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Abstract

An experimental study is performed to investigate heat transfer and ~uid ~ow in two straight\ rectangular channels
with a 079> sharp bend[ Ribs are attached to two opposite walls with an angle of 89> or 59> to the ~ow[ More than 349
thermocouples are used to monitor detailed distributions of local heat transfer coe.cients over the four wall surfaces
of the entire ~ow channel[ Flow visualization tests are performed which reveal the generation of secondary ~ows[ The
impacts of their interaction on heat transfer enhancement and the rib arrangement which gives the highest heat transfer
performance are disclosed[ Applications to the internal cooling of gas turbine blades are discussed[ Þ 0888 Elsevier
Science Ltd[ All rights reserved[
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Nomenclature

a width of the channel cross section ð04 mmŁ
A total heat transfer surface area ðwLŁ
Ac cross sectional area of the channel ðabŁ
b height of the channel cross section ð29 mmŁ
cp speci_c heat of air under constant pressure
de equivalent diameter ð3Ac:wŁ
k thermal conductivity of air
L total length of the channel
m¾ air mass ~ow rate
Nu local Nusselt number ðade:kŁ
Num\s averaged Nusselt number for each of the four side
walls
Nu� Nusselt number for ~uid!dynamically and ther!
mally fully developed turbulent ~ow
Pr Prandtl number of air
q¾ wall heat ~ux\ eqn "0#
Re Reynolds number ðumde:nŁ
Tb local bulk mean temperature of air\ eqn "1#

� Corresponding author[ Tel[] ¦70 "9#312 77 6977^ fax] ¦70
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Tb\0 test section inlet air temperature
Tb\1 test section outlet bulk mean air temperature
Tw local wall temperature
um mean air velocity in the channel ðVþ:AcŁ
Vþ volumetric ~ow rate of air
w perimeter of the ~ow cross section ð1"a¦b#Ł
z distance measured along the channel axis[

Greek symbols
a local heat transfer coe.cient\ eqn "2#
f rib angle
n kinematic viscosity of air
r density of air[

0[ Introduction

Numerous studies "e[g[\ ð0Ð6Ł#\ have been performed
to investigate ~ow and heat transfer characteristics in
curved tubes in the absence of ~ow separation when
the radius of curvature is relatively larger than the tube
diameter[ However\ when a straight ~ow passage under!
takes 079> bend\ the combination of a secondary ~ow
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induced by the centrifugal force and a large!scale ~ow
separation causes extremely complex ~ow and heat trans!
fer phenomena at both the bend region and the sub!
sequent straight!~ow section[ Neither mechanisms nor
characteristics of ~ow and heat transfer in such passages
have been fully explored[

Flow passages with 079> sharp bends are common in
the internal cooling passages within the blades of high!
performance gas turbines[ Flows in the ~ow passages
of turbine blades are turbulent\ with Reynolds numbers
ranging from about 093Ð094\ based on the hydraulic diam!
eter of the ~ow passages as the characteristic lengths[ In
addition\ ribs are installed on the walls of the straight
passage region to promote heat transfer performance[
Since the second half of the 0879s\ enlarged!model ~ow
passages have been employed in several experimental
studies on heat transfer characteristics inside rib!rough!
ened inward:outward ~ow passages with 079> sharp
bends[ These studies have sought to meet the need for
enhanced turbine!blade cooling technology[ They
included] determination of the spatial distribution of
mean heat transfer coe.cients averaged over each pass!
age increment ð7Ð09Ł\ measurement of local mass transfer
coe.cients by means of the naphthalene sublimation
method ð00Ð05Ł\ measurement of local heat transfer
coe.cients along the ~ow passage using thermocouples
ð06\ 07Ł\ and others[ Flow and heat transfer in the ~ow
passages downstream from sharp bends exhibit a highly
three!dimensional nature[ However\ a few studies ð08\ 19Ł
took that into account or conducted detailed measure!
ments of the distribution of local heat transfer coe.cient
distributions on all four channel walls[ On the other hand\
some numerical simulation studies ð10Ð12Ł were per!
formed to predict heat transfer coe.cient distributions[
These results need to be veri_ed by reliable test data[

With this background\ the present study is focused on a
model ~ow passage consisting of two straight rectangular
ducts\ with an aspect ratio of 1\ which are connected by
a 079> sharp bend[ Both smooth and ribbed channel
walls are tested[ These channel wall temperatures are
monitored using 347 thermocouples to investigate three!
dimensional heat transfer characteristics[ These include
not only the axial! but also circumferential!distributions
of heat transfer coe.cients[

