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Transfer From Complex
Geometries
Current turbine airfoils must operate at extreme temperatures, which are continuously
driven higher by the demand for high output engines. Internal cooling plays a key role in
the longevity of gas turbine airfoils. Ribbed channels are commonly used to increase heat
transfer by generating turbulence and to provide a greater convective surface area.
Because of the increasing complexity in airfoil design and manufacturing, a methodology
is needed to accurately measure the convection coefficient of a rib with a complex shape.
Previous studies that have measured the contribution to convective heat transfer from the
rib itself have used simple rib geometries. This paper presents a new methodology to
measure convective heat transfer coefficients on complex ribbed surfaces. The new
method was applied to a relatively simple shape so that comparisons could be made with
a commonly accepted method for heat transfer measurements. A numerical analysis was
performed to reduce experimental uncertainty and to verify the lumped model approxi-
mation used in the new methodology. Experimental measurements were taken in a closed-
loop channel using fully rounded discontinuous skewed ribs oriented 45 deg to the flow.
The channel aspect ratio was 1.7:1 and the ratio of rib height to hydraulic diameter was
0.075. Heat transfer augmentation levels relative to a smooth channel were measured to
be between 4.7 and 3 for Reynolds numbers ranging from 10,000 to 100,000.
�DOI: 10.1115/1.3144989�
Introduction
Gas turbine engines are used in many applications ranging from

ircraft and marine propulsion to power generation. To meet de-
ands for increased efficiency, gas turbines are designed to oper-

te with higher combustion temperatures. Increased combustion
emperatures are beneficial for efficiency and power production.
ncreased temperatures, however, are problematic for components
ownstream of the combustion chamber. First stage turbine vanes
nd subsequent turbine blades are frequently exposed to tempera-
ures in excess of the components’ melting temperature. There-
ore, turbine components rely on various thermal management
echniques.

Turbine airfoils are commonly cast with internal passageways
hat provide an avenue for a cooling medium, such as compressor
ypass air, to flow through. To enhance heat transfer to the bypass
ir, extended surfaces, such as ribs and pin-fins, are placed along
he walls of the internal passageways. These enhancement features
ncrease convective surface area, interrupt thermal boundary lay-
rs, and increase turbulent transport in the flow. Obstructing the
ow using these features, however, also causes additional pressure

oss through the channels. A considerable amount of research has
een performed to design internal cooling passages that provide
ufficient heat transfer while minimizing pressure loss through the
hannels.

There are numerous methodologies to quantify the convective
eat transfer from the endwalls of a ribbed channel. Alternatively,
here are few studies that directly address the convective heat
ransfer contribution from a specific rib turbulator. Furthermore,
revious methods quantify the convection coefficient from simple
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rib geometries, while manufacturing advancements have led to
increasingly complex rib shapes. This paper presents a methodol-
ogy to determine the contribution of rib surfaces to the convective
heat transfer for a ribbed channel. Although the aim was to de-
velop a method for complex rib shapes, the new method was
applied to a simple rib geometry so the method could be validated
with a commonly accepted method for measuring heat transfer
coefficients.

2 Previous Studies
Many previous studies have addressed the challenges of inter-

nal cooling with ribbed channels. Because this paper presents a
methodology to quantify rib heat transfer, the scope of literature
includes any method of measuring internal heat transfer coeffi-
cients.

Since the 1980s, researchers have constructed test models from
thermally conductive materials, such as copper. The model is typi-
cally uniformly heated and insulated from ambient conditions.
After reaching steady-state, a single thermocouple measurement is
collected representing the average temperature of the convective
surface �1–6�. The Biot number can be used as a first order ap-
proximation of the uniformity of the temperature field within the
model. The high thermal conductivity of copper drives the Biot
number well below unity for convection coefficients common to
internal cooling applications. The average surface temperature
translates to a region-averaged convection coefficient. Generally,
this method will not allow for the discretization of the endwall
contribution from the rib contribution. However, Metzger et al.
�7,8� used this approach to collect row-resolved heat transfer co-
efficients within a pin-fin array. By replacing copper pin-fins with
adiabatic pins, Metzger et al. �7,8� were able to discretize the
endwall contribution from the pin contribution. For the scope of

this paper, this methodology is difficult to implement when the
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Downloa
urbulators take a complex shape. Machining a unique copper
odel for specific test geometries is neither time nor cost effec-

ive.
Similar to this approach, Chyu et al. �9,10� used the lumped
odel approach by placing heated aluminum pin-fins within adia-

atic walls. Taslim and co-workers �11–13� and Korotky and
aslim �14� placed a heated copper rib on top an insulated endwall
nd collected the area-averaged rib temperature with three ther-
ocouples. References �9–14� show the lumped model approach

or individual turbulators as an alternative to the discretization of
urbulator contribution used by Metzger et al. �7,8�. This lumped

odel approach will deliver a slightly more resolved data set.
rea-averaged heat transfer coefficients on pin-fin and rib sur-

aces were presented. As with previous copper channels or chan-
el sections, machining individual complex shaped turbulators is
ime and cost consuming.

