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This is part of a continuing study of a new internal channel cooling design for modern gas-turbine blades. In
previous studies, the enhanced cooling in the second pass of a serpentine channel was achieved by a combination of
impingement and cross� ow-induced swirl. A holed or slotted divider wall replaced the 180-deg U turn connecting
the two legs of the serpentine channel. Flow from one coolant pass to the adjoining coolant pass was achieved
through a series of straight and angled holes and a two-dimensional slot placed along the dividing wall. The focus
is to enhance the heat transfer in the � rst pass of the two-pass channel using traditional rib turbulators. The effect
of ribs in the � rst pass on the overall second pass heat transfer enhancement is compared to channels with no rib
turbulators. Heat transfer distributions are compared for three channel � ow Reynolds numbers ranging between
1:0 £ £ 104 and 5:0 £ £ 104 . Three different rib con� gurations, 90-deg ribs, 60-deg angled forward facing toward the
divider wall, and 60-deg angled backward facing away from divider wall, are studied for all Reynolds numbers
and divider wall geometries. The presence of ribs in the � rst pass does not only decrease the enhanced heat transfer
in the second pass, but also provides higher heat transfer enhancement in the � rst pass, resulting in an increase in
overall heat transfer enhancement for the entire two-pass channel.

Nomenclature
b = divider wall thickness
D = square channel width or height
Dh = channel hydraulic diameter
d = hole diameter
f = Darcy friction factor, 21P.Dh=L/=.½ NV 2/
f0 = Darcy friction factor in all-smooth wall channel,

0:046Re¡0:2

fNN = total channel averaged friction factor
h = convective heat transfer coef� cient
k = thermal conductivityof test surface material
ka = thermal conductivityof air
L = length of each pass
Pm = mass-� ow rate
Nu = Nusselt number, hDh=ka

Nu0 = fully developed � ow Nusselt number, 0:023Re0:8Pr0:4

N̄u = span averaged Nusselt number
NNNu = area averaged Nusselt number
P = pressure
Pr = Prandtl number
p = hole spacing
Re = channel Reynolds number, ½ NV D=¹
T = temperature
t = time of color change
NV = average � ow velocity
X = axial distance from middle of turn
® = thermal diffusivity of test surface material

Received 10 October 2001; revision received 14 January 2002; accepted
for publication 15 January 2002. Copyright c° 2002 by the American In-
stitute of Aeronautics and Astronautics, Inc. All rights reserved. Copies of
this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0887-8722/02
$10.00 in correspondence with the CCC.

¤Assistant Professor, Mechanical Engineering Department; ekkad@me.
lsu.edu. Member AIAA.

†Graduate Student, Mechanical Engineering Department.
‡Graduate Student, Mechanical Engineering Department; currently Con-

sultant, Cap Gemini Ernst and Young LLC, 1221 Mckinney Street, Suite
2000, Houston, TX 77010.

§LR Daniel Professor, Mechanical Engineering Department. Member
AIAA.

¹ = dynamic viscosity of air
½ = density

Subscripts

in = inlet condition
j = time step based
0 = correlation based

Introduction

T HE present study focuses on new, improved internal channel
designs for gas-turbine blades to provide higher heat transfer

enhancement with relatively small changes to the airfoil internal
cooling channel geometry. The conventional 180-deg U bend con-
necting the two passages is replacedwith a channeldividerwall that
includes rows of cylindricalholes or slots that eliminate the 180-deg
turn.The dividerwall separatesthe two passesof the internalcooling
scheme and normally acts as a conducting wall from the pressure
to suction side of the airfoil. The cylindrical holes permit lateral
injection from the � rst pass to the second pass. This leads to a
combination of impingement and cross� ow-induced swirl in the
second pass that provides a higher overall heat transfer in the sec-
ond passage. The � rst pass heat transfer can be enhanced with peri-
odic rib turbulatorswithout signi� cantly affecting the swirl-induced
high heat transfer coef� cients in the second pass. This new cooling
channel will help maintain blade temperatures at acceptable lev-
els without using excessive coolant while providing longer life and
durability. It is shown in this study that the pressure drop penalty
to achieve high heat transfer coef� cients is comparable to regular
fully turbulated two-pass channels connected by 180-deg U turns.

