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ABSTRACT

The steady state heat transfer characteristics were mea-
sured in a stationary generic four passage serpentine model
of a turbine blade internal cooling passage. Turbulators were
used to enhance heat transfer with a pitch to height ratio
of 8.5:1 and blockage ratio of 0.1. Heated copper elements
were placed at certain locations throughout the model with
the ability to apply a known heat flux on the copper and mea-
sure the thermal response in the passages with thermocouples
embedded flush with the passage wall. Nusselt numbers were
calculated and compared with the literature.

INTRODUCTION

Inaccurate knowledge of the distribution of the heat trans-
fer rates in turbine internal cooling passages is a major factor
in the uncertainty of turbine-blade metal temperature and life-
span prediction. Figure 1 shows a sample turbine blade with
internal cooling passages. The air that flows through these
passages is bled from the high pressure compressor, bypassing
the combustor and enters through the root of the blades. In
modern turbine blades there are typically three to four sets of
cooling passages, one each for the leading and trailing edges
and one to two sets of mid-chord passages. These serpentine
passages are extremely complicated including multiple separa-
tion regions, strong secondary flows, and substantial roughness
in the form of ribs (also referred to as turbulators).

The complicated geometry makes detailed measurements
and CFD simulations difficult. Experimentally it is difficult
to install instrumentation to provide spatially resolved mea~
surements in complex internal flows. In the case of CFD, the
grid must be extremely complex to resolve the separation re-
gions behind each of the many ribs and both flow separation
and strong secondary flows offer significant challenges for tur-
bulence models. Because detailed heat transfer information is
rarely available, turbine analysis systems often assign a sin-
gle value of the heat transfer coefficient for the entire passage
using empirical correlations.

The goal of this work is to provide detailed heat trans-
fer measurements of a generic ribbed serpentine passage that
captures much of the complexity of a real passage but elim-
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Figure 1: Turbine blade with serpentine cooling passages. Re-
produced from Lindstrom (2000).

inates such effects as variable passage cross section, passage
twist, and film cooling discharge. These measurements are
conducted in the same geometry and in the same Reynolds
number range as used by Elkins et al. (2004) for fluid mechan-
ics measurements. They used magnetic resonance velocime-
try to provide three-component mean velocity measurements
throughout a four-passage ribbed serpentine geometry.

This experiment provides intermediate spatial resolution
between typical heat exchanger type tests which supply a sin-
gle average heat transfer coefficient for the entire passage and
fully resolved tests which use a constant heat flux surface
and optical temperature measurement. Fabricating a con-
stant heat flux surface for this entire geometry would be very
difficult. Hacker and Eaton (1997) and Booten and Eaton
(2005) have shown that measurement of the heat transfer rate
from discrete elements along with simultaneous measurement
of the thermal wake of the heated element provides sufficient
information to characterize the heat transfer over the entire
The advantage of this approach over other meth-
ods is the ability to make accurate heat transfer measuremnts
quickly. Previously mentioned procedures typically have only
one of those characteristics.

surface.



EXPERIMENTAL APPARATUS

Heat transfer measurements were performed in a generic
serpentine passage model called the Stanford Generic Turbine
Internal Passage (SGTIP) model, shown in Fig. 2. There are
four square section passages, 20mm x 20mm, each with angled
ribs (turbulators) with square cross-section (2mm x 2mm) on
two opposing walls; only the ribs on one wall are visible in the
figure. There were two types of corners, one round and two
square, that are representative of the range of corner variations
seen in actual serpentine cooling passages.

The model was designed to adhere closely to industry de-
sign practices regarding rib placement (10 per passage per
wall), rib pitch to height ratio (8.5:1) and blockage ratio, de-
fined as the rib height over the passage hydraulic diameter
(0.1). The ribs are angled 45° to the passage axis and they are
staggered such that the top and bottom ribs are equidistant
from adjacent ribs on the opposite wall. The wall thickness
between passages is 8mm. The model was fabricated using
DSM Somos Watershed resin in a stereolithography system
providing excellent resolution of the geometry to within ap-
proximately 0.051mm. The apparatus upstream of this test
section, shown in Fig. 3, includes a compressed air supply,
a pressure regulator, a laminar flow meter, a 1.8 meter long
development tube, and a short transition nozzle blending the
round tube flow into the square cross section serpentine pas-
sage. The development tube was bored to 32.8 mm (40.05
mm) and honed to a surface roughness of 16 microinches to
insure hydrodynamically-fully-developed pipe flow at the inlet
to the test section.

