air equals the heat flux supplied to the heating surface.

The friction factor f was evaluated from the pressure difference
between points just upstream and downstream of the fins attached
to the heating surface using Eq. (1)

P loss = f (l/D H )(ρaU 2/2) (1)

where l is the distance to the reference region, i.e. the distance
between just upstream of the D1 fin and downstream of the D7
fin, D H is the hydraulic diameter of the channel and P loss is the
total pressure drop due to the finned surface.

The heat transfer coefficients,

h = q̇/(tw − t∞) (2)

were obtained in representative (window) region, where tw is the
wall temperature, t∞ is the mainstream temperature and q̇ is the
heat flux per unit area of the heating surface.
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Reynolds numbers is based on the mainstream velocity and the
channel’s hydraulic diameter, and can be expressed as

Re = U D H/ν (3)

The area-averaged Nusselt number based on the channel’s hy-
draulic diameter can be expressed as

Nu = hD H/λ (4)

4. Uncertainty analysis

The pressure was measured by a digital micro manometer with
an accuracy of ±0.1 mm of H2O. The heating surface was covered
with 50 mm thick insulating foam to prevent heat loss from the
heating surface. Therefore, heat losses from the back of the heat-
ing surface may be assumed to be very small. The window was
covered with two layers of polyvinyledene film separated by 1 mm
and heat losses were found to be 1.3% of the heat flux supplied to
the surface. As a result, the heat transfer coefficient contained less
than 3% uncertainty. The temperature was measured with the in-
frared camera, and the thermocouples using a data logger. The per-
centage relative uncertainty in the measured temperature for the

Fig. 4. Variation of friction factors with Reynolds numbers for co-angular pattern at
different channel to fin height ratios.
thermocouples and the infrared camera were ±0.25% and ±1.3%,
respectively. The percentage relative uncertainty in the measured
electric power input was ±1.4%. The percentage relative uncer-
tainty in the compound variables were found to be less than ±5%
both for the velocity and the Reynolds number and ±3% both for
the heat transfer coefficient and Nusselt number.

5. Results and discussions

5.1. Friction factor

To estimate the pressure drop and the thermal performance
with the insertion of the fins, the friction factors for different
channel heights were measured, and the results are presented in
Fig. 4. The friction factor f is obtained from Eq. (1). The friction
factor decreases with an increase of the channel to fin height ra-
tio (Hd/H f ). This trend is expected because larger friction occurs
for smaller channel to fin height ratios. This friction occurs due
to the turbulence and flow interactions caused by the co-angular
pattern. There is a relatively large difference in the friction factors
between the channel to fin height ratios (Hd/H f ) of 2 and 2.5.
The friction factor slowly decreases with Reynolds number and this
tendency continues for channel to fin height ratios of 2 and 2.5. For
the other channel to fin height ratios, the friction factor initially
decreases with increasing Reynolds number, but finally slowly in-
creases with Reynolds number. At smaller channel to fin height
ratios, the vortexes generated by the inclined fins are reflected by
the lower wall that strongly touches the endwall and fin surfaces
which increase the friction. On the other hand, at larger channel to
fin height ratios, the lower wall has comparatively less influence
on the vortex structure and the flow is not reflected strongly by
the wall as well. So less friction is experienced. At higher Reynolds
number, inclined fins cause a complex flow structure as well as
larger flow interactions with fins and endwall. As a result, large
pressure drops are experienced and friction factors are slightly in-
creased at higher Reynolds number.

5.2. Detailed heat transfer analysis

5.2.1. Detailed heat transfer
The observed influence of channel to fin height ratios on heat

transfer coefficient profile and iso-heat transfer coefficient contour
is observed which is shown in Fig. 5. The channel to fin height
ratios increases from 2 (a) to 5 (g). Channel aspect ratio and
Reynolds number as well as mass flow rates are also mentioned
in the figures which are found increasing with Hd/H f . Table 3
(a) Hd/W = 0.086, H f /D H = 0.25, Re = 25494, ṁ = 0.054 kg/s (b) Hd/W = 0.108, H f /D H = 0.2, Re = 31867, ṁ = 0.067 kg/s

Fig. 5. Detailed heat transfer coefficient profile with iso-heat transfer coefficient contour of the representative fin region with co-angular pattern for U = 10 m/s and for
channel to fin height ratios of (a) 2, (b) 2.5, (c) 3, (d) 3.5, (e) 4, (f) 4.5 and (g) 5.
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(c) Hd/W = 0.130, H f /D H = 0.166, Re = 38241, ṁ = 0.081 kg/s (d) Hd/W = 0.152, H f /D H = 0.142, Re = 44614, ṁ = 0.094 kg/s

(e) Hd/W = 0.174, H f /D H = 0.125, Re = 50988, ṁ = 0.108 kg/s (f) Hd/W = 0.195, H f /D H = 0.111, Re = 57361, ṁ = 0.121 kg/s

(g) Hd/W = 0.5, H f /D H = 0.10, Re = 63735, ṁ = 0.135 kg/s

Fig. 5. (Continued)

Table 3
Mass flow rate of air for different channel aspect ratio and air velocity.