Several researchers1¡4 presentedenhancedheat transfermeasure-
ments in both the � rst pass and second pass using rib turbulators.
The use of rib turbulators in the two-pass channel design increased
both heat transfer enhancement and pressure drop. An optimal rib
turbulatorproducesthe highestheat transferenhancementwith min-
imal increase in pressure drop. Most of the researchers determined
the 45–60-deg angled parallel rib provides the highest heat transfer
enhancement and also a higher pressure drop than most rib con-
� gurations. Han and Zhang5 also investigated several discrete rib
con� gurations, broken and continuous, for heat transfer enhance-
ment in straight square channels. Some of the con� gurations, al-
though promising, present manufacturabilityproblems and are not
practical for usage.
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Glezer et al.,6 Ligrani et al.,7 and Moon et al.8 investigated the
advantages of induced swirl in circular channels for heat trans-
fer enhancement. They create swirl by injecting air into the tube
throughtangentialslotsalongthewall.The importanceof thesestud-
ies is the indication that inducing swirl contributes to signi� cantly
higherheat transfer.Hedlundet al.9 presentedheat transfermeasure-
ments inside a circular swirl chamber for simulating turbine blade
internal cooling. All of the aforementioned studies used circular
channels.

This study is a continuation of the studies by Ekkad et al.10 and
Pamula et al.11 Ekkad et al.10 presented detailed heat transfer distri-
butions in channelsconnectedby one row of holes along the divider
wall without a 180-deg turn. They varied the angle of the hole and
also the location of the hole to determine the most effective ge-
ometry. They determined that the single-hole straight injection row
design provides signi� cant (up to 8–10 times) higher heat transfer
coef� cients than the 180-deg turn geometry. However, the pressure
drop across the holes is also signi� cant resulting in low thermal
performance values around 1.2–2.0 thermal performance param-
eters given as .NNNu=Nu0/=. fNN= f0/1=3. Although the inclined injec-
tion provided much higher heat transfer coef� cients, the pressure
drop was also signi� cant, resulting in almost similar thermal per-
formance numbers. Another important facet was the signi� cantly
different heat transfer distributions on the two sidewalls. Pamula
et al.11 studied the effect of two rows of holes on the divider wall
compared to one row of holes in the case of Ekkad et al.10 They cre-
ated similar � ow conditions along both sidewalls with similar hole
con� guration, feeding the coolant along the sidewalls. They deter-
mined that the increase in area of holes on the divider contributed
to a signi� cant drop in the heat transfer coef� cients on the impinge-
ment wall, but increased heat transfer on the opposite sidewall due
to dual injection or similar impingement. The pressure drop was
also signi� cantly lower for the two row cases and, thus, produced a
similar or better overall thermal performancefor the same Reynolds
number conditioncomparedto single-rowcases. In both studies, the
� rst pass acted more as a feeder channel and was not considered for
heat transfer enhancement. In this study, the focus is on enhancing
the heat transfer in the � rst pass in addition to the presence of the
induced swirl and impingement in the second pass. It is necessary
that the � rst pass heat transfer levels be similar to the second pass
heat transfer levels to avoid thermal gradient-induced stresses by
overcooling and undercooling in adjacent areas.

Experimental Setup
Figure 1 presents a schematic of the experimental setup. The

experimental setup consists of an image processing system [red–

green–blue(RGB)color charge-coupleddevicecamera,24-bit color
frame grabbercard,personalcomputer,and imagingsoftware], tem-
perature measurement system, � ow loop, and the test section. The
RGB camera is focusedon the test section,and the color frame grab-
ber card is programmed through the software to analyze real-time
images for color signals during a transientheat transfer test. Details
of the � ow loop and test apparatus are provided by Ekkad et al.10

Figure 2a shows the schematic of the test channel with the new
divider wall geometries. The various walls are identi� ed in Fig. 2a.
Case 1 refers to the two-pass channel with a 180-deg turn. Cases 2
and 3 represent the channels with two rows of holes in the divider
wall alongeachsidewall.Case4 is thechannelwith two-dimensional
slots that vary in width from the middle of the channel to the endwall
along the sidewalls. The sidewalls are the outer surfaces on both of
the passages, orthogonal to the divider wall. The sidewalls are the
primary heat transfer surfaces for which the results are presented.
The outer walls of the test section are parallel to the divider wall.
The wall of the test section that bounds the � ow inside the passage
where the � ow is forced to enter the second passage is called the
endwall.