A reliable alternative to the lumped approximation involves ap-
lying a uniform heat flux to the convective surfaces within the
ooling channel. Probing the surface of the heater for local tem-
erature measurements will yield local heat transfer coefficients.
hang et al. �15,16� used this method to collect a slightly more

esolved data set than the previous methodologies. Chang et al.
15,16� covered the endwall of a ribbed channel with a piece of
orged stainless steel, which included the shapes of the rib turbu-
ators. A low thermal conductivity material was placed behind the
tainless steel heater to prevent losses through the backside of the
eater. Similarly, the same apparatus and measurement methodol-
gy has been used to obtain the convection coefficient from pin-
n surfaces by Ames et al. �17�. The same experimental apparatus
an be used in conjunction with other measurement methodolo-
ies such as infrared �IR� imaging �18,19� or with steady-state
hermochromatic liquid crystals �TLCs� �20,21�. Both of these im-
ging methodologies have the potential to deliver the spatially
esolved heat transfer coefficients on both the endwall and turbu-
ator surfaces. Regardless of the measurement method, it is diffi-
ult to implement a surface heater on complex geometries.

Using TLC in a transient manner is another methodology of
btaining spatially resolved convection coefficients �22–25�. In
his application, the thermal boundary condition on the endwalls is
pproximated as pointwise one-dimensional transient conduction
ormal to the exposed surface condition. Therefore, the time re-
ponse of the TLC paint can be measured and translated into a
onvection coefficient. The one-dimensional conduction boundary
ondition, however, is limited based on the fact that the rib surface
as multidimensional thermal loading through the rib. Unless the
onduction through the turbulator can be accounted for, using liq-
id crystals in a transient test yields questionable coefficients on
omplex surfaces. Han et al. �24� showed that collecting heat
ransfer data on the rib tops alone will underpredict the overall
rea-averaged heat transfer coefficient. The authors go on to say
hat the rib sides, when considering a square rib cross section,
ontribute significantly to the overall area-averaged heat transfer.
imilar to transient TLC, naphthalene sublimation is a methodol-
gy that can spatially resolve the convection coefficient from a flat
ndwall �26–29�. Coating the convective surfaces with naphtha-
ene is analogous to a constant temperature boundary condition.
nd, any surface uncoated is analogous to an adiabatic surface.
sing the mass transfer analogy, the Sherwood ratio can be cal-

ulated by measuring the amount of naphthalene that has left the
urface. Using naphthalene sublimation on complex geometries
ntroduces complexities in applying a uniform layer and measur-
ng a partially sublimated surface.

A few other alternative methods have been used to obtain the
eat transfer coefficient on the rib surface. Liou and Hwang �30�
sed holographic interferometry to measure the temperature gra-
ient of the heat transfer medium near the surface of the rib. This
ethod provides spatially resolved convection coefficients around

he perimeter of a simple two-dimensional rib. This method re-

ults in a large uncertainty because of the inherent difficulty in
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measuring the change in air temperature so close to the surface.
Nirmalan et al. �31� used IR imaging to measure the temperature
outside the backside wall of an as-manufactured part to regenerate
the channel side heat transfer coefficients. The predicted internal
heat transfer coefficient distribution was applied to a finite ele-
ment model to computationally determine the external surface
temperature. This process is repeated until the computationally
predicted external temperatures match the experimentally mea-
sured external temperatures. This method is beneficial in that it is
nondestructive; however, the heat transfer coefficients on specific
internal features cannot be fully resolved.

In addition to experimentally resolving the convection coeffi-
cient on the rib, many researchers have used computational fluid
dynamics �CFD� to predict a convection coefficient distribution
along a ribbed passage �32–35�. Various turbulence models have
been used and have shown good agreement with experimental
data.

