
ribs

o opposite
chipsets.
nt flow are
cal
ver the rib-

y
of spatially

formity with
y-averaged
e
ux from

chipsets.
International Journal of Thermal Sciences 43 (2004) 185–200
www.elsevier.com/locate/ijts

Enhanced heat transfer of forced convective fin flow with transverse

Shyy Woei Changa,∗, Lo May Sub, Tsun Lirng Yangc, Shyr Fuu Chioua

a Thermal Fluids Laboratory, National Kaohsiung Institute of Marine Technology, No. 142, Hai-Chuan Road, Nan-Tzu District,
Kaohsiung, Post code 811, Taiwan, ROC

b Department of Electrical Engineering, Tung Fang Institute of Technology, Taiwan, ROC
c Department of Electrical Engineering, Fortune Institute of Technology, Taiwan, ROC

Received 6 January 2003; accepted 16 June 2003

Abstract

This experimental study investigates the heat transfers in three side-opened and bottom-sealed rectangular channels with tw
walls roughened by 90◦ staggered ribs, which simulate the enhanced cooling passages in the fin-type heat sinks of electronic
The various degrees of interactive effects due to the surface ribs, side-profile leakage flows and streamwise weakened coola
functionally related with Reynolds number(Re) and channel length-to-gap ratio(L/B), which unravel the considerable impacts on lo
and spatially averaged heat transfers over the rib-roughened fin surfaces. A selection of detailed heat transfer measurements o
roughened fin surfaces illustrates the manner by which the isolated and interactive influences ofRe andL/B-ratio affect the local and spatiall
averaged heat transfers. Relative to the heat transfer results acquired from the smooth-walled test channels, the augmentations
averaged heat transfers generated by the present surface ribs are in the range of 140–200% of the flat fin reference levels. In con
the experimentally revealed heat transfer physics, a regression-type analysis is performed to develop the correlation of spatiall
Nusselt number over rib-roughened fin surface, which permits the individual and interactive effect ofRe andL/B on heat transfer to b
evaluated. A criterion for selecting the optimal length-to-gap ratio of a fin channel, which provides the maximum convective heat fl
the rib-roughened fin surface, is formulated as an engineering tool to assist the design activity for the cooling device of electronic
 2003 Elsevier SAS. All rights reserved.
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1. Introduction

The ever-mounting intensified integration density of el
trical circuits in an electronic chipset constantly necessit
the heat transfer augmentation for its heat sink, which wid
adopts the pin-fin arrays. As an illustrative example, the t
mal power of an Intel CPU with an area for heat dissi
tion of about 10 mm× 10 mm is increased to the range
30–80 W from 10–15 W. This increased power consump
provides the heat flux of 300–800 kW·m−2 over a CPU unit
which requires the effective cooling scheme to maintain
operating temperature at about 80◦C [1]. To cope with the
increasing cooling required for an electronic chipset, a
riety of cooling schemes, such as the electroosmotic dr
microflow, the heat pipe, the impingement jet-array and
microchannel cooling [2–5] have been developed which
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suitable for installation in the electronic devices. Amo
these various cooling schemes, where the coolant stream
pinges onto pin-fin arrays under which the powered chip
is attached, there have been considerable heat transfer
mentations demonstrated [6–15]. As illustrated in Fig. 1
the fan-fin type cooling-scheme, the coolant stream fa
tated by a cooling fan is directed into a fin-array. The
tended surfaces of fin assembly provide fin effect to
prove the overall heat transmission. There are several o
ings across a longitudinal fin to provide additional flow pa
for the spent flow to convect heat out of the confined
channels in order to avoid the development of stagnant
plume among the central region of the fin assembly. The
ternal coolant stream confined in any pair of longitudinal fi
is therefore subject to continuous leakages from two
openings prior to impinging on the bottom surface of e
channel. As a result, the streamwise convective capab
over a fin surface is continuously undermined from the
exit toward the bottom sealed end. Although the increas
fin-length increases the extended surface for heat tran
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Nomenclature

English symbols

A,C,D,n correlative coefficients
a smooth entry length of rib-roughened surface m
B gap of test channel. . . . . . . . . . . . . . . . . . . . . . . . m
d hydraulic diameter of test channel . . . . . . . . . . m
e rib height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
kf thermal conductivity of coolant . . W·m−1·K−1

L length of test channel . . . . . . . . . . . . . . . . . . . . . m
l rib land . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
ṁ coolant mass flow rate . . . . . . . . . . . . . . . . kg·s−1

Nu local Nusselt number over rib-roughened
fin surface= qd

kf (Tw−Tf )

Nu spatially averaged Nusselt number over
rib-roughened fin surface

NuSW local Nusselt number over smooth-walled
fin surface

NuSW spatially averaged Nusselt number over
smooth-walled fin surface

P rib pitch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
q convective heat flux . . . . . . . . . . . . . . . . . W·m−2

Re Reynolds number= 2ṁ
µ(B+W)

Tw wall temperature at fin surface . . . . . . . . . . . . . K
Tf reference fluid temperature . . . . . . . . . . . . . . . . K
W width of test channel . . . . . . . . . . . . . . . . . . . . . . m
x, y coordinates in streamwise and spanwise

directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

µ dynamic viscosity of coolant . . . . . kg·s−1·m−1
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Fig. 1. Cooling configuration of forced convective fan-fin flow.

the accompanied coolant leakages from the side open
increase in an accumulative manner so that the conve
capabilities in further downstream locations are accordin
weakened. Therefore the optimal selection of fin-length
fin-gap ratio should embody both considerations for the
creased cooling area and its consequential effects on the
transfer impediment due to the side-profile leakages.