The test channel is 5.08-cm square in cross section through the
one-pass60.96-cmlength.The channel length to hydraulicdiameter
ratio (L=Dh ) is 12. There is no 180-deg turn for the channels con-
nected by the holes or slots.All of the � ow goes through the holesor
slots. The ratio of the total area of all of the holes/slots (cases 2–4)

Fig. 1 Experimental setup.

Fig. 2a Schematic of the two-pass channels.

Fig. 2b Side view of the divider wall geometry for each case.

to the turn region area in the 180-deg-turn case was 1.2. The turn
region is the area where there is no divider wall between the two
passes. For the channels with holes, there are 24 holes of 1.27-cm
diam with 12 holes in each row. Each hole row exit centerline is
1.27 cm from a sidewall. There are no holes along the divider wall
for the � rst 30.48 cm of the channel length from entrance. The 12
holes in each row are then evenly distributedover the next 30.48 cm
of the channel length. The holes are spaced two hole diameters
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(centerline to centerline) apart. The hole locations on the divider
wall were also designed to produce a swirling � ow in the second
pass. For the slotted divider wall, there are no slots for the � rst half
of the channel length. The slots along the sidewalls increase in zero
width at half-channel length to about 0.96-cm width at the endwall.
The slots are identicalalong both sidewalls, resultingin similar � ow
distributions along both sidewalls (1.27 cm thick). Pamula et al.11

provide more details on the divider wall geometry.

90-deg ribs

60-deg FF ribs

60-deg BF ribs

Fig. 3 Schematic of the rib arrangement on each sidewall.

Fig. 4 Detailed Nusselt number ratio (Nu/Nu0 ) distributions for a channel with inclined hole divider wall and different rib con� gurations at
Re = 2:5 £ £ 104.

Figure 2b shows the channel geometries studied. Case 2 shows
the straight injection con� guration. Case 3 shows the inclined hole
geometry. The holes are inclined at 45 deg to the vertical direction.
Case 4 shows the slot geometry. The two-dimensional slots were
chosen instead of a uniform slot width to create more uniform � ow
through the slot, from the beginning of the slot to the endwall.

Figure 3 presents the rib turbulator con� gurations studied. Ribs
are placed along both of the sidewalls at the same axial location,
only in the � rst pass. Three different rib con� gurations have been
compared to the no-rib geometry studied by Pamula et al.11 The
three rib con� gurations are 1) 90-deg parallel, 2) 60-deg forward
facing (60-deg FF), and 3) 60-deg backward facing (60-deg BF).
The 90-deg ribs are orthogonal to the � rst-pass � ow in the stream-
wise direction. The 60-deg FF ribs are directed from the outer wall
toward the divider wall at an angle of 60 deg to the � ow, and the
60-deg BF ribs are directed away from the divider wall toward the
outer wall at an angle of 60 deg to the � ow. The ribs are placed
on both sidewalls at the same axial location. This arrangement is
typically called in-line con� guration. The ribs were made of light
balsa wood, and so they do not absorb heat and maintain the one
dimensionalityof the wall. In the real engine,both the channelwalls
and the ribs are of the same material because they are cast as one
piece.
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Fig. 5 Detailed Nusselt number ratio (Nu/Nu0 ) distributions for a channel with 90-deg ribs with different divider wall geometry at Re = 2:5 £ £ 104 .

The heat transfer measurements are made only on one of the
sidewalls of the plexiglass test section. The surface is coated on the
inside with a thin layer of thermochromic liquid crystals. A black
paint coating is sprayed over the liquid crystal coating to ensure
visibility of the liquid crystal color changes when viewed from the
outside. Once the test section is coated with both the liquid crystal
and black paint layers, the sidewalls of the channel are opaque.
Thermocouples are placed at inlet and outlets of each passage (a
total of four) to measure the local temperatures of the heated air.
The transient thermocouple outputs are digitized during the test
using an eight-channelA/D system.

