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Abstract

This experimental study performs the detailed heat transfer measurements over a skewed-rib roughened surface in a rectangular narro
channel with two equal-area flow entrances located on two adjacent edges of a channel-corner. This flow configuration allows for increasing
the coolant-flow fed into the narrow channel without increasing the height of assembly in order to enhance the capacity of cooling duty for
electronic chipsets. At a specified total coolant mass flow rate, four test scenarios, namely the single-blow from the side or upper entrance
and the twin-blow with the coolant mass flow ratio of 1:1 or 2:1 between the side and upper blows are performed. A selection of full-field
heat transfer distributions over the rib-roughened surface illustrates the manner by which the flow entry condition and the Reynolds number
affect the local and spatially averaged heat transfers. With fixed total coolant consumptions, the twin-blow with the coolant mass flow ratio of
2:1 between the side and upper blows elevates the spatially averaged heat transfers to the levels of 150-180% of the single-blow reference:
A regression-type analysis is subsequently performed to develop the correlation of spatially-averaged Nusselt numbers over rib-roughenec
surface, which permits the effect of Reynolds number on heat transfer to be determined for four test scenarios.

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction with the channel width-to-height ratios in the range of 6—
10 are relatively rare although this flow configuration fea-
Heat transfer in a rib-roughened channel has been a longtures the typical cooling passage in a plate-type heat ex-
term research subject for a variety of industrial applications changer [11]. As the past research efforts focused on the
such as turbine blade cooling, enhanced fin assembly andchannels with width-to-height ratios of about 2-0.25, the
heat exchanger. Theses rib-roughened channels take varyrib-effects were mostly identified on near wall flow struc-
ing cross-sectional shapes with a wide range of rib geome-tures. These identified mechanisms associated with surface
tries typical of rib-angle 38-9C°, rib-height 0.0625-0.15 of  ribs which attribute to heat transfer augmentation involve the
channel-hydraulic-diameter and rib-pitch 8-30 of rib-height periodically broken boundary layers, the promotions of near-
that are formulated as continuous, broken and V shaped withyya|| turbulence intensity and near-wall mixing and/or the
inline, staggered and criss-cross arrangements [1-11]. Th&iph.induced cross-stream secondary flows [1-11]. The im-
studies of heat transfer in a rib-roughened narrow Chan”elplementation of rib-roughened channels for cooling of elec-
tronic chipsets with intensified circuit densities irNate-
* Corresponding author. Tel.: +886 7 6126256; fax: +886 75712219, D00k PCis strictly confined by the available machine height.
E-mail address: swchang@mail.nkimt.edu.tw (S.W. Chang). A thin-wide ribbed channel becomes a remained option that
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Nomenclature

A, n correlative coefficients Re, Reynolds number based on side-blow mass flgw

B channelgap.............ooiiiiiiit m rate

d hydraulic diameter of test channel.......... m Re, Reynolds number based on upper-blow mass

e ribheight........ ... m flow rate

H length of testchannel ..................... m T, local wall temperature at rib-roughened heating

ky  thermal conductivity of coolant.. Wh~t.K~1 SUMACE . ..ottt K

l ribland......... ... m Tf reference fluid temperature ................ K

1 total coolant mass flow rate ........... &gt W width of testchannel...................... m

Nu local Nusselt nbjmber over rib-roughened fin X,y coordinates in streamwise and spanwise
surface~= =7 direCtions. . ...t m

Nu,  spatially averaged Nusselt number over X,Y  dimensionless streamwise and spanwise
r!g—rgu%hened surface coordinatesX/d, y/d)
ribpitch. ... m

q con?/ective heatflux ................. W2 Greek symbols

Re Reynolds number based on total mass flow rate, o attack angle of skewedrib............. degree
= % w dynamic viscosity of coolant .. ... kg lm1

results in the large channel width-to-height ratio. When the width-to-height ratios in the range of 6—10 for present appli-
two opposite rib-roughened walls are very close, the con- cation, the flow structures and heat transfer characteristics
siderable and asymmetrical shear strains, induced by thein a twin-blow narrow channel are considerably modified
staggered surface ribs, attribute to vorticity generation that from the conventional single-blow scenarios. Although the
could lead to large-scale and dynamic vortical flow struc- heat transfer enhancement using surface ribs has been a sub-
tures. These time-varied vortical flow motions significantly ject of much fundamental research over the last two decades
affect the main flow structures in the narrow channel, cre- [1-11], no previously published work is available for the rib-
ating a vortex-drafting like behavior and enhanced local roughened channel with twin blow entrances. In this respect,
vorticity for further heat transfer augmentation [12]. Also af- the absence of research efforts and the need for electronic
fected by the limited height available in a notebook PC is the cooling in a notebook PC have motivated the present study.
prohibition of increased pumping-power for cooling by em-

ploying a large fan-assembly. To cope with these engineering

specifications and the ever mounting cooling duty required 2. Experimental details

for an electronic chipset, especially a CPU, the design con-

cept of a rib-roughened narrow channel with twin-blow en- 2.1. Apparatus

trances that enables the increase of coolant flow by fitting

two thinner fans at two entrances is formulated as shown in ~ The experimental apparatus is shown in Fig. 2. The test
Fig. 1. The coolant is pressurized in two separated fans andfluid, pressurized air, was directed into a rib-roughened nar-
fed into the rib-roughened narrow channel from the upper row channel (1) from its upper and/or side entrances through
and side entrances. In addition to the required large channelftwo 350 mm long, smooth-walled, flow-calming sections (2)

Uppexr-blow fan

Rib-roughened narrow

Fig. 1. Cooling assembly of twin-blow rib-roughened narrow channel.
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(1) Rib-roughened test channel