When each cooling passage in the fin assembly is tre
as a side-opened channel with the bottom end seale
shown in Fig. 1, the surface enhancement method of fit
various types of repeated ribs on a fin surface can be ap
to enhance the forced convection over the fin surface. B
on the results revealed from rib-roughened duct flows,
effectiveness of surface ribs on heat transfer augmenta
varies with the geometrical features of ribs such as
rib-arrangement, rib height, rib pitch, angle of attack,
orientation and rib shape [16–19]. The overall rib-effe
on heat transfer in a fully confined duct are improved h
t

s

transmission and modified spatial heat transfer distributi
Although the use of surface ribs has been the subjec
much fundamental research over the years, the det
heat transfer measurements over a rib-roughened su
in a channel with two side openings and a sealed bot
end are not available in the open literature. No previ
research effort performs heat transfer measurements o
rib-roughened fin surface to explore the interactive impa
of side-profile leakage flow, rib-associated flow phenom
and streamwise weakened coolant mass flux on heat tra
To this end, several key factors related to the design
rib-enhanced air-cooled electronic packages, such as
optimization of fin spacing and gaps between extended
arrays and the criteria available for a designer to define
geometries of fins heat sinks, need to be unraveled [13].
lack of fundamental knowledge and a database availabl
such rib-roughened flow system has been the motiva
for the present study. Heat transfer measurements ove
rib-roughened fin surfaces of a simulating coolant chan
with the bottom-end sealed and two side-profiles opene
ambient are performed. The detailed distributions of lo
Nusselt number contours and the spatially averaged
transfer data, evaluated from the infrared thermal image
the rib-roughened fin surfaces, are presented over a ran
Reynolds numbers for channels with three different heig
to-gap ratios. All the test channels have identical value
channel width and gap, and therefore the same hydra
diameter. The impacts of channel height-to-gap ratio
Reynolds number on the convective heat transfer over
rib-roughened fin surface for such open boundary cha
flows are subsequently analyzed. This assists the deriv
of physically consistent empirical heat transfer correlatio
A criterion for optimal selection of channel height-to-g
ratio that maximizes the convective capability of a r
roughened fin surface is developed to assist the de
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2. Experimental details

For a given coolant mass flow rate fed into each ch
nel confined by a pair of longitudinal fins as typified
Fig. 1, the streamwise variation of side-profile leakage fl
and thus the spatial distribution of coolant mass flux,
functionally related with the surface condition of fin, t
geometries of test channel and the thermal boundary
dition imposed. The forced convection taking place wit
such channel could be specified by defining the total m
flux of coolant fed into the channel for a particular set
geometrical and thermal boundary conditions simulated
a heat transfer test module. Therefore the Reynolds n
ber evaluated from the total coolant mass flux fed into
opened fin-channel is treated as the controlling flow p
meter that dominates the heat transfer characteristics w
the Prandtl number of coolant remains constant. In view
the geometrical conditions, the opened fin-channel is s
ified by the cross sectional shape, the width-to-gap r
and the surface condition of the test channel. When the
face condition and the width-to-gap ratio of an opened
channel remain invariant, the length-to-gap ratio beco
the controlling geometrical parameter. The present exp
mental study adopts the parametric approach to charact
the heat transfer of opened fin channel flow usingRe and
L/B ratio as the controlling dimensionless flow and g
metric parameters. The isolated and interactiveRe andL/B

ratio effects on heat transfer are examined.

2.1. Apparatus

The experimental apparatus is shown in Fig. 2. The
fluid, pressurized air, was directed via a flow calming sec
(1) with equivalent straight length of 150 mm into a settli
chamber of dimensions 250 mm× 100 mm× 8 mm (2),
and directed into the heat transfer test section (3). F
10 mm thick Teflon plates constitute the settling cham
The back surface of settling chamber (2) was extende
form the insulating wall of heat transfer test section (
A K-type thermocouple penetrated into the settling cham
(2) to measure the coolant entry temperature,Tf , which
measurement was treated as the fluid reference temper
to define the convective heat transfer coefficient and
fluid properties. These include the specific heat, ther
conductivity and viscosity of coolant, for the evaluations
Reynolds, Prandtl and Nusselt numbers. The two oppo
heated surfaces, simulating a pair of fins, are made fro
continuous, very thin (0.1 mm) and 100 mm wide stainl
steel-foil (4). This heating foil (4) was folded to sha
the inner profiles of smooth-walled and rib-roughened h
transfer test sections (3). For each surface condition, t
sets of heating foil were manufactured to construct three
e

e

transfer test sections (3) with channel lengths of 170.5, 1
and 47.1 mm. The generation of heat transfer data from
smooth-walled heat transfer test channels is treated a
references to assess the heat transfer enhancement pro
by the present rib geometry.

The bottom sealed-end was made of a 10× 100× 8 mm
Teflon plate (5) that provided the thermal insulation for
bottom heated surface. Two copper bars that connec
electrical terminals with the electrically heated foil (4) we
secured on the flanges of the settling chamber (2) to for
complete electrical circuit. The adjustable high-current
electrical power was fed directly into the heating foil (4)
generate the basically uniform heat-flux heating surface
the heating foils also covered the two opposite wide wall
flow settling chamber (2), the developments of hydraulic
thermal boundary layers proceeded almost simultaneo
from the immediate entrance of settling chamber (2). I
to be noted that the width and gap of all heat transfer
sections are identical with the inner width and gap of
settling chamber (2). The hydraulic diameter of test sec
is thus an invariant length scale of 14.8 mm. It was inten
to compare the various heat transfer performances ov
range of Reynolds numbers with three different chan
length-to-gap ratios based on the same amount of
coolant mass flow rate. Therefore, the length scale sele
to define the dimensionless flow parameters, namely
Reynolds and Nusselt numbers, is the hydraulic diamete
test section.