Procedure and Data Reduction
The test procedure is exactly the same as used in the earlier

studies.10;11 The liquid crystal coating used in this study has a nar-
row band with the initial red color appearing at 35.1±C, then green
color appearance at 35.4±C, and � nally blue color at 35.9±C. The
total band is 1±C. The region of interest was divided into 500 £
200 pixels. The reference point is set at the appearance of green
color during the transient test. The test duration is typically a
maximum of 150 s.

The test section is made of plexiglass so that a one-dimensional
semi-in� nite solid assumption can be applied on the test section
wall.3;12 The local air bulk temperature for each axial pixel loca-
tion is interpolatedfrom the measured thermocouple locations.The
time-step changes are then included into the equation3;12 to obtain
a function of the form
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where 1Tm;. j; j ¡ 1/ and ¿ j are the mainstream temperature and time
step changes for the integration scheme interpolated from the dig-
itized temperature outputs. The equation is solved at every pixel
location to obtain the local heat transfer coef� cient h.

The total pressure drop 1P across the channel is measured, and
the Darcy friction factor, 21P.Dh=L/=.½ NV 2/, is determined for
each � ow condition for each geometry. The friction factor is nor-
malized using the smooth tube � ow friction factor f0, calculated
using 0:046Re¡0:2.

The average experimental uncertainty in the heat transfer co-
ef� cient measurements, based on the methodology of Kline and
McClintock,13 is on the order of §7.4%. The uncertainty in fric-
tion factor measurement is on the order of §8.0%. Details on the
uncertainty analysis are presented by Ekkad et al.10

Results and Discussion
The measured heat transfer coef� cients are presented in the

form of Nusselt numbers based on channel inlet hydraulic diameter
(Nu D hDh=ka/. The local Nusselt numbers are then normalized by
the Nusselt number using the channel inlet Reynolds number for a
fully developed pipe � ow condition using the Dittus–Boelter corre-
lation (Nu0 D 0:023Re0:8Pr0:4/. The results presented in this study
are higher than the Dittus–Boelter equation for the no-rib cases be-
cause the � ow is not fully developed when it is exposed to the � rst
hole in the divider wall. However, all of the results are consistently
normalized by the same number. All of the results are presented as
normalized Nusselt numbers in this paper. The heat transfer distri-
butions at the rib locationsare incorrectbecause the techniquemea-
sures the heat transfer coef� cient underneath nonconducting ribs
and shows very low values. The heat transfer coef� cients on top of
the ribs are much higher than the surface wall, as shown by Ekkad
and Han.3 In this study, the on-rib heat transfer coef� cients are not
measured and, thus, not considered in the averaging process. Typi-
cally, the on-ribheat transfercoef� cients are very high, as shown by



408 EKKAD ET AL.

Fig. 6 Detailed Nusselt number ratio (Nu/Nu0 ) distributions for a channel with 60-deg FF ribs with different divider wall geometry at Re = 2:5 £ £ 104.

Fig. 7 Detailed Nusselt number ratio (Nu/Nu0 ) distributions for a channel with 60-deg BF ribs with different divider wall geometry at Re = 2:5 £ £ 104.
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Re = 1 £ £ 104

Re = 2:5 £ £ 104

Re = 5 £ £ 104

Fig. 8 Effect of rib con� guration on spanwise-averaged Nusselt number ratio distributions (N̄u/Nu0 ) for a channel with straight hole divider wall.

EkkadandHan.3 Resultsare presentedforonly onesidewallbecause
the opposite sidewall has similar heat transfer distributions due to
the geometrical symmetry along the channel centerline through the
middle of the divider wall.

Figure 4 presents the detailed Nusselt number ratio distribu-
tions for case 3 on one sidewall with different rib con� gurations
at Re D 2:5 £ 104. Figure 4a presents the no-rib case from Pamula
et al.11 The local high regions in the second pass are where the im-
pingementoccurs from the � ow throughtheholesfrom the � rst pass.
The Nusseltnumberratiosarehigherthan10 insidethe impingement
core regions. As the � ow moves downstream toward the exit in the
second pass, the jet impingement location is pushed streamwise to
the divider wall. The impingement effect decreases toward the end-
wall due to the decreased pressure difference across the holes and
the resulting reduced � ow rates.11 The maximum Nusselt number
ratio in the core impingement region are on the order of 12–13.
Figure 4b shows the effect of turbulating the � rst pass with 90-deg

