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1. Introduction

Among the various engineering applications involv-
ing heat transfer augmentation in cooling passages, the
repeated surface ribs are often treated as turbulence pro-
moters to enhance heat transfer. In the past, numerous
experimental works have probed into the heat transfer
characteristics of rib-roughened channels, which studied
the effects of rib configuration and channel cross-sec-
tional shape on the effectiveness of surface ribs for heat
transfer augmentation [1-5]. The ranges of rib geometry
examined are typical of rib angles: 90°, £60°, +45°, rib
configurations: continuous, broken and V shaped ribs
with inline, staggered and criss-cross arrangements, rib
height to hydraulic diameter ratio: 0.0625-0.15, rib pitch
to height ratio: 8-30 and channel width-to-height ratio:
0.25-4. The results revealed from these studies have
demonstrated that the effectiveness of surface ribs on
heat transfer augmentation varies with the geometrical
features of surface-rib and coolant-channel [1-5] and
with the external forces generated in bends or by rota-
tion. The general rib-effects on heat transfer in the
ducted flow are the improved heat transfer with consid-
erable modifications in spatial heat transfer distribution
from the smooth-walled scenario. Heat transfers over
the rib-roughened surfaces could be enhanced by a fac-
tor of 2-4 times of Dittus—Boelter value [6]. With the at-
tempt to employ the rib-roughened channel for cooling
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of electronic chipsets in a spatially confined device such
as the note-book PC and PDA, the applicable channel
width-to-height ratio could exceed the published results
of 0.25-4 in the open literature. The present study inves-
tigates the heat transfer characteristics in the ribbed
channel with channel width-to-height ratio varying from
2.5 to 10, which has extended the previously geometric
range and fallen into the applicable range for cooling
application of electronic chipsets. In addition, one of
the main physical drawbacks in attaining the quality
heat transfer data is the three-dimensional wall conduc-
tivity effect on the temperature measurements over the
rib-roughened surface. The presence of surface ribs has
invalidated the one-dimensional assumption adopted
by the method of transient thermochromic liquid crystal
thermography (TLCT). Also it is impractical to correct
the thermocouple measurement onto the rib surface
from the measuring spot due to the three-dimensional
wall conductivity effect. In order to avoid the three-
dimensional wall conductivity effect on temperature
measurements, the rib-roughened surface used by the
present study is folded from a continuous 0.1 mm thick
stainless steel foil, which could be electrically powered as
an one-dimensional rib-roughened heating surface. As
the width-to-thickness ratio of heating foil is 400 that
enables the assumption of one-dimensional heat conduc-
tion from the fluid-wall interface to the external surface
where the temperature fields are scanned, the corrections
of wall temperature from the scanned surface to the
inner surface of rib-roughened channel using the one-
dimensional Fourier conduction law are in the range
of 0.063-0.18 K. Nevertheless the detailed heat transfer
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measurements over a rib-roughened surface in a channel
with channel width-to-height ratios (w/b) greater than 4,
which geometries are practical for electronics cool-
ing and plate-type heat exchanger, are very rare. The
increased three-dimensionality due to vortical flow
motions with mainstream flow accelerations and deceler-
ations as a result of the reduction in channel height,
which is further complicated by the secondary flows
and the modified turbulence structure induced by sur-
face ribs, requires further study. This experimental study
performs the full-field heat transfer measurements using
NEC TH3101-MR infrared radiometer over an en-
hanced surface with periodic transverse ribs in five rect-
angular channels of different channel heights. Each
channel performs five sets of experiments fixing the cool-
ant mass-flow-rate and five sets of tests fixing Reynolds
numbers (Req), which formulates 10 different Reynolds
numbers examined in the range of 3500-25,000. Twofold
of geometric variations are induced by varying the side-
wall thickness, namely the channel width-to-height ratio
(w/b) and the rib height to channel height ratio (e/b). The
impacts of channel w/b ratio, e/b ratio and Reynolds
number on heat transfer over the rib-roughened surface
are analyzed with the attempt to generate the heat trans-
fer correlation for the evaluation of spatially averaged
Nusselt number in the repeated flow region.

