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Abstract

Detailed heat transfer coefficient distributions are presented for a two-pass square channel with a 180° turn. One wall
of the channel has periodically placed rib turbulators and bleed holes. Four different configurations of 90° parallel, 60°
parallel, 60° V ribs, and 60° inverted V ribs are studied in conjunction with the effect of bleed holes on the same wall.
The surface is coated with a thin layer of thermochromic liquid crystals and a transient test is run to obtain the detailed
heat transfer distributions. Detailed distributions show distinctive peaks in heat transfer levels around bleed holes and
on rib turbulator tips. The 60° parallel, 60° V, and 60° inverted V ribbed channels produce similar levels of heat transfer
enhancement in the first pass. However, the 60° inverted V ribbed channel produces higher enhancement in the second
pass. Regional-averaged heat transfer results indicate that a surface with bleed holes provides similar heat transfer
enhancement as that for a surface without bleed holes although 20-25% of the inlet mass flow exits through the bleed
holes. © 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature

b divider wall thickness

d bleed hole diameter

D square channel width or height

e rib height

k thermal conductivity of test surface material
k, thermal conductivity of air

K, overall loss coefficient, AP/(1/2)p V.2

L length of each pass

ry  exit mass flow rate through bleed holes

m;, inlet mass flow rate

My, outlet mass flow rate

Nu local Nusselt number, 2D/k,

Nu, Nusselt number from correlation for a straight cir-
cular tube, 0.023Re"® P4

p rib or bleed hole pitch

P,., ambient pressure
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P, inlet pressure

P, outlet pressure

AP pressure drop in the channel, P;,— P,
Pr  Prandtl number of air

Re Reynolds number, pV;,D/u

¢t time of liquid crystal color change

T, initial temperature of test surface

T, liquid crystal color change temperature
T, mainstream temperature

Vi, inlet mean flow velocity

X axial distance from the center of the channel.

Greek symbols

o thermal diffusivity of test surface material
1 dynamic viscosity of air

p density of air.

1. Introduction

Modern gas turbine blades have several serpentine
channels through which cooling air is passed to remove
heat from external surfaces exposed to high temperatures.
Coolant passed through several sharp 180° turns and
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straight sections is ejected on to the external surface
through discrete holes on the blade surface. The presence
of such bleed holes for external film cooling affects local
heat transfer coefficients on the blade internal surface.
With the loss of coolant, overall heat transfer aug-
mentation on the internal surface of the channels is
expected to be reduced. Several rib configurations have
been studied in the past to obtain the most optimum
configuration. However, the combined effect of rib tur-
bulators and bleed holes on internal heat transfer aug-
mentation has not been studied to a large extent. The
present study focuses on the combined effects of rib tur-
bulators and bleed holes on internal channel heat transfer
augmentation.

Several researchers [1-4] have studied the heat transfer
and friction characteristics in straight turbulated chan-
nels. They studied the effects of Reynolds number and
rib geometry (rib height, rib spacing, rib angle and rib
configuration) on local, regionally averaged heat transfer
distributions, and pressure drop in square ducts with two
opposite ribbed walls. Taslim et al. [5] and Taslim and
Wadsworth [6] examined the contribution of on-rib heat
transfer to the overall heat transfer of a rib-roughened
wall with variations in rib angle of attack, rib spacing,
or rib height-to-hydraulic diameter. Chandra et al. [7]
presented heat transfer and friction results in rectangular
channels with one, two, three, and four walls with rib
turbulators.

Several studies [8-10] have been presented on local
heat/mass transfer distributions in two-pass smooth and
ribbed square channels. The above studies used a naph-
thalene sublimation technique to measure the local mass
transfer coefficient on surfaces with rib turbulators.
Results from the above studies [§-9] showed that a 60°
angled rib produces higher enhancement compared with
45 and 90° ribs. Han and Zhang [10] studied the effect of
rib-angle orientation on heat/mass transfer distributions
in a three-pass ribbed channel. It was reported that the
combined effects of the rib angle, rib orientation, and the
sharp 180° turn significantly affect the local mass transfer
distributions. The mass transfer technique used in the
study provided local heat/mass transfer distributions
along three axial lines on the channel surface. Also, the
previous studies on two-pass channels provided results
for only smooth, transverse (90°), and angled (45 and
60°) rib channels. Ekkad and Han presented detailed heat
transfer distributions in the 180° turn region of a two-
pass smooth square channel and studied the effect of
various rib turbulators on a two-pass square channel
without bleed holes [11, 12]. They studied channels with
90° parallel, 60° parallel, 60° V, and 60° broken V-rib
configurations. From their results, it is possible to identify
the flow separation, reattachment and secondary flow
phenomena in the rib turbulated channels from the
detailed heat transfer distributions. The present study
will compare results with bleed holes to results without
bleed holes from ref. [12].