orthogonal ribs. The � rst-pass distributions are typical of rib tur-
bulated channels with periodic high and low regions where � ow
separates and reattaches. Reliable data are not available on top of
the ribs. Enhancement levels are around 2.0–3.0 between the ribs.
In the second pass, the ribs appear to have caused a signi� cant re-
duction in Nusselt number ratios. This may be due to the increased
pressure drop in the channel and the � ow distributions in the � rst
pass due to the presence of the ribs at the same Reynolds number.
The Nusselt number ratios inside the impingement core regions are
reduced to around 8.0. Figure 4c shows the channel with 60-deg FF
ribs. The heat transfer enhancement in the � rst pass is higher, as
should be expected for 60-deg ribs over 90-deg ribs. However, note
that the second-pass heat transfer ratios are affected only slightly
due to the presence of the ribs as compared to the results in Fig. 4a.
The ribs are angled toward the divider wall, and it is believed the
secondary � ows generated by the ribs from the outer wall to the di-
viderwall push the � ow toward the holes, creating reducedpressure
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Re = 1 £ £ 104

Re = 2:5 £ £ 104

Re = 5 £ £ 104

Fig. 9 Effect of rib con� guration on spanwise-averaged Nusselt number ratio distributions (N̄u/Nu0 ) for a channel with inclined hole divider wall.

drop and increasing jet velocities coming out of the holes. Also,
because the secondary � ow structures are generated at the rib start-
ing point away from the divider wall, the heat transfer enhancement
is higher in that region.3 Figure 4d shows the channel with 60-deg
BF ribs. The ribs enhance heat transfer in the � rst pass, similar to
that for 60-deg FF ribs. However, the second-pass enhancements
are lower near the endwall far from the exit. The secondary� ow di-
rection for these ribs is from the divider wall toward the outer wall.
This direction is opposite to the main � ow direction. The driving
pressure difference for the � ow is across the holes. The secondary
� ows impede the main � ow through the holes and, thus, increase
the pressure drops and, thus, produce reduced jet impingement and
lower Nusselt number ratios. This effect is more prominent for the
jet holes closer to the endwall.

Figure 5 presents the effect of divider wall geometryfor a channel
with 90-deg rib turbulatorsfor Re D 2:5 £ 104. The detailedNusselt

number ratios clearlyshow that the inclinedhole geometryperforms
the best for heat transfer enhancement in the second pass. However,
the tapered slot enhances the heat transfer highest in the � rst pass.
Because the slot is continuous along the divider wall, the air� ow
migratestoward the slotsandcreatesa sheet� oweffectthat increases
the heat transfer in regions where the � ow velocity is higher. This
is at the sidewall where the slot width is near zero to moderate
widths.

Figure 6 presents the effect of dividerwall geometry for a channel
with 60-deg FF rib turbulators for Re D 2:5 £ 104. For this con� gu-
ration also, the inclined hole geometry performs signi� cantly better
in the second pass than the other two wall geometries.The � rst pass
enhancement is similar for all three cases.

Figure 7 presents the effect of dividerwall geometry for a channel
with 60-deg BF rib turbulators for Re D 2:5 £ 104. For this con� g-
uration also, the inclined hole geometry provides very high Nusselt
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Re = 1 £ £ 104

Re = 2:5 £ £ 104

Re = 5 £ £ 104

Fig. 10 Effect of rib con� guration on spanwise-averaged Nusselt number ratio distributions (N̄u/Nu0) for a channel with tapered slot divider wall.

number ratios in the second pass. The second-pass enhancement
with the tapered slot geometry is signi� cantly lower. This may be
due to the rib-createdsecondary� ow away from the divider wall. In
the � rst pass, the tapered slot geometryprovidessigni� cantlyhigher
Nusselt number ratios than the other two cases. This may be due
to the strong secondary � ow induction along the rib angle and the
associated slot width-induced � ow rates.