(2) Vertical flow calming section

(3) Horizontal flow calming section

(4) L-sectioned copper bar

(5) L-sectioned Tefnol bar

(6) Rib-roughened Tefnol plate

(7) HEC TH3101-MRinrrared radiometer

Fig. 2. Experimental apparatus.

and (3) of identical crossed section with test channel (1). Di- One of these two rib-roughened surfaces was electrically
mensions of test channel were 100 mm200 mmx 10 mm heated and produced by forging a continuous 0.1 mm thick
which gives a channel aspect ratio of 10 and the hydraulic stainless-steel foil into the geometry specified in terms of
diameter of 18.18 mm. Two flow calming sections were con- five non-dimensional groups defined in Fig. 2 of:
structed by Teflon plates that respectively connected to the
upper and side entry-edges of the test sectiok -fype ther- o Rib attack angléa) = 45°;
mocouple penetrated into each of these two calming sections e Rib height/channel gap rati@/B) = 1 mm/10 mm=
adjacent to the entrance of test channel that measures the 0.1;
coolant entry temperature. The flow entry temperature was e Rib pitch/rib height ratiq P /e) = 8 mny/1 mm=8;
treated as the fluid reference temperature to define the fluid e Rib land/rib height ratiq//e) =1 mm/1 mm=1.
properties at the flow entrance, such as the specific heat, ther-
mal conductivity and viscosity of coolant, for the evaluation As there is heat conduction in the heated wall, it is in-
of Reynolds and Prandtl numbers at each flow entrance. Atevitable to encounter wall-conduction effect which affects
the exit-end of rib-roughened channel, three tpthermo- the spatial distributions of heat flux and wall temperature.
couples, positioned with equal spanwise interval, penetratedinstead of the uniform heat flux generated by the electricity
into the core of exit guiding section to measure the flow exit fed through the stainless steel foil, certain degree of non-
temperature. The flow exit temperature was used to check foruniformity in heat flux distribution could be attributed by
the accuracy of energy accountancy based on the enthalpythe wall conduction effect. Also the wall conduction could
balance method. Also the flow temperature at the exit plane smooth out the wall temperature distributions among the rib-
of test section was calculated based on the net convectivebing region. The heat transfer coefficients were consequently
heat flux and total coolant mass flow rate, which value was smoothed by wall-conduction. Therefore, it is attempted to
constantly checked with the experimental measurement tominimize the wall conduction effect by using the 0.1 mm
assure the difference was limited less than 10%. heating foil. In addition, the perfect uniform heat flux con-
The repeated full skewed ribs were arranged in a stag- dition is not feasible to be generated due to the external heat
gered manner on two wide opposite walls of test channel. loss, which will be further addressed in the section dealing
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with the program and data reduction. As indicated in Fig. 2, which involved the controlling variable of Reynolds number
the origin of coordinate system, which involves the stream- evaluated from the total coolant mass flow rate, were subse-
wise (X) and spanwis€Y) coordinates, was allocated at quently derived for four flow entry conditions that permit-
the middle span of side entry edge. Tdlesectioned cop-  ted the determination of spatially averaged Nusselt numbers
per bars (4) that connected the electrical terminals with the over rib-roughened surface for design application.

heating foil were secured on two side edges of the stainless- Steady state heat transfer measurements were performed
steel foil to form a complete electrical circuit. The adjustable at each set of predefined Reynolds number. The steady state
high-current DC electrical power was fed directly into the was assumed when the variations of wall temperatures with
heating foil to generate the basically uniform heat-flux heat- several successive scans at the central spot of heating sur-
ing surface. Along the other pair of horizontal edges of test face were less than 0°€. Depending on the heating level
section, two Tefnol-madg-sectioned bars (5) were fitted to  and flow condition, the elapsed time to achieve the steady
secure the heating foil and prevent leakage. The identical rib- state was in the range of 30—45 minutes. Having satisfied the
feature as the stainless-steel heating foil was machined onsteady state assumption, the on-line infrared thermal-image
the Teflon plate (6) opposite to the heating foil and arranged data capture system was activated to record and transfer the
in the staggered manner. Prior to entering each flow calm- full field wall temperatures over the heating surface into the
ing section, the air fed from the IWATA SC 175C screw-type PC. Along with the measured heating power and coolant en-
compressor unit was dehumidified and cooled to the ambienttry temperature7s, the local Nusselt number distributions
temperature through a refrigerating unit. The dry and cooled over the heating surface at the prescribed Reynolds number
airflow directed toward each of the two flow entrances was and entry condition were subsequently evaluated. The dif-
channeled through a set of pressure regulator and filter withferences off s values between the upper and side entrances
the mass flow rate to be metered and adjusted by the Tokyofor all the twin-blow test conditions examined were found
Keiso TF-1120 mass flow meter and the needle valve re- less than 0.8% of s value tested. Note, in order to compare
spectively. A digital-display pressure transducer measuredthe relative heat transfer performances between the results
the pressure level of coolant flow in each flow calming sec- acquired from four different blow entry scenarios, the eval-
tion. The wall temperatures over the heating surface were uation of Reynolds nhumber was based on the total coolant
imaged by a calibrated two-dimensional NEC TH3101-MR mass flow rate and the hydraulic diameter of test channel.
infrared radiometer (7). This thermal image processing sys- The various heat fluxes fed into the heating foil could also af-
tem could complete a full-field of 239 255 matrix scanin  fect the Reynolds number even if the total amount of coolant
0.3 seconds. The back surface of heating foil was painted mass flow rate remained invariant due to the thermal impact
black in order to minimize the background reflection and to on fluids properties. Therefore, by adequately adjusting the

increase the emission. coolant mass flow rate to compensate the varied fluid proper-
ties, the maximum variation in Reynolds number at the entry
2.2. Program and data processing plane(s) of test channel was controlled witti% for each

targeting value.