1[ Experimental apparatus and procedure

The physical system studied is schematically illustrated
in Fig[ 0[ It consisted of two straight ducts connected by
a bend[ The ~ow passage in each section was rectangular
in cross section\ 29 mm height×04 mm width\ with the
equivalent diameter de of 19 mm[ The ~ow lengths along
the central axis were 109\ 44 and 089 mm in the _rst pass\
bend\ and second pass\ respectively[ The sidewalls of
the test section were made of Bakelite plates of 4 mm

Fig[ 0[ Construction of test section[

thickness[ An electric!conductive plastic _lm heater of
199 mm thickness "19 mm!thick electric conducting part\
plus 079 mm!thick base# was placed over the entire inner
wall surface[ A polyurethane foam insulating material\
approximately 09 mm thick\ covered the entire test
section[ In the present study\ in addition to the smooth
~ow passage case\ tests were also performed on ~ow
passages _tted with symmetrical ribs of various patterns[
These were installed on both the top and bottom walls in
the _rst and second passages[ These ribs were made of
Bakelite with 1×1 mm cross sections at a longitudinal
pitch "along the ~ow axis# of 19 mm irrespective of rib
patterns[ Figure 0 illustrates ribs installed at a 89> angle[
After ~ow!rate measurements were taken by means of
laminar!~ow type ~owmeter\ the air from a turbo!blower
passed through a honeycomb!type ~ow recti_er into the
test section via a 559 mm long entrance region[

The local heat!transfer surface temperature inside the
test section was monitored by means of 49 mm diameter
K!type thermocouples installed underneath the _lm
heater[ Figure 1 shows the locations of 347 ther!
mocouples^ 016 each on the top and bottom walls\ 82

Fig[ 1[ Thermocouple locations[
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on the inner wall and 000 on the outer wall[ A K!type
thermocouple was positioned at the inlet to the entrance
region to measure the test!section inlet temperature\ Tb\0[
A well!insulated mixing chamber consisting of four hole!
type ba/es was set up at the exit from the test section[ A
copper wire grid onto which multiple thermocouples were
soldered was installed across the duct cross section
immediately behind the mixing chamber[ These ther!
mocouples were joined in series to form a thermocouple
pile to measure the exit mixed!mean temperature\ Tb\1[
The heat ~ux from the duct walls\ q¾\ was evaluated using
the expression]

q¾ � m¾ cp"Tb\1−Tb\0#:A "0#

Here\ m¾ denotes the mass ~ow rate of air^ cp\ speci_c heat
under constant pressure^ A\ total heat transfer area ðwLŁ^
w\ perimeter of the ~ow cross section and L\ total length
of the test section[ The local mixed!mean ~uid tempera!
ture\ Tb\ at the axial distance\ z\ is considered to linearly
increase with z[ This approximation is justi_ed under the
uniform heat ~ux condition which prevails in the present
case with electrical heating[ Tb can thus be determined as

Tb � Tb\0¦"z:L#"Tb\1−Tb\0# "1#

The local heat transfer coe.cient\ a is equal to

a � q¾:"Tw−Tb# "2#

Figure 2 depicts the symbols representing the location
of thermocouples around the circumferential direction of
the ~ow cross section[ They are used in the succeeding
_gures to indicate the corresponding locations\ unless
de_ned otherwise[ In addition to smooth ~ow passages\
the present study includes testing of ribbed surfaces with
rib angles\ f � 89 and 59>[ Tests on the 59> ribbed sur!
faces include four distinct patterns of rib arrangement as

Fig[ 2[ Symbols indicating circumferential locations of ther!
mocouples[

Fig[ 3[ Combination of rib patterns[

shown in Fig[ 3] PP\ PN\ NP and NN[ In each case\ the
rib patterns are parallel on both the top and bottom walls[
Taking into consideration secondary ~ow "i[e[\ pairs of
vortices# induced by inclined ribs\ two di}erent situations
may arise[ One is when the direction of the secondary
~ow induced by inclined ribs coincides with that of the
secondary ~ow induced by the bend[ This will be referred
to as positive\ or {P|[ The other situation is if the direc!
tions of these two secondary ~ows are opposite which
will be called negative\ or {N|[ Henceforth\ P and N will
be used to describe the rib pattern in the straight ~ow
passes[ For example\ PN means that the rib arrangement
in the _rst pass is P while that in the second pass is N[