All of the detaileddistributionsare presented for Re D 2:5 £ 104.
Discussion about the results for other Reynolds number are pre-
sented as a comparison to the results presented for Re D 2:5 £ 104

in Figs. 8–13.
Figure 8 presents the effect of rib con� guration on spanwise-

averaged Nusselt number ratios .N̄u=Nu0) vs streamwise location
for a channel divider wall with straight holes (case 2). In the
� rst pass, all of the rib con� gurations provide higher heat transfer
enhancement than the no-ribs case. The 60-deg rib cases provide

higher enhancement than the 90-deg ribs as expected. This is con-
sistent with the results presented by many studies on rib-enhanced
heat transfer. In the second pass, the no-ribs channel provides the
highest enhancement. The 60-deg BF rib con� guration provides
similar levels of enhancement as those for the no-ribs case. The
other two rib cases also provide high enhancement but are lower
than the no-ribs case. This indicates that a 90- or 60-deg FF rib
con� guration affects the jet impingement-inducedheat transfer en-
hancement in the second pass as reported by Pamula et al.11 for the
no-rib channels. For a divider wall with straight hole geometry, a
60-deg BF rib con� guration provides the best results. With an in-
crease in Reynolds number from 1 £ 104 to 5 £ 104, the effect of rib
and rib con� guration decreases. It appears that, at higher Reynolds
number, the effect of the rib is seen only in the � rst pass, providing
enhancementsof up to 2.0 over the no-ribchannel.The results in the
second pass show lesser divergence from the no-ribs channel case.
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90-deg ribs

60-deg FF ribs

60-deg BF ribs

Fig. 11 Effect of divider wall con� guration on spanwise-averaged Nusselt number ratio distributions (N̄u/Nu0 ) for channels with different rib
con� gurations.

Figure 9 presents the effect of rib con� guration on spanwise-
averagedNusselt number ratios (N̄u=Nu0 ) for a channeldivider wall
with inclined holes (case 3). Results show that the ribs enhance the
heat transfer in the � rst pass signi� cantly at low Reynolds numbers.
The second pass heat transfer enhancement is unaffected by the
ribs, except for the case of 90-deg ribs. With further increase in
Reynolds number, the effect of rib con� guration and the presence
of ribs is not signi� cant as comparedto the no-ribcase.Heat transfer
enhancement in the � rst pass levels to about 1.5 to 2.0 times the no-
rib case and the second pass enhancement is similar for all cases
except as noted for 90-deg ribs at low Reynolds number.

Figure 10 presents the effect of rib con� guration on spanwise-
averagedNusselt number ratios (N̄u=Nu0 ) for a channeldivider wall
with taperedslot (case 4). The effect of ribs in the � rst pass is similar
in this case to the other cases. However, at low Re D 1 £ 104, the
60-deg BF rib produces signi� cant enhancement over the other rib

con� gurations and the no-rib case. In the second pass, the presence
of the rib considerably reduces the heat transfer enhancement pro-
duced by the swirl behavior through the slots. The 60-deg BF rib
produces signi� cantly lower Nusselt number ratios in the second
pass. The other two rib con� gurationsproducehigher Nusselt num-
ber ratios than the 60-deg BF rib, but lower than the no-rib case.
The effect is reduced with increasing Reynolds numbers. In all, the
tapered slot with 60-deg BF ribs produces detrimental results com-
pared to the no-ribs case. Results inside the slot region where there
is no divider wall were not obtained because of the opacity of the
outside wall.

Figure 11 presents the effect of channel divider wall geometry on
spanwise-averaged Nusselt number ratios (N̄u=Nu0 ) for different
rib con� gurations at Re D 2:5 £ 104. For the 90-deg ribs, the � rst
pass is unaffectedby the divider wall geometry. In the second pass,
the inclined holes produce the highest heat transfer enhancement.
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First pass

Second pass

Fig. 12 Comparison of overall averaged Nusselt number ratios ( ¯̄Nu/
Nu0) for different con� gurations vs Reynolds numbers.

This is consistent with the results for the no-ribs case shown by
Pamula etal.11 The straightholesand the taperedslotproducesimilar
levels of enhancement.For the 60-deg FF ribs, the � rst pass is again
unaffected by the divider wall geometry. In the second pass, the
inclined holes produce signi� cantly higher Nusselt number ratios
than the other two cases.For the60-degBF ribs, the taperedslot wall
produceshigher Nusselt number ratios in the � rst pass compared to
the other two cases. However, in the second pass, the inclined holes
produce the highest enhancement. The tapered slot produces lower
heat transfer enhancement in the second pass compared to the � rst
pass results.