Heat transfer tests over the rib-roughened surface withthe  The local Nusselt numbeNu, are evaluated using the
single-blow from side entrance were initially performed as equation of
the baseline study. The test results acquired from the second qd
phase using single-blow from upper entrance against whichNu= ——— Q)
the baseline results were compared to unravel the impacts ky(Tw =Ty)
of flow entry condition on heat transfer. The third phase of in which the convective heat fluy, was obtained by sub-
program examined the heat transfer scenarios of twin blowstracting the external heat loss from the electrical dissipation
with the coolant mass flow ratios of 1:1 and 2:1 between measured over the heating surface. It is worth noting that
the side and upper blows. With the coolant to be fed from the heating surface adopted for heat-flux evaluation included
the side and/or upper entrances, the rate of coolant masswo side profiles of each skewed rib. The characteristics
flow into each entrance was used to defRe and Re,, of external heat loss at different heating levels were deter-
which respectively quoted for the Reynolds numbers of side mined by a number of heat loss calibration runs. Each set of
and upper entrances. A number of Reynolds numbers fromcalibration test runs was performed with the flow blocked
500-6000 based on the total coolant mass flow rates in theoff. The fiberglass thermal insulating material was filled
range of 0.000506—0.00564 kg* was tested for each blow in the flow passage. The heat supplied to the heating foil
condition. This selected Reynolds-number range covered thewas entirely lost so that the supplied heating power was
laminar and turbulent flows. The detailed heat transfer distri- balanced with the external heat loss at the corresponding
butions over the rib-roughened surface at various Reynoldssteady-state temperature distribution. Due to the uniformi-
numbers with conditions of single and twin blows were ties of the heat flux over heating surface and the thermal
examined. The manner by which the flow entry condition insulation inside test channel, the wall temperatures over the
and Reynolds number affected the local and spatially aver- scanning area were found to distribute uniformly over the
aged heat transfers was analyzed. Heat transfer correlationsheating surface for each heat loss calibration run. A review
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of the temperature data collected from the entire calibration over rib-roughened surface and the correspondNogro-
test runs showed the less than 2.98% of non-uniformity in files alongX andY axes for four entry conditions of single
the wall temperature distributions. The plot of heat-loss flux side-blow, single upper-blow and twin-blows B& = Re,
against the corresponding steady wall-to-ambient tempera-and Re; = 2Re,. Heat transfer results obtained with single
ture difference revealed a linear-like functional relationship, side-blow shown in Figs. 3-a, 3-b and 3-c mostly reconfirm
which correlated the heat loss flux with the local wall-to- the typical skewed-rib effects on channel-flow heat trans-
ambient temperature difference. As the flow field inside the fer [2,3]. These repeated skewed ribs augment heat transfers
rib-roughened channel generates spatial heat transfer variato the levels about 2—3 times of Dittus—Boelter value [14].
tions, the local wall temperatures varied spatially. Therefore As shown in Fig. 3-a, the spatial heat transfer distributions
the external heat loss remained as a spatial function that re4involve the streamwise “saw-tooth” pattern and the spanwise
sulted in the non-uniformity of heat loss distribution and variation with the higher heat transfer rates developed along
has yielded the perfect uniformity of convective heat flux the upper portion of test channel as a result of the angled-
over the rib-roughened surface. Having determined the lo- rib induced swirling flow in the skewed direction of surface
cal convective heat flux, the local Nusselt numibér, was ribs. In Fig. 3-b where three streamwise heat transfer varia-
subsequently defined using Eq. (1) with the thermal conduc- tions at spanwise locations of 1.25, 0 (centerline) aid?5
tivity of coolant evaluated from the reference fluid tempera- are compared, three distinct heat transfer regimes, namely
ture, Tr. For each heat transfer test run, heater powers werethe entry, repeated-flow and exit regimes, respectively cover
adjusted to raise the central-spot wall temperatures to thethe regions of about3 X >0, 7> X <3 and 10> X > 7.
levels of 323, 333, 343, 353 and 363 K. This attempt was In the entry regime, the boundary-layer type developing flow
aimed at varying the buoyancy level and identified the degreeis observed that shows the gradual streamwise heat transfer
of buoyancy impact on heat transfer. Within the present para- decay from the immediate entry level toward the “repeated
metric ranges tested, the variations of buoyancy level could flow” value. In this entry regime, the streamwise saw-tooth
only produce the maximum heat transfer variations of about heat transfer variations remain vague and the Nusselt num-
+3.8% so that the buoyancy interaction on heat transfer wasber curves along’ = 1.25, 0, and—1.25 axes tend to con-
treated as negligible for present study. Also worth noting that verge. The rib-associated flows along with boundary layers
the measured temperature contours from the back side ofin the entry regime are under development. In the repeated-
stainless steel foil were slightly higher than those at the fluid- flow regime, heat transfers systematically decay from the
wall interface. The one-dimensional Fourier conduction law upper-edge to the bottom-edge levels along each skewed rib.
was applied to correct the wall temperature measurementsAccompanying with such rib-wise heat transfer variation is
from the back-side of foil into the fluid-wall interface with  the repeatedly streamwise saw-tooth variations with the lo-
the local heat flux evaluated as local convective heat flux, cal peak developed at the top surface of each rib. In the exit
The experimental repeatability of temperature measure- regime, although the streamwise saw-tooth pattern is still ap-
ment using NEC TH3101-MR infrared radiometer was car- preciable, the systematic rib-wise heat transfer variations are
ried out prior to the baseline experiments. The maximum disturbed due to the exit effect. The spanwise heat trans-
variations of wall temperature measurements compared tofer variations in the entry, repeated-flow and exit regimes
the thermocouple measurements acquired from Fluke Net-are respectively typified in Fig. 3-c by showing the Nusselt
Daq data logger with the test conditions to repeatedly reachnumber variations along axis at three streamwise spots
the same steady states were in the range:0f7°C. By of 1, 5, and 9X. The systematically spanwise heat trans-
treating the maximum uncertainty of temperature measure-fer decays from the highest levels along the upper-edge of
ment ast0.7°C, which was the major source to attribute the heating foil ¢ = 2.5) toward its bottom edgeY(= —2.5)
uncertainties of coolant’s thermal conductivity, fluid density are consistently found at the streamwise spots of 1 akid 5
and viscosity, the maximum uncertainty associated with the Along the span ofX = 9 that falls in the exit regime, a
local Nusselt and Reynolds numbers were estimated to bespanwise heat transfer decay also initiates from the upper
16.7 and 6.6%, respectively using the policy of ASME onre- edge onto the centerline across which the moderate span-
porting the uncertainties in experimental measurements andwise heat transfer recovery develops toward the bottom edge.
results [13]. It is worth noting that most of the skewed ribs in the entry
and exit regimes are not in the complete lengths so that the
heat transfer characteristics developed in the repeated-flow

