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Enhanced heat transfer of forced convective fin flow with transverse ribs
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Abstract

This experimental study investigates the heat transfers in three side-opened and bottom-sealed rectangular channels with two opposit
walls roughened by J0staggered ribs, which simulate the enhanced cooling passages in the fin-type heat sinks of electronic chipsets.
The various degrees of interactive effects due to the surface ribs, side-profile leakage flows and streamwise weakened coolant flow are
functionally related with Reynolds numbéRe) and channel length-to-gap rati@./B), which unravel the considerable impacts on local
and spatially averaged heat transfers over the rib-roughened fin surfaces. A selection of detailed heat transfer measurements over the rit
roughened fin surfaces illustrates the manner by which the isolated and interactive infludReasdf / B-ratio affect the local and spatially
averaged heat transfers. Relative to the heat transfer results acquired from the smooth-walled test channels, the augmentations of spatial
averaged heat transfers generated by the present surface ribs are in the range of 140-200% of the flat fin reference levels. In conformity witt
the experimentally revealed heat transfer physics, a regression-type analysis is performed to develop the correlation of spatially-averagec
Nusselt number over rib-roughened fin surface, which permits the individual and interactive efRecand L/B on heat transfer to be
evaluated. A criterion for selecting the optimal length-to-gap ratio of a fin channel, which provides the maximum convective heat flux from
the rib-roughened fin surface, is formulated as an engineering tool to assist the design activity for the cooling device of electronic chipsets.

0 2003 Elsevier SAS. All rights reserved.
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1. Introduction suitable for installation in the electronic devices. Among
these various cooling schemes, where the coolant stream im-
The ever-mounting intensified integration density of elec- Pinges onto pin-fin arrays under which the powered chipset
trical circuits in an electronic chipset constantly necessitates!S attached, there have been considerable heat transfer aug-
the heat transfer augmentation for its heat sink, which widely Mmentations demonstrated [6-15]. As illustrated in Fig. 1 for
adopts the pin-fin arrays. As an illustrative example, the ther- the fan-fin type cooling-scheme, the coolant stream facili-
mal power of an Intel CPU with an area for heat dissipa- tated by a cooling fan is directed into a fin-array. The ex-
tion of about 10 mmx 10 mm is increased to the range of tended surfaces of fin assembly provide fin effect to im-
30-80 W from 10—15 W. This increased power consumption prove the overall heat transmission. There are several open-
provides the heat flux of 300-800 k¥i—2 over a CPU unit ings across a longitudinal fin to provide additional flow paths
which requires the effective cooling scheme to maintain the for the sp_ent flow to ConveCt heat out of the confined fin-
operating temperature at about®D[1]. To cope with the channels in order to avoid the development of stagnant hot
increasing cooling required for an electronic chipset, a va- plume among the central region of the f!n assem.bly.. The_ n-
riety of cooling schemes, such as the electroosmotic driventernal coolant stream confined in any pair of longitudinal fins

microflow, the heat pipe, the impingement jet-array and the

is therefore subject to continuous leakages from two side
microchannel cooling [2-5] have been developed which are openings prior to impinging on the bottom surface of each

channel. As a result, the streamwise convective capability
over a fin surface is continuously undermined from the fan
* Corresponding author. exit toward the bottom sealed end. Although the increase of
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Nomenclature
English symbols Nusw local Nusselt number over smooth-walled
A,C,D,n correlative coefficients . fin surface
a smooth entry length of rib-roughened surface m Nusw  spatially averaged Nusselt number over
B gap oftestchannel........................ m smooth-walled fin surface
d hydraulic diameter of test channel. ... ... ... m P rib pltch_ ................................. , m
B fib height m 4 convective heat flux . PSR RRCRRE W~
................................ 3

ky thermal conductivity of coolant .. Wh~1.K~1 Re Reynolds number: 7757,
I3 length of test channel m Ty wall temperature at fin surface ............. I
I ibland . m  Lr reference fluid temperature ................ K
i coolant mass flow rate . . . ot w width _of test _channel. R R ITERE e m
Nu local Nusselt number over rib-roughened Y cgord_mates in streamwise and spanwise

fin surface 44 directions. ... m
— ks Q1) Greek symbols
Nu spatially averaged Nusselt number over

rib-roughened fin surface w dynamic viscosity of coolant ... . .. kerlm=1

cooling fan

— transmission and modified spatial heat transfer distributions.
‘ Although the use of surface ribs has been the subject of
[ location of CP1 much fundamental research over the years, the detailed
heat transfer measurements over a rib-roughened surface
in a channel with two side openings and a sealed bottom
end are not available in the open literature. No previous
research effort performs heat transfer measurements over a
rib-roughened fin surface to explore the interactive impacts
of side-profile leakage flow, rib-associated flow phenomena
and streamwise weakened coolant mass flux on heat transfer.
To this end, several key factors related to the design of
rib-enhanced air-cooled electronic packages, such as the
@ direction of fan flow optimization of fin spacing and gaps between extended fins
arrays and the criteria available for a designer to define the
geometries of fins heat sinks, need to be unraveled [13]. This
Fig. 1. Cooling configuration of forced convective fan-fin flow. lack of fundamental knowledge and a database available for
such rib-roughened flow system has been the motivation

h iod | leak ; he sid . for the present study. Heat transfer measurements over the
the accompanied coolant leakages from the side Openlngsrib-roughened fin surfaces of a simulating coolant channel

Increase in an accumulative manner S0 that the convgctlvewith the bottom-end sealed and two side-profiles opened to
capabilities in further downstream locations are accordingly