Heat transfer was measured using discrete heated elements
placed at 7 locations on the straight sections of the passage
and at 6 locations in the corners as shown in Fig. 2.
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Figure 2: Four passage serpentine, SGTIP, model with heated
copper locations.

the straight passage experiments, an ’element’ refers to one
rib pitch on one wall with turbulators. An example of one of
these elements is the shaded copper element in Fig. 4. All
elements in the straight sections of the passages are geomet-
rically identical except the elements adjacent to the corners
(e.g. elements 10 and 14 in Fig. 2). The elements adjacent
to the corners are not considered in this paper and will not
be mentioned further. The corner elements have no turbula-
tors on them and are of various sizes depending on location.
The measurement resolution is much higher than the element
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Figure 3: Schematic of the experimental apparatus.

resolution. The thermocouple locations in Fig. 4 show that
there are between 4 and 12 thermocouples per element in the
straight section while the corner elements have between 6 and
7. The thermocouple numbering scheme for the straight sec-
tion instrumented piece is shown in Fig. 5. The heated copper
element is shaded as in Fig. 4.

A four-rib-pitch section of one passage wall was instru-
mented and mounted in a moveable plug such that the same
instrumented plug could be used to perform the measure-
ments at all the desired locations in the straight sections of
the model. The surface side of this plug, as well as thermo-
couple locations, are shown in Fig. 4. The main flow in Fig.

Figure 4: Removable instrumented plug for taking heat trans-
fer measurements. The small circles indicate thermocouple lo-
cations.
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Figure 5: Thermocouple numbers for straight section remov-
able plug.

4 is moving from left to right The heated element is shaded
and was made of copper machined to be geometrically iden-
tical to the test geometry. The copper in Fig. 4 is one rib
pitch long in the axial direction (16.98mm) and covers one
The copper elements around the corners can be seen
schematically in Fig. 2; they also were geometrically identical
to the wall section they replaced. Each copper element was
heated using a pair of thermofoil heaters and the temperature

wall.



was measured using sets of 4-12 embedded thermocouples per
rib pitch as can be seen in Fig. 4. The thermocouples were
embedded in the passage walls such that they were flush with
the inner wall surface.

The element sizes were chosen to roughly correspond to
different flow conditions over the corner surface while main-
taining an ability to easily instrument and heat the pieces.
Elkins et al. (2004) used magnetic resonance velocimetry
(MRV) and particle image velocimetry (PIV) comparisons to
clearly show that the mean velocity magnitude increases near
the inside radius of the corner. This increase in velocity is
the basis of the design decision that led to separating the cor-
ners into inner and outer components. The outer section was
separated into upstream and downstream sections because at
different Reynolds numbers the momentum in the flow causes
impingement to occur at different locations; two elements al-
lows for better resolution of this effect while maintaining some
experimental expediency.

A known heat flow was supplied to one of these copper el-
ements per experiment. The thermocouples were monitored
and determined to be at steady state if the standard deviation
in 30 successive readings of 32 samples at each location was less
than 0.02 °C. The minimum time for this was ~30 minutes,
however, in practice steady state was usually reached after
approximately 2 hours at a given set of flow conditions. The
steady-state thermal response of the wall was then recorded
from 1000 samples from each thermocouple. This was re-
peated for all copper element locations for 15,000<Re<55,000.
The entire model and development tube were insulated using
polyethylene and polystyrene insulation (k ~ 0.036 W/, i for
both materials). The minimum thickness of the insulation is
76 mm, with insulation up to 100 mm in certain locations
to approximate adiabatic thermal boundary conditions every-
where except on the copper elements.

EXPERIMENTAL RESULTS

Adiabatic Wall Temperature

The adiabatic wall temperature, Tqw, can differ signifi-
cantly from the test section inlet temperature; this is especially
true for the highest Reynolds numbers where the local Mach
numbers can exceed 0.2. Therefore Ty, was measured with no
heat addition at all locations and Reynolds numbers to provide
a correct reference temperature for heat transfer calculations.
A sample of the adiabatic wall temperature for all thermo-
couples measured with the copper on the instrumented piece
located at element 44 is shown in Fig. 6. The adiabatic wall
temperature is within £0.06°C of the inlet stagnation tem-
perature at all measurement locations for the lowest Reynolds
number. However, Ty, drops below the inlet temperature
by around 0.2°C for the intermediate Reynolds number case
and by as much as 0.6°C for the high Reynolds number case.
The peak Mach number is at least 0.2 due to the highly non-
uniform flow in the passage. This is corroborated by data
presented by Elkins et al. (2004). Assuming a recovery factor
of Prl/3 and a freestream Mach number of 0.12, a reduction in
the adiabatic wall temperature of about 0.75°C below stagna-
tion temperature is expected. This rough calculation confirms
that the measured Tg., is in the expected range.

