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a b s t r a c t

This experimental study investigates the heat transfer, pressure drop and thermal performance factor for
the two-pass rib-roughened channel with and without bleed from its sharp bend. Detailed distributions
of Nusselt number (Nu) and dimensionless wall temperature (gw) over the rib floor with coolant extrac-
tions from three different locations on the outer wall of the sharp bend at 0%, 10%, 20%, 30% of the total
airflow rate are comparatively analyzed with 5000 < Re < 25,000. Area-averaged Nu and pressure drop
coefficients (f) for the entire two-pass ribbed channel with and without bleed are generated with thermal
performance factors (g) compared. The bleed from the outer wall of the sharp bend provides considerable
heat transfer enhancements (HTE) over the turning section with substantial reductions in pressure drops;
while undermines both Nu and gw performances in the outlet-leg from the no-bleed conditions. Thermal
performance factors for the bleed channel at each Re and bleed condition tested are improved from the
no-bleed references. Empirical Nu and f correlations are derived for the present two-pass rib-roughened
square channel with and without bleed.

� 2009 Published by Elsevier Inc.
1. Introduction

Modern gas turbine blades are protected by the cooling system
to prevent thermal damages under the working environments at
temperatures about 1800–2000 K. Current cooling schemes for
gas turbine blades generally combine internal and film cooling.
Airflows fed from the compressor are channeled into the serpen-
tine passages within these blades and partially ejected into the
hot gas stream through the film-cooling holes. Although the cool-
ant flow is essential for assuring the life and safety standard of a
gas turbine blade, the consumption of high pressure air from the
compressor is a penalty on the engine thermal efficiency. The min-
imization of coolant flow while improving the engine performance
is a design goal for engine developments. To fulfill such cutting
edge design goals, the individual and interdependent flow and heat
transfer phenomena for both the internal and film coolant flows
need to be understood. In this respect, the pressure gradients in-
duced around these film-cooling holes, which are dependent on
the geometries of the internal coolant channel, not only affect
the bleeds and therefore the coolant-film attached on the external
blade surface but also modify the structures of internal coolant
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flow from the no-bleed conditions. The interactions between the
internal coolant flow and the external coolant-film are thus consid-
erably affected by the locations, geometries and arrangements of
the film-cooling holes (Grag, 2002). Influences of bleeds on the per-
formances of heat transfer and pressure drop for simulated coolant
passages inside turbine blades are accordingly investigated (Taslim
et al., 1995; Shen et al., 1996; Ekkad et al., 1998; Thurman and
Poinsatte, 2001; Chanteloup and Bölics, 2002; Chang et al., 2007,
2008). In general, the allocations of bleeds depend on the distribu-
tions of heat flux over the external blade surface. As indicated in
Fig. 1, airflows are often bled from the ribbed floors of the internal
coolant channels over the pressure and suction surfaces of these
blades. At the trailing edge of the turbine blade, bleeds are ar-
ranged along the apical sidewall of the trapezoidal internal coolant
passage. For cooling and anti-fouling purposes, coolant is also
ejected from the sharp bend of the serpentine internal channels
via the bleed holes through the tip of the blade toward the shroud.
As these bleeds break boundary layers and modify the local pres-
sure gradients, the distributions of mass flux and hence the flow
structures of internal coolant flows, the cooling performances over
all the constituent channel walls are affected by the bleeds. Previ-
ous investigations in this respect have not been performed to a
large extent and only focused on the heat transfer performances
with bleeds from the straight passages. Taslim et al. experimen-
tally examined the effects of bleeds on heat transfer in the trape-
zoidal straight passage roughened by transverse ribs (Taslim et
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Nomenclature

English symbols
A, B, L, M, N correlation coefficients
Cp constant-pressure specific heat of the coolant

(J kg�1 K�1)
d hydraulic diameter of test channel (m)
e rib land (m)
f pressure drop coefficient = DP/(0.5qV2

in) (d/4TL)
f1 friction factor evaluated from Blasius equa-

tion = 0.079Re�0.25

H rib height (m)
kf thermal conductivity of coolant (Wm�1 K�1)
L length of test channel (m)
LT channel width of sharp bend (m)
_m total coolant mass flow rate into test channel (kg s�1)

Nu local Nusselt number over two-pass rib
floor = qd/kf(Tw � Tb)

Nu1 Dittus–Boelter Nusselt number correla-
tion = 0.023Re0.8Pr0.4

Nu area-averaged Nusselt number
P rib pitch (m)
DP pressure drop over entire test channel (N m�2)
Qf total convective heating power (W)
q convective heat flux (W m�2)
Re Reynolds number based on channel hydraulic diame-

ter = qV ind=l

Tb fluid bulk temperature (K)
DTf reference fluid temperature difference = Qf/( _m � Cp)
TL total length of two-pass test channel (m)
Tw local wall temperature at two-pass rib floor (K)
Vin mean flow velocity at the entrance of inlet-leg (m s�1)
W spanwise width of turning section (m)
WH channel height (m)
WI,O channel width of inlet (outlet) leg (m)
x, y coordinates in streamwise and spanwise directions (m)

Subscripts
I inlet-leg
T turning section
O outlet-leg

Greek symbols
a rib attack angle (deg)
g thermal performance factor = [Nu/Nu1]/[(f/f1)1/3]
gw dimensionless wall temperature = Tw/DTf