3 New Measurement Methodology
Two heat transfer measurement methods will be discussed. The

first method is the newly developed methodology, and the second
is the validation methodology that is based on a proven test
method �15–17� and discussed later.

The premise for the new method was to make use of a lumped
mass approximation by ensuring Biot numbers much less than
unity. Because complex geometries were an objective of the study,
it was important to find a material that could be easily fabricated
into complex shapes yet retain a high thermal conductivity to
match the Biot requirement. Through an uncertainty analysis, it
was noted that any conductive heat losses must be minimized to
ensure an accurate measurement.

Typical models for studying ribbed channels are made using
stereolithography apparatus �SLA� materials, which have a rela-
tively high thermal conductivity leading to lateral losses from the
rib to the endwall. To prevent these losses, a number of computa-
tional predictions led to a design that consisted of a rib resting on
a foam endwall with an air gap placed directly beneath the rib, as
shown in Fig. 1.

The properties of several candidate materials for the rib, and the
endwall are shown in Table 1. Copper, having the highest thermal

Fig. 1 Schematic of new methodology

Table 1 Material properties for rib and endwall

k
�W /m K�

Tmelt
�°F� Bi, Re=1.0�104 Bi, Re=1.0�105

Foam 0.037 - 3.7 15.1
SLA 0.25 - 0.5 1.9
Indalloy 1 17 281 0.006 0.02
Indalloy 2 73 290 0.001 0.006
Indalloy 3 86 313 0.001 0.005
Copper 401 1984 0.0003 0.001
Transactions of the ASME
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onductivity and lowest Biot numbers, is an ideal choice for the
ib. Machining copper ribs with complex shapes is costly and time
onsuming and, as such, was not used for this methodology. In-
tead, ribs were cast from indium alloys �Indalloy� that feature a
igh thermal conductivity and low melting temperature. The low
elting temperature allows for safer and more economical cast-

ngs when compared with traditional casting materials and meth-
ds such as copper and aluminum. Using negative molds allows
he manufacturing of ribs that are varied in shape, which signifi-
antly reduces the time and cost required to machine a rib in
omparison with conventional machining methods.

To validate the Biot number calculations and predicted mea-
urement error, a two-dimensional ANSYS model was used. The
onvection coefficient applied to the endwall was assumed to be
hat of a smooth channel determined using the Dittus–Boelter cor-
elation for each Reynolds number �35�. The convection coeffi-
ient on the rib was assumed to be uniform and equal to five times
he smooth channel convection coefficient for Reynolds numbers
anging from 10,000 to 100,000 �32�. An adiabatic condition,
chieved experimentally by insulating the test model from ambi-
nt conditions, was applied to the nonflow side of the model.
inally, a uniform heat flux was applied to the bottom of the rib.
The temperature uniformity was checked using a nondimen-

ional temperature defined in Eq. �1�

� =
T − T�

T�y/e=0.5 − T�

�1�

here the computed nondimensional temperature was plotted
long the centerline of the two-dimensional rib from the endwall,
/e=0, to the wetted surface, y /e=1. The temperature was nor-
alized using the temperature at the center of the rib. Figures 2�a�

nd 2�b� show a comparison of the temperature uniformity be-
ween various rib materials at Re=10,000 and Re=100,000, re-
pectively. For the indium alloys, the rib temperatures are nearly
niform at Re=10,000 and show only a slight gradient at Re
100,000. The temperature profile in the copper rib is essentially
niform for the range of Reynolds numbers due to such a high
hermal conductivity. Despite the change in uniformity with Rey-
olds numbers, the indium alloys perform similarly well. And the
emperature uniformity of each alloy is proportional to thermal
onductivity. Indalloy No. 2 was chosen for further analysis based
n thermal performance, melting temperature, and cost.

After selecting a rib material, the design of the endwall and air
avity was evaluated with the goal of minimizing the percent heat
oss to conduction. The features of each design iteration are sum-

arized Table 2. The first two designs employ a rib resting on an
LA endwall. Design No. 1 uses a SLA rib �for comparison pur-
oses� and design No. 2 uses Indalloy No. 2. It was noted that
lacing the heater at the interface between the rib and the SLA led
o excessive conduction losses. As such, a portion of the SLA
ndwall was replaced with an air gap for design No. 3. The con-
act length, l /w, is defined as the contact length of rib material to
he endwall divided by the width of the rib. This length was found
o have a large impact on the heat lost to conduction, as shown
hen an air gap was added to the model. To further reduce the

ontact length, the geometry of the rib was modified for design
o. 4, as shown in Fig. 3. In addition to reducing the contact

ength, design No. 4 makes casting the ribs easier by removing the
harp corners in design No. 3. For design No. 5, a portion of the
LA endwall adjacent to the rib was removed and replaced with
oam making the entire contact length of the rib in contact with
ither foam or air �Fig. 1�.