3. Resultsand discussion regime gradually vanish when the flow travels further down-
stream in the exit regime. Due to the incomplete skewed ribs
3.1. General observations that streamwisely weaken the rib-effects in the exit regime;

the strength of swirling flows developed in the repeated-flow

The heat transfer characteristics of rib-roughened testregime is weakened. The skewed-ribs induced vortex struc-
channel with four entry conditions are illustrated and com- tures in the exit regime undergo a streamwise modificationin
pared using the results obtained at Reynolds number of 4000the manner of generating the recirculation-type corner flows
Fig. 3 shows the distributions of Nusselt number contours at the upper-left region as indicated by the close looped Nus-
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(3-a) Nusselt number contours for side blow
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Fig. 3. Distributions of Nusselt number contour over rib-roughened narrow channel at Reynolds number of 4000. (—— Dittus—Boelter correlation level
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(3-g) Nusselt number contours for twin bow Direction of flow
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selt number contours shown in Fig. 3-a. Nevertheless, for all breaking the upper-entry induced vortex structures by in-
the three curves collected in Fig. 3-c, the most significant troducing a side-blow stream is implemented with the aim
heat transfer decays in the spanwise direction are consisfor further heat transfer augmentation. Figs. 3-g—i and 3-j—
tently found in the region of about8< Y < 2.5. depict the heat transfer results obtained with twin blows
Figs. 3-d, 3-e and 3-f unravel the typical heat transfer re- at conditions ofRe; = Re, and Re; = 2Re,. A compar-
sults found for the single upper-blow entry condition. As ison of the corresponding plots for test results shown in
shown in Fig. 3-d, the upper blow entry-effect produces a Figs. 3-g—i and 3-j—-| obtained at conditionsRd; = Re, and
high heat transfer region adjacent to the upper-right entry- Re; = 2Re, reveals a considerable amount of similarities in
edge. A major and a minor flow re-circulation zones are the qualitative sense. The manners of heat transfer distri-
identified via two closed-looped concave heat transfer sur- bution over the rib-roughened surface for both twin-blow
faces that respectively develop on the upper-left corner andconditions are similar. But the heat transfer levels in the case
adjacent to the sealed right-side edge. These two close-of Re; = Re, are considerably lower than the counterparts
looped vortices are induced by the turning movement of found with Re; = 2Re,. When the vertical and horizontal
main bulk stream from the upper-right entrance toward the flow momentums are equal in magnitude for the case of
left-side exit. The typical rib-induced swirling flow found Re; = Re,, the momentum components normal to the rib
in the single side-blow scenarios, which washes the heateddirection from the side and upper blows cancel out so that
wall in the direction along the skewed ribs, is considerably the heat transfer levels in the caseRef = Re, are reduced
modified by feeding the coolant stream from the upper- from the scenario oRe; = 2Re,. However, as shown in
right entrance aimed at the left-end exit. It is noted in Figs. 3-g Re; = Re,) and 3-j Re; = 2Re,), the upper-blow
Fig. 3-d that the concave heat transfer surfaces over theseentry regime found in Fig. 3-d is considerably skewed and
two recirculation zones are rather “flat” relative to the “saw- extended due to the addition of flow momentums from the
toothed” regime found in the central core. The convention- side and upper blows. This skewed high heat transfer entry
ally spatial heat transfer variations reported previously in region, initiated from the upper-right entry edge, occupies
the single side-blow channel [1-11] are replaced by the most of the upper portions over the rib-roughened surface.
vortex-type characteristics in the recirculation regions (see The momentums in side and upper blows, accompanied with
Fig. 3-d). As a result, three distinct heat transfer regimes the extended and skewed upper-entry region, provide syn-
could be identified in Fig. 3-e as the minor vortex regime ergistic impact on the “major” vortex-structure developed
(0 < X < 2.5), rib-effective regime (5 < X < 5.5) and ma- at the upper-left corner in the single upper-blow channel.
jor vortex regime (% < X < 10). A comparison of the re-  The distributions of heat transfer contour over the channel’s
sults depicted in Figs. 3-b and 3-e shows that most of the upper-left corner shown in Figs. 3-g and 3-j involve the small
streamwise heat transfer levels aloFig= —1.25 axis are closed-looped region with appreciable rib-wise heat transfer
elevated from the single side-blow references, which phe- reduction from upper to bottom channel-edges where the
nomenon almost prevails over the entire lower portion of streamwise saw-tooth variations are present. The major vor-
test channel. This regard is treated as a beneficial remarktex structure formulated in the single upper-blow channel
of using upper-blow in view of the heat transfer augmen- is considerably shrunk and broken-down by introducing the
tation in angled-ribbed channel. The saw-tooth streamwise side-blow for both twin-blow conditions. The streamwise
heat transfer variations are only observed in Fig. 3-e where heat transfer variations along 1.25, 0 and.25Y axes in
25 < X < 5.5. The local heat transfers drop considerably these two twin-blow channels with conditionské; = Re,
when the fluids trap in the major and minor vortices, which andRe; = 2Re, are respectively shown in Figs. 3-h and 3-k.
could impede heat transfers to the levels close to the Dittus—The clear saw-tooth variation pattern, despite in the entry
Boelter value as compared in Figs. 3-e and 3-f. In this regard, regime of side-blow entrance that is specified in the range
the single side-blow condition could avoid the development about 0< X < 2.5, emerges for both twin-blow conditions.
of large-scale recirculation zones and the additional pump- Unlike the results found in the single side-blow channel
ing power required to drive the turning motion of main bulk shown in Fig. 3-b, heat transfers along the streamwise axis
stream. The considerable amount of heat transfer improve-of ¥ = 1.25 diverge from the two converged curves along
ment in the flow entry region is also demonstrated in Fig. 3-f ¥ = 0 and—1.25 axes in the side-blow entry regime among
in the spanwise region of abouBl< Y < 2.5 alongthe axes  where the saw-tooth patterns are not appreciable due to the
of X=1andb5. developing nature of rib-associated flows. The complex flow
Justified by the heat transfer results collected in interactions between the side and upper blows, intervened by
Figs. 3-d—f, the drawback and merit of single upper-blow en- the skewed ribs, take place at the upper-right corner, which
try condition are respectively the generation of re-circulating considerably enhance the entry-regime heat transfers. Heat
vortices and the relative heat transfer improvements from transfers over the upper portion of channel, as typified by
baseline study over the lower portion of test channel. Despite the data indicated along = 1.25 axis, are considerably am-
the fact that twin blows could offer the increased coolant plified with the peak values developed among the central
mass flow by providing two flow entrances without the in- streamwise span for the caseRd; = 2Re, (see Fig. 3-K).
crease of total height of cooling assembly, the strategy of The weak heat transfer region in the lower-right corner of
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single side-blow channel as shown in Fig. 3-d diminishes as could enhance the vorticity by introducing asymmetrical
a result of side-blow; that is replaced by a flow entry regime shear strains in the narrow channel, has demonstrated its en-
with a bandwidth of about 2.5 hydraulic diameters (see hancing impact on local heat transfers. The above described
Figs. 3-g and 3-j). In the region of § X < 10, the stream-  heat transfer characteristics identified from the channels with
wise heat transfer distributions depicted in Figs. 3-g and 3-j single side and upper blows and with two twin blows are typ-
completely yield the single upper-blow scenarios but recover ical for all the test results but the degrees of entry impacts
to the profiles found in single side-blow channel as revealed on heat transfer vary with Reynolds number.