gw area averaged dimensionless wall temperature
l dynamic viscosity of fluid (kg s�1 m�1)
q density of test fluid (kg m�3)
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al., 1995). Shen et al. performed detailed heat transfer and shear
stress measurements in a convergent duct roughened by trans-
verse ribs with bleeds (Shen et al., 1996). These bleeds from the
rib floor alter the flow structures between two adjoining transverse
ribs in the manner of reducing the extent of flow separation behind
each rib. Reductions of flow re-circulating regions behind the ribs
along with the local heat transfer enhancements in the vicinity of
bleed holes by breaking boundary layers could elevate the spatially
averaged heat transfer by about 25%. Ekkad et al. examined the
heat transfer performances of a turbulated two-pass square
Fig. 1. Internal coolant channels of gas turbine blades with bleeds.
channel with the bleeds along the centerline of the rib floor at
the midways between two successive ribs (Ekkad et al., 1998).
The distinct difference in Nu distributions along the rib floor with
and without bleeds is characterized by the minor heat transfer
peak immediate downstream of each bleed hole. Regional averaged
heat transfer levels for the bleed ribbed channel with 20–25% of
coolant extractions are similar to the likewise channel without
bleed (Ekkad et al., 1998). Thurman and Poinsatte examined the
detailed heat transfer distributions in a triple-pass channel rough-
ened by transverse ribs with bleeds in the first passage (Thurman
and Poinsatte, 2001). Three different bleed conditions, namely
the uniform, increasing and decreasing bleeds per each bleeding
hole, were tested. Among this comparative group examined by
Thurman and Poinsatte, the uniform bleed provided the higher
heat transfer enhancements (Thurman and Poinsatte, 2001). At
the higher Reynolds numbers (Re) for the cases with bleeds, heat
transfer enhancements due to the increased mixing and boundary
layer removal are less pronounced. By allocating the bleeds with
the so-called rib-between-holes and ribs-near-holes configura-
tions, the backward-C-shaped and C-shaped Nu patterns were
respectively developed on the rib floors. Chanteloup and Bölics car-
ried out the detailed PIV measurements for the flows in a two-pass
channel roughened by 45� ribs with bleeds in the second passage
(Chanteloup and Bölics, 2002). As the coolant was only extracted
from one side of the ribbed channel, the streamwise symmetrical
velocity profile in the likewise no-bleed channel was distorted to-
ward the bleed wall that generated a strongly asymmetrical sec-
ondary flow motion. As a result, the pair of rib-tripped baseline
secondary flows in the channel without bleed was considerably
modified by such one-wall bleeds. In the channel with one-wall
bleeds, the baseline secondary flow cells developed in the no-bleed
channel had almost disappeared along the bleed wall; while its
counter-rotating secondary flow cell opposite to the bleed wall
was enlarged. As the bleeds from one ribbed wall considerably af-
fected the rib induced secondary flows through the entire channel
(Chanteloup and Bölics, 2002), the heat transfer distributions on all
constituent walls with and without bleeds were modified from the
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no-bleed conditions. By way of varying the channel aspect ratio
and/or the bleeding wall where coolant extractions takes place
therefore affect the impacts of bleeds on the heat-transfer and
pressure-drop performances over the entire ribbed channel (Chang
et al., 2007). With bleeds from the rib-roughened wall, the extrac-
tions of coolant bleed off the boundary layers over the rib floor and
reduce the extent of the flow recirculation behind each rib, which
influences in combination can elevate the regional Nusselt num-
bers (Nu) surrounding the bleeding holes. But these favorable flow
mechanisms for regional Nu elevations around the bleeding holes
are absent in the rib-roughened channels with bleeds from the
sidewall. Instead, such sidewall extractions weaken the strengths
of both the rib-tripped secondary flows and the downstream flow
momentums, which together elevate the wall temperatures over
the rib floor by decreasing local Nu and reducing the airflow rate
that raises the fluid temperatures (Chang et al., 2007, 2008). It is
clear that the locations of bleeds from a rib-roughened channel
have profound influences on the heat-transfer and pressure-drop
performances in the ribbed channels (Chang et al., 2007). Thus
the impacts of coolant extraction from the sharp bend of a multi-
pass ribbed channel on local and regionally averaged heat transfer
performances as well as on the pressure drop characteristics need
to be examined.

For multi-pass ribbed channels (Grag, 2002; Thurman and Poin-
satte, 2001; Chanteloup and Bölics, 2002; Ekkad and Han, 1997;
Ekkad et al., 2000; Chanteloup and Wolfersdorf, 2004; Viswana-
than and Tafti, 2006), the heat transfer performances in the
straight ribbed legs away from the sharp bend are typical for the
periodic flow behaviors with repetitive streamwise Nu variations
along the rib floor. The secondary flows tripped by ribs dominate
the heat transfer performances in the straight leg until the flow
has entered the sharp bend. As the coolant flow approaches the
sharp bend, it accelerates locally and separates at the sharp edge
of the bend. Viswanathan and Tafti reported that such bend-in-
duced separated region occupied the central 25–40% of the duct
height (Viswanathan and Tafti, 2006). Additional re-circulating
cells developed in the outer corners of the bend and at the down-
stream bend on the inner wall of the outlet ribbed leg. Locations
with high Nu in the bending region emerge at the downstream out-
er wall of the bend due to the impingement of bulk stream through
the bend. At the center of the 180� bend, the Dean-vortices that im-
pinge on the inner and outer walls in the bend become the domi-
nant flow features to induce high heat transfer rates at these walls
(Viswanathan and Tafti, 2006). Due to the flow features induced by
the 180� sharp bend, the Nu distributions in the bend region are
different from those in the inlet and outlet ribbed legs. In the sharp
bend, no high heat transfer gradients occurred and the decreases of
Nu up to 20% in the bend from the averaged Nu in the inlet ribbed
leg were experimentally observed (Chanteloup and Wolfersdorf,
2004). The recovery of repetitive Nu patterns in the ribbed out-
let-leg was generally initiated from the first rib location down-
stream of the bend and re-developed again after about 5
hydraulic diameters downstream from the bend (Ekkad and Han,
1997; Ekkad et al., 2000; Chanteloup and Wolfersdorf, 2004;
Viswanathan and Tafti, 2006). The coolant extractions from the
outer wall of the 180� sharp bend, as typified in Fig. 1 as the bleeds
from the blade tip toward the shroud, can certainly alter the com-
plex flow structures developed in the bend. But most of previous
investigations studied the thermal fluid performances for the mul-
ti-pass channels with bleeds from the static straight passages,
regardless of the wide cooling applications which bleed coolant
from the sharp bend of a multi-pass coolant channel for both static
and rotor blades. With rotor blade cooling applications, the orthog-
onal rotation, as shown by many researchers (Iacovides et al.,
2001; Iacovides and Launder, 2007; Johnson et al., 1994; Parsons
et al., 1995), will further modify the flow and thermal develop-
ments from the static multi-pass ribbed channels. As a primary at-
tempt to reveal the impact of bleed from the sharp bend on the
thermal performance of the twin-pass ribbed channel, this study
investigates the heat transfer and pressure drop in the static
two-pass rib-roughened channels with the bleed from the sharp
bend. Detailed Nu distributions over the rib floor and the pressure
drop coefficients across the two-pass channel with and without
bleed are comparatively examined. Empirical correlations that
evaluate the area-averaged Nu over the inlet-leg (NuI), the turning
region (NuT) and the outlet-leg (NuO) and the pressure drop coeffi-
cients across the test channel with and without bleeds are gener-
ated to assist design applications. These empirical correlations
are limited for the cooling applications of static blades. Further
studies involving orthogonal rotation effects are necessary for the
cooling applications of gas-turbine rotor blade in which the effects
of Coriolis forces and centrifugal buoyancy on flow and heat trans-
fer need to be examined.
2. Experimental details

The test facility, the steady-state heat-loss and heat-transfer
experiments as well as the method of data processing follow
our previous study reported in (Chang et al., 2007). A brief
description is provided as follows for the interest of complete-
ness. The Dry and cooled airflow is guided through a set of pres-
sure regulator and filtering unit, a mass flow meter and a needle
valve where the mass flow rate of coolant is metered and ad-
justed. Another massflow meter after the exit of the test section
measures the exit massflow rate. With the predefined coolant
mass flow rate specified by the tested Reynolds number, controls
of entry and vent valves obtain the targeting test conditions at
the specified Reynolds number and bleed ratio. The detailed tem-
perature distributions over the scanned rib floor are imaged by a
calibrated two dimensional infrared radiometer. References to
evaluate the effectiveness of heat transfer enhancement (HTE)
and the pressure-drop augmentation for the present test channel
are respectively evaluated from the Dittus–Boelter correlation as
Nu1 (Dittus and Boelter, 1930), and the Blasius equation as f1 de-
fined in the nomenclature. Thermal performance factors (g) are
accordingly quantified as (Nu/Nu1)/(f/f1)1/3 where Nu and f are
respectively the regional area-averaged Nu and the Fanning fric-
tion factor determined from the inlet-to-exit pressure drop of
the entire test channel with and without bleed.
2.1. Test module