) . ) ambient are performed. The detailed distributions of local
weakened. Therefore the optimal selection of fin-length to .
' ; : : .~ Nusselt number contours and the spatially averaged heat
fin-gap ratio should embody both considerations for the in-

creased cooling area and its consequential effects on the heaLLanSfer data, evaluated from the infrared thermal images of

transfer impediment due to the side-profile leakages. the rib-roughened fin surfaces, are.presented_ over arange of
When each cooling passage in the fin assembly is treategreynolds .numbers for channels with thrge d|fferent height-
as a side-opened channel with the bottom end sealed, ado-gap ratlps. All the test channels have identical values qf
shown in Fig. 1, the surface enhancement method of fitting Channel width and gap, and therefore the same hydraulic
various types of repeated ribs on a fin surface can be applieddiameter. The impacts of channel height-to-gap ratio and
to enhance the forced convection over the fin surface. BasedR€ynolds number on the convective heat transfer over the
on the results revealed from rib-roughened duct flows, the rib-roughened fin surface for such open boundary channel
effectiveness of surface ribs on heat transfer augmentationflows are subsequently analyzed. This assists the derivation
varies with the geometrical features of ribs such as the of physically consistent empirical heat transfer correlations.
rib-arrangement, rib height, rib pitch, angle of attack, rib A criterion for optimal selection of channel height-to-gap
orientation and rib shape [16-19]. The overall rib-effects ratio that maximizes the convective capability of a rib-
on heat transfer in a fully confined duct are improved heat roughened fin surface is developed to assist the design

‘L direction of leakage flow from side profiles
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of fan-fin heat sinks for cooling application of electronic transfer test sections (3) with channel lengths of 170.5, 108.5
packages. and 47.1 mm. The generation of heat transfer data from the
smooth-walled heat transfer test channels is treated as the
references to assess the heat transfer enhancement provided
2. Experimental details by the present rib geometry.
The bottom sealed-end was made of ax1B00x 8 mm

For a given coolant mass flow rate fed into each chan- Teflon plate (5) that provided the thermal insulation for the
nel confined by a pair of longitudinal fins as typified in bottom heated surface. Two copper bars that connect the
Fig. 1, the streamwise variation of side-profile leakage flow, electrical terminals with the electrically heated foil (4) were
and thus the spatial distribution of coolant mass flux, are secured on the flanges of the settling chamber (2) to form a
functionally related with the surface condition of fin, the complete electrical circuit. The adjustable high-current DC
geometries of test channel and the thermal boundary con-electrical power was fed directly into the heating foil (4) to
dition imposed. The forced convection taking place within generate the basically uniform heat-flux heating surface. As
such channel could be specified by defining the total massthe heating foils also covered the two opposite wide walls of
flux of coolant fed into the channel for a particular set of flow settling chamber (2), the developments of hydraulic and
geometrical and thermal boundary conditions simulated by thermal boundary layers proceeded almost simultaneously
a heat transfer test module. Therefore the Reynolds num-from the immediate entrance of settling chamber (2). It is
ber evaluated from the total coolant mass flux fed into the to be noted that the width and gap of all heat transfer test
opened fin-channel is treated as the controlling flow para- sections are identical with the inner width and gap of the
meter that dominates the heat transfer characteristics whersettling chamber (2). The hydraulic diameter of test section
the Prandtl number of coolant remains constant. In view of is thus an invariant length scale of 14.8 mm. It was intended
the geometrical conditions, the opened fin-channel is spec-to compare the various heat transfer performances over a
ified by the cross sectional shape, the width-to-gap ratio range of Reynolds numbers with three different channel
and the surface condition of the test channel. When the sur-length-to-gap ratios based on the same amount of total
face condition and the width-to-gap ratio of an opened fin- coolant mass flow rate. Therefore, the length scale selected
channel remain invariant, the length-to-gap ratio becomesto define the dimensionless flow parameters, namely the
the controlling geometrical parameter. The present experi- Reynolds and Nusselt numbers, is the hydraulic diameter of
mental study adopts the parametric approach to characterizaest section.

the heat transfer of opened fin channel flow usitggand As shown in Fig. 2, the repeated full transverse ribs were
L/B ratio as the controlling dimensionless flow and geo- arranged in a staggered manner on two opposite heating
metric parameters. The isolated and interaditeeandL/B surfaces. Each rib-roughened surface is produced by forging
ratio effects on heat transfer are examined. the thin stainless steel foil into the geometry specified in
terms of five non-dimensional groups defined in Fig. 2 of
2.1. Apparatus smooth entry length i a 4 mm 0.04
The experimental apparatus is shown in Fig. 2. The test _channelwidth W 100 mm
fluid, pressurized air, was directed via a flow calming section w ratio= € _ Zﬂn —0.25
(1) with equivalent straight length of 150 mm into a settling channel gap B 8mm
chamber of dimensions 250 mm100 mmx 8 mm (2), rib pitch ratio— £ — 20mm 10
and directed into the heat transfer test section (3). Four rib height ¢  2mm
10 mm thick Teflon plates constitute the settling chamber. rib land [ 2mm
The back surface of settling chamber (2) was extended 10 ip height & © e 2mm

form the insulating wall of heat transfer test section (3). T dditional di ionl tri ters defi
A K-type thermocouple penetrated into the settling chamber Wo adartional dimension'ess geometric parameters defin-

(2) to measure the coolant entry temperatufg, which ing the generic features of test channels are summarized as

measurement was treated as the fluid reference temperaturraonows:
to define the convective heat transfer coefficient and the Aspect ratio of cross-sectional shape of test section

fluid properties. These include the specific heat, thermal
L . . . W 100 mm
conductivity and viscosity of coolant, for the evaluations of = 5= 8mm = 125
Reynolds, Prandtl and Nusselt numbers. The two opposite channel len tr;]w L
heated surfaces, simulating a pair of fins, are made from g Shannel’eng’ ratio= — = 5.89, 1356 and 2133
channel gap B

continuous, very thin (0.1 mm) and 100 mm wide stainless
steel-foil (4). This heating foil (4) was folded to shape Prior to entering the flow calming section (1), the air
the inner profiles of smooth-walled and rib-roughened heat fed from the IWATA SC 175C screw-type compressor unit
transfer test sections (3). For each surface condition, threewas dehumidified and cooled to the ambient temperature
sets of heating foil were manufactured to construct three heatthrough a refrigerating unit that was integrated with the
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(1) Flow camling section (5) Tefnol bottom wall