Some studies have focused on the effect of bleed holes
on heat transfer in straight channels. Shen et al. [13]
studied the heat transfer enhancement within a straight
cooling passage with ribs and film cooling holes. Detailed
heat transfer contours for one wall enhanced by 90° ribs,
and with 90° ribs combined with bleed holes were
presented. Taslim et al. [14] studied the effects of bleed
holes on heat transfer in trapezoidal straight passages
with tapered turbulators. Their focus was on the trailing
edge cooling channel which is typically trapezoidal in
shape. However, no study with bleed holes along a two-
pass channel with or without rib turbulators has been
published.

The objective of this study is to present detailed heat
transfer coefficient distributions for a two-pass smooth
square channel with bleed holes, and a combination of
two-pass turbulated channels with bleed holes. Shen et
al. [13] and Ekkad and Han [11-12] used a transient
liquid crystal method, whereas Taslim et al. [14] used a
steady state liquid crystal method for detailed heat trans-
fer measurements. The present study uses the same exper-
imental technique used by Ekkad and Han [11-12]. The
detailed heat transfer measurements with bleed holes will
help provide better understanding of the heat transfer
augmentation mechanism in multi-pass internal tur-
bulated channels with discrete film hole locations.
Regionally averaged results from the present study are
also compared with results for two-pass turbulated chan-
nels without bleed holes [12].

2. Test apparatus

Figure 1 presents a schematic of the experimental set
up. The experimental set up consists of an image pro-
cessing system, flow circuit, and test section. The image
processing system consists of an RBG camera connected
to a color frame grabber board placed inside the PC. The
frame grabber board is programmed through a software
package to analyze the color changes during the transient
test. The camera is adjusted to view the surface using a
color monitor as shown in the figure.

The flow circuit consists of a compressor-based air
supply. The air passes through a standard orifice meter
which measures the mass flow rate. Air then passes
through a 2 kW in-line air heater and a three-way ball
diverter valve. The heater input, controlled by a variac,
heats up the air to the required temperature. The ball
diverter valve routes the air away from the test section
when the testis not in progress. A transient test is initiated
by switching the valve and letting the hot air into the test
section. The flow enters the main section through an
entrance duct where the mainstream is allowed to develop
before entering the test section.

Figure 2 presents the front view and the top view of
the test section. The test section is a two-pass channel
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Fig. 1. Experimental setup.
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Fig. 2. Two-pass channel with ribs and bleed holes.

with a 5.08 cm square cross-section. Each pass is 60.96
cm long with a L/D ratio of 12. The whole test section is
made of plexiglass. The test surface wall (back wall) is
made of black plexiglass and sprayed with liquid crystals
on the inside. The liquid crystal coated surface is observed
through the transparent opposite wall (front wall). The
ratio of the two-pass divider wall thickness to the channel
width (b/D) is 0.25. The thickness of the plexiglas wall is
1.27 cm. The test surface is shown with bleed holes and
90° parallel rib turbulators. Bleed holes are 0.63 cm in
diameter (d) and spaced 10 hole-diameters apart which
is the same as the pitch (P) between the ribs.

For the rib-roughened ducts, black plexiglass ribs were
attached to the test surface using double-sided tape [12].

Liquid crystals were sprayed following the attachment of
the ribs to the surface. Four rib configurations, 90 and
60° parallel, 60° V, and 60° inverted V, are used in this
study. Figure 3 presents the rib configurations (with bleed
holes) studied. The rib height-to-channel width (e/D) is
0.125 and the rib pitch-to-height ratio (P/e) is 10. A 90°
rib was placed along the divider wall in the middle of the
180° turn for all ribbed channels. The ribs are placed
such that the bleed holes are nearly in the center of two
adjacent ribs.