2. Experimental details

Fig. 1 shows the constructional details of the test sec-
tion. As shown, each rib-roughened surface in the rect-
angular test channel (1) was fitted with 10 pairs of
square-sectioned transverse ribs at regular interval
arranged in the staggered manner. These two ribbed
heating surfaces (2) and (3) were made of the continuous
40 mm wide, 0.1 mm thick stainless steel foils. A high-
current, low-voltage DC electrical power supply was di-
rectly fed through the two opposite heating foils (2) and
(3) to generate the uniform flux heating condition. The
heater power was adjusted to raise the central wall tem-
perature to the level of 120 °C for each test. The various
heat fluxes fed into the test section affect the entry-plane
Reynolds number due to variations in fluid properties.
Coolant mass flow rate was adjusted to compensate
the temperature affected fluid property variations that
controlled the entry-plane Reynolds number within
+1% varying range for each test. The rib-shaped heating
foil (3) over which the heat transfer measurements were
performed was sandwiched between two Tufnol side-
walls (4) and two Tufnol bars (5) to secure its position
on the test channel. The opposite rib-shaped heating foil
(2) was attached on the inner surface of a 15 mm thick
Tufnol back wall (6). The complete set of test section
was tightened between the plenum chamber (7) and the
end Tufnol plate (8) by four draw-bolts (9). A cubic ple-

num of width 40 mm (7) was consolidated with the test
section to simulate the abrupt entry condition. Geomet-
ric features of each rectangular test section are specified
in Table 1.

The pressure and temperature of the entry air in this
plenum chamber (7) were measured with a pressure
transducer and a type K thermocouple (10). The inlet
Reynolds number could be calculated and monitored
using the measured airflow, plenum chamber pressure
and flow entry temperature. At the exit plane of the rect-
angular coolant passage, three type K thermocouples
(11) penetrated into the core of test channel at three dif-
ferent spanwise locations. The flow bulk temperature at
the exit plane of test channel was obtained by averaging
these three temperature measurements (11). It is noted
that the different characteristic lengths of either channel
width or hydraulic diameter provide different Reynolds
numbers. Because the aim of the present study is to com-
pare the effectiveness of a predefined ribbing geometry
on heat transfer augmentation in five rectangular chan-
nels with different channel height, the characteristic
length selected to define the Reynolds (Re) and Nusselt
(Nu) numbers is the width of test channel that remains
invariant for five different test channels. To compare
with the Dittus—Boelter correlation [6] for evaluating
the heat transfer augmentation, the length scale selected
to define Reynolds (Rey) and Nusselt (Nug) numbers
becomes hydraulic diameter (d). The flow circuit, flow
measurement and data acquisition systems along with
the descriptions for conducting heat loss and heat trans-
fer experimental procedures and the method of data
reduction have been previously reported [7]. Following
the policy of ASME on reporting the uncertainties in
experimental measurements and results [8], the maxi-
mum uncertainty associated with the local Nusselt and
Reynolds numbers were estimated to be 11.6% and
5.8%, respectively.

3. Results and discussion

The isolines of Nusselt number over rib-roughened
surface at coolant mass flow rate of 0.00323 kg/s are
compared in Fig. 2 to unravel the impacts of channel
height on heat transfers over the ribbed floor. The
regionally high heat transfers over five ribbed floors con-
sistently develop at the top surface of each rib. This result
agrees with the measurement of real-time holographic
interferometry [2] that has been attributed to the highly
unsteady eddies induced on the top-face of each rib [9].
Immediate downstream of each rib emerges the region-
ally minimum heat transfer valley. This minimum heat
transfer region, located in the recirculation zones behind
each rib, undergoes near-wall streamwisely reverse flows
with the turbulence intensities to be considerably sup-
pressed [4,9]. Further downstream of each minimum
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Fig. 1. Experimental apparatus.