(2) Settling chamber (6) Copper bus bar

(3) Heat transfer test section (7) NEC TH3101-MR infrared radiometer
(4) Stainless steel heating foil

Fig. 2. Constructional details of heat transfer test module.

compressor. The dry and cooled airflow was then guided 2.2. Program and data processing

through a set of pressure regulator and filter with the mass

flow rate to be metered and adjusted by a Tokyo Keiso  The present experimental study involved three phases.
TF-1120 mass flow meter and a needle valve, respectively.|nitially the influences of channel length-to-gap ratio and
A pressure transducer connected with a digital type encoderreynolds number on heat transfer were checked out with
was used to measure the pressure level of coolant flow.5 series of baseline tests performing at Reynolds numbers
The complete heat transfer test unit was fixed and vertically of 500, 1000, 2000, 3000 and 3300 using smooth-walled
centered on a base-frame (5). However, after several heathree sets of test channel witty B ratios of 5.89, 13.56 and
transfer test runs, the spatially varied thermal expansion 21.33. The data generated in this phase revealed the charac-
caused by the non-uniform wall temperature fields has led teristic thermal physics of such fan-fin flow and was treated
to foil deflections. The maximum foil deflection measured as the reference to compare against the results acquired in
by a precision caliper after completing the entire set of the send phase of study using the rib-roughened test chan-
experiments was less than 0.16 mm. The temperatures ofnels in order to unravel the heat transfer enhancements pro-
the heating surface under each test condition were imagedvided by the present rib geometry. The various heat trans-
by a calibrated two-dimensional NEC TH3101-MR infrared fer distributions over three rib-roughened heating surfaces
radiometer (6). For this thermal image processing system, itwith different L/B ratios for any Reynolds number tested
took 0.3 seconds to complete a full-field of 28255 matrix were compared to reveal the impactdgfB ratio on the de-
scan. The back surface of the heating foil (4) was painted tailed heat transfer distributions over the rib-roughened fin
black in order to minimize the background reflection and to surface. The third phase of regression-type analysis derived
increase the emission. the heat transfer correlation that permits the evaluation of
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spatially averaged heat transfer level over the rib-roughenedmal insulation over the heating surface, the wall temper-
fin surface and developed the criterion for optimal selection atures over the entire scanning area were distributed uni-
of channel height-to-gap ratio from the viewpoint of maxi- formly for heat loss calibration run. A review of the tem-
mizing the convective capability of a fin surface for air cool- perature data collected from the calibration test runs showed
ing of electronic packages. less than 3.62% of non-uniformity in the wall temperature
The steady state heat transfer measurements were perdistributions. Thus, by plotting the heat loss flux against
formed at each set of predefined Reynolds number and heatthe corresponding steady wall-to-ambient temperature, the
ing power. A steady state was assumed when the variationdifference revealed a linear-like functional relationship be-
of wall temperatures with several successive scans over thetween the heat loss flux and the prevailing wall-to-ambient
heating surface were less than 83 This generally took  temperature. The equation correlated from the heat loss ex-
about 30 minutes after the adjustment of flow rate or heating periments with different channel length-to-gap ratios, which
power was made. Having satisfied the criterion for steady calculate the heat loss flux using the measured local wall-
state assumption, the on-line infrared thermal-image datato-ambienttemperature difference, was incorporated into the
capture system was then activated to record and store the fulldata processing program to determine the local heat flux con-
field wall temperature distributions over the heating surface. vected by the flowg. The local Nusselt numbelNu, was
Along with the measured heating power and coolant en- subsequently determined using Eq. (1) with the thermal con-
try temperature7 s, the local Nusselt number distributions  ductivity of coolant evaluated from the reference fluid tem-
over the heating surface at the prescribed Reynolds num-perature[y.
ber and channel length-to-gap ratio were evaluated. Note, With eachRe-L/B test option, five heater powers were
as it is attempted to compare the various heat transfer per-adjusted to raise the central wall temperatures to the levels
formances over the rib-roughened fin surfaces with different of 45, 75, 90, 120 and 14%. This attempt was aimed at
channel length-to-gap ratios, the Reynolds number is eval-varying the buoyancy level in order to explore the buoyancy
uated based on the total amount of mass flow rate fed intoeffect on heat transfer. However, within the present para-
the test channel with the same characteristic length scale ofmetric ranges tested, the variations of buoyancy level could
hydraulic diameter of an opened test channel. The fluid prop- only produce the maximum heat transfer variations of about
erties required to evaluate the Reynolds number was deter+4.2%. Therefore, the influences of buoyancy interaction on
mined from the coolant entry temperatufg,. The various heat transfer in the present study were considered as insignif-
heat fluxes fed into the test section could therefore affect theicant. No further data analysis was followed to examine the
Reynolds number even if the total amount of coolant mass buoyancy effect on heat transfer.
flow rate remained invariant. Alternatively, by adjusting the The experimental repeatability of temperature measure-
coolant mass flow rate to compensate the temperature afiment using NEC TH3101-MR infrared radiometer was car-
fected fluid property variations, the maximum variation in ried out prior to the baseline experiments. The maximum
Reynolds number at the entry plane of flow settling cham- variations of wall temperature measurements with the flows
ber was controlled withE1% for each individual test. The to reach the same steady state conditions were in the range
range of Reynolds numbers select&€®0~ 3300 ensured of £0.7°C. Thus the maximum uncertainty of temperature
that the laminar, transitional and turbulent flow conditions at measurement was estimated-a8.7 °C, which became the

the exit of flow settling chamber were examined. major source to attribute the uncertainties for the coolant’s
The local Nusselt numbeNu, are evaluated using the thermal conductivity, fluid density and viscosity. Following
equation of the policy of ASME on reporting the uncertainties in experi-
qd mental measurements and results [20], the maximum uncer-
NU= ————— (1) tainty associated with the local Nusselt and Reynolds num-
kf(Tw —Ty)

bers were estimated to be 12.3 and 6.9% respectively.