3. Data reduction

Thermochromic liquid crystals are sprayed uniformly
on the test surface using an air gun. The coating is a light
spray of thickness in the order of 5-10 um. Duration of
the transient test is much longer than the response of the
liquid crystals. The mainstream flow is set to the required
flow rate and heated to a required temperature using an
in-line air heater. Once the temperature is steady, the
diverter valve is quickly changed and the hot air is sent
over the test surface causing the liquid crystals to change
color. The liquid crystal coated test surface is exposed to
the hot air stream during the transient test. The time of
color change of the liquid crystals at every point on
the test surface is measured using the image processing
system and the mainstream temperature is measured
using a strip chart recorder.

Local heat transfer coefficient (/) over the test surface
coated with liquid crystals can be obtained by assuming
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Fig. 3. Test surface geometry with rib configurations.

1-D transient conduction over a semi-infinite solid. Solv-
ing the 1-D transient conduction equation with pre-
scribed initial and boundary conditions, one obtains the
non-dimensional temperature at the convective boundary
surface as

T,—T, (1 2y ) (h\/oct>
= l—exp (1)
T,—T k?

Knowing the color change temperature (7,,) from red
to green during the transient test, the initial temperature
(T)) of the test surface, the oncoming mainstream tem-
perature (7,,), and the time of color change to green (¢)
at any location, the local heat transfer coefficient (/) can
be calculated from eqn (1). Test conditions are set such
that the time of color change on the surface is between
20 and 80 s. This ensures the validity of the semi-infinite
solid assumption on the test surface.

The strip chart recorder measures the time-dependent
variations of the mainstream temperature at the inlet and
outlet of the measured region. The axial variation of
temperature in the channel is interpolated from the two

measured locations from the chart recorder output. This
is to correct the temperature drop which occurs in the
channel during the test from inlet to outlet of the
measured region. The solution in eqn (1) has to include
the gradual changes in mainstream temperature. The time
history of the mainstream temperature at every axial
location is simulated as a series of time step changes.
Using Duhamel’s superposition theorem, the solution for
the heat transfer coefficient (/) at every location is then

represented by
<1120c(t— r,))
xXp| —————
kl

T,—T, = ﬁ [1 -
x erfc (hiw“(’*“)ﬂ[Ame)] 2)

k

where AT,,;; ;) and 1, are the temperature and time
step changes obtained from the chart recorder output.
Equation (2) is solved at every point on the surface
(250 x 85 points) to obtain the local heat transfer
coefficient.

The experimental uncertainty in the measurement of
the convective heat transfer coefficient (%), based on Kline
and McClintock’s methodology [15], is in the order of
4 5.9%. The individual uncertainties in the measurement
of the time of color change (Af = +0.5 s), the main-
stream temperature (AT, = +1°C), the color change
temperature (AT, = +0.2°C), and the wall material
properties (Aa/k* = +5%). These uncertainties were
included in the calculation of the overall uncertainty in
the measurement of /.

4. Results and discussion
4.1. Flow measurements

Figure 4 presents the inlet-to-outlet pressure ratio
(Pin/Pams), over loss coefficient (K;) and the exit mass
flow ratio (ri1g/rin,) vs Reynolds number for different rib
configurations. The pressure drop (AP) from the inlet of
the two-pass channel to the outlet including the 180° turn
is measured. In the present experiment, the pressure at
the outlet of the test section (P,,,) is equal to the ambient
pressure (P,,,). The inlet pressure at the channel entrance
is measured using a pressure tap. The inlet-to-outlet pres-
sure ratio increases with increasing Reynolds number for
the smooth and all ribbed channels. The overall loss
coeflicient for the entire channel is calculated using the
formulation, K, = AP/(1/2)pV3, where V;, is the inlet
mean flow velocity. The loss coefficients for the ribbed
channels are higher than that for the smooth channel as
expected. The 90° rib channel has the highest overall
loss coefficient compared to the other three channels.
However, the difference in loss coeflicients between the
ribbed channels is small. Overall loss coefficient decreases
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Fig. 4. Inlet-to-outlet pressure ratio, channel flow loss coefficient and exit mass flow ratio vs Reynolds number.

slightly with an increase in Reynolds number for smooth
and ribbed channels.