Fig. 2 shows the constructional details of the two-pass test
module constituted by the rib-roughened inlet and outlet-legs
with an 180� sharp bend. The present x–y coordinate system with
origin at the entry corner of the inlet-leg is also indicated in Fig. 2.
Ten pairs of square sectioned 45� ribs at a regular interval of 10 rib
heights are arranged in the staggered manner on two opposite
walls of each square sectioned inlet or outlet-leg. Geometric fea-
tures of the two-pass channel and the rib floor are characterized
by the dimensionless parameters summarized in Table 1.

The two opposite rib roughened heating surfaces (1) and (2) are
made of two continuous thin stainless steel. This test section uses
the 0.1 mm thick stainless steel foil to fold into the required geo-
metrical configurations specified in Fig. 2 for the two opposite rib
floors (1) and (2). Electrical current was directly passing through
these two ribbed stainless steel foils (1) and (2) to generate the re-
quired Joule heat all over the rib floors and the turning region. No
additional heating foil was used. The scanned two-pass ribbed
heating foil (1) over which the detailed wall temperatures are de-
tected is sandwiched between the Teflon base plate (3), the Teflon



(1)(2) Ribbed heating foils (11) Entry plenum chamber (20) Thermocouple
(3) Teflon base plate (12) Exit plenum chamber measuring fluid entry
(4) Teflon frame (13) Micromanometer temperature
(5) Front section of divider (14) Pressure regulator (21) Thermocouple
(6) Central Teflon divider and filter unit measuring fluid exit
(7) Outer Teflon wall (15) Needle valve temperature
(8) Needle valve (bleed) (16) Mass flow meter (22) Probing tube
(9) Draw bolt (17) Pressure transducer (23) Infrared radiometer
(10) Teflon bottom wall (18)(19) Copper plates

Fig. 2. Constructional details of test module.
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frame (4) and the front section of Teflon divider (5) to secure its po-
sition on the test channel. The Teflon base plate (3) consolidates
two sidewalls and the back wall of the two-pass channel with
the heating foil (2) and the central divider (6) fitted at the required
locations. The Teflon central divider (6) is 195 mm long, 10 mm
wide with the circular edge of radius 5 mm to form the inner wall
of the sharp bend. The Teflon outer wall of the two-pass channel
(7) is replaceable in order to simulate the no-bleed and three dif-
ferent bleed conditions. As indicated in Fig. 2, the bleed hole with
diameter of 2 mm at the outer wall of the sharp bend is located at
three different locations, namely at the projected centers of the in-
let and outlet-legs and at the midway on the outer wall (7). A nee-
dle valve (8) is attached at the exit of the bleed hole that controls
the airflow rate of the bleed. A set of mass flow meters down-
stream the needle valve (8) detects the airflow rate of the bleed
which is controlled at 10%, 20% and 30% of the total coolant flow
rate for each Re tested here.

The complete set of the test section is tightened by six pairs of
axial bolts and four draw bolts (9) between the outer wall (2) and
the bottom Teflon flange (10) which connects the divergent entry



Table 1
Geometric features of the two-pass channel and the rib floor.

Channel geometry
Channel width, WI,O(20 mm)/channel height, WH(20 mm) = 1 (inlet and

outlet-legs)
Width of turning channel, LT(20 mm)/channel height, WH(20 mm) = 1

(sharp bend)
Diameter of inner circular wall of sharp bend to channel hydraulic

diameter ratio (10 mm/20 mm) = 0.5
Diameter of bleed to channel height ratio (2 mm/20 mm) = 0.1

Rib floor geometry
Rib height, H(2 mm)/channel height, WH(20 mm) = 0.1
Rib pitch, P(20 mm)/rib height, e(2 mm) = 10
Rib land, e(2 mm)/rib height, H(2 mm) = 1
Rib angle of attack (a) = 45�
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(11) and the convergent exit (12) plenum chambers. The divergent
entry plenum chamber (11) joins with the ribbed inlet-leg to sim-
ulate the abrupt entry condition. Through the bottom Teflon flange
(10), two pressure tapings are fitted at the locations adjacent to the
entry and exit planes of the two-pass channel for measuring the
pressure drop over the entire test channel. These two pressure tap-
ings are connected with the micromanometer (13) which provides
the precision of 0.01 mm-H2O with a digital display. The dry and
cooled airflow from the air tank is guided through a set of pressure
regulator and filtering unit (14), an entry needle valve (15), a mass
flow meter (16) and a pressure transducer (17) through which the
supplied total mass flow rate of coolant is metered and adjusted.
Prior to entering the rib-roughened two-pass channel, the airflow
enters the entry plenum chamber (11) in which the honeycomb
and steel meshes are installed. The two ends of each heating foil
(1) and (2) are sandwiched between two sets of copper plates
(18) and (19) that connect with cables to permit the connection
of electrical heating power. This heating configuration connects
the electrical resistances of inlet and outlet-legs in shunt, which
then joins the electrical resistance of the turning section in series.
Analysis of the electrical circuit estimates the electrical resistances
and the heating powers for the inlet (outlet) leg and the turning
section, which consequently leads to the calculation of heat fluxes
fed to these heating regions for each test condition.

The controls of entry (15) and exit (8) valves set the supplied
coolant mass flow rate at the predefined value for each tested Re
with the flow rate of the bleed remaining at the target value. The
inlet fluid temperature is measured by a type K thermocouple
(20) allocated at the exit of the entry plenum chamber (11). Inlet
Reynolds numbers are calculated and monitored based on the total
mass flow rate fed into the two-pass channel and the flow entry
temperature detected by thermocouple (20). Three additional type
K thermocouples (21) are equally spaced on the exit plane of the
outlet-leg to measure the flow exit temperatures. The measured
fluid bulk temperature (Tb) at the exit is acquired by averaging
the three thermocouple measurements (21). Having completed
each steady state wall temperature scan over the rib floor (1),
the probing tube (22) with four equal-spaced type K thermocou-
ples is probing into the turning region at the immediate down-
stream bleed location through the outer Teflon wall (7) to
measure the fluid temperatures at the streamwise location corre-
sponding to the bleed. These probing holes at the immediate
downstream locations of the bleed holes along the centerline of
the outer Teflon wall (7) are selectively sealed with tapings during
each heat transfer test. Tb at the bleed hole is obtained by averag-
ing these four temperature measurements collecting from the
probing tube (22). Local Tb along the two-pass channel are calcu-
lated using the enthalpy balanced method based on the regional
heat fluxes, the measured fluid entry temperature and the aver-
aged fluid temperature detected by the probing tube (22). In this
respect, two different airflow rates before and after the bleed loca-
tion are used to determine the streamwise fluid temperature rises.
At the flow exit of the outlet-leg, the comparisons of calculated and
detected Tb are constantly checked. Experimental raw data are col-
lected for subsequent data processing only if the differences be-
tween the calculated and measured Tb at the exit of the outlet-
leg are less than 10%.