As shown in Fig. 2, the repeated full transverse ribs w
arranged in a staggered manner on two opposite he
surfaces. Each rib-roughened surface is produced by for
the thin stainless steel foil into the geometry specified
terms of five non-dimensional groups defined in Fig. 2 o

smooth entry length

channel width
ratio= a

W
= 4 mm

100 mm
= 0.04

rib height

channel gap
ratio= e

B
= 2 mm

8 mm
= 0.25

rib pitch

rib height
ratio= P

e
= 20 mm

2 mm
= 10

rib land

rib height
ratio= l

e
= 2 mm

2 mm
= 1

Two additional dimensionless geometric parameters de
ing the generic features of test channels are summarize
follows:

Aspect ratio of cross-sectional shape of test section

= W

B
= 100 mm

8 mm
= 12.5

channel length

channel gap
ratio= L

B
= 5.89, 13.56 and 21.33

Prior to entering the flow calming section (1), the
fed from the IWATA SC 175C screw-type compressor u
was dehumidified and cooled to the ambient tempera
through a refrigerating unit that was integrated with
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Fig. 2. Constructional details of heat transfer test module.
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compressor. The dry and cooled airflow was then gui
through a set of pressure regulator and filter with the m
flow rate to be metered and adjusted by a Tokyo Ke
TF-1120 mass flow meter and a needle valve, respecti
A pressure transducer connected with a digital type enc
was used to measure the pressure level of coolant
The complete heat transfer test unit was fixed and vertic
centered on a base-frame (5). However, after several
transfer test runs, the spatially varied thermal expan
caused by the non-uniform wall temperature fields has
to foil deflections. The maximum foil deflection measur
by a precision caliper after completing the entire set
experiments was less than 0.16 mm. The temperature
the heating surface under each test condition were ima
by a calibrated two-dimensional NEC TH3101-MR infrar
radiometer (6). For this thermal image processing syste
took 0.3 seconds to complete a full-field of 239×255 matrix
scan. The back surface of the heating foil (4) was pain
black in order to minimize the background reflection and
increase the emission.
t

f

2.2. Program and data processing

The present experimental study involved three pha
Initially the influences of channel length-to-gap ratio a
Reynolds number on heat transfer were checked out
a series of baseline tests performing at Reynolds num
of 500, 1000, 2000, 3000 and 3300 using smooth-wa
three sets of test channel withL/B ratios of 5.89, 13.56 an
21.33. The data generated in this phase revealed the ch
teristic thermal physics of such fan-fin flow and was trea
as the reference to compare against the results acquir
the send phase of study using the rib-roughened test c
nels in order to unravel the heat transfer enhancements
vided by the present rib geometry. The various heat tra
fer distributions over three rib-roughened heating surfa
with differentL/B ratios for any Reynolds number test
were compared to reveal the impacts ofL/B ratio on the de-
tailed heat transfer distributions over the rib-roughened
surface. The third phase of regression-type analysis de
the heat transfer correlation that permits the evaluatio
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spatially averaged heat transfer level over the rib-roughe
fin surface and developed the criterion for optimal selec
of channel height-to-gap ratio from the viewpoint of ma
mizing the convective capability of a fin surface for air co
ing of electronic packages.

The steady state heat transfer measurements were
formed at each set of predefined Reynolds number and
ing power. A steady state was assumed when the varia
of wall temperatures with several successive scans ove
heating surface were less than 0.3◦C. This generally took
about 30 minutes after the adjustment of flow rate or hea
power was made. Having satisfied the criterion for ste
state assumption, the on-line infrared thermal-image
capture system was then activated to record and store th
field wall temperature distributions over the heating surfa
Along with the measured heating power and coolant
try temperature,Tf , the local Nusselt number distribution
over the heating surface at the prescribed Reynolds n
ber and channel length-to-gap ratio were evaluated. N
as it is attempted to compare the various heat transfer
formances over the rib-roughened fin surfaces with diffe
channel length-to-gap ratios, the Reynolds number is e
uated based on the total amount of mass flow rate fed
the test channel with the same characteristic length sca
hydraulic diameter of an opened test channel. The fluid p
erties required to evaluate the Reynolds number was d
mined from the coolant entry temperature,Tf . The various
heat fluxes fed into the test section could therefore affec
Reynolds number even if the total amount of coolant m
flow rate remained invariant. Alternatively, by adjusting t
coolant mass flow rate to compensate the temperatur
fected fluid property variations, the maximum variation
Reynolds number at the entry plane of flow settling cha
ber was controlled with±1% for each individual test. Th
range of Reynolds numbers selected(500∼ 3300) ensured
that the laminar, transitional and turbulent flow condition
the exit of flow settling chamber were examined.

The local Nusselt number,Nu, are evaluated using th
equation of

Nu = qd

kf (Tw − Tf )
(1)

in which the convective heat flux,q , was calculated from
the electrical dissipation measured over the entire hea
surface with the heat loss to be subtracted. The chara
istics of external heat loss at different heating levels w
determined by a number of heat loss calibration runs.
each set of calibration test runs, the flow was blocked
and the fiberglass thermal insulating material was filled
the flow passage. The heat supplied to the heating foil
therefore entirely lost into atmosphere through the cond
tive network of test assembly and from the back of the
posed heating surface through free convection. The sup
heating power was balanced with the external heat los
the corresponding steady-state temperature distribution.
to the uniformities of electrical heating power and the th
r-
-

l

-

f

-

-

-

mal insulation over the heating surface, the wall temp
atures over the entire scanning area were distributed
formly for heat loss calibration run. A review of the tem
perature data collected from the calibration test runs sho
less than 3.62% of non-uniformity in the wall temperat
distributions. Thus, by plotting the heat loss flux agai
the corresponding steady wall-to-ambient temperature
difference revealed a linear-like functional relationship
tween the heat loss flux and the prevailing wall-to-amb
temperature. The equation correlated from the heat loss
periments with different channel length-to-gap ratios, wh
calculate the heat loss flux using the measured local w
to-ambient temperature difference, was incorporated into
data processing program to determine the local heat flux
vected by the flow,q . The local Nusselt number,Nu, was
subsequently determined using Eq. (1) with the thermal c
ductivity of coolant evaluated from the reference fluid te
perature,Tf .

With eachRe-L/B test option, five heater powers we
adjusted to raise the central wall temperatures to the le
of 45, 75, 90, 120 and 145◦C. This attempt was aimed a
varying the buoyancy level in order to explore the buoya
effect on heat transfer. However, within the present p
metric ranges tested, the variations of buoyancy level co
only produce the maximum heat transfer variations of ab
±4.2%. Therefore, the influences of buoyancy interaction
heat transfer in the present study were considered as ins
icant. No further data analysis was followed to examine
buoyancy effect on heat transfer.