The inlet and outlet mass flow rates of the two-pass
channel are measured and the mass flow rate exiting
the channel through the bleed holes is determined (rizq =
iy — Migy). The inlet mass flow is measured using the
orifice meter and the outlet flow is calculated by mea-
suring the exit flow velocity profile. The exit mass flow
ratio (ring/rin,) is thus determined where 7y is the mass
flow rate exiting through the bleed holes and s, is the
flow rate entering the channel. Figure 4 shows that the
smooth channel has the highest exit mass flow ratio at all
Reynolds numbers. Exit mass flow ratio increased with
an increase in Reynolds number. Comparing the loss
coefficient results and the exit mass flow ratio results, it

can be seen that the highest pressure loss coefficient chan-
nel with 90° ribs has the lowest exit mass flow ratio. For
all four channels, more flow exits out of the first pass
bleed holes compared to the second pass holes. This is
attributed to the high pressure drop in the flow across
the 180° turn.

4.2. Detailed Nusselt number ratio distributions

Figure Sa—e presents the detailed Nusselt number ratio
(Nu/Nu,) distributions at each Reynolds number for all
five cases (smooth and ribbed channels with bleed holes).
The detailed Nusselt number ratio distributions for chan-
nels with ribs only are presented in ref [12]. The local
Nusselt number (Nu) is normalized by the fully developed
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flow Nusselt number (Nu, = 0.023Re’® Pr*%) in a tube
for each of the three Reynolds numbers of 12 500, 28 500,
and 58 500. The flow Reynolds number is based on the
channel hydraulic diameter which is same as the side of
the square channel and channel inlet velocity. Nusselt
number ratios in the entire channel decrease with an
increase in Reynolds number for all smooth and ribbed
channels as can be observed clearly in the turn and after-
turn regions.

Figure 5a presents detailed results for a smooth surface
with bleed holes. In the first pass, there is very little
spanwise variation except in the region around and down-
stream of a bleed hole. Heat transfer is enhanced immedi-
ately downstream of a bleed hole. As the flow approaches
the 180° turn, there is an increase in Nusselt numbers due
to the turning effect. The effect of the turn is visible just
downstream of the last hole in the first pass. The flow
in the turn region is three-dimensional in nature and is
influenced by flow separation at the divider wall tip and
the secondary flow induced by the centrifugal forces. The
flow tends to move away from the divider wall after
the turn due to centrifugal forces and impinges on the
opposite wall producing high heat transfer in that region.
Further downstream after the turn, Nusselt number
values decrease as the effect of the turn reduces. The first
two holes in the second pass do not appear to affect the
heat transfer distribution. Further downstream into the
second pass, there is lesser spanwise variation in the heat
transfer distributions with bleed holes enhancing Nusselt
numbers just downstream of the holes.

Figure 5b presents the detailed distributions for 90°
ribbed channels. The 90° ribs enhance heat transfer com-
pared to a smooth surface. There are greater spanwise
and axial variations due to the presence of the ribs. The
highest Nusselt number ratios are observed on the top of
the ribs. The distributions between adjacent ribs appear
periodic in each pass. Heat transfer in the middle region
between two adjacent ribs is higher. Heat transfer is very
low immediately before and after a rib as the flow sep-
arates and reattaches over every rib. Overall, heat transfer
coefficients around bleed holes are higher in each pass.
In the turn region, the presence of ribs reduces the effect
of centrifugal forces on the secondary flow and causes
less impingement on the wall away from the divider wall
in the turn region and in the second pass. Locally high
heat transfer regions are produced by the presence of ribs.
Further downstream in the second pass, heat transfer
distributions between ribs appear to become more per-
iodic in nature as the effect of the turn reduces.

Figure Sc presents detailed distributions for the 60°
ribbed channel. The ribs in the first pass are angled away
from the divider wall and the ribs in the second pass are
angled toward the divider wall. There is a 90° rib in
the turn region. The 60° ribbed channel produces higher
Nusselt numbers compared to the 90° ribbed and smooth
channels. Similar to the 90° ribbed channel, heat transfer

distributions appear periodic between adjacent ribs and
the highest Nusselt numbers are obtained on the top of
the ribs. The secondary flow moves away from the divider
wall towards the outer wall in the first pass. Highest heat
transfer regions are present immediately downstream of
the ribs near the divider wall and decreasing towards the
next rib. The bleed holes appear to have the same effect
on heat transfer, particularly in the region immediately
downstream of the holes. In the turn region, heat transfer
before and after the 90° rib is low. The secondary flow in
the second pass moves from the outer wall towards the
divider wall. Nusselt numbers are higher near the outer
wall and decrease towards the divider wall. Further
downstream, the Nusselt numbers decrease as the effect
of the turn reduces and flow becomes periodic between
the ribs.