The percent heat loss to conduction through the endwall for the
arious design iterations is shown in Fig. 4. By adding an air gap,
educing contact length, and replacing the SLA endwall with
oam, the percentage of heat lost to conduction was reduced from
pproximately 50% to within 10% at all Reynolds numbers of

nterest.

ournal of Turbomachinery
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Contour plots of the nondimensional temperature distribution,
as shown in Fig. 5, show the reduction in conductive heat loss
with each design change. Again, by adding an air gap, reducing
contact length, and placing the rib atop a foam endwall �design
No. 5� the lateral conduction is drastically attenuated.

A three-dimensional model, shown in Fig. 6, was created to
determine the effect of a spatially varying rib convection coeffi-
cient. Also, the three-dimensional model was used to predict the
conductive losses in order to correct experimental measurements
�to be discussed later�.

Before modeling the full three-dimensional geometry in ANSYS,
it was compared with the two-dimensional model with respect to

Fig. 2 „a… Nondimensional temperature along the rib center-
line at Re=1.0Ã104 and „b… nondimensional temperature along
the rib centerline at Re=1.0Ã105

Table 2 Summary of design iterations tested with two-
dimensional model

Design Contact length �l /w� Rib material Gap material

1 0.40 SLA SLA
2 0.40 Indalloy 2 SLA
3 0.22 Indalloy 2 Air
4 0.15 Indalloy 2 Air
5 0.15 Indalloy 2 Air
JULY 2010, Vol. 132 / 031014-3
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onduction losses. It should be noted that an alternate coordinate
ystem has been defined to simplify data presentation. The span-
ise variable, s, and the streamwise variable, x, have been rotated
5 deg clockwise about the y-axis. The new coordinate system,
enoted with primes, is aligned with the rib in the s� direction.
he boundary conditions were similar to the two-dimensional
odel. In the three-dimensional model, the rounded rib ends are

ot adiabatic, as with the assumption of a two-dimensional simu-
ation. Adiabatic conditions are placed at the symmetry planes and
n the nonflow sides of the model. Several grid refinements were
nalyzed to ensure a grid independent solution, and there was less
han 1% change in conduction losses between the two finest grids.

Figure 7 shows a comparison of the percent heat loss between
he two- and three-dimensional models. The two models follow
he same trend. The three-dimensional model exhibits a slight in-
rease in conductive losses due to the end effects mentioned pre-
iously.

All of the previous results have used a constant convection
oefficient on the rib surface at an assumed augmentation factor of
ve. Computational predictions indicate that a nonuniform con-
ection coefficient is present on the rib surface �32�. As such, a

ig. 3 Two successive design iterations showing a reduced
ontact length for the new methodology

ig. 4 Percent heat loss versus the Reynolds number for the

wo-dimensional ANSYS model

31014-4 / Vol. 132, JULY 2010
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spatially varying convection coefficient distribution was applied
to the three-dimensional model. The spatially varying convection
coefficient, derived from literature, was discretized circumferen-
tially �36� and in the spanwise direction �32�. The variation in
augmentation in both the circumferential direction and spanwise
direction is shown in Fig. 8 for Re=100,000. Similar distributions
were used for the other Reynolds number calculations only scaled
appropriately for the Reynolds number.

Both a uniform and a spatially varying convection coefficient
distribution were analyzed with the three-dimensional model.
Both cases have equivalent area-averaged augmentation factors
ranging from 7.1 to 3.5 for Reynolds numbers of 10,000–100,000,
respectively. The amount of heat lost to conduction for the two
distributions is shown in Fig. 9. The losses for each case are
nearly equal, yet show a slight offset due to end effects. At the
ends of the rib, the curvature creates additional surface area for
convection in an area with an already enhanced augmentation.
With respect to circumferential location, the large stagnation re-
gion at the leading end of the rib is subject to a large augmentation
factor. And, with respect to spanwise location, the leading end of
the rib is subjected to large augmentation as a manifestation of the
strong secondary flows, which decay along the span of the rib
toward the trailing end. Despite having equal area-averaged heat

Fig. 5 Nondimensional contour plots for various design itera-
tions at Re=1.0Ã104
Fig. 6 Three-dimensional ribbed model
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ransfer augmentation, the spatially varying distribution shows
ess heat loss due to the effect of high augmentation at the leading
nd of the rib, where there is more surface area for heat transfer.