The experimental repeatability of temperature meas
ment using NEC TH3101-MR infrared radiometer was c
ried out prior to the baseline experiments. The maxim
variations of wall temperature measurements with the fl
to reach the same steady state conditions were in the r
of ±0.7 ◦C. Thus the maximum uncertainty of temperatu
measurement was estimated as±0.7 ◦C, which became the
major source to attribute the uncertainties for the coola
thermal conductivity, fluid density and viscosity. Followin
the policy of ASME on reporting the uncertainties in expe
mental measurements and results [20], the maximum un
tainty associated with the local Nusselt and Reynolds n
bers were estimated to be 12.3 and 6.9% respectively.

3. Results and discussion

3.1. Baseline results

The baseline results obtained from the smooth-wa
fin surface with heat transfer physics in channels with s
open-boundaries and bottom sealed-end is compared
the data generated from those with rib-roughened fin
faces. Fig. 3 shows the distribution of Nusselt number c
tours over the flat-fin surfaces of channels withL/B ratios
of 5.89, 13.56 and 21.33 obtained at Reynolds number
3000. As demonstrated in Fig. 3(a), the typical pattern
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Fig. 3. Heat transfer results over smooth-walled fin surfaces. (a) Spatial distributions of Nusselt number contours over smooth-walled fins at Reynolds number of 3000. (b) Streamwise and spanwise Nusselt
number distributions over smooth-walled fins at Reynolds number of 2000.
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spatial heat transfer distribution, which show considera
dependency on theL/B ratio of test channel, reveal the cha
acteristic heat transfer results for finned flow. In this rega
the distributions of Nusselt number contours are symm
rical about the streamwise centerline. The developmen
high convective capability in the central region of imme
ate flow entrance along with the streamwise decayed N
selt number levels toward the bottom sealed end are
clearly observed. These general heat transfer features fo
flows reflect the impact of side-profile leakage flows wh
clearly exhibit the impeding influences on downstream h
transfers as a result of undermined streamwise coolant
flux, especially in the long fin channel. Therefore, the reg
with worse heat transfer scenarios accompanied by mo
ate spatial heat transfer variations occupies the majorit
areas in the long fin channel(L/B = 21.33). The spatially
averaged heat transfer over each fin surface, as indicat
each plot of Fig. 3(a), thus increases with the decreasedL/B

ratio. Unlike the well-confined ducted flows, there are t
weak convective flow regimes developed at two upper
ners of each fin surface as revealed in Fig. 3(a). These
upper-corner impeding heat transfer regions are clearly
tinguishable in the streamwise region ofx/W < 0.25 over
the short fin surface(L/B = 5.89) where the most consid
erable impeding impacts of side-profile leakage flows on
cal heat transfers develop. As the side-profile leakage
could gain a large momentum from the main coolant stre
at the immediate flow entrance, the relatively large amo
of coolant mass flux was lost into the ambient from t
upper corners of the side openings. Accordingly, consi
able local heat transfer impediment was generated. In
respect, the degree of heat transfer impediment develop
two upper corners of the opened fin channel decreased
the increasedL/B ratio at fixed Reynolds number. A revie
of all the heat transfer images generated from flat-fin
faces confirms that these upper-corner impeded heat t
fer regions gradually expand toward the interior of the
surface, either by reducing theL/B ratio at fixed Reynolds
number or by increasing Reynolds number at fixedL/B ra-
tio. Also revealed in Fig. 3(a) is a narrow bandwidth w
relatively high heat transfer rates developed along two o
edges of side profiles on each fin surface. This local h
transfer enhancement along the open boundaries is re
with the locally improved fluid mixing between ambient a
hot leaking plenum. This effect is dependent on streamw
location and is clearly shown in Fig. 3(b).

The heat transfer variations along the streamwise ce
line and across the flat-fin surfaces at five different stre
wise locations for test channels withL/B ratios of 5.89,
13.56 and 21.33 at Reynolds number of 2000 are comp
in Fig. 3(b). Note that, in Fig. 3(b), the streamwise c
ordinate,x, is alternatively normalized by each length
test channel,L, in order to compare the heat transfer
sults acquired from three test channels with different leng
In view of the spanwise heat transfer variations obtai
with L/B ratios of 5.89, 13.56 and 21.33 at different sel
-

s

-

t

-

d

tive x/L locations, the heat transfer distributions are sy
metrical about the streamwise centerline with various
tribution patterns found at differentx/L locations. As the
spanwise heat transfer variation for all three test-chan
is sensitive to the streamwise location, the forced con
tive fin-flow is three dimensional in nature. At the locati
of x/L = 0, the local heat transfer peak-values develop
the central location(y/w = 0). Further extending the span
wise coordinate toward two side edges causes the co
uously monotonic heat transfer reductions up to the lo
tion of about±0.4 y/w at which the heat transfers to be i
creased. As illustrated previously, the local heat transfe
crements over the narrow near-edge bandwidth are attrib
to the enhanced local fluid mixing between the side leak
flow and the cold ambient. These phenomena persist al
over the entire length of each test channel. However, s
spanwise bell-shape heat transfer variations could only
sist onto 0.5 and 0.25x/L for channels withL/B ratios of
5.89 and 13.56 or 21.33 respectively. Further downstr
beyond these streamwise locations, where the spanwise
shape-like heat transfer variations develop, the span
variations of Nusselt numbers in the core regions of fl
fin surfaces distribute uniformly. For the case ofRe = 500
andL/B = 21.33, the Nusselt numbers along the spanw
axis (Y axis) at the location of 1x/L almost approach zer
values. This physically reveals the vanished forced con
tive capability due to the development of a stagnant-
plume over the bottom sealed-end as an effect of accu
lative side-profile leakages. Fig. 3(b) also reveals that
distributions of local Nusselt numbers along the streamw
centerline gradually decrease from the flow entrance l
toward the low heat transfer region at the bottom sealed
with the detailed distribution patterns affected byL/B ra-
tio. This continuous streamwise decay in local heat tran
revealed in Fig. 3(b) reflects the influences of side-pro
leakages on heat transfer, which has modified the natu
constant heat transfer rate in the developed flow regio
ducted flow. A review of all versions of Fig. 3(b) for all th
Reynolds numbers tested, which cover the laminar, tra
tional and turbulent flow regimes, ensures that the local
transfer levels are consistently elevated by either increa
Reynolds number or shifting the flow regimes upstream
wards the flow entrance for all three tested channels.