2[ Experimental results and discussion

In the interest of brevity\ only results for the
Re � 04 999 case are presented here to investigate the
e}ects of rib arrangement patterns on the distribution
of the local Nusselt number\ Nu[ Notice that both the
Reynolds and Nusselt numbers are de_ned based on the
equivalent diameter\ de\ as the characteristic length\ with
the mean ~ow velocity\ um¾ \ in the ~ow cross section as
the characteristic velocity[

2[0[ Smooth top and bottom walls

Results for the smooth ~ow passage are illustrated in
Fig[ 4[ The axial distributions of the Nusselt number
normalized by that for a fully!developed turbulent ~ow
in a straight tube\ Nu:Nu�\ are presented in Fig[ 4"a#\
"b#\ "c# and "d# for the top\ bottom\ inner and outer walls\
respectively[ The abscissa\ z:de\ is the distance from the
inlet of the test section along the central axis of the ~ow
passage being normalized by the hydraulic diameter[ The
borderline between the _rst pass and the bend\ and that
between the bend and the second pass\ are z:de � 09[4
and 02[14\ respectively[ Here\ the empirical equation for
Nu� in Kays and Crawford ð13Ł\ Nu� � 9[911Re9[7Pr9[4\
is employed where Pr is the Prandtl number[ The curve
in each _gure represents the Nusselt number distribution
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"a#

"b#

"c#

"d#

Fig[ 4[ Axial distribution of Nu:Nu� on each wall of smooth
channel[

in the entrance region of a turbulent ~ow in a straight
tube ð14Ł[ It is apparent from the _gures that]

"0# The Nu distributions on all four walls in the _rst pass
correlate well with the traditional empirical equation\
thus verifying the reliability of the present test setup[

"1# The Nu values on all four walls begin to rise immedi!
ately before the inlet to the bend and continue to
increase after entering the bend[ Their subsequent
behavior within the bend di}ers with each individual
wall as follows]

The Nu behaviors of the top and bottom wall
within the bend are practically identical due to the
symmetry of thermal!~uid phenomena[ However\
their magnitudes on the outer!wall side are always
higher than those of the centerline\ while their
values on the inner!wall side are always lower than
those of the centerline[ Note especially that the Nu
values on the outer!wall side are about the same
magnitude as the Nu values on the outer wall\ to
be described later[

"2# Although the increase in Nu on the inner wall in the
bend is the lowest of the four walls\ its highest value
is over twice that of the straight tube cases[

"3# Of the four walls in the bend\ Nu is highest on the
outer wall[ The Nu values on the outer wall are prac!
tically uniform in the lateral direction[ They undergo
a steep increase with z:de in the bend\ then fall\ then
very steeply increase to achieve a maximum value
near the exit[ In other words\ there are two locations
in the bend where the Nu on the outer wall reaches
maxima[ The second maximum Nu is the highest of
the entire ~ow passage\ surpassing by four times the
maximum Nu in a straight tube[

"4# It is at the inlet to the second pass where the Nu
values on both the top and bottom walls reach
maxima[ These maxima are comparable to that on
the outer wall\ reaching almost four times that of a
straight tube[

"5# In the second pass\ Nu values on all four walls
decrease monotonically with z:de and asymptotically
approach the Nu in the straight tube case[

Figure 5 depicts the Nu distribution in the cir!
cumferential direction of the ~ow cross section near the
entrance to the second pass " for z:de � 02[5 and 03[3#[ It
is clear from the _gure that "0# the maximum Nu is not
on the outer wall which confront the turning ~ow\ but
rather occurs at the top and bottom walls^ and "1# the
Nu distributions in the lateral direction are relatively
uniform on the outer and inner walls[ By contrast\ the
Nu distributions on the top and bottom walls diminish
signi_cantly from the outer toward the inner walls[

Hence\ in the case of two!way ~ow passages connected
by a 079> sharp bend\ Nu values on each wall downstream
from the bend are signi_cantly enhanced even in the
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Fig[ 5[ Circumferential distribution of Nu:Nu� in the inlet region
of 1nd pass[

smooth!wall case[ The Nu distributions exhibit charac!
teristic of three!dimensional ~ow structures[ To the
authors| knowledge\ this is the _rst work to reveal
detailed convective three!dimensional heat transfer
characteristics in and after the 079> sharp bend[ In order
to explore the mechanism of these heat transfer charac!
teristics\ a ~ow visualization study was performed on
air~ow\ utilizing para.n mist as the tracer and a laser
light sheet as the light source[ Representative photo!
graphs are presented in Fig[ 6[ In the _gure\ "a# cor!