The detailed temperature distributions over the scanned heat-
ing foil (1) are imaged by a calibrated two dimensional infrared
radiometer (23) which takes 0.3 s to complete a full field of
239 � 255 matrix scan. The back surface of the scanned heating foil
(1) is painted black to minimize the background refection and to
enhance the emission. The reference fluid temperature is selected
as the local fluid bulk temperature to evaluate the local Nusselt
number and all the temperature dependent fluid properties such
as the thermal conductivity and viscosity of coolant. The character-
istic length scale selected to define Re and Nu is the hydraulic
diameter of test channel (d), which is 20 mm for the present
two-pass rib-roughened channel. As there is bleeding air in the
turn region, the Reynolds numbers in the inlet and outlet-legs
are different. The referred Re for each test condition reported by
this study is based on the Re in the inlet-leg.

2.2. Program and data processing

For steady-state heat transfer tests, the detailed wall tempera-
ture (Tw) distributions over the scanned two-pass ribbed surface
with no-bleed and three bleed conditions, namely the bleed from
the inlet (outlet) leg location or the middle-turn as indicated in
Fig. 2, are detected at Re = 5000, 10,000, 15,000, 20,000, and
25,000. The steady state is assumed when the variations of wall
temperatures between several successive scans at the monitoring
spot over the scanned rib floor are less than 0.3 �C. To reach such
steady state after either the airflow rate of the heater power is ad-
justed, it generally takes about 30–45 min. Having satisfied the
steady state condition, the infrared thermal image program is acti-
vated to record the full-field Tw scan and transmitted to computer
for subsequent data analysis. The mapping of wall temperature
from the numerical temperature data file generated by the infrared
thermography system is graphically performed. Having specified
the dimensionless geometric ratios of the scanned area such as
the channel length-to-width ratio, the complete scanned wall tem-
perature image is screened into three regions, namely the inlet and
outlet-legs and the turning section. The subsequent data reduction
procedure processes these wall temperature measurements into lo-
cal Nusselt numbers. Heat-transfer and pressure-drop tests are per-
formed with a single bleed form each of the three locations through
the outer wall of the bend, namely at the midway of the turning sec-
tion and at the locations corresponding to the projected centerlines
from the inlet and outlet-legs, with three bleed ratios (BR) of 0.1,
0.2, and 0.3 for any tested Re. BR is the mass flow rate ratio between
the bleeding airflow rate and the total supplied airflow rate. Corre-
sponding to each heat transfer test condition, the pressure drop
across the entire two-pass ribbed channel is individually measured
at the isothermal condition. With heat transfer tests, heater powers
are constantly adjusted to raise the temperatures at the hottest spot
on the scanned rib floor to 120 �C. Such heater power adjustments
vary the fluid properties due to the variations in fluid temperatures.
Airflow rates are accordingly adjusted to compensate the variations
in fluid properties caused by the fluid-temperature variations in or-
der to control the Re at the entry-plane of the test channel within
+1% variances from the targeting values. Such Re control is con-
stantly performed during each heat transfer test using the on-line
monitoring program, in which the Re at the flow entrance is calcu-
lated based on the measured inlet fluid temperature, pressure and
the massflow rate of the test coolant.
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The measured raw data from heat transfer tests are converted
into local Nu using the equation of Nu = qd/kf(Tw � Tb), in which
the local convective heat flux (q) is calculated from the regional
heat flux with the external heat loss flux subtracted. The heat loss
characteristics are disclosed after a series of heat loss calibration
tests. To perform the heat loss calibration tests, the flow is blocked
off and the thermal insulating material is filled in the flow passage
so that the heating power fed into the test section is entirely lost to
the ambience through the conduction networks formulated by the
test assembly and the natural convection from the exposed sur-
faces. Having reached the steady state for each heat loss test, the
heating power is balanced with the heat loss which is recorded
along with the corresponding averaged wall-to-ambient tempera-
ture difference in order to correlate the equation capable of evalu-
ating the heat loss flux. The detailed q distributions over the
scanned surface are obtained by subtracting the local heat loss flux
from the regional heat fluxes.

The dimensionless pressure drop over the entire two-pass rib-
roughened test channel is calculated as the Fanning friction factors
(f) based on the pressure drops (DP) across the entire test channel
of length L with the mean flow velocity (Wm) and pressure (q) eval-
uated from the inlet of test channel as f = [DP/(0.5qW2

m)]/(d/4TL).
The thermal performance factor (g) at each tested Re with and
without bleed is accordingly determined as g = (Nu/Nu1)/(f/f1)1/3

based on constant pumping power consumptions.
The final phase of program analyzes the f coefficients for the en-

tire test channel as well as the spatially averaged heat transfer data
(NuI; NuO; NuT) and the g factors over the inlet, outlet-legs and the
turning region of the present two-pass rib-roughened channel.
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Fig. 3. Detailed Nu distributions over rib-roughened floor for three
Comparisons of the f coefficient, regionally averaged Nu and the
g factor are performed for the non-bleed and three bleed condi-
tions. A set of empirical correlations for NuI, NuO; and NuT, and f
coefficients is derived with no-bleed and three bleed conditions
using Re and BR as the determining variables.

The maximum uncertainties of Nu, f, and Re are estimated fol-
lowing the policy of ASME on reporting the uncertainties in exper-
imental measurements and results (ASME JHT Editorial Board,
1993). For this class of heat-transfer experiments, the temperature
measurements are the major sources for the uncertainties in Nu, f,
and Re as the properties of the test coolant such as thermal conduc-
tivity and viscosity are evaluated in accordance with the local fluid
bulk temperature. Based on the repeatability calibration tests for
the present infrared thermal image system, the maximum uncer-
tainty of the wall temperature measurement is estimated as
�0:7 �C. The maximum uncertainties of the derived parameters
for constituting the governing dimensionless groups are estimated
as: heat flux (0.9%), fluid viscosity (0.38%), fluid thermal conductiv-
ity (0.3%), and fluid specific heat (0.1%). The maximum uncertain-
ties associated with Nu, Re, and f were respectively estimated as
9.8%, 5.4% and 2.9%.