in which the convective heat flux;, was calculated from

the electrical dissipation measured over the entire heating

surface with the heat loss to be subtracted. The character3. Resultsand discussion

istics of external heat loss at different heating levels were

determined by a number of heat loss calibration runs. For 3.1. Baseline results

each set of calibration test runs, the flow was blocked off

and the fiberglass thermal insulating material was filled in ~ The baseline results obtained from the smooth-walled
the flow passage. The heat supplied to the heating foil wasfin surface with heat transfer physics in channels with side
therefore entirely lost into atmosphere through the conduc- open-boundaries and bottom sealed-end is compared with
tive network of test assembly and from the back of the ex- the data generated from those with rib-roughened fin sur-
posed heating surface through free convection. The suppliedfaces. Fig. 3 shows the distribution of Nusselt number con-
heating power was balanced with the external heat loss attours over the flat-fin surfaces of channels withB ratios

the corresponding steady-state temperature distribution. Dueof 5.89, 13.56 and 21.33 obtained at Reynolds numbers of
to the uniformities of electrical heating power and the ther- 3000. As demonstrated in Fig. 3(a), the typical patterns of
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Fig. 3. Heat transfer results over smooth-walled fin surfaces. (a) Spatial distributions of Nusselt number contours over smooth-walled findsahiReirolof 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 considerable tive x/L locations, the heat transfer distributions are sym-
dependency on the/ B ratio of test channel, reveal the char- metrical about the streamwise centerline with various dis-
acteristic heat transfer results for finned flow. In this regard, tribution patterns found at different/L locations. As the

the distributions of Nusselt number contours are symmet- spanwise heat transfer variation for all three test-channels
rical about the streamwise centerline. The development ofis sensitive to the streamwise location, the forced convec-
high convective capability in the central region of immedi- tive fin-flow is three dimensional in nature. At the location
ate flow entrance along with the streamwise decayed Nus-of x/L = 0, the local heat transfer peak-values develop at
selt number levels toward the bottom sealed end are alsothe central locatioriy/w = 0). Further extending the span-
clearly observed. These general heat transfer features for finwise coordinate toward two side edges causes the contin-
flows reflect the impact of side-profile leakage flows which uously monotonic heat transfer reductions up to the loca-
clearly exhibit the impeding influences on downstream heat tion of about+0.4 y /w at which the heat transfers to be in-
transfers as a result of undermined streamwise coolant masgreased. As illustrated previously, the local heat transfer in-
flux, especially in the long fin channel. Therefore, the region crements over the narrow near-edge bandwidth are attributed
with worse heat transfer scenarios accompanied by moder-to the enhanced local fluid mixing between the side leakage
ate spatial heat transfer variations occupies the majority of flow and the cold ambient. These phenomena persist almost
areas in the long fin channél /B = 21.33). The spatially over the entire length of each test channel. However, such
averaged heat transfer over each fin surface, as indicated irspanwise bell-shape heat transfer variations could only per-
each plot of Fig. 3(a), thus increases with the decreaged sist onto 0.5 and 0.25/L for channels withZ /B ratios of
ratio. Unlike the well-confined ducted flows, there are two 5.89 and 13.56 or 21.33 respectively. Further downstream
weak convective flow regimes developed at two upper cor- beyond these streamwise locations, where the spanwise bell-
ners of each fin surface as revealed in Fig. 3(a). These twoshape-like heat transfer variations develop, the spanwise
upper-corner impeding heat transfer regions are clearly dis-variations of Nusselt numbers in the core regions of flat-
tinguishable in the streamwise regionof W < 0.25 over fin surfaces distribute uniformly. For the caseRd = 500

the short fin surfacéL /B = 5.89) where the most consid- andL/B = 21.33, the Nusselt numbers along the spanwise
erable impeding impacts of side-profile leakage flows on lo- axis (Y axis) at the location of X /L almost approach zero
cal heat transfers develop. As the side-profile leakage flow values. This physically reveals the vanished forced convec-
could gain a large momentum from the main coolant stream tive capability due to the development of a stagnant-like
at the immediate flow entrance, the relatively large amount plume over the bottom sealed-end as an effect of accumu-
of coolant mass flux was lost into the ambient from two lative side-profile leakages. Fig. 3(b) also reveals that the
upper corners of the side openings. Accordingly, consider- distributions of local Nusselt numbers along the streamwise
able local heat transfer impediment was generated. In thiscenterline gradually decrease from the flow entrance level
respect, the degree of heat transfer impediment developed atoward the low heat transfer region at the bottom sealed-end
two upper corners of the opened fin channel decreased withwith the detailed distribution patterns affected byB ra-

the increased./ B ratio at fixed Reynolds number. A review tio. This continuous streamwise decay in local heat transfer
of all the heat transfer images generated from flat-fin sur- revealed in Fig. 3(b) reflects the influences of side-profile
faces confirms that these upper-corner impeded heat transleakages on heat transfer, which has modified the nature of
fer regions gradually expand toward the interior of the fin constant heat transfer rate in the developed flow region of
surface, either by reducing the/ B ratio at fixed Reynolds  ducted flow. A review of all versions of Fig. 3(b) for all the
number or by increasing Reynolds number at fixgd ra- Reynolds numbers tested, which cover the laminar, transi-
tio. Also revealed in Fig. 3(a) is a narrow bandwidth with tional and turbulent flow regimes, ensures that the local heat
relatively high heat transfer rates developed along two outer transfer levels are consistently elevated by either increasing
edges of side profiles on each fin surface. This local heatReynolds number or shifting the flow regimes upstream to-
transfer enhancement along the open boundaries is relatedvards the flow entrance for all three tested channels.

with the locally improved fluid mixing between ambient and

hot leaking plenum. This effect is dependent on streamwise 3.2. Rib-roughened channels

location and is clearly shown in Fig. 3(b).