heat-transfer band in the recirculation zone, heat trans-
fers increase steadily in the channels of w/b=2.5, 4, 5
and 6. In the channel of w/b = 10, there is another span-
wise heat transfer peak developed at the middle of each
pair of ribs. In this case, the flows triggered by the stag-
gering ribs on two opposite walls are mutually interacted
that could induce these mid-rib heat transfer peaks. As a
result of the increased interactions between two opposite
ribbed floors by systematically reducing the channel
height, the spatially averaged Nusselt number over the
entire rib-roughened surface correspondingly increases

as depicted in Fig. 2. Another attribute responsible for
the increased heat transfer with w/b ratio is the increased
Reynolds number at the fixed coolant mass flow rate due
to the reduced channel cross-sectioned area.

The streamwise distributions of local Nusselt number
along the centerline of each ribbed floor corresponding
to the contour plots depicted in Fig. 2 are summarized
in Fig. 3. At the immediate flow entrance, the locally
high heat transfer is generated due to the sharp flow en-
trance. At this entry spot, a systematic increase in chan-
nel w/b ratio from 2.5 to 10 induces the successive
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Table 1
Geometrical specification of test channels

Rib configuration
Plain entry length prior to first rib (a) = 5.4 mm

Rib attack angle («) = 90° (Ribs on two opposite walls are offset by 0.5 pitch)

Rib height (¢) = 1.5 mm
Rib pitch (P) = 10.8 mm

Rib land (L) = 1.5 mm
Rib pitch to height ratio (Ple) = 7.2

Test channel configurations

Tested module Channel width Channel height Channel hydraulic Channel width to Rib height to

Rib height to

(w) (mm) (b) (mm) diameter (d) height ratio channel height channel hydraulic
(mm) (w/b) ratio (e/b) diameter ratio (e/d)
A 40 16 22.857 2.5 0.094 0.066
B 40 10 16 4 0.15 0.094
C 40 8 13.33 5 0.1875 0.1125
D 40 6.67 11.43 6 0.225 0.131

increase in local Nusselt number. In the plain entry
length prior to the first rib, the local Nusselt numbers
gradually fall in the downstream direction. Heat transfer
augmentation is initiated when the streamwise bulk flow
traverses the first rib by generating a streamwise heat
transfer ripple within each rib pair with the peak values
on the top surface of rib. In addition to the streamwise
Nusselt number oscillations triggered by these surface
ribs, the rib effect could considerably elevate the overall
heat transfer levels further downstream in the channels
with w/b ratios of 4, 5, 6 and 10. But in the channel with
wlb ratio of 2.5, the overall streamwise heat transfers
decay asymptotically from an immediate flow entrance
level towards the developed value at e/b = 0.094. This
streamwise decay in heat transfer over the plan-entry-
length of developing flow region is gradually weakened
when e/b ratio increases up to 0.15 after which the
streamwise increase of local Nusselt number over the
plain entry length occurs. In this respect, a similar trend
was experimentally found in three ribbed channels of
different e/d ratios [10]. Nevertheless, although the chan-
nels of different w/b ratios in the range of 2.5-10 perform
various distributing manners of local Nusselt numbers in
the developing flow regions, as depicted in Fig. 3, the
repeatedly periodic heat transfer variations are likely
to be developed after the bulk flow traverses about five
ribs. This flow region is referred to the repeated flow re-
gion, within which the regionally high heat transfer rate
in each rib-pitch develops over the top surface of each
rib. The locus of heat transfer crest on the top surface
of each rib develops at the leading edge of rib. Heat
transfers reduce streamwisely from the leading edge
value on each top surface of rib. Over the back edge
of each rib, the Nusselt numbers fall radically within
the bandwidth of about 0.5-1 rib height to a locally min-
imum value in each rib pitch. Except in the channel of w/
b =10, a subsequent heat transfer recovery proceeds
over a downstream length about 3.5-4 rib height after