Figure 10 shows the nondimensional temperature along the cen-
erline of the rib for both boundary conditions. This plot illustrates
he effect of a spanwise varying convection coefficient. For the
niform convection coefficient, the nondimensional temperature is
ymmetric about s� /L=0.5 with lower temperatures at the rib ends
ue to the increased convective area. Conversely, the spatially
arying convection coefficient results in a spanwise temperature
radient, where the leading end of the rib is at a lower temperature
han the center due to a large convective area combined with the
arge augmentation factors mentioned previously. The decaying
trength of the secondary flow causes the spanwise temperature
radient. The temperature drop at the trailing end of the rib is
aused by the increased convective area. The effects of varying
onvection coefficient circumferentially were observed by plotting
he nondimensional temperature across the midspan of the rib
s� /L=0.5�, shown in Fig. 11. The higher convection coefficient

ig. 7 Comparison of percent heat loss between the two- and
hree-dimensional models

ig. 8 Variation in augmentation factor for various circumfer-
5
ntial and spanwise locations for Re=1.0Ã10

ournal of Turbomachinery
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on the leading side of the rib, where stagnation occurs, results in
lower temperatures than the trailing side of the rib, where flow
separation inhibits convective heat transfer.

As shown with both the two- and three-dimensional ANSYS

models, a rib material that satisfies the Biot number criteria can
still show strong temperature variation when subject to convection
coefficients typical of internal cooling applications. As such, the
three-dimensional model was used to estimate the accuracy of
quantifying the area-average surface temperature using internal
rib temperatures. Experimentally, thermocouples embedded in the
rib were used to measure the integrated convection coefficient,
which is defined as the area-averaged convection coefficient on
the rib surface. The error of the measured convection coefficient is
defined as the percent difference between the integrated convec-
tion coefficient applied as a boundary condition in the ANSYS

model and the convection coefficient measured by a point tem-
perature in the rib. An experimental temperature measurement
was approximated by taking the average temperature of a cluster
of nodes. The radius of the node cluster was assumed to be the
same size of the thermocouple bead.

Fig. 9 Percent heat loss versus Reynolds number for different
convection coefficient distributions

Fig. 10 Nondimensional temperature along the span of the rib

„three-dimensional model, y /e=0.5…

JULY 2010, Vol. 132 / 031014-5
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To account for tolerances in the instrumentation process, the
hermocouple was offset by 25% of the rib height in various di-
ections from the center of the rib. The offset thermocouple loca-
ions are shown in Fig. 12. It should be noted that when the
xperiments were conducted, five thermocouples were placed
long the span of the rib, as shown in Fig. 13, to obtain an average
emperature.

Figure 14 shows the error of the measured convection coeffi-
ient based on different thermocouple locations. It is immediately
pparent that using five thermocouples quantifies the integrated
onvection boundary condition more accurately than using a
ingle point measurement. By moving a single point thermocouple
n various directions, the error in the convection coefficient can

ig. 11 Nondimensional temperature contours „three-
imensional model, s� /L=0.5…

ig. 12 Thermocouple locations within 3D ANSYS model for
hecking location sensitivity

ig. 13 Thermocouple locations used experimentally to deter-

ine the rib-averaged convection coefficient

31014-6 / Vol. 132, JULY 2010
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vary between 3.0% and 4.4% at Re=100,000. Using five span-
averaged thermocouples brings the overall error to within 1%.
Therefore, the use of five span-averaged thermocouples delivers
an accurate integrated convection coefficient at all Reynolds num-
bers of interest.

In summary, the design of the new methodology revolves
around several key features. First, the temperature uniformity of
the lumped model was verified. Second, lateral losses were mini-
mized by insulating the rib with a foam endwall and an air gap.
Finally, variations in local convection coefficients were shown to
have a minimal impact on the ability to quantify the integrated
surface temperature.

4 Validation Methodology
The validation methodology was similar to those experimental

setups described previously that overlay a foil heater atop an in-
sulated surface �15–17�. The heater provided constant heat flux on
the convective surface while the insulated endwall minimized
conductive heat losses through the back of the heater. The area-
averaged rib heat transfer coefficient was found by integrating
local surface temperature measurements.