3. Results and discussion

3.1. Re and BR impacts on Nusselt numbers

The detailed Nu distributions over the rib floor of the two-pass
test channel with the bleed from the location referred to as the in-
let-leg, middle-turn, or the outlet-leg at Re = 25,000 are collected in
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Fig. 3 to typify the impacts of bleed from the outer wall of the sharp
bend on the heat transfer performance. The plots depicted in Fig. 3
compares the Nu distributions obtained at BR = 0.3 with the bleed
from a designated location on the outer wall of the sharp bend.
Cross comparisons of the Nu plots in Fig. 3 reveal the impacts of
the location of bleed on Nu distributions. Within the flow region
upstream the sharp bend about one channel hydraulic diameter
(d) in the inlet-leg, the levels and patterns of Nu distributions
showed by all the Nu plots in Fig. 3 are almost identical. Within
the flow region downstream the sharp bend about one d in the out-
let-leg, the distributing patterns of Nu showed by all the plots in
Fig. 3 are in close agreements. But, after reviewing all the Nu re-
sults obtained with BR = 0.1, 0.2, and 0.3, the Nu levels are consis-
tently reduced as BR increases from 0.1 to 0.3. In the inlet-leg
upstream and the outlet-leg downstream the sharp bend about
one d, the similar distributing Nu patterns for all the BR examined
are indicative of the similar flow sutures developed within. While
the reduced Nu levels in the outlet-leg driven by increasing the
coolant extractions from the referred outlet-leg location are caused
by the reduced airflow rate downstream the bleed, which in turn
reduces the actual Reynolds number (Re�) in the outlet-leg. With
BR = 0, 0.1, 0.2, and 0.3Re� are respectively equal to 1, 0.9, 0.8,
and 0.7Re in the outlet-leg. The impact of 180� turn on the heat
transfer performances in the inlet-leg is initiated at about 1d up-
stream the sharp bend and ended at about 1d downstream the
sharp bend in the outlet-leg. In the flow regions where the effects
of sharp bend on the shape of Nu contours are diminished, the Nu
plots depicted in Fig. 3 over the inlet and outlet-legs recast the typ-
ical heat transfer results in a straight rib-roughened channel in
which the streamwise Nu peaks develop on the rib-tops and at
the mid-rib locations close to the reattachment points. In addition,
the Nu levels consistently decay from the obtuse edge of the rib
floor, where the skewed ribs incline at 135� from the main flow
direction, toward the acute edge in both inlet and outlet-legs due
to the vortical flows tripped by these angled ribs. In the inlet-leg,
the repetitive Nu variations develop after the airflow traverses four
pairs of ribs; while the pattern of periodical Nu variations in the
outlet-leg resumes quickly at its second rib after the sharp bend.
As compared in Fig. 3, the distinct differences in Nu distributions
between the inlet-leg and the turning region and between the out-
let-leg and the turning section are clearly visible due to the differ-
ent flow structures developed in these flow regions.

In the turning region with no bleed, a low Nu stripe initiates
from the outer corner of the inlet-leg where the re-circulating flow
develops (Viswanathan and Tafti, 2006) and proceeds along the
outer edge of the sharp bend. With the present rib arrangement
and the smooth turning section, the bulk airflow through the sharp
bend is directed to impinge toward the outer corner and its down-
stream outlet-leg sidewall where coincide with the regions of high
Nu. Downstream of the bend, a small region of low Nu attaches on
the inner wall of the divider where the small recirculation zone is
developed (Viswanathan and Tafti, 2006). When the airflow turns
its direction from the inlet-leg into the sharp bend, it accelerates
locally and separates at the top circular edge of the central divider
along which a rim of high Nu is emerging. With a bleed from the
outer wall of the sharp bend, the Nu distributions over the turning
section as compared in Fig. 3 are considerably modified from the
no-bleed condition and are characterized by the location of the
bleed. Examinations of all the Nu plots collected at BR = 0.1, 0.2,
and 0.3 indicate that the distributing patterns of Nu over the turn-
ing section are not modified by different BR but varied with the
location of the bleed.

The bleed from the outer wall of the sharp bend breaks the
boundary layers surrounding the bleed hole, modify the vortical
flow structures in the sharp bend and add the favorable pressure
gradients to improve the fluency of the turning flow that distorts
and weakens the re-circulating corner flows in the likewise no-
bleed channel. These bleed-induced favorable mechanisms for
HTE effects elevate the regional Nu over the turning section from
the no-bleed levels. However, the reduction of airflow downstream
the bleed decreases Re and increases Tb which effects together re-
duce Nu and increase Tw in the outlet-leg. The trade-offs between
the elevated and reduced Nu over the respective turning section
and outlet-leg have caused the Nu over the entire rib floor of the
two-pass bleed channel to be slightly higher than the no-bleed
counterparts. But the variations of the regional Nu over the turning
section and the outlet-leg (NuT and NuO) from the no-bleed refer-
ences are substantial, which will be later examined in more details.
It is also clearly visible in Fig. 3 for all three bleed conditions that
the low Nu stripe along the outer wall of the sharp bend in the no-
bleed channel has diminished considerably; while the rim of high
Nu attached on the top circular edge of the central divider expands
toward the outer wall of the sharp bend. In the two-pass rib-rough-
ened channel with no bleed, the numerically detected Dean-vorti-
ces at the center of the 180� bend, which impinge on the inner and
outer walls in the bend, were reported as the dominant flow fea-
tures to induce high Nu at these walls (Viswanathan and Tafti,
2006). With a bleed located at the outer wall of the sharp bend,
the developments of Dean-vortices through the turning section
are modified by the bleed. Unlike the Nu distributions over the
turning section in the no-bleed channel, the bleed has induced a
high Nu region between the outer and the inner circular walls of
the sharp bend. As compared by Fig. 3, the location of the single
bleed on the outer wall of the sharp bend has a profound influence
on the location and the range of such high Nu region emerging be-
tween the outer and the inner circular walls over the central turn-
ing section. With the bleed from the middle-turn or from the
outlet-leg location as depicted in Fig. 3c and d, the high Nu regions
on the central turning section emerge at locations toward the inlet-
leg sidewall; while such high Nu regions are shifted toward the
outlet-leg sidewall when the bleed is extracted from the inlet-
leg. After examining all the heat transfer results obtained at
BR = 0.1, 0.2, and 0.3, the degree of HTE impact over the high Nu re-
gions along the outlet-leg sidewall and on the central turning sec-
tion is systematically weakened as BR increases for the referred
inlet-leg bleed condition. In this respect, the BR impacts on heat
transfer performances over the turning region are mainly caused
by the reduced mass flux of the airflow downstream each bleed
in the sharp bend. As a result, it is expected the heat transfer per-
formance over the turning section of the present two-pass ribbed
channel is interdependent with Re, BR and the location of the
bleed.