The heat transfer variations along the streamwise center- The heat transfer augmentation over a fin surface was at-
line and across the flat-fin surfaces at five different stream- tempted by fitting the repeated transverse ribs on two oppo-
wise locations for test channels with/B ratios of 5.89, site walls of the opened fin-channel in a staggered manner.
13.56 and 21.33 at Reynolds number of 2000 are comparedThe heat transfer physics revealed from the baseline study
in Fig. 3(b). Note that, in Fig. 3(b), the streamwise co- have demonstrated that the side leakages of coolant flow
ordinate,x, is alternatively normalized by each length of could considerably affect the spatial distributions of coolant
test channelL, in order to compare the heat transfer re- mass flux. This consequently modifies the heat transfer from
sults acquired from three test channels with different lengths. the ducted-flow scenarios. The typical rib effects found in
In view of the spanwise heat transfer variations obtained the ducted flows [16—19] are subject to modifications for fan-
with L/B ratios of 5.89, 13.56 and 21.33 at different selec- fin flow configuration. It is with the combined effects of side-
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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 phenomena weakened by the increase of accumulated side leakages of
on heat transfer that the present section is addressed. Fig. 4oolant.

illustrates the distribution of Nusselt number contours over  The detailed comparisons of heat transfers in three rib-
the rib-roughened fin surfaces in channels withB ratios roughened channels with/B ratios of 5.89, 13.56 and

of 5.89, 13.56 and 21.33 obtained at Reynolds numbers 0f21.33 are shown in Fig. 5. This is done by plotting the
500, 1000 and 2000. The impact of varying Reynolds num- heat transfer variations along the streamwise centerline and
ber and channel /B ratio on the detailed heat transfer dis- across the channel width at five different streamwise loca-
tributions are respectively examined by comparing the con- tions with Reynolds number of 2000. The heat transfer per-
tour plots shown in each column and each raw of Fig. 4. formances developed at the rib and mid-rib locations are dis-
The rib-roughened test channels share several characteristignctively different. In addition, the streamwise location in
heat transfer features revealed in the baseline study. Theséerms ofx/L ratio embodies the percentage of total amount
features include the spanwise symmetrical heat transfer dis-0f coolant leakage that is a dominant factor affecting heat
tributions, the better cooling performance in the central re- transfer. Therefore, the spanwise heat transfer variations at
gion of immediate flow entrance, the streamwise weakened@PProximately same/L location are collected at either rib
heat transfer toward the bottom sealed-end, and the develOr Mid-rib locations from three rib-roughened channels to
opment of upper-corner heat transfer impeding regions thatpgrfo.rm such a comparison. Ir_l view of th.e heat transfer d.IS—
still remains to typify the major impact of side-profile leak- tributions along the stream.W|se centerline over three rib-
age flows on heat transfer. As shown in Fig. 4, the weak- roughened surfaces (see Fig. 5-a), the locally high Nusselt

ened downstream mass flux of coolant flow has led to poorernumber values consistently develop at the rib locations rela-

heat transfer scenarios with moderate spatial variations de-live (0 their downstream mid-rib regions. However, as shown
in Fig. 5-a, the distinguishable rib-induced heat-transfer aug-

veloped in the regions of/w > 0.75, especially for the long X tor all th . h h |
fin channel. The spatially averaged heat transfer, asindicatecg1entatlons or all three rib-roughened test channels tend to

in each plot of Fig. 4, generally increases with the decreasedde |n||t|ated ftrom thetz;]r sterfondhrlbts.dﬁ}s t?ehboun(?arl}l/ layer
L/ B ratio or with he increased Reynolds number. Although evelopments over the three heated test channels have pro-

the two upper-corner weak convection zones also develop;if_’:ed ?tzoﬁe}?nézgél?:]v galr?zgsscrlﬁg]b:r pg?"rbtoelf?éi:_on
on the rib-roughened fin surface, these two heat-transfer im- Ing wi P n su ' vague n

. ) . T . heat transfer observed at the first rib location for all three
peding regions are considerably diminished. There is less : ;

2 . . test channels are related with the considerable amount of
sensitivity on theL /B ratio and Reynolds number in com-

parison with the scenarios found in the smooth-walled fin side-profile leakages. The rib-induced spatially heat trans-

channels. Implicitly demonstrated by such comparative dif- fer oscillations are most marked in the flow entry region
- Implicitly y P and gradually fade in the further downstream, accompanied