in Fig. 3-a. The spanwise heat transfer variations along the

X =1 and 5 axes and along thle= 9 axis shown in Figs. 3-i  3.2. Reynolds number impacts

and 3-l respectively recast the patterns obtained with the en-

try conditions of single side-blow and single upper-blow.  The heat transfer results typified in Fig. 3 unravel the
A cross examination of the heat transfer data acquired alongimpact of flow entry condition on local heat transfers in
the axis ofX = 9 between Figs. 3-j and 3-f demonstrates the a rib-roughened narrow channel. Due to the various flow
considerable heat transfer elevation over the major vortex re-fields generated in the channel, the impact of total Reynolds
gion in the twin-blow channel dre; = 2Re,. Thus the vor- number on overall heat transfers varies with flow entry con-
tex break-down triggered by the side-blow with non-equal dition. Figs. 4, 5, 6 and 7, respectively, collect the heat
flow momentums between upper and side blows, which transfer results obtained at total Reynolds numbers of 500,
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02
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Fig. 4. Distributions of Nusselt number contour over rib-roughened narrow channel for side-blow entry at Reynolds numbers of 500, 1000, 200@0,3000, 4
5000 and 6000.
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Fig. 5. Distributions of Nusselt number contour over rib-roughened narrow channel for upper-blow entry at Reynolds numbers of 500, 1000, 2611),3000,
5000 and 6000.

1000, 2000, 3000, 4000, 5000 and 6000 with single-side heat transfer variations. With Reynolds numbers less than
and single-upper blows and for two twin-blow conditions 3000 as shown in Figs. 4-a, 4-b and 4-c, the streamwise
of Re; = Re, and Re; = 2Re,. As a reference scenario, saw-tooth patterns are not yet clearly emerged on the heat
the Nusselt number distributions over rib-roughened surface transfer surfaces but the rib-induced swirls have already pro-
with single side-blow depicted in Fig. 4 mostly recast the vided appreciable impact on heat transfer by inducing the
typical heat transfer results found in a rectangular channel evident rib-wise heat transfer variations. Following the sys-
fitted with skewed surface ribs [9]. Rib-wise heat transfer tematic increase of Reynolds number from 500 to 6000, the
decay from the upper edge toward the bottom edge of rec-high-heat-transfer region gradually shifts from the side en-
tangular channel prevails over the rib-roughened surface,trance at Reynolds number of 500 toward the upper-middle
which is accompanied with the streamwise saw-tooth varia- region when the Reynolds number reaches 6000. With con-
tion pattern with local heat transfer peak developing on each ditions of Re > 3000, the spatial region where the Nusselt
top-face of rib. The increase of Reynolds number from 500 number levels exceed the entrance values has already devel-
to 6000 enhances the rib-associated effects on heat transeped at the upper-middle region of the rectangular channel.
fer by triggering the more clearly rib-wise and streamwise Referring to the previous statements illustrating Fig. 3-a,
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Fig. 6. Distributions of Nusselt number contour over rib-roughened narrow channel for twin-blow erRey ef Re, at Reynolds numbers of 500, 1000,
2000, 3000, 4000, 5000 and 6000.