To examine the influences of Re and the bleed location on heat
transfer enhancement over the turning section, Fig. 4 compares the
distributions of Nu/Nu1 over the turning section detected from
Re = 5000, 15,000, and 25,000 for BR = 0 and 0.3 with the bleed
from (a) inlet-leg, (b) middle-turn, and (c) outlet-leg. The impacts
of Re and the bleed location on Nu/Nu1 distributions over the turn-
ing section for the bleed conditions of (a) inlet-leg, (b) middle-turn,
and (c) outlet-leg are respectively revealed by comparing the Nu/
Nu1 plots collected in each row and each column of Fig. 4. With
no bleed, the pattern of Nu/Nu1 distributions over the turning sec-
tion remains unchanged for all the Re tested. The review of all the
heat transfer results generated from all the test Re and BR indicates
that the regionally averaged Nu/Nu1 over the turning section of the
bleed channel (NuT/Nu1) with all three bleed conditions are ele-
vated from the no-bleed references but decrease with the increase
of BR from 0.1 to 0.3. It is worth noting that NuT/Nu1 at each tested
bleed condition decreases as Re increases. This result reflects that
the power index of Re in NuT correlation is less than the 0.8Re index
in Nu1 correlation. By treating NuT/Nu1 as the heat transfer
enhancement ratio, the HTE impact for the present ribbed channel



Fig. 4. Detailed distributions of Nu/Nu1 over turning section of test channel with BR = 0, 0.1, 0.2, and 0.3 at Re = 5000, 10,000, 15,000, 20,000, and 25,000.
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with and without bleed decreases as Re increases. With the bleed
from the outer wall of the sharp bend at the projected center of
the inlet-leg sectional plane which is referred to as the inlet-leg
bleed as seen in Fig. 4a, a high Nu/Nu1 spike emerges from the high
heat transfer region along the outlet-leg sidewall toward the loca-
tion of the bleed. In the inlet-leg bleed channel, the development of
such Nu/Nu1 spike indicates that the impingement of turning flow
still promotes HTE effects on the outlet-leg sidewall of the sharp
bend but the vortical structures within the turning bulk stream
are modified by the bleed in the manner to stimulate the high con-
vective performances downstream the middle section of the sharp
bend. The extent and levels of such high Nu/Nu1 spike as shown in
each plot of Fig. 4a systematically decreases as Re increases; or in-
creases as BR decreases from 0.3 to 0.1 after examining all the Nu/
Nu1 plots generated by this study. Relative to the no-bleed Nu/Nu1
conditions at each Re tested as seen by comparing the plots col-
lected in each row of Fig. 4a, the structure of re-circulating cell at
the corner of sharp bend on the inlet-leg sidewall is disrupted by
the inlet-leg bleed so that the low heat transfer region around this
corner in the no-bleed channel is diminished. Due to the high Nu/
Nu1 spike emanating from the outlet-leg sidewall of the sharp
bend, the Nu/Nu1 levels over the downstream half of the turning
section are generally higher than the upstream counterparts for
the inlet-leg bleed channel as shown in Fig. 4a. When the coolant
is extracted from the middle-turn on the outer wall of the sharp
bend, an additional high Nu/Nu1 region is also observed in
Fig. 4b between the outer and inner walls of the sharp bend but
the location of such high Nu/Nu1 region is shifted toward the in-
let-leg sidewall from the scenario found in the channel with the in-
let-leg bleed. The extent and levels of the high Nu/Nu1 region
between the inner and outer walls of the sharp bend in the mid-
dle-turn bleed channel also decrease as Re increases or as BR de-
creases. The impingement of the turning bulk stream through the
sharp bend still elevates local Nu/Nu1 over the outlet-leg sidewall.
The bleed-induced high Nu/Nu1 region between the outer and in-
ner walls of the sharp bend tends to be merged with the high Nu/
Nu1 region on the outlet-leg sidewall when Re is increased or BR is
decreased. In this respect, it is clearly seen in Fig. 4b with
Re = 25,000 that a high Nu/Nu1 stripe develops across the entire
span-width of the sharp bend between the outer and inner walls
of the sharp bend. But the Nu/Nu1 distributions shown in Fig. 4b
are not symmetric about the central plane of the sharp bend even
if the bleed is located at the middle-turn on the outer wall of the
sharp bend due to the asymmetrical pressure fields in the sharp
bend. The cross examination of the Nu/Nu1 plots collected in
Fig. 4a–c indicates that the heat transfer enhancement at the no-
bleed inlet-leg corner of the sharp turn are much improved for
the channels with middle-turn or outlet-leg bleed relative to the
conditions observed with the inlet-leg bleed channel. With the
bleed from the outlet-leg location, the Nu/Nu1 plots over the
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turning section as shown in Fig. 4c share great similarities with
those depicted by Fig. 4b; but the high Nu/Nu1 region developed
between the inner and outer walls of the sharp bend as seen in
Fig. 4c is shifted toward the outlet-leg sidewall when the location
of bleed on the outer wall of the sharp bend is changed from the
middle-turn to the outlet-leg location. Clearly, the Re and BR im-
pacts on the distributions of Nu/Nu1 over the sharp bend for each
bleed channel as demonstrated by Fig. 4 have caused NuT to be
interdependent with Re and BR.

The overall heat transfer performances over the inlet-leg, turn-
ing section and outlet-leg are assessed by comparing the averaged
Nusselt numbers (NuI; NuT; NuO) over these regional areas on the
scanned rib floor at each Re and BR tested. This is demonstrated
by Fig. 5 in which the variations of NuI, NuT, and NuO against Re
at BR = 0, 0.1, 0.2, and 0.3 are compared. Fig. 5a, d and g also com-
pare the present normalized Nusselt numbers in terms of NuI/Nu1
with the data reported by different research groups [15,16] for val-
idations. As seen in Fig. 5a, d and g, three Re controlled NuI curves
at all BR tested converge into a tight data band at each Re tested,
indicating the vanished BR effect on NuI. As the regionally averaged
heat transfer performance over the inlet-leg is not affected by the
bleed from the turning section, the present NuI/Nu1 data compare
favorably with the heat transfer data detected from the likewise
no-bleed channels [15,16]. The NuI/Nu1 showed in Fig. 5a, d, and
g fall systematically from 3.6 to 2.5 as Re increases from 5000 to
25,000. In the turning section as compared in Fig. 5b, e and h,
the coolant extraction from the outer wall of the sharp turn at each
bleed location causes the attendant NuT elevations from the no-
bleed counterparts with the higher degrees of NuT augmentations
at the middle-turn and the outlet-leg bleed conditions. Such
bleed-driven NuT elevations from the no-bleed datum increase as
Re increases due to the development of Re-driven high Nu stripe
between the inner and outer walls of the sharp bend as demon-
strated by Fig. 4. In this respect, there are about 25–35% of NuT