Ierencfe '3 this ]f.?g?rdl('.s thff weakent?]d spanwise momefn-by streamwise reductions in heat transfer rates. The consid-
Pbm 0 Sr: e-pdrorl]e eal '_rllﬂ ovr\]/ near the urp])perl cdo:n?rr]s C(; erable streamwise reductions in the oscillating amplitudes
rib-roughened channel. This phenomenon has 1ed to € A€ a4t transfer variation between rib and mid-rib locations
velopment of relatively large amounts of heat transfer en- oy onstrated in Fig. 5-a again reflect the impact of continu-
hancement from the smooth-walled references provided by ;i siqe |eakages of coolant mass flux on heat transfer. The
the transverse ribs in the flow entry region. This effect will spatial Nusselt number oscillations in channels with3
be examined in more detail when the effectiveness of heat ains of 13.56 and 21.33 are almost indistinguishable af-
.transfer.augmentation generated by the present surface ribsq; fiow traverses about four ribs as compared in Fig. 5-a.
is examined. _ Nevertheless, after examining all the versions of Fig. 5-a
The locally improved heat transfer levels along two side qyer the entire range of Reynolds numbers tested, it is con-
edges of each test channel relative to the interior counterpartsirmed that the increase of Reynolds number could consider-
are also distinguishable over the rib-roughened fin surfaces.ab|y intensify the degree of such spatial heat transfer oscil-
Thus, the locally improved fluid mixing between ambient |ation.
and coolant stream stirred by the side-profile leakage flow |n Fig. 5, it is worth noting that the rib-roughened channel
along the side edges of each test channel could lead towith LB ratio of 5.89 could no longer consistently provide
local heat transfer improvement on both smooth-walled the highest heat transfer rates among the three test channels
and rib-roughened fin surfaces. It is worth noting that the in the flow entry region. When the different length of
contour plots collected in Fig. 4 show the additional impact each test channel normalizes thecoordinate, the same
of rib-induced flow phenomena on heat transfer by which x/L ratio indicated in Fig. 5 corresponds to three different
the locally high heat transfer levels with dense contour x/w locations in channels witlh /B ratios of 5.89, 13.56
distributions consistently develop on the rib surface relative and 21.33. The first rib locations in three test channels
to its adjacent flat areas between each pair of ribs. Such localthus appear at different/L locations (see the arrows in
heat transfer differences between rib and mid-rib regions Fig. 5-a). As shown in Fig. 5-a, the test channels with
gradually become vague in the further downstream locations L /B ratios of 13.56 and 21.33 consistently offer better
as the streamwise momentum of coolant flow is consistently cooling performances at their second rib locations relative to
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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 samg@L locations. This particular ~ with Re > 1000. However, at the Reynolds number of
comparative result is similarly observed with test results 500, the version of Fig. 5 shows that the channel with
obtained at Reynolds numbers of 1000, 3000 and 3300.L/B ratio of 5.89 could consistently provide the higher
A close examination of this regard is shown in Fig. 5-b heat transfer rates than the channels withB ratios of
where the spanwise heat transfer variations detected atl3.56 and 21.33. This agrees with the results found in the
locations aboutt/L = 0.1 ~ 0.2 in three rib-roughened smooth-walled channels. Thus, the mechanisms identified
channels are compared. The channel withB ratio of from the baseline study could be the dominant physics for
5.89 shows the lower Nusselt number values across theheat convection rather than the rib-associated phenomena
spanwise width in comparison with the counterparts in when the inertial force of mainstream remains relatively
channels withL /B ratios of 13.56 and 21.33 (see Fig. 5- weak (Re = 500). At the Reynolds number of 500, the
b). Note that the locations about &c2L correspond to the  heat transfers at the streamwise location ofxAL in
first rib location in the short channél /B = 5.89) and the all three rib-roughened channels are in close agreement.
second rib location in the middle-length changl/B = These have reduced considerably from the levels in flow
13.56) and long channe{L/B = 21.33). As it has been entry regions due to the lack of flow momentum that
demonstrated in Fig. 5-a that the distinguishable rib-induced incurs the development of stagnant-like hot plenum over
heat-transfer augmentations for all three rib-roughened testthe bottom sealed-end. There is therefore considerably
channels initiate from their second ribs, the comparative suppressed the rib-induced heat transfer augmentation. It
difference between three test channels shown in Fig. 5-b isis worth emphasizing that, as the rib induced heat transfer
produced. In ther/L regions(X/L > 0.5) where the flow enhancement is affected by the local streamwise momentum
has traversed four ribs in the test channels ittB ratios of of flow, the impacts of side-profile leakage flows on the
13.56 and 21.33, the rib-effects become very vague in thesestreamwise heat transfer reduction are amplified in the rib-
two channels (see Fig. 5-a). roughened channel from the flat-fin scenarios. Relative to
Itis clear that detailed streamwise heat transfer variations the conditions found in the smooth-walled channels, a larger
have been considerably modified from the smooth-walled degree of heat transfer improvement could be attained by
references due to the presence of surface ribs. These reeither increasing Reynolds number or shifting the flow
peated transverse ribs also affect the manners of spanwiseegimes upstream towards the flow entrance in the rib-
heat transfer variations. As an illustrative example that com- roughened channels.
pares the collective results obtained at Reynolds number of The heat-transfer augmentations provided by these sur-
2000 shown in Figs. 5 and 3-b, the degree of spanwise heafface ribs under the flow conditions developed in the opened
transfer variation in the rib-roughened channels are con- fin channels are examined. The Nusselt number values de-
siderably moderated from the results detected in smooth-tected from the rib-roughened fin surfachis, are normal-
walled channels. The extension of spanwise coordinate to-ized by the smooth-walled counterpaftisyy. These ratios
ward two side edges of rib-roughened surface could still indicate the effectiveness of surface ribs on heat transfer aug-
incur the continuously monotonic heat transfer reductions mentation. Fig. 6 shows the spatial distributions of Nusselt
up to a spanwise location where the heat transfers deflecthumber ratioNu/Nusyy, over the rib-roughened fin surfaces
to be increased. However, this heat transfer behavior couldat Reynolds numbers 500, 1000 and 3000. As depicted in
only be prolonged to about the second rib location in the Fig. 6, the most considerable heat transfer augmentations
rib-roughened channels. These repeated transverse ribs ingenerally develop in the flow entry regions. This observa-
teract with the side-leakage flows which require a consider- tion agrees with the comparative result illustrated in Fig. 4
able amount of coolant mass flux to facilitate the stream- that the spanwise momentum of side-profile leakage flow
wise agitated flows and also the spanwise bell-shape-likenear the upper corners of rib-roughened channel is weakened
heat transfer variations. Thus there is no apparent spanwisdrom the condition incurred in the likewise smooth-walled
heat transfer variations generated at locations further down-channel. In the channels @f/ B ratios of 13.56 and 21.33,
stream of the second rib where the streamwise agitating heathe Nusselt number ratioblu/Nusy, shown in Fig. 6, grad-
transfer variations start to be diminished. Consistent with the ually reduce from unity to the values about 0.8 when the
results found in the smooth-walled test channel, the span-flow transverses about four pairs of ribs. However, in the
wise distributions of Nusselt numbers rather flat in the fur- short channe{L/B = 5.89), the effective region where the
ther downstream locations where the spanwise bell-shape-considerable heat transfer augmentations develop could only
like heat transfer variations diminish. Moreover, as surface proceed onto the second rib location. Beyond this region the
ribs could be treated as the interior obstacles to weaken theNusselt number ratiof\lu/Nusw, could be reduced to lev-
downstream flow momentum, the hot plenum trapped over els of less than unity. The locally impeding heat-transfer ef-
the bottom sealed surface could be more stagnant-like in thefects in the further downstream due to these surface ribs are
rib-roughened channels in comparison with the flow condi- demonstrated as a result of considerably weakened stream-
tions developed in smooth-walled channels. wise momentum. With the lesser amount of flow momen-
The streamwise and spanwise heat transfer variationstum to agitate the enhancement of vorticity and/or turbu-
depicted in Fig. 5 are typical for the test results obtained lence intensity, these surface ribs in the impeding heat trans-
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Fig. 6. Distributions of Nusselt number ratiu/Nusy, over rib-roughened surfaces.