the area subject to the profound rib-impact is located at ing motion of main stream induces two concave heat transfer
the middle region of the rectangular channel due to the in- surfaces at the upper corner of flow exit and at the location
complete rib lengths in the exit region and the developing adjacent to the sealed side edge. Along the bottom edge upon
nature of rib-flows adjacent to the flow entrance. There- where the coolant stream impinges as unraveled in Fig. 5-a,
fore the trend of spatial heat transfer variation depicted a horizontal narrow band with high heat transfer rates de-
from Figs. 4-a to 4-g reflects the enhancing rib-impact on velops so that the typical rib-wise heat transfer variations
heat transfer due to the increased Reynolds number. Thefound in the single-side-blow channel vanish. A systematic
spatially averaged Nusselt numbeldy,, correspondingly  increase of Reynolds number from 500 to 3000 incurs a cor-
increase when the Reynolds number increases systematiresponding shrinkage for the concave heat transfer surface
cally. along the sealed side-edge; while the bandwidth of high heat
When the coolant is fed from the upper entrance at transfer region along the bottom channel-edge gradually ex-
Reynolds number of 500 as shown in Fig. 5-a, the @n- tends toward the interior of rib-roughened channel. Further



SW. Chang et al. / International Journal of Thermal Sciences 44 (2005) 694-708 705

(7-a) Re=500 (7-e) Re=4000

Upper blow (Re , = 166.67)

Upper blow (Re , = 1333.33)
Side blow  (Re , = 2666.67) Direction of flow

Side blow  (Re _ =333.33) Direction of flow
Nua=1016

Direstion
of flow

Y coordinate (y/d)

0 9 8 0 9 8
—— Soid boundary. X coordinate (x/d) — Soldboundary X coordinate (x/d)

(7-b) Re = 1000 (7-f) Re = 5000
gsjze;ll:;w ((l;ee : : 22223)) Direstion of fow Upper blow (Re , = 1666.67)

Side blow  (Re , =3333.33) Direction of flow

5 8
SDirection = Direction
£ of flow,

10 9 8 9 8
== Sold boundary X coordinate (xid) — Soldboundeny X coordinate ()

(7-c) Re = 2000 (7-g) Re = 6000
Upper blow (Re , = 666.67) Upper blow (Re , = 2000)

Side blow  (Re , = 1333.33) Dresten affow Side blow  (Re , = 4000) Direction offlow

Direction
of flow
-

inate (y/d)

¥ coordinate (y/d)
29
bed
5
s

¥ coordi

0 9 8 10 9 8
—— Soid boundary. X ooordinate (/) —— Solid boundary

X coordinate (x/d)

(7-d) Re = 3000
Upper blow (Re , = 1000)
Side blow  (Re | =2000) Direction of flow

Flow momentum from upper entrance

irection \
< Flow from side
/ entrance

Conceptual diagram of flow momentum

{yfd)

5

Y coordinate

10 9 8
—— soid boundary

X coordinate (x/d)

Fig. 7. Distributions of Nusselt number contour over rib-roughened narrow channel for twin-blow efRey f2Re, at Reynolds numbers of 500, 1000,
2000, 3000, 4000, 5000 and 6000.

increase of Reynolds number from 3000 to 6000, the locally nel. Within this wide skewed band, the zigzag streamwise
high heat transfer region along the bottom channel-edge dis-heat transfer variations appear with locally high heat trans-
appears and the region of concave Nusselt number surfacder rate on each rib location as shown in Figs. 5-e, 5-f and
at the upper exit corner shrinks. Unlike the results unrav- 5-g. The streamwise saw-tooth heat transfer variations are
eled in Figs. 4-e, 4-f and 4-g for side-blow channel, the heat vaguely present in both upper-left and lower-right corner
transfer surfaces among the lower corner of sealed side-edgeegions where the re-circulating flows prevail. THewise
gradually smooth out without the appearance of streamwisespan of the recirculation area along the upper channel-edge,
zigzags when the Reynolds number increases from 4000 towhich initiates at the spot immediately adjacent to the up-
6000. A strong skewed stream-flow from the upper-right en- per entrance, is not affected by the increased Reynolds
trance is guided by these skewed surface ribs that directsnumber. However, the spatially averaged Nusselt number,
toward the lower exit edge, creating a wide skewed high- Nu,, steadily increases with the increased Reynolds num-
heat-transfer band along the diagonal of rectangular chan-ber.