A schematic of the validation method is shown in Fig. 15. As
with the new method, ANSYS was used to predict the conductive
heat losses. Since the path from heat generation to convection is
less resistive than the new method, the percentage of heat input
lost to conduction is less than 5% at all Reynolds numbers.

Fig. 14 Measurement error for different thermocouple
locations
Fig. 15 Schematic of validation methodology
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Experimental Facility
Experiments were conducted in a closed-loop recirculating

hannel. The experimental facility, documented by Lyall et al.
18�, is shown schematically in Fig. 16. Flow originates at the
lower and travels along the recirculation portion of the rig where
t encounters an inlet plenum. The inlet plenum is equipped with a
plash plate to prevent jet formation and a heat exchanger to
aintain constant inlet temperature at nominally ambient tem-

eratures. The flow then exits the plenum into the hydrodynamic
ntrance region. This entry region is over 35 hydraulic diameters,
hich ensures a fully-developed flow for all Reynolds numbers of

nterest. The flow then passes through the ribbed channel where
eat transfer measurements were made. A calibrated orifice meter
as placed downstream of the test section to measure flow rate.
he flow meter was installed with ten hydraulic diameters of
mooth pipe upstream and six hydraulic diameters of smooth pipe
ownstream to ensure an accurate measurement. After passing the
ow meter, the cycle is completed and the flow returns to the
lower. Steady state was achieved in 2 h and was signified when
ll thermocouples remained constant over a 15 min period. Data
ere recorded for 1 min after steady-state was reached.
The ribbed channel test section is comprised of two opposing

ibbed walls with rounded, skewed ribs oriented at 45 deg from
he channel axis. The parameters of the test section are summa-
ized in Table 3.

Four rib sections were installed beginning with the sixth rib
rom the entrance of the test section to ensure a hydrodynamically
ully-developed flow in the ribbed channel. Four different test ribs
ere installed consecutively in the milled pocket. Figures 17�a�

nd 17�b� show the foam segments placed in the SLA endwall
ith four test articles installed from the new method and the vali-
ation method, respectively. Four different ribs were tested for
ach method to give an indication of any uncertainty in the manu-
acturing method. The methods were both used to quantify the
eat transfer of a single rib. As such, the thermal boundary con-
ition on all other ribs and endwall surfaces were adiabatic.

The description of implementing the new method begins with
he rib. First, the rib was cast by melting the indium alloy in a
onventional oven. The molten mixture was then poured into a
old of the desired rib geometry. After solidifying, the rib was

emoved from the mold. The rib was then polished to remove any
asting imperfections and to reduce any possible radiative losses.

3 axis mill was used to precisely drill holes and to cut grooves
or thermocouples and lead wires to reside in. The volume re-
oved by the grooves is less than 2% of the uncut rib volume

Fig. 16 Schematic of experimental facility †18‡

Table 3 Rib design used for evaluating testing methods

/Dh 0.075
/e 8

� /Dh 0.69
45°

R 1.7:1
ib type Skewed, rounded, discontinuous
ournal of Turbomachinery
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meaning the Biot number will not be affected. Five 36AWG Type
E thermocouples with Neoflon PFA sheathing were then secured
in the cavities using thermally conductive but electrically insulat-
ing cement. The wires were then laid along the grooves, and all
gaps were filled with thermally conductive cement to prevent air
pockets in the rib. A strip of Inconel foil was used as the heating
element for the new methodology. Two copper lead wires were
soldered to the Inconel foil before adhering the heater to the rib
with Kapton tape. Next, the foam endwalls were cast in an SLA
mold. To ease the removal of the foam, the casting surface of the
mold was covered with Teflon-coated tape and mold release resin
prior to pouring the foam. A two-part urethane foam was then
mixed and poured into the mold. After the foam expanded and
hardened, the endwall was removed from the mold, and the in-
strumented rib was installed on the foam. Extremely thin Kapton
tape was used to hold the rib in place atop the foam endwall and
to prevent any leaks around the rib. Finally, the rib/endwall unit
was lowered into the SLA test model.

The validation method was manufactured in a similar way with
the exception of the foam casting process. The Inconel heater was
laid into the SLA mold and fitted with thermocouples and heater
lead wires prior pouring the foam. 36AWG Type E thermocouples
were adhered to the heater using thermally conductive cement.
After pouring the foam, the endwall and heater were carefully
separated from the mold as a single unit. It is important to note
that the lead wires were essentially cast in the foam, and the wires
exit the backside of the foam endwall. The final unit is lowered
into the SLA test model as with the new method.