Figure 5d presents detailed distributions for the 60° V
ribbed channel. The direction of the V shape is the same
for both the passes of the channel. A 90° rib is placed in
the middle of the turn. The Nusselt numbers are highest
on top of the ribs through the test channel. In the first
pass, the ribs attack angle, V, is pointed opposite to the
flow direction. Two secondary flow structures are formed
at the tip of the rib in the middle of the channel. Nusselt
number ratios between the ribs are almost uniform except
around the bleed hole and closer to the channel walls.
Just downstream of every rib, there is a low heat transfer
region which is due to the flow separation at the rib tip.
The Nusselt number ratio distributions in the first pass
appear periodic between ribs. In the after-turn region,
Nusselt number ratios are higher near the outer wall
and very low near the divider wall. This is due to the
centrifugal forces induced by the sharp 180° turn. The
flow near the outer wall has a higher velocity compared
to the flow near the divider wall. This causes uneven
mixing and increases spanwise variations in the Nusselt
number ratio distributions. In the second pass, the rib
attack angle is inverted with the V-shape pointed along
the flow. The inverted V shape is expected to enhance
mixing of the two secondary flow structures induced by
the turn. However, it appears to have very little effect on
the secondary flow. Further downstream of the turn,
Nusselt number ratios between ribs are still higher near
the outer wall compared to the divider wall. The bleed
holes show some effects on Nusselt number ratios.

Figure Se presents detailed distributions for the 60°
inverted V ribbed channel. The direction of ribs are
opposite to the 60° V ribbed channel. In the first pass,
the V shape is pointed along the flow direction and in the
second pass, it is against the flow direction. There is a 90°
rib in the middle of the turn. The Nusselt number on
top of the ribs is the highest while the Nusselt numbers
immediately before and after the ribs are the lowest, as
seen for 90 and 60° parallel ribbed channels. In the first
pass, each angled side of the ribs generates a secondary
flow from the outer and divider walls towards the center
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of the channel. The two high heat transfer regions away
from the center of the channel downstream of each rib
indicates the secondary flow structure. The two sec-
ondary flows appear to coalesce upstream of the next rib.
There is enhancement of local Nusselt number around
the bleed holes. Nusselt numbers in the turn and after-
turn regions are very high. Secondary flow structures are
generated at the tip of the ribs and move away from the
center and this may be the reason there is a high heat
transfer region downstream of the rib and decreasing
away from the centerline. This behavior is the opposite
of that in the first pass. Further downstream, the Nusselt
numbers decrease as the effect of the turn reduces. The
heat transfer enhancement in the entire two-pass channel
might be increased by using V-ribs in the first pass and
inverted V-ribs in the second pass.

4.3. Spanwise heat transfer distributions

Figure 6 presents the spanwise-averaged Nusselt num-
ber (Nu/Nu,) distributions for each of the five con-
figurations at Re = 28 500. The trends for Re = 12500
and Re = 58 500 are similar for all rib configurations (not
shown). The bleed hole and the rib locations are indicated
as dark circles and dark squares on the figure. The span-
wise distributions are presented to indicate the axial heat
transfer enhancement variations in the entire channel.
The smooth channel Nusselt number ratio values are
constant in the first pass as the flow approaches the turn.
Nusselt numbers increase in the turn region and decrease
further downstream into the second pass as the effect of
the turn decreases. Periodic spikes are clearly evident
in the first pass immediately downstream of bleed hole
locations. The spikes are reduced in the turn, after-turn
and second pass. The effect of bleed holes on heat transfer
distribution is reduced by the stronger effect of the 180°
turn.

The ribbed channels have the additional effect of per-
iodic ribs. The 90° ribbed channel shows a major spike
at the rib location and a minor spike just downstream of
the bleed hole location. Since, the averaging is spanwise,
the other channels with angled and V ribs do not produce
as clear a spike as those seen for the 90° ribbed channel.
The second pass Nusselt number distribution is affected
by the turn and the presence of ribs. Further downstream,
the effect of the turn reduces. The angled (60°) and V
ribbed channels produce random spikes due to the span-
wise averaging. However, the average Nusselt number
ratio over the entire channel appears to be higher for
these channels compared to that for the smooth and 90°
channels.