Aspect ratio
(Hd/W )

Mass flow rate, ṁ kg/s

3 m/s 4 m/s 5 m/s 6 m/s 7 m/s 8 m/s 10 m/s

0.108 0.020303 0.027071 0.033839 0.040607 0.047374 0.054142 0.0676775
0.130 0.024364 0.032485 0.040607 0.048728 0.056849 0.06497 0.081213
0.152 0.028425 0.037899 0.047374 0.056849 0.066324 0.075799 0.0947485
0.174 0.032485 0.043314 0.054142 0.06497 0.075799 0.086627 0.108284
0.195 0.036546 0.048728 0.06091 0.073092 0.085274 0.097456 0.1218195
0.5 0.040607 0.054142 0.067678 0.081213 0.094749 0.108284 0.135355
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shows the mass flow rates for different channel aspect ratio and
air velocity. We can compare the heat transfer coefficient contour
from Fig. 5 (a)–(g), because the range of heat transfer coefficients
is kept the same for all of the figures. Though the shape of the
iso-heat transfer coefficient contour of the fin rows on the endwall
is found to be similar regardless of the channel to fin height ratio
and aspect ratio of the channel, the areas of higher heat trans-
fer and lower heat transfer are clearly different on the endwall. In
Fig. 5, it is observed that the higher heat transfer region decreases
in area with increasing channel to fin height ratio (Hd/H f ) and
aspect ratio (Hd/W ) of the channel as well. The higher heat trans-
fer regions adjacent to the fin base also decrease with increasing
channel to fin height ratio and aspect ratio of the channel. The
iso-heat transfer coefficient contour also shows the enlarged area
of higher heat transfer on the endwall in the case of lower channel
to fin height ratio, while the lower heat transfer regions apparently
enlarge with increasing channel to fin height ratio. In this fin ar-
rangement, longitudinal vortex generated by inclined fins strikes
the inter-fin region and the following fin surfaces strongly and so
the extended surface effect is higher. At the same time, formation
of horse shoe vortex [2] at the front of the fins is another rea-
son for heat transfer enhancement in that particular region. This
Fig. 6. Spanwise heat transfer coefficient distributions on the endwall for U = 10 m/s in different channel to fin height ratios.
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Fig. 6. (Continued)
flow behavior is clearly explained by flow visualization around the
co-angular fins [1]. At a smaller Hd/H f and Hd/W , both strength
and circulation of the longitudinal vortex are affected by the lower
wall of the channel. The separation space between lower wall and
fin top edge has a significant role in the phenomena of flow sepa-
rated from the fin top edge, vortex structure and vortex circulation.
In case of large Hd/H f and Hd/W , separation space has less im-
pact on the vortex structure and circulation. As a result, the heat
transfer characteristics change with channel to fin height ratios
and channel aspect ratios. The iso-heat transfer contour and heat
transfer profile also show that the heat transfer coefficients de-
crease with increasing channel to fin height ratio. The channel to
fin height ratio of 2, i.e. 20 mm channel has the highest heat trans-
fer among the heights tested.

In order to understand the heat transfer distributions more
clearly, spanwise heat transfer distributions are drawn at some
streamwise locations for the representative fin region. In Fig. 6
spanwise heat transfer distributions are shown for all channels to
fin height ratios (Hd/H f ) and channel aspect ratio (Hd/W ). Fin
locations are also shown in the figures to get the relation be-
tween flow physics and the heat transfer characteristics. At the
fin centers, i.e. along X∗/L = 0, 2 and 4, the spanwise heat trans-
fer distributions are periodic. Peak values are found at the fin
centers and the trough values are located between the fins in
the spanwise direction, i.e. at Z∗/L = +0.5 and −0.5. The high-
est heat transfer coefficient at the fin center position is due to
combined effect of extended surface and vortex generator. For all
cases, peak values are sharper than the trough values. This sharp-
ness decreases with increasing the channel to fin height ratios and
the heat transfer coefficient of the peak values gradually decrease
along the streamwise direction for all cases. Just behind the fins,
i.e. at X∗/L = 0.5, 2.5 and 4.5, a periodic distribution appears,
but it is remarkable that the trough values are somewhat larger
than the corresponding locations at the fin centerline. This is ex-
pected because the vortex generated by inclined fin touches the
endwall (base plate) just after the fins [2]. At the middle of the
fin rows, i.e. X∗/L = 1 and 3, the shape of the profile is not dis-
tinctly periodic. At the front of the fins, the heat transfer profile
becomes periodic again. Fig. 6 also shows that the heat trans-
fer coefficient profile in the streamwise direction remains similar
for all channels to fin height ratio but with some differences in
value.