Fig[ 6[ Visualized ~ow behavior in the bend[ "a# Mid plane
between top and bottom wall^ "b# section XÐX^ "c# section
YÐY[

responds to the ~ow on the midplane between the top
and bottom walls\ and "b# and "c# are the ~ows on the
XÐX and YÐY planes\ respectively[ The ~ow cross section
used in the ~ow visualization is square "33×33 mm# and
the Reynolds number based on the hydraulic diameter is
499[ A separation from the corner of the inner wall\
vortices generated at each corner of the outer wall\ sec!
ondary ~ow vortices observed in "b# and "c#\ and their
rotating directions\ are all considered to be qualitatively
similar to those in the present heat transfer experiments[
The following phenomena are revealed] the ~ow that
enters the bend via the _rst pass impinges on the con!
fronting surface "i[e[\ outer wall# of the bend at the
location shown in the _gure by the arrow A[ A portion
of that ~ow runs downstream in the axial direction along
the outer wall\ another part undergoes a reverse ~ow\
and the remaining stream turns in the lateral direction
of the outer wall\ thus forming a secondary ~ow[ The
downstream ~ow along the outer wall detaches at the
second corner but reattaches to the outer wall at the
location illustrated by the arrow B[ It is believed that the
two maxima "Fig[ 4"d## in the Nu distribution in the axial
direction of the outer wall in the bend correspond to
these two reattachment points[

Since the centrifugal force acts on the ~ow making a
turn in the bend\ the higher velocity ~ow is forced toward
the outer wall[ As a result\ the secondary ~ows are
induced as shown in Fig[ 6"b# and "c#[ Figure 6"b# ex!
hibits the secondary ~ow that is induced near the original
reattachment point[ It transports the ~uid from the region
away from the wall surface\ with a greater momentum
but a lower temperature\ toward the outer wall surface[
Subsequently\ the ~uid ~ows along the top and bottom
walls from the outer toward inner walls[ The heat transfer
from the outer wall and the two sidewalls is consequently
enhanced[ It is seen in Fig[ 6"c# that\ in addition to the
main vortex C\ secondary vortices appear on both the top
and bottom walls near the outer!wall side\ as indicated by
D[ The phenomenon can be clearly observed in a video
tape[ These second vortices fail to appear in Fig[ 6"b#[ The
authors consider this to be the reason why the Nusselt
numbers on the top and bottom walls "especially near
the outer!wall side# at the inlet to the second pass are
either the same as\ or higher than\ those on the outer
wall[

2[1[ Rib!rou`hened top and bottom walls

Figure 7 depicts the Nu distributions on the walls of
rib!roughened channels\ with "a#\ "b# and "c# being the
rib patterns of 89>\ 59> PP and 59> NN "referring to Fig[
3#\ respectively[ Note that the Nu distributions on the
bottom wall are practically identical to those on the top
wall and so are omitted here[ The following items are
revealed in the _gure]
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Fig[ 7[ Axial distribution of Nu:Nu� on each wall of rib!roughened channels[

"0# In all three cases of the three rib!roughened channels
"Fig[ 7"a#\ "b# and "c##\ Nu values on the four wall
surfaces are signi_cantly higher than those on the
smooth channel wall "Fig[ 4#\ except in the bend and
its immediate neighborhood[ This suggests that the
ribs have a signi_cant e}ect on heat transfer aug!
mentation[ It is especially noteworthy that the Nu
values are also enhanced on both the inner and outer
walls where no ribs are attached[

"1# In the straight ~ow passages "excluding their portions
at the immediate inlet and exit of the bend# the Nu
values in the ~ow channels attached with inclined
ribs "b# and "c# follow a trend of gradual growth with
an increase in z:de[ In the case of 89> ribs in "a#\ the
Nusselt number is maintained at a nearly constant
value[ This contrasts with the smooth channel case

"Fig[ 4# in which the Nu diminishes gradually\ with
an increase in z:de in the straight portion[