4.5. Regionally averaged distributions

The local Nusselt number ratios are regionally aver-
aged for every rib pitch of the channel wall in the first
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Fig. 6. Spanwise averaged Nusselt number ratio distributions at
Re = 28 500.

pass, in the turn region, and the second pass. Figure 7
presents the effect of rib angle on regionally averaged
Nusselt number ratio at each Reynolds number. The
distributions are similar for all three Reynolds numbers.
In the first pass, 60° parallel, 60° V, and 60 ° inverted V
ribs produce almost the same Nusselt number ratios. A
smooth channel produces the lowest enhancement. In the
turn region, 60° parallel ribs and 60° V ribs produce
higher Nusselt number ratios compared to the other
ribbed channels. Similar Nusselt number ratios are
obtained for 60° parallel, 60° V, and 60° inverted V in
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Fig. 7. Effect of rib configurations on regional averaged Nusselt number ratio.

the first pass and turn region. Nusselt number ratios as
high as 4.0 are obtained for 60° V ribbed channel in
the turn region for Re = 12500. Further downstream
(X/D > 2.), 60° inverted V ribs produce greater enhance-
ment than all the other channels. Heat transfer enhance-
ment (Nu ratio) over a smooth channel decreases with an
increase in Reynolds number for all rib configurations at
all locations.

4.6. Comparisons

Figure 8 compares the regionally averaged Nusselt
number ratio distributions for the four configurations
with and without bleed holes at Re = 28 500. Results for
the cases without bleed holes were presented by Ekkad
and Han [12]. The values are almost identical in the first
pass and second pass of the channel for channels with
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Fig. 8. Effect of bleed holes on regional-averaged Nusselt number ratio at Re = 28 500.

and without bleed holes. It is important to note that the
loss of 20-25% of the mainstream flow through the bleed
holes (see Fig. 4) does not produce a reduction in regional
averaged Nusselt number ratios compared to a channel
without bleed holes. However, for the 60° parallel ribs
and 60° V ribs, the Nusselt number ratios at X/D > 3 are
lower for the channels with bleed holes compared with
channels without bleed holes. The effect does not seem
to be evident for the smooth and 90° ribbed channel. This
indicates that 20-25% of the mainstream flow can be
used to provide coolant for film cooling of the external
blade surface from the first pass without reducing the
level of the regional averaged Nusselt number ratio inside
the channel. However, there are distinct variations in the
detailed heat transfer distributions compared to channels
without bleed holes (ref [12]). This indicates that the
bleed holes tend to enhance heat transfer so that the level
of Nusselt number ratios with bleed holes is about the
same as that for a channel without bleed holes.

5. Conclusions

Local Nusselt number distributions are presented for
turbulent flow in a two-pass square channel with bleed

holes for smooth and ribbed walls using a transient liquid
crystal technique. The detailed Nusselt number dis-
tributions help understand the heat transfer enhancement
phenomena due to ribs and bleed holes. The conclusions
based on the results presented are as follows:

1. A higher pressure drop across the channel produces
lower bleed mass flow ratio. A smooth channel pro-
duces the lowest pressure drop but has the highest
mass flow rate exiting out of the bleed holes.

2. Smooth channel Nusselt numbers are enhanced by the
presence of bleed holes in the first pass due to tripping
of flow at every hole location. However, the effect of
bleed holes is reduced by the sharp 180° turn in the
second pass due to decreased bleed.

3. For all ribbed channels, bleed holes enhance heat
transfer around the hole edges in the first pass.
However, the effect is reduced in the second pass due
to the combined strong effects of the 180° turn and
ribs similar to the smooth channel.

4. The 60° parallel ribs, 60° V, and 60° inverted V ribs
produce similar high regional averaged heat transfer
enhancement in the first pass. In the turn region, both
60° parallel ribs and 60° V ribs produce similar high
heat transfer enhancement. The 60° inverted V ribs
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produce the highest heat transfer enhancement in the
second pass. A combination of 60° V rib in the first
pass and a 60° inverted V rib in the second pass is
expected to provide high heat transfer enhancement
over the entire two-pass channel.

5. The loss of mainstream flow through the bleed holes
(about 20-25%) does not cause any reduction in the
average levels of Nusselt numbers in the two-pass
channel. This indicates that coolant flow extracted
through bleed holes for external blade surface film
cooling produces very small changes in regional aver-
aged heat transfer enhancement inside the turbulated
cooling channel.
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