3.2. Rib-roughened channels

The heat transfer augmentation over a fin surface wa
tempted by fitting the repeated transverse ribs on two op
site walls of the opened fin-channel in a staggered man
The heat transfer physics revealed from the baseline s
have demonstrated that the side leakages of coolant
could considerably affect the spatial distributions of cool
mass flux. This consequently modifies the heat transfer f
the ducted-flow scenarios. The typical rib effects found
the ducted flows [16–19] are subject to modifications for f
fin flow configuration. It is with the combined effects of sid
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Fig. 4. Distributions of Nusselt number contours over rib-roughened fin surfaces at Reynolds numbers of 500, 1000 and 2000.
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profile leakage flows with the rib-induced flow phenome
on heat transfer that the present section is addressed. F
illustrates the distribution of Nusselt number contours o
the rib-roughened fin surfaces in channels withL/B ratios
of 5.89, 13.56 and 21.33 obtained at Reynolds number
500, 1000 and 2000. The impact of varying Reynolds nu
ber and channelL/B ratio on the detailed heat transfer d
tributions are respectively examined by comparing the c
tour plots shown in each column and each raw of Fig
The rib-roughened test channels share several characte
heat transfer features revealed in the baseline study. T
features include the spanwise symmetrical heat transfer
tributions, the better cooling performance in the central
gion of immediate flow entrance, the streamwise weake
heat transfer toward the bottom sealed-end, and the d
opment of upper-corner heat transfer impeding regions
still remains to typify the major impact of side-profile lea
age flows on heat transfer. As shown in Fig. 4, the we
ened downstream mass flux of coolant flow has led to po
heat transfer scenarios with moderate spatial variations
veloped in the regions ofx/w > 0.75, especially for the long
fin channel. The spatially averaged heat transfer, as indic
in each plot of Fig. 4, generally increases with the decrea
L/B ratio or with he increased Reynolds number. Althou
the two upper-corner weak convection zones also dev
on the rib-roughened fin surface, these two heat-transfe
peding regions are considerably diminished. There is
sensitivity on theL/B ratio and Reynolds number in com
parison with the scenarios found in the smooth-walled
channels. Implicitly demonstrated by such comparative
ference in this regard is the weakened spanwise mom
tum of side-profile leaking flow near the upper corners
rib-roughened channel. This phenomenon has led to the
velopment of relatively large amounts of heat transfer
hancement from the smooth-walled references provide
the transverse ribs in the flow entry region. This effect w
be examined in more detail when the effectiveness of
transfer augmentation generated by the present surface
is examined.

The locally improved heat transfer levels along two s
edges of each test channel relative to the interior counter
are also distinguishable over the rib-roughened fin surfa
Thus, the locally improved fluid mixing between ambie
and coolant stream stirred by the side-profile leakage
along the side edges of each test channel could lea
local heat transfer improvement on both smooth-wa
and rib-roughened fin surfaces. It is worth noting that
contour plots collected in Fig. 4 show the additional imp
of rib-induced flow phenomena on heat transfer by wh
the locally high heat transfer levels with dense cont
distributions consistently develop on the rib surface rela
to its adjacent flat areas between each pair of ribs. Such
heat transfer differences between rib and mid-rib regi
gradually become vague in the further downstream locat
as the streamwise momentum of coolant flow is consiste
4

c
e

-

-

-

-

s

.

l

weakened by the increase of accumulated side leakag
coolant.

The detailed comparisons of heat transfers in three
roughened channels withL/B ratios of 5.89, 13.56 an
21.33 are shown in Fig. 5. This is done by plotting t
heat transfer variations along the streamwise centerline
across the channel width at five different streamwise lo
tions with Reynolds number of 2000. The heat transfer
formances developed at the rib and mid-rib locations are
tinctively different. In addition, the streamwise location
terms ofx/L ratio embodies the percentage of total amo
of coolant leakage that is a dominant factor affecting h
transfer. Therefore, the spanwise heat transfer variation
approximately samex/L location are collected at either r
or mid-rib locations from three rib-roughened channels
perform such a comparison. In view of the heat transfer
tributions along the streamwise centerline over three
roughened surfaces (see Fig. 5-a), the locally high Nus
number values consistently develop at the rib locations r
tive to their downstream mid-rib regions. However, as sho
in Fig. 5-a, the distinguishable rib-induced heat-transfer a
mentations for all three rib-roughened test channels ten
be initiated from their second ribs. As the boundary la
developments over the three heated test channels have
ceeded about 10d in the flow calming chamber prior to inte
acting with the opened fin surfaces, the vague rib effec
heat transfer observed at the first rib location for all th
test channels are related with the considerable amou
side-profile leakages. The rib-induced spatially heat tra
fer oscillations are most marked in the flow entry reg
and gradually fade in the further downstream, accompa
by streamwise reductions in heat transfer rates. The con
erable streamwise reductions in the oscillating amplitu
of heat transfer variation between rib and mid-rib locatio
demonstrated in Fig. 5-a again reflect the impact of cont
ous side leakages of coolant mass flux on heat transfer
spatial Nusselt number oscillations in channels withL/B

ratios of 13.56 and 21.33 are almost indistinguishable
ter flow traverses about four ribs as compared in Fig.
Nevertheless, after examining all the versions of Fig.
over the entire range of Reynolds numbers tested, it is
firmed that the increase of Reynolds number could consi
ably intensify the degree of such spatial heat transfer o
lation.