the local minimum spot. In the channel of w/b =10,
the opposite wall effect that triggers the mid-rib heat
transfer ripple provides the most considerable heat
transfer impacts in the developing flow region between
ribs 2 and 5. In this regard, the mid-rib heat transfer
value triggered by the opposite wall effect between ribs
2 and 3 is higher than the heat transfer levels occurred
on the top surfaces of ribs 2 and 3. The opposite wall
effect on heat transfer is gradually alleviated in the
downstream direction which has led to two ripples with
equivalent Nusselt number peaks over each rib-pitch in
the repeated flow region for the channel of w/b = 10. Be-
cause these surface ribs are arranged in the staggered
manner, the locus of each mid-rib heat transfer ripple lo-
cates at about 0.5 rib pitch. Justified by the twin-ripple
streamwise heat transfer distributions in the repeated
flow region of channel with w/b ratio of 10, the energetic,
dynamic and highly unsteady eddies attached over the
top surface of opposite ribs [11,12] could provide consid-
erably interactive effects on the flow structures of re-
circulating cell behind each rib. The flow structure in
the separation zone behind each rib [11,12] is likely to
be modified by the perturbing rib located at the opposite
wall with the tendency of generating another middle
pitch heat transfer peak. This twin-ripple streamwise
heat transfer distribution in each rib pitch could attri-
bute to the further increase of the spatially averaged
Nusselt number over the repeated flow region. Among
these five test channels with the Re range tested, the shal-
low channel with w/b ratio of 10 consistently provides
the highest heat transfer rates.

The heat transfer augmentation is evaluated by nor-
malizing the local Nusselt number with respect to the
level obtained in a smooth circular tube of Dittus—Boelter
correlation, Nu,, [6]. As the characteristic length selected
in the Dittus—Boelter correlation for defining Re and Nu
is the hydraulic diameter of test channel, the present
data of Re and Nu is re-scaled into Reyq and Nuy using
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Fig. 2. Distributions of Nusselt number contours over ribbed floor in five test channels at coolant mass flow rate of 0.00323 kg/s.

the hydraulic diameter as the characteristic length. Fig. 4 general trends revealed in Fig. 3, except in the channel of
shows the streamwise distributions of Nusselt number wlb = 2.5 where the streamwise increase of Nug/Nu.,
ratio, Nug/Nu,, along the centerline of ribbed floor in develops over the plain entry length onto the repeated
five test channels obtained at Regq = 21,000. The patterns flow levels of about 2.5. It is worth of noting that the

of streamwise distributions depicted in Fig. 4 follow the increase of channel w/b ratio at a fixed value of Rey
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U
reduces the coolant mass flow rate in order to squared sectioned ribbed channel is also compared with
accommodate the reduced cross-sectioned area. The the present data obtained from the test channel of

data of Rau et al. [4] obtained at Reyq = 30,000 in a w/b = 2.5. The general agreement between these two sets
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Table 2
Correlative coefficients m, mq and n in five test channels
Tested module wlb ratio elb ratio eld ratio Nu = mRe"

Nug = mgRej

m mq n
A 2.5 0.094 0.066 0.1346 0.1058 0.73
B 4 0.15 0.094 0.2182 0.1688 0.721
C 5 0.1875 0.1125 0.2595 0.1864 0.709
D 6 0.225 0.131 0.3294 0.237 0.688
E 10 0.375 0.206 2.396 1.072 0.5256

of experimental results is confirmed with discrepancies
attributed to the different Rey, e/d, Ple and w/b ratios.