5.3. Area averaged heat transfer coefficient and Nusselt numbers

We have estimated the area averaged heat transfer coefficient
of the endwall with and without fin base of the representative
fin region for different channel to fin height ratios and aspect ra-
tios. Then we calculated the average Nusselt number based on the
hydraulic diameter of the channel and the average heat transfer
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(a)

(b)

Fig. 7. Relationship between Nusselt number and Reynolds number for (a) the end-
wall with fin base and (b) the end wall without fin base (flat portion only).

coefficient. The relationship between the Nusselt number and the
Reynolds number for different channel to fin height ratios as well
as aspect ratios is shown in Fig. 7. Fig. 7(a) shows the area av-
eraged Nusselt number for the endwall with fin base whereas the
area averaged Nusselt number of the endwall without fin base (flat
portion only) is shown in Fig. 7(b). Here, Hd/H f ratio alters the
Hd/W ratio and the channel hydraulic diameter. Since the Nusselt
number is based on the channel’s hydraulic diameter, Nusselt val-
ues increase with channel height regardless of Reynolds number.
As shown in Fig. 7 (a) and (b), there is no significant difference
in Nusselt values between the different channels to fin height ra-
tios.
Fig. 8. Thermal performance ratios with Reynolds number for different channel to
fin height ratios.

5.4. Thermal performance ratio

Various techniques may be proposed for evaluating the ther-
mal performance ratio depending on the purpose for which a heat
exchanger is designed [19]. Here the heat transfer enhancement
rate will be evaluated for the promoter case, keeping the pumping
power and heat transfer area constant. In this case, the relation-
ship between Re and Res , at the smooth surface, can be derived
from the limiting condition and written as [20],

Res = Re( f / f s)
1/3 (5)

Where, f s is the friction factor at the smooth surface. Substituting
f s = 0.3164Re−1/4

s into Eq. (5) yields

Res = ( f Re3/0.3164)1/2.75

Finding Nus for Res , we have the heat transfer augmentation rate

η = hx/hs = Nu/Nus (6)

Eq. (6) indicates that there will be a net energy gain only if η
is greater than unity. In Fig. 8, the relationship between thermal
performance ratios and Reynolds numbers is shown. Thermal per-
formance decreases with Reynolds number regardless of the chan-
nel to fin height ratio and channel aspect ratios. In general, it is
seen that η has higher values for all channel to fin height ra-
tios and aspect ratios in the lower regime of f 1/3Re, and its value
reaches nearly 3. The differences in the thermal performance ratios
for different Hd/H f are almost equal. Next, we investigate the ef-
fect of channel to fin height ratio on thermal performance and find
the optimal channel height by comparison with a reference chan-
nel height. The following relation is obtained under the constant
pumping power condition, where a reference channel is expressed
with subindex “ref”:

f 1/3Re(Hdref/Hd) = f 1/3Reref (7)

where Hdref denotes a reference channel height. The heat transfer
augmentation or thermal performance ratio ή is then expressed as
follows:

ή = h/href (8)
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Fig. 9. Effect of channel to fin height ratios on the relative performance evaluation.

We select Hd = 20 mm as the reference channel height, the data
for relative performance ratio ή based on Eq. (8) is shown as a
function f 1/3Reref in Fig. 9.

From the relative performance graph it is clear that Hd/H f = 2
have the highest thermal performance amongst the channel to fin
height ratios tested. Additionally, it is found that thermal perfor-
mance decreases with increasing the channel to fin height ratios
and the channel aspect ratios. This is explained earlier that at
smaller Hd/H f and Hd/W , the separation space has a significant
effect on vortex strength and structure which causes larger flow in-
teraction with fin surfaces and endwall and leads to a higher heat
transfer enhancement.

6. Conclusions

We have experimentally investigated the effects of channel
height on heat transfer enhancement on the overall surface with
short rectangular plates of a co-angular type pattern in the rectan-
gular channel in order to develop high performance heat exchang-
ers. After a thorough investigation we summarize the results as
follows:

(1) The iso-heat transfer coefficient profile and the detailed heat
transfer distributions give a clear picture of how the channel
height influences the heat transfer from the endwall. Iso-heat
transfer contour and spanwise distributions clearly indicates
that higher heat transfer areas are comparatively larger for the
smaller Hd/H f and Hd/W than that of the larger Hd/H f and
Hd/W . Heat transfer at the fin base and in inter-fin space in
streamwise decreases with larger Hd/H f and Hd/W . This is
due to the influence of the separation space between lower
wall and fin top edge.

(2) The Nusselt number increases with the Reynolds number re-
gardless of channel to fin height ratio.

(3) The relative performance graph shows that the highest ther-
mal performance could be achieve at the smallest channel
to fin height ratio (Hd/H f = 2) and smallest aspect ratio
(Hd/W = 0.086). It is also found that the thermal performance
decreases with increasing the channel to fin height ratio and
aspect ratio.

(4) At low Reynolds number, the thermal performance can be in-
creased 2.6–3 times relative to the smooth surface depending
on the channel to fin height ratio and channel aspect ratios.
(5) For the channel to fin height ratios of 2 and 2.5, the friction
factor slowly decreases with Reynolds number. For the other
cases, the friction factor initially decreases but finally increases
with Reynolds number due to the complex flow phenomena at
larger Reynolds number.
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