In Fig. 5, it is worth noting that the rib-roughened chan
with L/B ratio of 5.89 could no longer consistently provi
the highest heat transfer rates among the three test cha
in the flow entry region. When the different length
each test channel normalizes thex coordinate, the sam
x/L ratio indicated in Fig. 5 corresponds to three differ
x/w locations in channels withL/B ratios of 5.89, 13.56
and 21.33. The first rib locations in three test chann
thus appear at differentx/L locations (see the arrows
Fig. 5-a). As shown in Fig. 5-a, the test channels w
L/B ratios of 13.56 and 21.33 consistently offer bet
cooling performances at their second rib locations relativ
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Fig. 5. Streamwise and spanwise heat transfer variations over rib-roughened fin surfaces at Reynolds numbers of 2000.
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the counterparts at the samex/L locations. This particula
comparative result is similarly observed with test res
obtained at Reynolds numbers of 1000, 3000 and 3
A close examination of this regard is shown in Fig. 5
where the spanwise heat transfer variations detecte
locations aboutx/L = 0.1 ∼ 0.2 in three rib-roughene
channels are compared. The channel withL/B ratio of
5.89 shows the lower Nusselt number values across
spanwise width in comparison with the counterparts
channels withL/B ratios of 13.56 and 21.33 (see Fig.
b). Note that the locations about 0.2x/L correspond to the
first rib location in the short channel(L/B = 5.89) and the
second rib location in the middle-length channel(L/B =
13.56) and long channel(L/B = 21.33). As it has been
demonstrated in Fig. 5-a that the distinguishable rib-indu
heat-transfer augmentations for all three rib-roughened
channels initiate from their second ribs, the compara
difference between three test channels shown in Fig. 5
produced. In thex/L regions(X/L > 0.5) where the flow
has traversed four ribs in the test channels withL/B ratios of
13.56 and 21.33, the rib-effects become very vague in th
two channels (see Fig. 5-a).

It is clear that detailed streamwise heat transfer variat
have been considerably modified from the smooth-wa
references due to the presence of surface ribs. Thes
peated transverse ribs also affect the manners of span
heat transfer variations. As an illustrative example that c
pares the collective results obtained at Reynolds numb
2000 shown in Figs. 5 and 3-b, the degree of spanwise
transfer variation in the rib-roughened channels are c
siderably moderated from the results detected in smo
walled channels. The extension of spanwise coordinate
ward two side edges of rib-roughened surface could
incur the continuously monotonic heat transfer reducti
up to a spanwise location where the heat transfers de
to be increased. However, this heat transfer behavior c
only be prolonged to about the second rib location in
rib-roughened channels. These repeated transverse rib
teract with the side-leakage flows which require a consi
able amount of coolant mass flux to facilitate the strea
wise agitated flows and also the spanwise bell-shape
heat transfer variations. Thus there is no apparent span
heat transfer variations generated at locations further do
stream of the second rib where the streamwise agitating
transfer variations start to be diminished. Consistent with
results found in the smooth-walled test channel, the sp
wise distributions of Nusselt numbers rather flat in the f
ther downstream locations where the spanwise bell-sh
like heat transfer variations diminish. Moreover, as surf
ribs could be treated as the interior obstacles to weaken
downstream flow momentum, the hot plenum trapped o
the bottom sealed surface could be more stagnant-like in
rib-roughened channels in comparison with the flow con
tions developed in smooth-walled channels.

The streamwise and spanwise heat transfer variat
depicted in Fig. 5 are typical for the test results obtai
t

-
e

t

t

-

t

-

with Re � 1000. However, at the Reynolds number
500, the version of Fig. 5 shows that the channel w
L/B ratio of 5.89 could consistently provide the high
heat transfer rates than the channels withL/B ratios of
13.56 and 21.33. This agrees with the results found in
smooth-walled channels. Thus, the mechanisms ident
from the baseline study could be the dominant physics
heat convection rather than the rib-associated phenom
when the inertial force of mainstream remains relativ
weak (Re = 500). At the Reynolds number of 500, th
heat transfers at the streamwise location of 1x/L in
all three rib-roughened channels are in close agreem
These have reduced considerably from the levels in fl
entry regions due to the lack of flow momentum th
incurs the development of stagnant-like hot plenum o
the bottom sealed-end. There is therefore consider
suppressed the rib-induced heat transfer augmentatio
is worth emphasizing that, as the rib induced heat tran
enhancement is affected by the local streamwise momen
of flow, the impacts of side-profile leakage flows on t
streamwise heat transfer reduction are amplified in the
roughened channel from the flat-fin scenarios. Relativ
the conditions found in the smooth-walled channels, a la
degree of heat transfer improvement could be attained
either increasing Reynolds number or shifting the fl
regimes upstream towards the flow entrance in the
roughened channels.

The heat-transfer augmentations provided by these
face ribs under the flow conditions developed in the ope
fin channels are examined. The Nusselt number values
tected from the rib-roughened fin surfaces,Nu, are normal-
ized by the smooth-walled counterparts,NuSW. These ratios
indicate the effectiveness of surface ribs on heat transfer
mentation. Fig. 6 shows the spatial distributions of Nus
number ratio,Nu/NuSW, over the rib-roughened fin surfac
at Reynolds numbers 500, 1000 and 3000. As depicte
Fig. 6, the most considerable heat transfer augmenta
generally develop in the flow entry regions. This obser
tion agrees with the comparative result illustrated in Fig
that the spanwise momentum of side-profile leakage fl
near the upper corners of rib-roughened channel is weak
from the condition incurred in the likewise smooth-wall
channel. In the channels ofL/B ratios of 13.56 and 21.33
the Nusselt number ratios,Nu/NuSW, shown in Fig. 6, grad
ually reduce from unity to the values about 0.8 when
flow transverses about four pairs of ribs. However, in
short channel(L/B = 5.89), the effective region where th
considerable heat transfer augmentations develop could
proceed onto the second rib location. Beyond this region
Nusselt number ratios,Nu/NuSW, could be reduced to lev
els of less than unity. The locally impeding heat-transfer
fects in the further downstream due to these surface ribs
demonstrated as a result of considerably weakened str
wise momentum. With the lesser amount of flow mom
tum to agitate the enhancement of vorticity and/or tur
lence intensity, these surface ribs in the impeding heat tr
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Fig. 6. Distributions of Nusselt number ratio,Nu/Nusw, over rib-roughened surfaces.
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fer regions are alternately treated as the repeated obstac
weaken the streamwise flow momentum. This particular h
transfer phenomenon could provide a profound influenc
determining the optimalL/B ratio for the rib-roughened fin
channel. As an overall indication of the effectiveness of
present surface ribs on heat transfer augmentation, th
view of the entire sets of data processed is illustrated
Fig. 6. This shows that the augmentation of spatially av
aged heat transfers provided by the present surface rib
in the range of 140–200% of the smooth-walled channel
els.
o