The accuracy of the thermocouple measurements was ver-
ified using a thermistor. The thermistor was placed between

643

-0~ Re=15,000
4+ Re=35,000
-A  Re=55,000

0.6f

_pwall o
T Tinlel[ C]

Thermocouple Number

Figure 6: Difference between adiabatic wall temperature and
inlet temperature for all Reynolds numbers on elements 43-46.

thermocouples at the copper element location when measuring
the adiabatic wall temperature . The copper element was also
replaced in order to eliminate any possible effects it might
have on the adiabatic wall temperature. A sample of the
recorded temperatures for the thermistor and the two adja-
cent thermocouples is shown in Fig. 7. This demonstrates
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Figure 7: Temporal measurement of thermistor and adjacent
thermocouples on element 44.

that the thermocouple readings are consistent with the ther-
mistor within 0.2°C. The sharp decreases in temperature in
Fig. 7 around times 00:42 and 02:20 correspond to increases
in Reynolds number . The slower trend of decreasing temper-
ature is due to daily fluctuations in ambient temperature.

Thermal Response

The steady state thermal response for Reynolds number =
35,000 with element 33 heated is shown in Fig. 8. Here x
is measured along the same direction as the mean flow, be-
ginning at the leading edge of the instrumented plug, which
corresponds to the left edge of the rib of the left element in
Fig. 4. The ribs are all at an angle of 45° to the flow so
the axial position corresponding to x = 0 depends on the dis-
tance from the side walls. This coordinate system means that
thermocouples 1, 9 and 25 all have the same x location, as do
thermocouples 2, 10 and 26, etc. The x location of the ther-



mocouples was non-dimensionalized in Fig. 8, and the heated
copper element is located between 1.6e-4<xt<3.2e-4.

The measured temperature on the copper element is nearly
uniform as expected. The temperature distribution is fairly
uniform parallel to the ribs as well. The exception to this
is just downstream of the copper element. The temperature
rise is greater near the separation wall than the impingement
wall. The separation wall is the non-ribbed wall adjacent to
the leading edge of the ribs. The impingement wall is the
other non-ribbed wall. They are so-called because the flow
on the ribbed walls tends to separate from one and impinge
on the other. As the flow progresses down the passage it is
swept towards the trailing edge of the ribs, which are adjacent
to the impingement wall. This can be seen by looking at
Fig. 9 (reproduced from Iaccarino et al. 2003) which shows
the velocity magnitude in the centerplane of the channels. In
addition to demonstrating how the mean flow moves towards
the impingement wall, Fig. 9 also shows the separation region
downstream of the corners that creates large velocity profile
distortion that could change the value of the recovery factor
and Mach number in localized areas.
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Figure 9: Velocity magnitude in channel centerplane from Iac-
carino et al. (2003), Re = 35,000

There are two other important characteristics of the foot-
print, or thermal response in Fig. 8. One is that the secondary
flow and turbulent mixing are so strong that the heat that is
transferred into the flow is well mixed by the time it has trav-
elled two rib pitches downstream of the heated element. Thus,
measurement of the thermal footprint of a heated element re-
quires only a short region of instrumented test wall. There
is also substantial heating upstream of the copper element.
This is caused by recirculation drawing heat from the rib on
the upstream end of the copper element and transferring it to
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the wall upstream. This effect is still substantial even after
conduction losses from the copper are corrected for.

The temperature rise averaged over the elements gives a
good indication of both the heat transfer coefficient at the
heated element plus the strength of the thermal wake. These
averages allow quick comparison between the various element
locations. Figure 10 shows the temperature rise divided by the
heat transfer rate for each of the seven heated elements. The
vertical lines represent a discrete element number at which all
corresponding data were measured. The temperature rise is
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Figure 10: Thermal response at all measured locations per

unit power supplied to copper element, Re = 35,000.

nearly the same for each element, regardless of its position in
the passage. This clearly demonstrates that the periodic rib
structure dominates the heat transfer behavior.

Also shown are the temperatures averaged over the first up-
stream, and the two downstream elements. These also show
almost no sensitivity to position in the passage, demonstrat-
ing that the thermal footprint at multiple locations can be
well approximated (within 7% on the heated element) by only
measuring it at one or two locations throughout the serpentine
passages.

Nusselt Number Measurements

The Nusselt number was measured by first taking the
steady state thermal response of all thermocouples on the cop-
per surface and obtaining an average temperature rise over the
copper element. The applied heat flow to the copper was ob-
tained by subtracting the estimated conduction losses from
the nominal power supplied to the copper. The Nusselt num-
ber was calculated according to

(1)

where Q is the net heat flow, As is the surface area of the
copper element, including the area of the rib, k is the thermal
conductivity of the air, D is the passage hydraulic diameter
and

(2)

The conduction losses from the copper result in non-adiabatic
boundary conditions immediately upstream and downstream
of the copper. This has some effect on the Nusselt number on

AT = Tyau — Tadiabatic wall-



the copper element that is not accounted for in this formula-
tion; however, the Nusselt number can be adjusted to account
for the actual thermal boundary conditions using the analysis
for internal flow heat transfer in Booten and Eaton (2005).