706 SW. Chang et al. / International Journal of Thermal Sciences 44 (2005) 694708

For the twin-blow scenarios, the increase of total Reyn-  Although the introduction of twin-blow concept could
olds number results in the simultaneous enhancement ofmoderate the heat transfer impediment associated with re-
flow momentums from the side and upper entrances. Fig. 6circulating vortices and triggers a close-looped heat transfer
depicts the systematic heat-transfer variations due to the in-augmenting regime, the cancellation of momentum compo-
crease of total Reynolds number from 500 to 6000 at the nents in the direction normal to the rib unravels heat transfer
condition ofRe; = Re,. For all the Reynolds numbers tested reduction from the single-blow scenarios. This has led to the
as seen in Fig. 6, the re-circulating flow regime persistently development of a twin-blow system with non-equal magni-
remains at the upper-left corner within which the rib-induced tude between side and upper blows. Fig. 7 collects the heat
heat-transfer zigzags diminish. The side-blow for each twin- transfer surfaces measured at Reynolds number of 500-6000
blow case shown in Fig. 6 eliminates the flow recirculation at the condition oRe; = 2Re, . As indicated in the concep-
adjacent to the side-entrance found in the single upper-blowtual diagram of flow momentums from the side and upper
scenarios. At Reynolds number of 500, 3" “shaped high- entrance, the net momentum component in the direction nor-
heat-transfer opened_ring surrounds the upper and side enmal to the rib is oriented toward the upper-left corner. As
trances and the bottom channel-edge. Adjacent to the hea® result, theNu diagrams collected in Fig. 7 share similar
transfer regime confined by th&" shaped opened-ring is a d?stributing pattgrns with the cgunt_erparts of_ Fig. 6 bgt the
concave heat transfer surface at the upper-left exit corner thagdiagonalNu isoline developed in Fig. 6 and its associated
dominates by the 96turn induced re-circulating flow. Fur- ~ flow structures are “squeezed” toward the upper-left cormner.
ther increase of Reynolds number from 500 to 6000, a ten- 1€ close-looped heat transfer improving region positioned
dency of separating heat transfers into two distinct regimes 2P0Ve the diagon@lu isoline is observed at Reynolds num-
over the rib-roughened channel gradually emerges, indicated?€! 0f 3000 in Fig. 7-d, which regime is not clearly shown
by the appearance of a diagonal isotherm with congtant until Reynolds number reacr_les .5000 as.shown in Fig. 6 Be-
values. The locations above the diagonal heat transfer iso-cause the across rib traversing in the twin-blow scenarios of

line involve the upper entrance region, the upper-left corner Re; = 2Re, prevalls that ncurs the typlcal rib-impacts on
vortex and a skewed stream. Heat transfers within the band—heat transfer augmen_tatl_o n, the spatlally avgraged _Nusselt
width of the skewed stream positioned above the diagonal gg{nk;i’\’/\;lf{‘é af?rgﬁfpellﬂxggglr]pg O_f ';'3 @'ﬁigﬁ T:\'/iler'
Nu isoline experience both the rib-wise variations and the y s

. ! . also exceeds each counterpart found in the single side and
streamwise zigzags. As the Reynolds number increases from

2000 to 6000, a close-looped high heat transfer region grad-Upper blows. The scenarios ponsstently provide the h|.g.hest
; overall heat transfer levels within the present test conditions
ually evolves at the location between the upper-left-corner

concaveNu surface and the diagonBlu isoline. In this re- are found in the twin-blow channel wife, = 2Re,
gard as labeled in Fig. 6-g at Reynolds numbgr of 6000, 3.3, Heat transfer correlation
the local Nusselt number peaks reach about 60 in the close-

looped enhancing region above the diagdwaisoline. This For engineering applications, it is essential to evaluate

close looped heat transfer peaks are likely a consequencgy, ¢qnyective capabilities over the rib-roughened surface
of the development of counter-rotgtlng vortices adjacent f[o for a given total coolant consumption in order to determine
the upper-left-corner vortex. The improved heat transfer in yhe ¢qoling duty available. Therefore the local Nusselt num-
this close-looped region implicitly reflects the unstable vor-  perq gver the rib-roughened surface generated with the entire
tices in contrast to the impeding results developed in the ;54 Reynolds numbers and entry conditions are spatially
upper-left-corner vortex. Although the rich flow structures averaged to acquire the spatially averaged Nusselt number
are triggered by a systematic increase of Reynolds numbergata Nu, for further data analysis aimed at disclosing its
from 500 to 6000 as demonstrated in Fig. 6, the Nusselt NUM- regressive-type equation. In the quest to identifyReem-

ber levels are generally less than the counterparts in Figs. 4pact on the spatially averaged heat transfey; four sets of

and 5. This is due to the equal magnitude of flow momentum gata generated from test channels with single side-blow, sin-
between upper and side blows. As indicated by the concep-gle upper-blow, twin-blow oRe, = Re, and twin-blow of

tual diagram illustrating the addition of flow momentums Re, = 2Re, are compared in Fig. 8 to illustrate the varying
from the upper and side entrance, the momentum compo-manner ofNu, againsRe. It is clearly demonstrated in Fig. 8
nents normal to the rib direction from the upper and side that the spatially averaged Nusselt number,, steadily in-
entrances cancel out each other that absent themselves frorgreases with the increase of total Reynolds number for all
traversing the skewed ribs. Consequently, in comparison tothe entry conditions examined. As compared in Fig. 8, the
the counterparts shown in Fig. 4 for single side-blow condi- Nu, values for conditions of single-side and single-upper
tion, the rib-effects found in the twin-blow channel for the blows are in the similar levels. The twin-blow condition with
regime below than the diagonhlu isoline are moderated. Re, = Re, reveals the lowest heat transfer levels among the
Heat transfers in this flow regime below than the diagonal four sets of test results due to the cancellation of momen-
Nu isoline show no sign of vortical flow structure but the tum components normal to the rib direction which prevents
typical Nu surface with zigzag patterns. themselves from traversing the skewed ribs. For the case
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Fig. 8. Variation of spatially averaged Nusselt number with Reynolds num-
ber for side-blow, upper-blow and two twin-blow entry conditions.