"2# In almost the entire _rst pass\ and the second half of
the second pass\ the inclined ribs induce a higher heat
transfer than do the 89> ribs\ irrespective of whether
the pattern is PP or NN[

"3# The inclined ribs taking either the PP or NN pattern
can signi_cantly a}ect the Nu distribution on the
inner and outer walls in the straight ~ow passages
"comparing "b!1# with "c!1# and "b!2# with "c!2##[ In
the _rst pass\ however\ there are symmetries in the
Nu distributions between the cases "b!1# for the inner
wall of the PP pattern\ and "c!2# for the outer wall
of the NN pattern[ There are also symmetries
between the cases "b!2# for the outer wall of the PP
pattern and "c!1# for the inner wall of the NN pattern[
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"4# This symmetry in the Nu distributions is no longer
seen in the bend and second pass[

"5# When inclined ribs are attached\ the Nu values on
the top and bottom walls in the bend ""b!0# and "c!
0## are signi_cantly lower than those of the smooth
channels and 89> rib!roughened channels "a!0#[

Heat transfer enhancement in the 89> rib!roughened
wall is due to the combined e}ects of ~ow sep!
aration:reattachment and the ~ow mixing caused by ~ow
instability[ On the other hand\ when ribs are placed at a
certain angle to the ~ow\ a new ~ow is induced along the
ribs other than the separated ~ow from the ribs[ Figure
8 presents measured Nu distributions along the top walls
with 89> ribs "left _gure# and 59> PP inclined ribs "right
_gure# in the midportion of the _rst pass[ One can see
that the Nu for the 89> ribs is practically uniform in
the lateral direction but varies periodically in the axial
direction in tandem with the rib pitch[ This is because the
Nu diminishes in the separated ~ow region immediately
behind the ribs\ achieves the maximum value near the
reattachment point\ and then decreases with the devel!
opment of a boundary layer until the next rib\ thus
forming a cycle that is repeated from rib to rib[ In the
case of inclined 59> PP ribs shown in the right _gure of
Fig[ 8\ Nu not only periodically varies in the ~ow direc!
tion but also diminishes along the ribs from the outer
wall toward the inner wall[ The combination of ~ow
separation:reattachment due to the presence of ribs and
a ~ow along the inclined ribs causes a signi_cant aug!
mentation in the heat transfer performance "see preceding
item "2##[ The ~ow induced along the ribs on the top and
bottom walls enhances the Nu on the wall confronting
the ~ow " for example\ the inner wall in case of the PP

Fig[ 8[ Comparison of Nu:Nu� distributions between 89> "left# and 59> "right# ribs\ top "bottom# walls\ 0st pass[

pattern and the outer wall in case of the NN pattern#
"item "3##[ Those ~ows induce secondary ~ows inside
the channels which are symmetrical with respect to a
midplane between the top and bottom walls[ Inside the
rib!roughened channels\ these secondary ~ows grow
stronger each time they cross over the ribs in their down!
stream direction[ This results in an augmentation of Nu
with z:de "item "1##[ Although the rotating direction of
the secondary ~ow induced by the ribs depends upon the
rib patterns\ that of the secondary ~ow formed at the
bend remains unchanged "refer to Fig[ 6#[ The heat trans!
fer characteristics in the _rst pass are symmetrical "item
"3## because the ~ows at P and N are symmetrical[
However\ the ~ow:heat transfer characteristics are a}ec!
ted by the rib patterns of the _rst pass\ in the case of the
bend\ and by that of both the _rst and second passes in
the case of the second pass "item "4##[ The reason for the
large reduction in heat transfer "item "5## is still unclear
and requires further investigation of the three!dimen!
sional ~ow phenomena in the bend[

Figure 09 illustrates the circumferential distribution
of Nu at the midpoint "z:de � 05[3# in the second pass[
Nu:Nu� for the PP and NN rib patterns is compared[
The _gure reveals that the Nu distributions for the PP
and NN rib patterns in the second pass are qualitatively
symmetrical[ In other words\ the top and bottom wall
temperatures diminish from the outer toward the inner
walls in the PP case but increase in the NN case[ Fur!
thermore\ the temperature distribution shapes of the PP
and NN rib patterns are reversed on the inner and outer
walls[ The qualitative trend of heat transfer charac!
teristics unique to each rib pattern in the _rst pass\ is also
seen in the second pass[ However\ quantitatively\ on all
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Fig[ 09[ Comparison of circumferential distribution of Nu:Nu� between PP and NN\ 59> rib\ z:de � 05[3[

four wall surfaces the PP rib patterns exhibit a higher Nu
distribution than the NN rib patterns[ One thing is clear
from the Nu distributions on all wall surfaces in the
second pass "with the 59> PP and 59> NN rib patterns in
Fig[ 7"b# and "c# respectively#^ the trend is found not
only in the present example "selected at the location
z:de � 05[3#\ but throughout nearly the entire pass[ This
phenomenon can be attributed to an interaction between
a ~ow formed through the _rst pass and the bend\ and
another ~ow induced by the rib patterns in the second
pass[