6 Data Reduction
For the new methodology, a lumped model approximation was

used based on the measured rib temperature taken from five ther-
mocouples embedded along the span of the rib. The rib convection
coefficients were defined in Eq. �2�

h =
Qheater − Qloss

A�Trib − T��
�2�

where Trib is the average of five thermocouples embedded in the
rib. The convective heat in Eq. �2� is equal to the amount of power
dissipated by the heater less conductive losses. It is important to
note that radiation contributions were estimated and found to be
less than 1% of the total heat transfer applied; therefore, radiation
was neglected. In addition, radiation was computed using ANSYS

with air and with a vacuum beneath the heated rib. Results indi-
cated negligible differences in the rib temperatures. Many experi-
mental setups permit the use of a one-dimensional conduction
model to quantify losses. Due to the significant contribution of

Fig. 17 „a… Large scale ribbed model with four Indalloy ribs
placed in a foam endwall and „b… large scale ribbed model with
four foam ribs encased in Inconel foil
lateral conduction, losses were accounted for using ANSYS. These
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Downloa
oss calculations from ANSYS were made by experimentally mea-
uring the area-averaged convection coefficient assuming no heat
oss. The no-loss convection coefficient was then applied to the
hree-dimensional ANSYS model to obtain a heat loss estimate. The
esulting conductive loss was used to correct the no-loss convec-
ion coefficient. Finally, augmentation factors were calculated
ased on the Dittus–Boelter correlation �37�.

In order to use ANSYS to correct for conduction losses, the
odel was first verified using experimental data. Figure 18 shows

he nondimensional temperature, �, along the span of the rib com-
aring ANSYS to the new methodology for Re=10,000 and Re
100,000, respectively. It should be noted that the convection
oefficient applied to the rib was taken from experimental data
ssuming no heat loss and was applied with variations in the span-
ise direction only. The nondimensional temperature along the

pan of the rib matches well between the ANSYS model and the
xperimental data collected using the new method. The agreement
etween the predicted and experimental temperature profiles war-
ants the use of the predicted percent heat loss in the heat transfer
oefficient calculations.

For the validation methodology, convection coefficients were
easured locally at different locations on the rib. Local convec-

ion coefficients were calculated using Eq. �2�, where Trib was the
emperature of a single thermocouple. The rib-averaged convec-
ion coefficient was found by integrating the local convection co-
fficients across the rib surface. As with the new method, ANSYS

as used to predict the heat losses in Eq. �2�.

Uncertainty Analysis
Augmentation factor uncertainty was calculated for every Rey-

olds number tested using the method described by Kline and
cKlintock �38� for both measurement methods. For the new
ethod, uncertainties in augmentation factor ranged from 5.3% to

.6% at Reynolds numbers of 25,000 and 100,000, respectively.
or the validation method, uncertainties in augmentation factor
anged from 5.1% to 2.4% at Reynolds numbers of 25,000 and
00,000, respectively.

Comparison of New and Validation Methods
Prior to comparing all the results, a series of experiments were

onducted to determine the repeatability of each method. These

ig. 18 Nondimensional temperature at center of rib „y /e
0.5… captured at various spanwise locations for Re=1.0Ã104

nd 1.0Ã105
ests were specifically conducted to determine the sensitivity to

31014-8 / Vol. 132, JULY 2010
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the manufacturing methods used. Figure 19 shows the augmenta-
tion factor for both methods where the conduction losses were
predicted and accounted for using ANSYS. The augmentation re-
sults agree between the four ribs and the two methods as shown
by the augmentation factors falling within a mean value bounded
by the respective uncertainty levels.

The results in Fig. 20 show that both the new and validation
methods agree, within the experimental uncertainty, for the full
range of Reynolds numbers tested. For clarity, error bars are
shown on the lowest and highest Reynolds numbers. Both meth-
ods show that augmentation factor decreases with Reynolds num-
ber, which is consistent with the augmentation factors derived
from literature that were applied to the ANSYS model. The nature
of ribbed channel flow is such that at low Reynolds numbers,
higher augmentations in friction factors and heat transfer occur. At
lower Reynolds numbers, turbulators substantially alter the flow
to become fully turbulent. Conversely, at higher Reynolds num-
bers, the flow is already fully turbulent and thereby the turbulators
do not significantly enhance the convective transport.