Figure 12 presents the overall averaged Nusselt number ratios
(NNNu=Nu0) for the � rst pass and second pass vs � ow Reynolds num-
ber. The symbols are labeled as the rib type and the divider wall
case for each case. The tapered slot with 60-deg BF ribs provides
the highest heat transfer enhancement in the � rst pass. The inclined
hole geometry with 90-deg ribs provides the lowest enhancement.
All of the other cases provide enhancement ratios in the range from
2.5 to 3.5. In the second pass, the inclined hole geometry with
60-deg FF ribs provides the highest 14 enhancement. The tapered
slot with 90-deg ribs also provides similar high heat transfer en-
hancements. The tapered slot with 60-deg BF ribs has the lowest
enhancement in the second pass. This was the case that provided
the highest enhancement in the � rst pass. The other cases provide
enhancement ratios in the range 2.5–4.0 for the second pass. Note
that inclined holes with 60-deg FF ribs have the highest heat trans-
fer enhancement in the second pass and the second highest in the
� rst pass, indicating that this con� guration may be the best over-
all performer among all of the cases tested. The baseline case for
the whole study is the 180-deg turn channel without ribs. This is
also included in Figs. 8–10 as the no-ribs case. The results show
as expected for the � rst pass, with the 180-deg turn channel having
the lowest ratios. The second pass shows some interesting results in

Fig. 13 Comparison of overall averaged Nusselt number ratios ( ¯̄Nu/
Nu0) vs overall friction factor enhancement ( ¯̄f /f0) for different con� gu-
rations.

that the 180-deg turn without ribs is higher than the 60-deg BF slot
con� guration.

Figure 13 presents the overall heat transfer enhancementfor both
passages combined as a function of the friction factor enhancement
over theentirechannel( fNN= f0 ). The frictionfactor is calculatedusing
the measured overall pressure across the entire channel. The opti-
mum con� guration for heat transfer enhancementwill show higher
heat transfer enhancement for a relatively lower friction factor en-
hancement. This indicates that the con� guration for heat transfer
enhancement is bene� cial, regardlessof the increasedpressuredrop
over the entire channel. Figure 13 clearly shows that the inclined
hole geometry with 60-deg FF ribs is the optimum con� guration.
Some of the other cases provide lower friction factor enhancement,
but also provide lower heat transfer enhancement. Still other cases
that provide similar heat transfer enhancement also show a signi� -
cant rise in friction factor. The baseline case (180-deg turn, no ribs)
is also shown for comparison. The overall heat transfer enhance-
ment is lowest for this case and the friction factors are also the
lowest.

Conclusions
Detailed heat transfer distributions are presented for two-pass

channels connected by holes/slots in the divider wall with rib tur-
bulators in the � rst pass. The overall enhancement obtained for
this new internal cooling design is signi� cant. Three con� gurations
of holes/slots have been tested for a range of Reynolds numbers
(1:0 £ 104 –5:0 £ 104 ). The dividerwall with inclinedholesprovides
the highest heat transfer enhancementwithout ribs. It also produces
the higherpressuredrops compared to the other two divider wall ge-
ometries.Three rib con� gurationsare testedwith each of the divider
wall geometries at all � ow Reynolds numbers.The tapered slot wall
with 60-deg BF ribs provided the highestheat transferenhancement
in the � rst pass and the inclined holes wall with 60-deg FF ribs pro-
vided the highest heat transfer enhancement in the second pass. The
inclinedholes wall with 60-deg FF ribs provided the highest overall
heat transfer enhancementfor the combined two-pass channel.This
con� guration is the best among the tested geometries because the
associated pressure drop, presented as friction factor enhancement,
is relatively lower for this case.

This design may eliminate the need for ribs in the second pass
due to the signi� cantly high heat transfer enhancement achieved.
The overall pressure drop or friction factor is lower for this design
than the traditional serpentine channel with 60-deg ribs. There are
not much archival data on the pressure drop for two-pass channels
connectedby a 180-deg U bend with rib turbulators.The heat trans-
fer enhancement levels are signi� cantly higher for the proposed
geometry compared to a two-pass channel with 180-deg bend and
ribs.
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