fer regions are alternately treated as the repeated obstacles t8.3. Heat transfer correlation
weaken the streamwise flow momentum. This particular heat S _
transfer phenomenon could provide a profound influence on ~ The heat transfer results typified in Figs. 4 and 5 mainly

determining the optimal./ B ratio for the rib-roughened fin reflect the impact of surface rips_ and side?profile _Ieakage
channel. As an overall indication of the effectiveness of the flows on local heat transfers. This is for conditions with vari-

. . ousL/B ratios and Reynolds numbers through mechanisms
present surface ribs on heat transfer augmentation, the re- "~ /. : . : X

. f th . f d dis il qi which involve the interaction of mainstream mass flux with
V'_eW of t .e entire sets of data procegse IS u§trate n side-profile leakage flow, local fluid mixing of side leakage
Fig. 6. This shows that the augmentation of spatially aver- ith cold ambient along the open boundaries, and associ-
aged heat transfers provided by the present surface ribs aryted rib flow phenomena. As these mechanisms are inter-
in the range of 140-200% of the smooth-walled channel lev- related withL /B ratio andRe, the inter-correlation caused

els. by the couplingL/B-Re effects are expected prior to de-
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Fig. 6. Continued.

riving the heat transfer correlation. For engineering applica- tios of 5.89, 13.56 and 21.33 are compared in Fig. 7. This is
tions, it is essential to evaluate the convective capabilities done to illustrate the variations of spatially averaged Nusselt
over each rib-roughened fin surface with various flow condi- numberNu, with the Reynolds number. It is clearly demon-
tions in order to determine the cooling duty of a fan-fin as- strated in Fig. 7 that the spatially averaged Nusselt number,
sembly. Therefore the local Nusselt numbers over each rib-Nu, steadily increases with the increase of Reynolds num-
roughened fin surface generated with allffeeL / B options ber for all the channels tested. An asymptotic constraint of
are spatially averaged to acquire the spatially averaged Nus-zero-forced convective capability wh&e approaches zero
selt number datalu, for further data analysis aimed at dis- indicates a boundary condition for the equation applied to
closing its regressive-type equation. In the quest to identify correlate the data trends revealed in Fig. 7. Justified by all
the L/ B ratio effect on the spatially averaged heat transfer; the versions of data trends revealed in Fig. 7 and consider-
three sets of data generated from test channels Lyith ra- ing the physical constraints whed®e approaches zero, the
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The variations of coefficientd andn could be, respectively,
treated as an indication of the interactive influences of rib-
15 induced flow and side leakages and the convective inertial
force effects on heat transfer. It is interesting to note that
the correlated value of exponent decreases from 0.7765
5 when theL /B ratio increases. The limiting value afexpo-

‘ nent (0.7765) at zerd /B ratio found in Eqg. (3) is in close

0 500 1000 1500 2000 2500 3000 3500 agreement with the well-established 0.8 value derived as the
exponent of Reynolds number in the Nusselt number corre-
lation for fully developed smooth-walled ducted flows [21].
Fig. 7. Variations of spatially averaged Nusselt number with Reynolds The physical implication in this regard is that the asymptotic

20

Reynolds number (Re)

number. solution of Eq. (3) atL/B = 0 reflects the heat transfer per-
formance at the immediate exit of the flow calming section.
0.8 This, in turn, typifies the scenarios of ducted flow with rec-
 Afunction tangular sectioned shape. When thB ratio increases, the

M n function

exponent n decreases correspondingly. This result physically
indicates the weakened forced convective inertial effects on
heat transfer due to the increased side-profile leakages. Cor-
04 | responding with the decreasing trend of expongerthe A
functional values increase with the increadge@ ratio. It is
revealed in Fig. 8 that the correlating curve of the quadratic
02 1 function with anL/B ratio as the dependent variable pro-
vides satisfactory agreement at all data points. The net result
0 , , , , generated in this phase of data analysis is an empirical cor-
0 5 10 15 20 25 relation of Eq. (3). This permits the evaluation of influences
L/B ratio of individual and compound / B andRe effects on spatially
averaged heat transfer over the fin surface roughened by re-
peated transverse ribs in a channel with side openings and
bottom sealed end. The overall success of this correlation is
data trends shown in Fig. 7 are correlated by the equationindicated in Fig. 9, where all the experimental data are com-