When the channel w/b ratio systematically increases
from 4 to 10, a corresponding reduction in Nug/Nu,,
level at the spot of immediate flow entrance is observed
as shown in Fig. 4. Further downstream moving forward
to the first rib, the heat transfer enhancement factors,
Nug/Nu,, in the test channels with w/b ratios of 4, 5, 6
and 10 streamwisely increase. Such streamwise increase
in Nu proceeds onto the third rib after where the heat
transfers gradually evolve into the repeated nature. At
Rey of 21,000, the highest heat transfer enhancement
factors of about 3.5 times of Nu,, in the repeated flow
are developed in the test channel with w/b ratio of 4 as
revealed in Fig. 4. A review of the entire data compared
in the manner of Fig. 4 confirms a tendency that the w/b
ratio offering the highest Nuy/Nu,, value in the repeated
flow region increases when the value of Rey decreases.
The repeated flow region is approximated when the spa-
tially averaged Nusselt number over a rib-pair remains
almost unchanged with the period and amplitude of
streamwise variation in Nusselt number retain in the
similar values. This particular flow region approximately
develops after flow traverses five sets of staggered ribs. In
order to carry out the further analysis in this respect, the
local Nusselt numbers obtained in the repeated flow re-
gion at each Reynolds number are spatially averaged
into Nugy. The subsequent regressive analysis for deriving
the correlation of spatially averaged heat transfer over
the repeated flow region was performed based on the
functional structure of

Nu = mRe" (1)

]Wd = deeg (2)

The characteristic lengths selected to define the Nusselt
and Reynolds numbers in Egs. (1) and (2) are the width
and the hydraulic diameter of test channel, respectively.
Table 2 summarizes the correlative coefficients, m, mygy
and n obtained in five test channels. The maximum dis-
crepancies between correlated results and experimental
data are controlled within the range of £10%. The expo-
nent n depicted in Table 2 consistently decreases when

the w/b ratio increases. As the smooth-walled turbulent
flow scenario is recast when w/b ratio approaches zero
due to the zero value of e/b, a tendency for the n expo-
nent approaching 0.8 at the asymptotic limit of
wlb — 0 is observed. Accompanying with the decreased
n exponent is the increased coefficients m and my when
the channel height systematically reduces. The variation
manners of the coefficient m, m4 and the exponent n with
w/b ratio respectively reveal the enhanced rib effect and
weakened convective inertia force effect on heat transfer
when the channel height thickness reduces. It is demon-
strated that the combined effects of channel aspect ratio
and rib height to channel width ratio due to variation of
channel height for fixed rib-floor geometry have consid-
erable influences on the m, my and n values. Therefore,
the selection of optimal w/b ratio that provides the maxi-
mum heat transfer augmentation is Rey dependent.

4. Conclusion

The twofold geometric variations induced by varying
the channel height, namely the w/b and e/b ratios, have
demonstrated their combined effects on heat transfer.
At the fixed coolant mass flow rate, the decrease of chan-
nel height consistently improves heat transfers in the
present Re range. Heat transfer augmentation is accom-
panying with a streamwise heat transfer ripple in each
rib pair with the peak values developed on the rib top-
surface. Over the back edge of each rib, heat transfers
fall radically within the bandwidth of about 0.5-1 rib
height to a locally minimum value. In the channel of
w/b =10, the opposite wall effect triggers the mid-rib
heat transfer ripple which has led to twin ripples with
equivalent Nusselt number peaks over each rib-pitch in
the repeated flow region. In conformity with the experi-
mental results, the proposed heat transfer correlation
permits the interactive effects of w/b and e/b ratios on
heat transfer over the repeated flow region to be evalu-
ated. The variation manners of the correlative coeffi-
cients m and n with w/b and e/b ratios unravel the
enhanced rib effect and weakened convective inertia
force effect on heat transfer when the channel height
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reduces. Therefore the selection of channel w/b ratio that
provides the maximum heat transfer augmentation for
the present rib-floor geometry becomes Reynolds num-
ber dependent.
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