Conduction Losses. The conduction losses from the heated
copper element were estimated by modeling a section of the
SGTIP model using FLUENT, a commercial computational
fluid dynamics code to calculate conduction in the solid. This
heat loss was used to adjust the Q in Eq. 1. The boundary
conditions that were used in place of the fluid were temper-
ature measurements on the heated elements and convective
boundary conditions on all other elements adjacent to the
fluid. The outer boundaries were considered to be adiabatic.

The values for the convective heat transfer coefficients that
were specified were based on the ranges reported in the litera-
ture. This approximation of constant heat transfer coefficients
on surfaces in the model has small effects on the overall Nusselt
numbers that were computed because the conduction losses
are relatively small compared to the amount of heat input
and they are relatively insensitive to changes in the heat trans-
fer coefficient boundary conditions. Changes up to +£30% in
heat transfer coefficient boundary condition values result in a
change in the Nusselt numbers of <7% for all Reynolds num-
bers and locations.

Straight Sections. The Nusselt numbers for the straight
sections were compared to Nusselt numbers for constant wall
heat flux from the literature as shown in Fig. 11. These Nus-
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Figure 11: Nusselt number averaged over each heated element
in straight section locations

selt numbers are nominally measured using constant heat flux
boundary conditions with a step in wall heat flux beginning at
the upstream edge of the element. The actual thermal bound-
ary conditions in these experiments are somewhat different
due to the experimental techniques often employed. Typi-
cally a section of wall is replaced with copper so that the flow
is exposed to a constant wall temperature over that section.
The thermal boundary conditions are actually for heat flux; a
known heat flux is being supplied over the copper element with
the approximation of adiabatic walls everywhere else. There is
very good agreement with the literature over the entire range
of Reynolds numbers measured even though the literature en-
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compasses large variations in passage diameter, rib pitch to
height ratio, rib blockage ratio, rib angle and stagger, corner
design and methods of heating.

The thermally fully developed Nusselt number was calcu-
lated using the analysis presented in Booten and Eaton (2005)
so that it represents the Nusselt number for the copper el-
ement given a constant wall heat flux over the entire wall.
The mean thermally fully developed Nusselt number for all
straight sections was calculated and compared with fully de-
veloped Nusselt numbers in the literature and is shown in Fig.
12.
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Figure 12: Thermally fully developed Nusselt number aver-
aged over each heated element in straight section locations

There are two methods for calculating Nupp. The meth-
ods differ by how AT is defined in Eq. 2. It is common in the
literature to use

AT = (Twau — Toutk)- (3)
The Nusselt number defined using this AT is Nuar,,,,, - How-
ever, it is more appropriate to use

(4)

to calculate the Nusselt number denoted as Nuar,, . This
allows easier use of the superposition technique reported in
Booten and Eaton (2005) to characterize heat transfer in in-
ternal passages. Both methods for calculating the Nusselt
number are used in Fig. 12 for comparison and show very
good agreement with the literature.

AT = (Twall — Tadiabatic wall)

Corner Sections. The corners of the SGTIP model have sig-
nificantly different flow and thermal characteristics than the
straight sections. Separate measurements were performed us-
ing the same basic experimental technique as for the straight
sections, except with different sized elements, as shown in Fig.
2.

The local Nusselt number on each corner element is plotted
versus Reynolds number in Fig. 13. It is clear that the ele-
ments near the inside of the corners (elements 12 and 40) have
a much higher heat transfer rate, due to the higher freestream
velocities than near the outside of the corners. The Nusselt
number on the downstream outer element on the square corner
increases significantly slower than the upstream outer element
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Figure 13: Nusselt number on corner elements vs. Reynolds
number

with Reynolds number. This is because the flow produces a
larger separation bubble at higher Reynolds number . This
causes the impingement of the flow to be more directly on
the upstream outer element than the downstream outer ele-
ment which increases the heat transfer upstream relative to
downstream locations. A similar trend is seen with the round
corner, except it is less extreme because the rounded outer
surface tends to sweep the flow around the corner better than
the square corner.

CONCLUSIONS

This work has applied a method for quickly measuring the
thermal characteristics inside a generic serpentine cooling pas-
sage model that is representative of those found in modern
turbine blades. The thermal response to heating of a finite
section of the passage wall was measured with intermediate
spatial resolution using embedded thermocouples . This tech-
nique can be extended for calculating heat transfer coefficients
that are valid for arbitrary thermal boundary conditions.

Ongoing work includes measuring the pressure distribution
in the passages and around the corners and implementation
of heat transfer into an immersed boundary condition RANS
CFD code (IBRANS) for prediction of the thermal character-
istics in serpentine passages.
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