06

A and n functions

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

of pared with the correlative prediction provided by Eqg. (3).
. L ; As revealed in Fig. 9, the spatially averaged Nusselt num-
Nu = A{E} x Re!'5! (2) bers fall in the range of 5-34.8 with three distinguishable

data clusters generated by differdntB ratios. The max-
where theA andn functions are the numerically determined

curve-fitting coefficients. Because the overall convective ca- 4 — —-
pability over each fin surface involves the mutually interac- 35 | AUB=2133 PR
tive ReandL/ B effects, the coefficient andn are expected & | 577 /,/'/ =
to be functions of thd./B ratio. Fig. 8 plots the variations |§ L /// .-
of A andn functions when the./B ratio increases for rib- 3 al /,/’—'5 Pl
roughened test channels. As depicted in Figt &ndn func- S 20t /_/’-/ Pt
tional values respectively follow the monotonically increas- § 15 P /A/-/'//
ing and decreasing tendencies with an incredsgsl ratio. g 0 2“‘9
The solid line that connects each data trend revealed in Fig. 83 /,/ﬂ-‘
is the fitted curve, using quadratic function withy B ratio o1 ,_z’*—‘
as the dependent variable. The net result of the data analysis o <

0 5 10 15 20 25 30 35 40

is an empirical heat transfer Eq. (3) that evaluates the spa-
tially averaged Nusselt numbeXy, over the rib-roughened

fin surface for a given set df/ B andRevalues in the ranges  Fig. 9. Comparison of correlation predictions of spatially averaged Nusselt
of 5.89-21.33 and 500—-3300, respectively. number with experimental results.

Experimental measurements (Nu)
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. . . — L 400
imum discrepancy of=20% between the experimental and Mexg O Res00

correlating results is achieved for 98% of the entire data gen-
erated.

Although it has been revealed that the decrease of channel
length-to-gap ratio could generally improve the spatially
averaged heat transfer over the flat fin surface, the cooling

200

area (fin surface) is also accordingly reduced. The optimal 100

selection of anL/B ratio for an opened fin channel fitted

with transverse ribs offers the maximum convective heat flux °

from the fin surface. Consideration of improved spatially ° ® 4 e 8 10 42 44 18 48 20 22
averaged Nusselt numbers together with the reduced cooling Channel length-to-gap ratio (L/B)

area when thd./B ratio decreases are essential. Note, as Fig. 10. Variations ofd x
the width-to-gap ratio of three test channels is fixed by the
present study, the surface area of each finned channel is the 30
function of L/ B ratio. In the attempt to disclose the optimal

value of theL /B ratio for a forced convective rib-roughened

fin assembly that generates the maximum convective qux% 20 | \A\

from a fin surface, each spatially averaged Nusselt numbera - —h—aA
data, Nu, is multiplied with theL/B ratio at a particular
Reynolds number tested. As the present test configuration-‘??L 10 L
fixed the width-to-gap ratio of test channel, the combined ©
dimensionless heat transfer data in termblof« % features

the overall convective heat flux transferred by the coolant , . , , , .
flow over the rib-roughened fin surface. The variation in 0 500 1000 1500 2000 2500 3000 3500
overall heat convection capability in terms i x % with

L/B ratio at each predefined Reynolds number examined
are illustrated in Fig. 10. Note that the asymptotic scenarios Fig. 11. Variation of optimalZ/B ratio with Reynolds number for

for zero fin length(L = 0) are reduced to the heat transfer fib-roughened channel.

solutions of impinging slot jets onto flat surface with finite

values of convection coefficient in terms Nfl. However, ratio on Reynolds number for the rib-roughened fin surface.
there is no fin effect in this case so that the valudlofx % A moderate decrease of optima) B ratio with increased
has to be zero when the fin-length diminishes to zero. As Reynolds number is demonstrated in Fig. 11. Based on the
depicted in Fig. 10 for eacRe controlled curve, the peak results demonstratedin Fig. 11, the criterion for selecting the
value of Nu x % locates at a specifit./B ratio, which is optimal L/ B ratio of the open-boundary fin channel with fin
defined as the optimal/B ratio. It is clearly shown in  surfaces roughened by transverse ribs is formulated as

Fig. 10 that the optimalL /B ratio varies with Reynolds  ;

number. Nevertheless, justified by the data trends and the;| =17.26+ 1213 x ¢ 0001373<Re (6)
physical constraint of vanishellu x % value whenL/B Optimal value

ratio approaches zero, the data points shown in Fig. 10 areln the Re range of 500-3300, Eg. (6) could be adopted as

% with L /B ratio at fixed Reynolds numbers.

A 90 degree ribs
= Correlation

al L

Reynolds number (Re)

correlated into the general form of a design reference to define the length-to-gap ratio of a fin
L L IN\2 sink for the cooling device of an electronic chipset with
Nu x 3 C{Re} x 3 + D{Re} x (E) (4) intensified integration of electrical circuits.

whereC andD are the correlating coefficients for each data

4. Conclusions
trend typified in Fig. 10 that vary with Reynolds number. The

optimal value ofL/ B ratio that provides the maximum level The detailed heat transfer measurements over three fin
of Nu x % could be obtained based on the usual optimization surfaces roughened by repeated transverse ribs on two oppo-
concept, as follows: site walls in channels with length-to-gap ratios of 5.89, 13.56
3(NU x %) I C{Re) and 21.33, which are opened on the two si_de—profiles and
—z = 0 = i =-2p Rel (5) sealed at the bottom-end, have been determlneq at Reynolds
I(p) Optimal value { numbers of 500, 1000, 2000, 3000 and 3300. This attempted

As the correlating coefficient€ and D are functions to generate the heat transfer correlations and to devise a
of Reynolds number, the optimdl/B ratio that permits design criterion for selecting the optimal length-to-gap ra-
the maximum convective heat flux transferred by coolant tio of a fin sink for cooling device of electronic packaging.
flow for a rib-roughened fin assembly is Reynolds humber The Reynolds humber and channel height-to-gap ratio have
dependent. Fig. 11 reveals the dependency of optinia demonstrated their impact on the local and spatially aver-



200 SW. Chang et al. / International Journal of Thermal Sciences 43 (2004) 185-200

aged heat transfers. These were due to their interacting in-Chih Chung, toward the data collection and analysis are
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