Table 1
A andn coefficients for entry conditions of side, upper and twin blows
Flow entry condition Nu, = A x R

CoefficientA Coefficientn
Single side-blow channel .0811 07191
Single upper-blow channel .@L69 09239
Twin-blow channel withRe; = Re, 0.0338 Q08057
Twin-blow channel withRe; = 2Re, 0.0531 08307

of Re; = 2Re,, the Nu, values for such twin-blow condi-
tion are in the range of 1.5-1.8 times of those counterparts
obtained in the single-blow channel. The considerable heat
transfer augmentation for rib-roughened narrow channel is
confirmed by employing the twin-blow entry condition with
Re, = 2Re,. Also proposed by the thermal physic of zero
forced convective capability at the limiting caseRé =0

is an asymptotic constraint of zeMu, value whenRe ap-
proaches zero. Justified by all the versions of data trends re-
vealed in Fig. 8 and considering the limiting casdref= 0,

the data trends shown in Fig. 8 for each entry condition are
correlated by the equation of

Nu, = A x Re" for each entry condition

)

where theA andn functions are the numerically determined
curve-fitting coefficients. In the range of 580Re < 6000,
the A andn coefficients in Eq. (2) are summarized in Table 1.
A review for accuracy of Eq. (2) ensures that 96% of the
entire experimental data agrees with the correlation results
within +£10% discrepancies. Eq. (2) could be adopted as a
design measure to evaluate tNg, value over the narrow
rib-roughened channel for four different flow entry condi-
tions.

4. Conclusions
This experimental study is aimed at identifying an en-

hanced cooling measure for electronic chipset, which exam-
ines the heat transfer in a narrow rectangular channel with
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two opposite walls roughened by 48bs arranged in the
staggered manner. Four sets of test results for single side-

blow, single upper-blow and two twin-blows &&; = Re,
andRe; = 2Re, are illustrated to demonstrate the impact of

flow entry condition and Reynolds number on heat transfer.

In conclusion, the following observations emerge from the
data generated by the present investigation.

@)

)

®3)

Heat transfer results with single side blow reconfirm
the typical rib-effects orNu distributions which in-
volve both “streamwise saw-tooth” and “rib-wise de-
cay” variations over the rib-roughened surface. Three
characteristic heat transfer regimes, namely the entry,
repeated-flow and exit regimes, are distinguishable for
each test scenario. Boundary-layer type developing flow
is observed in the entry regime so that the stream-
wise zigzags and spanwise heat transfer variations are
vaguely present. In the repeated flow regime, heat trans-
fer variations follow the streamwise zigzag pattern and
rib-wise decay. As the most of skewed-ribs are not com-
plete in the exit regime, the rib-wise heat transfer vari-
ations are disturbed even if the streamwise saw-tooth
pattern is still appreciable. Increase of Reynolds num-
ber amplifies the degree of rib-impacts on heat transfer
with the characteristic heat-transfer feature remains un-
changed.

A major and a minor flow re-circulation zones, indi-
cated by two smoothu valleys, respectively develop on
the upper exit corner and aside the sealed side entrance
for single upper-blow condition. Local heat transfers in
these two vortex-dominant regimes could be impeded to
the levels about Dittus—Boelter values. The increase of
Reynolds number from 500 to 6000 causes the INgh
band along the bottom-edge of test channel to gradually
extend toward the interior of channel and merge into the
skewed central stream where the rib-effect is effective.
Streamwise saw-tootNu pattern only develops in this
rib-effective regime among which the heat transfers over
the lower portion are elevated from the single side-blow
counterparts.

A skewed high heat transfer regime, initiated from the
upper-right entry edge and segregated above the diago-
nal Nu isoline consistently develops in both twin-blow
channels over which the streamwise zigzag and rib-
wise decay prevail. The stream of side-blow traverses
the turn-induced recirculation zone to trigger a vortex
break-down process which consequences involve the
extension of upper entry region and the generation of
close-loopedNu crests over the upper corner of chan-
nel exit. With conditions ofRe; = Re,, the cancella-
tion of momentum components in the direction normal
to the rib weakens the traversing flow that has led to
heat transfer reduction from the single-blow scenarios.
Heat transfer results acquired from test conditions of
Re, = 2Re, that ensures the rib traversing flow are con-
siderably improved from each of the single-blow chan-
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(4)
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nels. Rich flow structures are induced by the systematic
increase of Reynolds number from 500 to 6000 for both
twin-blow channels as unraveled in Figs. 6 and 7.

The proposedNu, correlation permits the effect &te

on spatially averaged heat transfer over the skewed-

[4] T.M. Liou, J.J. Hwang, S.H. Chen, Simulation and measurement of

enhanced turbulent heat transfer in a channel with periodic ribs on one
principal wall, Internat. J. Heat Mass Transfer 36 (1993) 507-517.

[5] M.E. Taslim, T. Li, D.M. Kercher, Experimental heat transfer and fric-

tion in channels roughened with angled, V-shaped, and discrete ribs on
two opposite walls, ASME J. Turbomachinery 118 (1996) 20-28.

ribs roughened surface to be evaluated for single side- [6] J.R. Shen, Z. Wang, P.T. Ireland, T.V. Jones, Heat transfer enhance-

blow, single upper-blow and two twin-blow conditions
of Re; = Re, andRe; = 2Re,. Among all the test re-
sults, the twin-blow case oRe, = Re, features the
worst heat transfer scenario while thi, values in
the twin-blow channel oRe; = 2Re, are in the range

of 1.5-1.8 times of those counterparts obtained in the
sing-blow channels which measure could be adopted for
further heat transfer augmentation in rib-roughened nar-
row channel.
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