increments from the no-bleed references over the turning section
due to the single bleed from the outer wall of the sharp bend.
Fig. 5. Variations of NuI;T; o against
Although the extent of BR impacts on NuT for each bleed channel
as seen in Fig. 5b, e or h remains less than 10%, the increase of
BR from 0.1 to 0.3 causes the consistent reductions in NuT for each
bleed condition. But the cross examination of the Nu references
over the inlet-leg and the turning section for the no-bleed channel
as compared in Fig. 5 indicates that NuT are reduced about 20%
from NuI due to the re-circulating flow cells developed in the sharp
turn of the no-bleed channel. These interesting heat transfer re-
sults indicate that each bleed condition at BR = 0.1 can sufficiently
yield the flow structures in the sharp bend that lead to the NuT ele-
vations from the no-bleed references. Such flow modifications in
the sharp bend at BR = 0.1 are likely to be remained at BR = 0.2
and 0.3 but the further reductions of downstream airflows from
each bleed location weaken the convective performances over
the turning region. As the mass flux of coolant downstream the
bleed is reduced, the area-averaged Nusselt numbers over the out-
let-leg of each bleed channel (NuO) are reduced from the no-bleed
references. In this regard, the increase of BR form 0.1 to 0.3 has in-
curred the systematic NuO reductions to the extent about 25% from
the no-bleed NuO datum. As demonstrated previously in Fig. 3, the
influences of bleed on Nu distributions prevails only about one
channel hydraulic diameter upstream and downstream of the
sharp bend in the inlet and outlet-legs respectively. The impact
of bleed location from the outer wall of the sharp bend on NuI

and NuO is negligible. But the NuO reductions in the outlet-leg of
the present two-pass channels due to the bleed from the sharp
bend as seen in Figs. 5c, f and i are undesirable in blade cooling
applications, which are attributed to the decreases in Re. It is worth
noting that, the decrease in airflow rates downstream the bleed
can reduce NuO by reducing Re and elevate the wall temperatures
over the outlet-leg due to the decreased NuO and the reducing air-
flow rate downstream the bleed. The attendant Tb increase due to
the reduced downstream airflow rate from the bleed location has
profound influences on Tw elevations, which effect can not be over-
looked at the design stage. However, as the actual Reynolds num-
bers in the outlet-leg of the bleed channels are Re�, the variations of
Re at BR = 0, 0.1, 0.2, and 0.3.



Fig. 7. Comparison of experimental and correlative NuI;T;O at all bleed conditions.
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NuO against Re� with BR = 0, 0.1, 0.2, and 0.3, which are representa-
tive for three bleed conditions, are converged into a tight data
trend controlled by Re� as seen in Fig. 6. Unlike the systematic
downward NuO spreads driven by increasing BR as shown in
Fig. 5c, f and i, each NuO versus Re� trend collected from BR = 0,
0.1, 0.2 or 0.3 as seen in Fig. 6 are assembled as a segment of the
single Re� controlled NuO curve. The Re� controlled NuO/Nu1 curve
also agrees favorably with the comparable data collected from the
inlet-leg of the multi-pass ribbed channels (Johnson et al., 1994;
Azad et al., 2002). Therefore the overall heat transfer performances
for the present outlet-leg with and without bleed from the sharp
bend are dominated by the typical flow mechanisms developed
in a straight square duct with two opposite walls roughened by
45� ribs. The various BR impacts on NuO depicted in Fig. 5c, f and
i can be well correlated by a single Re� controlled function.

Based on the heat transfer results collected in Fig. 4 and 5 which
show that NuI, NuT, and NuO consistently increase as Re increases, a
general data trend with the limiting condition of diminished forced
convective capability (Nu ? 0) as Re ? 0 is followed by all the re-
sults. The correlations for NuI, NuT, and NuO are accordingly derived
as Eq. (1) in which the coefficient AI,T,O and exponent BI,T,O are func-
tions of BR and the location of the bleed for NuT.

NuI;T;O ¼ AI;T;OfBRg � ReB
I;T;OfBRg ð1Þ

Table 2 summarizes the NuI, NuT, and NuO correlations derived
for the present test channels. Justified by the results depicted in
Fig. 6, it is interesting to find that the NuT correlation yields into
the identical format of NuI by replacing Re with Re�.

The experimental measurements of NuI, NuT, and NuO are com-
pared with the correlative results calculated by Eq. (1) to examine
the overall success of these heat transfer correlations. As compared
in Fig. 7, 98% of the present experimental data is found to agree
Fig. 6. Variations of NuO against Re� at BR = 0, 0.1, 0.2, and 0.3.

Table 2
NuI , NuT, NuO correlations.

NuI;T;O ¼ AI;T;OBR � ReBI;T;OBR

NuI

0.876 � Re0.53

NuT

Bleed location Coefficient A
Inlet-leg 1.55 + 11.13 � BR � 59.5 � BR2 + 81.66 �
Middle-turn 1.55 + 17.53 � BR � 87 � BR2 + 116.6 � B
Outlet-leg 1.55 + 13.91 � BR � 67.5 � BR2 + 83.33 �

NuO

0.876 � {(1 � BR) � Re}0.53
within +20% of the correlations proposed over the entire range of
the parametric conditions examined. In general, the clustered heat
transfer data obtained with the middle-turn and the outlet-leg
bleed conditions show the higher Nusselt numbers than the coun-
terparts with inlet-leg bleed. This is mainly caused by the higher
NuT for the channels with the middle-turn and the outlet-leg bleed
conditions; while the data clusters collected from the bleed chan-
nels can also fall below than the no-bleed datum because NuO are
generally reduced from the no-bleed references due to the de-
creased airflow rates in the outlet-leg of the two-pass channel.
While recognizing that the bleed from the sharp bend generates
the aforementioned heat transfer impacts on local and area-aver-
aged Nu, the engine designer has to be noted that the reference
fluid temperature selected for Nu definition is the local Tb which in-
creases at a higher streamwise gradient downstream the bleed. The
attendant Tw variations in the downstream direction after the
bleed therefore increase with the higher streamwise gradients
even if the Nusselt numbers over the inlet and outlet-legs were
identical. The wall temperatures deduced from the variation in
Nusselt number reported by this study needs to consider the bleed
effect on local Tb.
3.2. Re and BR impacts on pressure drops and thermal performance
factors

The bleed from the outer wall of the sharp bend not only im-
proves the thermal performances in the sharp bend as demon-
strated in previous section, but also reduces the pressure drops
through the present two-pass channel. This is demonstrated by
comparing the variations of the pressure drop coefficients (f)
against Re at three bleed locations with BR = 0, 0.1, 0.2, and 0.3
in Fig. 8. The f values collected in Fig. 8 are evaluated from the pres-
sure drops across the entire length of the present two-pass channel
with the characteristic flow velocity selected as the mean flow
velocity at the entrance of the inlet-leg for both bleed and no-bleed
Exponent B
BR3 0.452 � 0.115 � BR + 0.15 � BR2 + 1.01 � BR3

R3 0.452 � 0.301 � BR + 1.05 � BR2 � 0.333 � BR3

BR3 0.452 � 0.211 � BR + 0.7 � BR2 + 0.166 � BR3



Fig. 8. Variations of f against Re with bleed conditions of (a) inlet-leg, (b) middle-
turn, and (c) outlet-leg at BR = 0, 0.1, 0.2, and 0.3.