-

e

3.3. Heat transfer correlation

The heat transfer results typified in Figs. 4 and 5 ma
reflect the impact of surface ribs and side-profile leak
flows on local heat transfers. This is for conditions with va
ousL/B ratios and Reynolds numbers through mechani
which involve the interaction of mainstream mass flux w
side-profile leakage flow, local fluid mixing of side leaka
with cold ambient along the open boundaries, and ass
ated rib flow phenomena. As these mechanisms are i
related withL/B ratio andRe, the inter-correlation cause
by the couplingL/B-Re effects are expected prior to d
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Fig. 6. Continued.
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riving the heat transfer correlation. For engineering appl
tions, it is essential to evaluate the convective capabil
over each rib-roughened fin surface with various flow con
tions in order to determine the cooling duty of a fan-fin
sembly. Therefore the local Nusselt numbers over each
roughened fin surface generated with all theRe-L/B options
are spatially averaged to acquire the spatially averaged
selt number data,Nu, for further data analysis aimed at di
closing its regressive-type equation. In the quest to iden
theL/B ratio effect on the spatially averaged heat trans
three sets of data generated from test channels withL/B ra-
-

tios of 5.89, 13.56 and 21.33 are compared in Fig. 7. Th
done to illustrate the variations of spatially averaged Nus
number,Nu, with the Reynolds number. It is clearly demo
strated in Fig. 7 that the spatially averaged Nusselt num
Nu, steadily increases with the increase of Reynolds n
ber for all the channels tested. An asymptotic constrain
zero-forced convective capability whenRe approaches zer
indicates a boundary condition for the equation applied
correlate the data trends revealed in Fig. 7. Justified b
the versions of data trends revealed in Fig. 7 and cons
ing the physical constraints whenRe approaches zero, th
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Fig. 7. Variations of spatially averaged Nusselt number with Reyn
number.

Fig. 8. Variations ofA andn functions withL/B ratio.

data trends shown in Fig. 7 are correlated by the equa
of

Nu = A

{
L

B

}
× Ren{ L

B } (2)

where theA andn functions are the numerically determin
curve-fitting coefficients. Because the overall convective
pability over each fin surface involves the mutually inter
tive Re andL/B effects, the coefficientA andn are expected
to be functions of theL/B ratio. Fig. 8 plots the variation
of A andn functions when theL/B ratio increases for rib
roughened test channels. As depicted in Fig. 8,A andn func-
tional values respectively follow the monotonically incre
ing and decreasing tendencies with an increasedL/B ratio.
The solid line that connects each data trend revealed in F
is the fitted curve, using quadratic function withL/B ratio
as the dependent variable. The net result of the data ana
is an empirical heat transfer Eq. (3) that evaluates the
tially averaged Nusselt number,Nu, over the rib-roughene
fin surface for a given set ofL/B andRe values in the range
of 5.89–21.33 and 500–3300, respectively.
s

Nu
∣∣
rib-roughened surface

=
[
0.0392+ 0.0151× L

B
− 0.00015×

(
L

B

)2]

× Re0.7765−0.01507×(L
B
)−7.491E−5×( L

B
)2 (3)

The variations of coefficientsA andn could be, respectively
treated as an indication of the interactive influences of
induced flow and side leakages and the convective ine
force effects on heat transfer. It is interesting to note
the correlated value ofn exponent decreases from 0.77
when theL/B ratio increases. The limiting value ofn expo-
nent (0.7765) at zeroL/B ratio found in Eq. (3) is in close
agreement with the well-established 0.8 value derived as
exponent of Reynolds number in the Nusselt number co
lation for fully developed smooth-walled ducted flows [2
The physical implication in this regard is that the asympto
solution of Eq. (3) atL/B = 0 reflects the heat transfer pe
formance at the immediate exit of the flow calming secti
This, in turn, typifies the scenarios of ducted flow with re
tangular sectioned shape. When theL/B ratio increases, th
exponent n decreases correspondingly. This result physi
indicates the weakened forced convective inertial effect
heat transfer due to the increased side-profile leakages.
responding with the decreasing trend of exponentn, theA

functional values increase with the increasedL/B ratio. It is
revealed in Fig. 8 that the correlating curve of the quadr
function with anL/B ratio as the dependent variable pr
vides satisfactory agreement at all data points. The net r
generated in this phase of data analysis is an empirical
relation of Eq. (3). This permits the evaluation of influenc
of individual and compoundL/B andRe effects on spatially
averaged heat transfer over the fin surface roughened b
peated transverse ribs in a channel with side openings
bottom sealed end. The overall success of this correlatio
indicated in Fig. 9, where all the experimental data are c
pared with the correlative prediction provided by Eq. (
As revealed in Fig. 9, the spatially averaged Nusselt n
bers fall in the range of 5–34.8 with three distinguisha
data clusters generated by differentL/B ratios. The max-

Fig. 9. Comparison of correlation predictions of spatially averaged Nu
number with experimental results.
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imum discrepancy of±20% between the experimental a
correlating results is achieved for 98% of the entire data g
erated.