Taslim et al. �11� experimentally determined the area-averaged
rib surface convection coefficient for a 45 deg round-corner rib

Fig. 19 Augmentation factor of four ribs using the new and
validation methods „Re=2.5Ã104

…

Fig. 20 Augmentation factor for the new and validation

methodologies
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Downloa
etween Re=10,000 and Re=50,000. Vishwanathan and Tafti
32� performed a large eddy simulation for a geometry similar to
he current work at Re=25,000. Table 4 lists the geometric pa-
ameters for each study. Both the computational and experimental
esults agree well with the data we showed in Fig. 20.

Conclusions
As ribbed channels become increasingly complex, a new
ethod for measuring the heat transfer coefficients for complex

ib shapes is desired. Moreover, it is instructive to understand how
he rib heat transfer coefficients compare with the endwall heat
ransfer coefficients. Many past studies have used copper ribs
hereby the endwall and rib contributions to the heat transfer

nhancement were lumped into an overall channel average. Ma-
hining copper ribs to match the desired complex shape is time
onsuming and difficult. The goal of the current work was to
etermine an alternative testing method that would provide accu-
ate results for complex rib shapes.

A new method was developed to resolve heat transfer contribu-
ions from complex ribbed surfaces. The new method makes use
f a rib material that has similar properties to copper but is more
eadily castable. The material that was identified, Indalloy No. 2,
s unique in having a high thermal conductivity and a low melting
emperature, which makes the use of negative molds possible.
hese properties allowed for a lumped mass approximation,
hich was validated computationally and experimentally.
Another critical part of the methodology was to reduce the con-

uctive losses, ultimately reducing the experimental uncertainty.
he conductive losses were minimized by insulating the heated

ib with an air gap and an endwall cast from low thermal conduc-
ivity foam. These insulating features reduced the losses from ap-
roximately 50% to within 10% at all Reynolds numbers. In ad-
ition to designing for minimal heat loss, ANSYS was used to
redict the amount of conductive losses by correcting the experi-
ental convection coefficient with the predicted conduction

osses. The predicted losses were obtained by applying an experi-
entally determined convection coefficient to the ANSYS model.
The new measurement method was validated by comparing the

eat transfer results to an experimentally proven validation
ethod. The two methods agree, and the data presented in the

urrent work agree with work done by previous researchers.
oreover, the same results were measured for all of the ribs tested
aking the new method independent of any manufacturing imper-

ections. It is important to note that in the definition of the heat
ransfer coefficient, the bulk temperature was used as the refer-
nce temperature since only a single rib was heated.

Internal cooling is an important technology for maintaining tur-
ine airfoil life. Turbulated channels are commonly used to in-
rease heat transfer by generating turbulence and providing
reater surface area. The new experimental method presented in
his paper for determining the rib contribution to the convective
eat transfer in a ribbed channel can now be used to assess
hether further enhancements in heat transfer can be gained from

Table 4 Comparison of rib geometries

Current
study

Taslim and
Lengkong �11�

Vishwanathan
and Tafti �32�

ib profile

ontinuous No Yes Yes
/Dh 0.075 0.133 0.1
/e 8 8.5 10

45° 45° 45°
omplex rib shapes.

ournal of Turbomachinery
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Nomenclature
AR � channel aspect ratio H /W
Bi � Biot number
e � rib height

Dh � hydraulic diameter
H � channel height �ribbed walls�
h � heat transfer coefficient based on bulk

temperature
k � thermal conductivity
l � contact length between rib and endwall

L � length of rib less rounded ends
P � rib pitch
Q � heat transfer

Nu � Nusselt number based on Dh
Nuo � baseline Nusselt number, Nu=0.023Re0.8Pr0.4

Pr � Prandtl number
Re � Reynolds number based on U, Dh, and �

s � spanwise distance
s� � spanwise distance aligned with rib
T � temperature
U � average velocity in unobstructed channel
w � rib width
W � channel width �nonribbed walls�
x � streamwise distance

x� � streamwise distance, orthogonal to s�
y � direction vector mutually orthogonal to x and s

Greek
� � rib angle of attack
� � dynamic viscosity
� � density
� � circumferential location or dimensionless

temperature

Subscripts
0 � unobstructed duct baseline condition
� � freestream value

BC � boundary condition applied to computational
model

rib � measured coefficients using internal rib
temperatures
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