Fig. 9. Comparison of experimental and correlative f factors at all bleed conditions.
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channels. For each test channel with BR = 0, 0.1, 0.2, and 0.3 as
shown in Fig. 8, the pressure drop coefficients (f) follow the expo-
nential decay as Re increases. As compared in each plot of Fig. 8,
the no-bleed channel (BR = 0) consistently operates at the higher
f values than those in the bleed channels to large extents. The ad-
verse pressure gradients in the sharp bend of the no-bleed channel,
which trigger several local flow separations and lead to the devel-
opment of re-circulating flow cells within, are considerably dimin-
ished in each bleed channel. A bleed from the outer wall of the
sharp bend increases NuT with f reductions from the no-bleed con-
ditions. Nevertheless, such bleed reduces NuO and increases Tb gra-
dient downstream the bleed. As BR increases from 0.1 to 0.3, the f
values for each bleed condition are accordingly reduced. About
30–40% of f reductions are observed in Fig. 8 for each bleed channel
Table 3
LI,T,O, MI,T,O, NI,T,O coefficients.

Bleed location fI,T,O = LI,T,O{BR} + MI,T,O{BR} � e�N{BR}�Re

L function M

Inlet-leg 0.018 + 0.0503 � e�3.47�BR �
Middle-turn 0.0119 + 0.0565 � e�0.026�BR 0
Outlet-leg �0.0165 + 0.0856 � e�1.27�BR �
at BR = 0.3. In this respect, the inlet-leg bleed condition offers the
higher degrees of f reductions from the conditions resolved in
the middle-turn and outlet-leg bleed channels. Justified by the data
trends depicted in Fig. 8, the f correlation expressed as the function
of Re for each bleed channel shares a general form of Eq. (2).

fI;T;O ¼ LI;T;OfBRg þMI;T;OfBRg � e�NfBRg � Re ð2Þ

Coefficients L, M, N in Eq. (2) for each bleed condition examined
here are functions of BR. The plots of LI,T,O, MI,T,O, NI,T,O against BR
also vary in the exponential form with the asymptotic limit at
BR = 0 to recover the results detected from the no-bleed channel.
Table 3 summarizes the LI,T,O, MI,T,O, NI,T,O equations expressed as
functions of BR.

The calculated f factors using Eq. (1) are compared with the
experimental measurements to assess the accuracies of these f cor-
relations. As compared in Fig. 9, all the experimental f data con-
verge within +20% of the correlations proposed. While all the f
data detected from the bleed channels as compared in Fig. 8 are
less than the no-bleed levels at each Re examined, the clustered f
data obtained with the inlet-leg bleed condition as shown in
Fig. 9 depict the lowest values from the counterparts collected
from both middle-turn and outlet-leg bleed channels.

As an overall assessments for each bleed channel based on con-
stant pumping power consumptions, the thermal performance fac-
tor (g) are defined as (Nu/Nu1)/(f/f1)1/3 in which Nu is the
averaged Nusselt number over the entire two-pass rib floor and f
is evaluated from the pressure drop across the entire test channel.
Using the Nu results collected in Fig. 3 as an illustrative example, it
has been previously illustrated that the respective bleed-driven Nu
elevations and impediments over the turning section and the out-
let-leg have neutralized the bleed impacts on Nu. But the bleed im-
pacts on the regional thermal performances as demonstrated in
Fig. 5 still remain evident. Nevertheless, the considerable reduc-
tions in pressure drops through each bleed channel from the no-
bleed conditions can still elevate the g factors in each bleed chan-
nel as compared in Fig. 10 for BR = 0.1, 0.2, and 0.3. As seen in
Fig. 10, the g factors detected from each bleed channel are con-
stantly higher than the no-bleed counterparts in the present Re
range but consistently decrease as Re increases for bleed and
no-bleed channels. As a typical heat transfer characteristic for
fuction N function

0.00243 + 0.0423 � e�2.55�BR 1.68E�5 + 9.31E�5 � e�7.58�BR

.0143 + 0.0256 � e�4.05�BR 8.96E�6 + 1.01E�4 � e�5.62�BR

1.39 + 1.43 � e�0.04�BR 2.78E�5 + 8.26E�5 � e�7.22�BR



Fig. 10. Variations of g against Re at BR = (a) 0.1, (b) 0.2, and (c) 0.3 for all bleed
conditions.
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rib-roughened channels, the B exponents in NuI;T;O correlations
indicated in Table 2 are all less than 0.8 in the Nu1 correlation
so that the Nu/Nu1 ratio consistently decreases as Re increases.
This Re-driven reduced HTE effect in terms of Nu/Nu1 ratio for each
test channel at BR = 0, 0.1, 0.2, and 0.3 has led to the consistent
declination in g factor as Re increases as shown in each plot of
Fig. 10. As compared in each plot of Fig. 10, the location of bleed
from the outer wall of the sharp bend provide negligible impacts
on g factors at each BR tested so that the three g factors acquired
from different bleed conditions at each Re converge into a tight
data band. The cross comparison of g levels between Fig. 10a–c
for each bleed condition tested reveals that the g factors consis-
tently increase as BR increases from 0.1 to 0.3 due to the substan-
tial reductions in f factors as BR increases. Referring to Fig. 5, NuO

decreases as BR increases from 0.1 to 0.3. Although the reductions
in f are achievable by increasing BR for the present two-pass bleed
channel, the undesirable NuO impacts triggered by increasing BR
can not be overlooked during the design stage.

4. Conclusions

The following salient remarks emerge from the experimental
results generated by this investigation.
1. Nu distributions over the inlet and outlet-legs with and without
bleed recast the typical results in a likewise straight ribbed
channel. Without bleed, a low Nu stripe along the outer edge
of the sharp bend emerges over the turning section. With a
bleed, a high Nu stripe emerges between the outer and inner
walls of the sharp bend. The location and spatial range of such
high Nu stripe over the turning region vary with the bleed loca-
tion but is insensible to BR.

2. While the value of NuI is in agreement with those in likewise
no-bleed channels, the reduction of airflow downstream the
bleed from the sharp bend considerably reduces NuO to the
extents of about 25% of the no-bleed references at BR = 0.3. Such
BR impacts on NuO are well correlated by Re�. With a bleed from
the sharp bend, NuT are considerably elevated from the no-
bleed references but decreased as BR increases. The bleed-dri-
ven NuT elevation increases as Re increases.

3. As BR increases from 0.1 to 0.3, f factors are accordingly reduced
for each bleed channel with about 30–40% of f reductions at
BR = 0.3. The inlet-leg bleed condition provides the higher
degree of f reduction than that with a bleed from the middle-
turn or outlet-leg.

4. Thermal performance factors (g) detected from each bleed
channel are consistently higher than the no-bleed references
but decreases as Re increases because Nu/Nu1 for each test
channel decrease as Re increases. While g increases consistently
as BR increases from 0.1 to 0.3 due to the substantial f reduc-
tions as BR increases, the location of bleed from sharp bend pro-
vides negligible impacts on g.

5. The experimental correlations for NuI;T; o and fI,T,O with Re and
BR as the determining variables are respectively derived as
Eqs. (1) and (2) for the present two-pass rib-roughened square
channel with bleed from the outer wall of the sharp bend.
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