Although it has been revealed that the decrease of cha
length-to-gap ratio could generally improve the spatia
averaged heat transfer over the flat fin surface, the coo
area (fin surface) is also accordingly reduced. The opt
selection of anL/B ratio for an opened fin channel fitte
with transverse ribs offers the maximum convective heat
from the fin surface. Consideration of improved spatia
averaged Nusselt numbers together with the reduced co
area when theL/B ratio decreases are essential. Note
the width-to-gap ratio of three test channels is fixed by
present study, the surface area of each finned channel
function ofL/B ratio. In the attempt to disclose the optim
value of theL/B ratio for a forced convective rib-roughene
fin assembly that generates the maximum convective
from a fin surface, each spatially averaged Nusselt num
data,Nu, is multiplied with theL/B ratio at a particular
Reynolds number tested. As the present test configura
fixed the width-to-gap ratio of test channel, the combin
dimensionless heat transfer data in terms ofNu × L

B
features

the overall convective heat flux transferred by the coo
flow over the rib-roughened fin surface. The variation
overall heat convection capability in terms ofNu × L

B
with

L/B ratio at each predefined Reynolds number exam
are illustrated in Fig. 10. Note that the asymptotic scena
for zero fin length(L = 0) are reduced to the heat trans
solutions of impinging slot jets onto flat surface with fin
values of convection coefficient in terms ofNu. However,
there is no fin effect in this case so that the value ofNu × L

B
has to be zero when the fin-length diminishes to zero.
depicted in Fig. 10 for eachRe controlled curve, the pea
value of Nu × L

B
locates at a specificL/B ratio, which is

defined as the optimalL/B ratio. It is clearly shown in
Fig. 10 that the optimalL/B ratio varies with Reynolds
number. Nevertheless, justified by the data trends and
physical constraint of vanishedNu × L

B
value whenL/B

ratio approaches zero, the data points shown in Fig. 10
correlated into the general form of

Nu × L

B
= C{Re} × L

B
+D{Re} ×

(
L

B

)2

(4)

whereC andD are the correlating coefficients for each d
trend typified in Fig. 10 that vary with Reynolds number. T
optimal value ofL/B ratio that provides the maximum lev
of Nu× L

B
could be obtained based on the usual optimiza

concept, as follows:

∂(Nu × L
B
)

∂( L
B
)

= 0 ⇒ L

B

∣∣∣∣
Optimal value

= − C{Re}
2D{Re} (5)

As the correlating coefficientsC and D are functions
of Reynolds number, the optimalL/B ratio that permits
the maximum convective heat flux transferred by coo
flow for a rib-roughened fin assembly is Reynolds num
dependent. Fig. 11 reveals the dependency of optimalL/B
l

e

Fig. 10. Variations ofNu × L
B

with L/B ratio at fixed Reynolds numbers

Fig. 11. Variation of optimalL/B ratio with Reynolds number fo
rib-roughened channel.

ratio on Reynolds number for the rib-roughened fin surfa
A moderate decrease of optimalL/B ratio with increased
Reynolds number is demonstrated in Fig. 11. Based on
results demonstrated in Fig. 11, the criterion for selecting
optimalL/B ratio of the open-boundary fin channel with fi
surfaces roughened by transverse ribs is formulated as

L

B

∣∣∣∣
Optimal value

= 17.26+ 12.13× e−0.001373×Re (6)

In the Re range of 500–3300, Eq. (6) could be adopted
a design reference to define the length-to-gap ratio of a
sink for the cooling device of an electronic chipset w
intensified integration of electrical circuits.

4. Conclusions

The detailed heat transfer measurements over thre
surfaces roughened by repeated transverse ribs on two o
site walls in channels with length-to-gap ratios of 5.89, 13
and 21.33, which are opened on the two side-profiles
sealed at the bottom-end, have been determined at Rey
numbers of 500, 1000, 2000, 3000 and 3300. This attem
to generate the heat transfer correlations and to devi
design criterion for selecting the optimal length-to-gap
tio of a fin sink for cooling device of electronic packagin
The Reynolds number and channel height-to-gap ratio h
demonstrated their impact on the local and spatially a
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aged heat transfers. These were due to their interactin
fluences on the rib-induced flow phenomena and the s
profile leakage flows that consequently affect the spatial
tributions of coolant mass flux and the effectiveness of
face ribs on heat transfer augmentation. These mechan
in association withL/B andRe variables, are inter-relate
which have led to the presence of couplingL/B-Re effects
on the spatially averaged heat transfer. In conformity w
the experimental evidence, the regression-type analysis
undertaken to generate the empirical heat transfer cor
tion that accounts for the spatially averaged Nusselt num
over the rib-roughened fin surface. In addition was the w
to formulate a criterion for selecting the optimalL/B ratio
that acquires the maximum convective heat flux from the
roughened fin surface. Several salient points that have
identified which may be summarized as follows.

(1) The characteristic heat transfer results from
rib-roughened fin-type channels involve the developme
of streamwisely agitated heat transfer variations and h
convective heat transfer capability in the central reg
of flow entrance. In addition, there is also a streamw
weakened heat convection toward the bottom sealed
a narrow bandwidth with relatively high heat transfer ra
along the side-profile openings, and local heat tran
impediments developed at two upper corners. These are
to interacting impacts of side leakage flows on the spa
distributions of coolant mass flux.

(2) The additional impact of rib-induced flow phenome
generates the locally high heat transfer levels with de
contour distributions over the rib surface relative to
successive mid-rib surfaces. The distinguishable rib-indu
agitated streamwise heat transfer variations tend to
initiated from the second rib location and diminished
the fourth rib in the present range of Reynolds numb
tested. The augmentation of spatially averaged heat tran
generated by the present surface ribs is in the range of
200% of the smooth-walled channel levels.

(3) The proposedNu correlation is consistent with th
experimentally revealed heat transfer physics that perm
the individual and interactive effects ofRe andL/B ratio
on spatially averaged heat transfer over a rib-roughene
surface to be evaluated.

(4) A criterion for selecting the optimalL/B ratio that
provides the maximum convective heat flux from the r
roughened fin surface has been devised for design a
cations. This which reveals that he optimalL/B ratio de-
creases withRe in the rib-roughened channels for fan-fi
type flows.
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