Figure 00 illustrates how di}erent rib patterns "PP\
PN\ NP and NN# at 59> angles can a}ect the average
Nusselt number\ Num\s on each of the four wall surfaces\
"top\ bottom\ inner and outer# in the second pass[ Results
for 89> rib!roughened and smooth channels are super!
imposed on the _gure for comparison[ It can be seen in
the _gure that "0# on all four wall surfaces\ irrespective
of rib patterns\ the 59> inclined ribs have higher average
Nusselt numbers than the 89> ribs\ and both have higher
Num\s than the smooth channels[ "1# The top and bottom
walls with 59> PP rib patterns exhibit the best heat trans!
fer performance[ In an application of ribs to the internal
cooling of gas turbine blades\ the rib!roughened wall
surfaces "corresponding to the top and bottom surfaces
in the present study# should have high convective heat
transfer coe.cients and be spatially uniform[ For exam!
ple\ it is undesirable to have a steep heat transfer
coe.cient in the bend of the channel[ Judging from the
data presented so far\ one must conclude that surfaces
with 59> PP rib patterns are the most suitable for this
purpose[

Fig[ 00[ E}ect of rib arrangements on mean Nusselt number of
each of the four surfaces\ 1nd pass[

The channel cross section being studied here is rec!
tangular\ with an aspect ratio of 1\ and with ribs attached
on the shorter side[ Since the distance between the two
shorter sides is longer than that between the two longer
sides\ the e}ects of the ribs on ~ow are less than in the
case of a channel with a smaller aspect ratio "such as a
square channel#[ That is\ those special features induced
by the ribs that are revealed in the present experiment
are thought to be more pronounced in smaller aspect!
ratio channels[
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3[ Conclusions

Detailed measurements of local heat transfer
coe.cients have been taken from two straight channels
of an aspect ratio of 1 connected by a 079> sharp bend[
The two opposite wall surfaces of the channel were either
roughened with ribs "of 89 and 59> inclined# or smooth[
The following conclusions were reached]

3[0[ The smooth ~ow passa`e case

"0# Heat transfer characteristics downstream from the
bend are controlled by secondary ~ows generated in
the bend[ The heat transfer coe.cient distribution
on each wall surface di}ers substantially from others[

"1# The highest heat transfer coe.cient throughout the
entire ~ow passage appears on the outer wall near
the exit from the bend "in the neighborhood of the
second boundary!layer reattachment point#[ Its mag!
nitude exceeds by four times that of straight tube
case[

"2# Regions with high heat transfer coe.cients of
approximately the same value as in item "1# exist on
both the top and bottom walls\ near the outer wall
of the inlet to the second passage[ This is believed to
be due to the formation of a second ~ow vortex[

3[1[ The rib!rou`hened duct case

"0# The presence of 89> ribs causes an enhancement in
the heat transfer coe.cient over the smooth ~ow
passage case practically throughout the entire duct[
On the other hand\ inclined ribs induce secondary
~ows due to the occurrence of ~ow along the ribs as
well as ~ow separation:reattachment[ As a result\
heat transfer coe.cients higher than the 89>!rib case
prevail except in the bend and in its immediate down!
stream region[

"1# In the inclined!rib!roughened ~ow passage\ an inter!
action occurs between two secondary ~ows\ one
induced by the ribs and the other by the bend[ Due
to this interaction\ the rib patterns in the _rst pass
and both two passes strongly in~uence heat transfer
characteristics in the bend and second pass\ respect!
ively[ For example\ the PP rib pattern gives higher
average heat transfer coe.cients on all four wall
surfaces in the second pass than does the NN rib
pattern "see Fig[ 3#[

"2# The heat transfer performance on the rib!roughened
surfaces in the second pass achieves maximum value
with the installation of 59> inclined ribs arranged in
the PP pattern[
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