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ABSTRACT

In the world of turbomachinery, increasing the efficiency of the air-breathing gas turbine
engine is always the end goal, which is accomplished by operating at the highest possible turbine
inlet temperature. However, this leads to issues in designing turbine blades, typically made of
nickel alloys, that are capable of withstanding the thermal stresses associated with combustor exit
temperature. Thus, bled off air is commonly passed through turbine blades in a serpentine pattern
and over pin fins within the blades to increase the blade cooling. The most common pin fin design
uses a circular cross section, however past studies have shown other cross sections are more
favorable. Different pin fin geometries, and configurations of pin fins, produce varying
temperature fields around the pin fins, and thus can produce different convective heat transfer
results. An optimized pin fin design and configuration would improve the convective heat transfer
while not compromising on the pressure losses over the pin fins, which would ultimately result in
turbine blades reaching higher temperatures and thus higher efficiencies. Past studies have
performed their measurements with liquid crystal thermography on the endwall to determine the
convective heat transfer coefficients. This study seeks to instead use infrared thermography to
measure the temperature field of the endwall to determine the convective heat transfer
characteristics. This method requires calibrating an infrared window that is set to view the heated
endwall, which acts as the test section. The experiments were conducted using a FLIR T620 high
resolution infrared imaging camera. The test section of the wind tunnel was set up with an infrared
window from Edmund Optics. One endwall of the test section is uniformly heated by supplying
different voltages, from 0 to 75 Volts, to a thermofoil Minco heating element for various velocities,

ranging from 20 meters per second to 30 meters per second. The transmission losses, conduction



i
losses, and convective heat transfer coefficient were determined from infrared images and
thermocouple temperature readings. The flow around through the tunnel was observed and through
the recorded temperature field the convective heat transfer coefficient of the test section was
calculated. The entire experiment was conducted in the Turbomachinery Heat Transfer Lab open

loop wind tunnel.
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Chapter 1

INTRODUCTION

The infrared spectrum was discovered by Sir William Herschel in 1800 and a short time
later infrared light began use as a means of thermal measurement. The concept is based on
radiation heat transfer which occurs through electromagnetic waves. When the electromagnetic
waves come into contact with a body parts of the energy are absorbed, reflected, or pass through
the body, with the fraction of each being denoted by ar, pr, and 1r and referred to as absorptivity,
reflectivity, and transmissivity respectfully [1]. Since energy is always conserved the
absorptivity, reflectivity, and transmissivity of the interaction of an electromagnetic wave with a
body must be:

1 Mz P

Equation 1: Conservation of Energy for Radiation

These coefficients vary depending on the wavelength of the radiation and the properties of the
body with which the electromagnetic wave is interacting. Ultimately, using the radiation emitted
by a body, especially radiation emitted in the infrared wavelength spectrum, its temperature can
be determined using several laws of radiation. Thus, infrared cameras discern the temperature of

a body using the radiation it emits in the infrared spectrum.

APPLICATIONS OF INFRARED IMAGERY FOR GAS TURBINE COOLING

Within academia infrared imagery has been used for a number of different studies. One

particular study by Dr. Giovanni Carlomagno used infrared imagery to analyze transient natural
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convection, impinging jets, airfoil transition/separation, rotating surfaces, 180°-turn channels and

ribs, and hypersonic flows [2]. The study did not necessarily produce any information that is not
already known, however it proved the feasibility of using infrared imagery to analyze the heat
transfer properties under very different conditions. Many of these experiments were especially
applicable to gas turbine research, such as the rotating surfaces and 180°-turn channels and ribs,
since these are applications characteristically found in turbines. The article also made the points
that infrared imagery non-intrusively measures the flow and records a 2D field of data. Both of
these points offer arguments to the position of using infrared imagery over thermocouples in

many heat transfer experiments.

PREVIOUS STUDIES ON PIN FIN GEOMETRIES

Studies have also been conducted on analyzing different pin fin geometries, with the
intent of determining an optimum design for convective heat transfer while minimizing pressure
losses. One such study was done by Oguz Uzol for a dissertation work at the Pennsylvania State
University. Pin fins with the following geometries: Circular as a baseline, oscillating, elliptical
with a major axis 1.67 times the minor axis, and elliptical based on the NACA 0024, were all
analyzed for their convective heat transfer and aerodynamic characteristics. Liquid crystal
thermography was used to determine the endwall convective heat transfer properties, and wake
total pressure surveys and wake flow field measurements were used to determine the
aerodynamic properties of each geometry. The study concluded with identifying the oscillator fin
as performing worse than the circular pin fin in heat transfer, but better than the circular fin

minimizing pressure losses. Similarly, both elliptical fins produced about 25% less heat transfer



levels than the circular fin, however the total pressure reduction was on the order of 100% to
200% [3]. Implementing infrared imagery on a similar study would produce higher resolution
temperature field measurements and enable the researcher to more accurately determine the

convective heat transfer characteristics of each design.

Chapter 2

EXPERIMENTAL METHOD

The wind tunnel was originally in sections so it was assembled prior to any
experimentation. This required the wind tunnel to be recalibrated as any past properties of the
tunnel may have been changed due to a slight alignment differences, gaps, compressor
performance, etc. Once the tunnel properties were determined the infrared window and endwall

emissivity values were determined.

Figure 1: Wind Tunnel Setup for Experiment



WIND TUNNEL PROPERTIES

The wind tunnel in consideration is an open circuit wind tunnel. The various parts of the
tunnel are as follows

An axial air blower

A plenum chamber

A circular nozzle with high area ratio

A circular to rectangular transition duct

A converging section

The test section with infrared window

A diverging nozzle

A diffuser (discharges air to the ambient conditions)

= =4 4 -4 48 -8 -9 2

Each section was bolted together with silicon between them and as flush as possible to
minimize the effects on the boundary layer when the flow travels between tunnel sections.
Additionally, screens were placed at each end of the plenum chamber to produce a uniform flow
after the compressor.

The infrared window was 30.5cm X 30.5cm square, stock number 32-809 from Edmund
Optics, and the test section walls were made of clear acrylic plexi glass of 1.2cm thickness. The
Minco thermofoil heater had a dimension of 25cm X 37.5 cm, model number 5185 with 17.6Q of
resistance, and was supplied with voltages ranging from 55V — 75V by using the DC power supply,
which provided up to 110V and 10A current. There was a 2mm Depron sheet present in the end
wall to minimize conductive losses and the Depron and heater filament were painted black to

minimize radiative losses.
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Three thermocouples were installed: one in the test section, exposed to the flow, for

calibrating the infrared camera’s emissivity and other properties, another outside of the tunnel to
determine the conduction losses through the wall, and the last one to measure the ambient

temperature near the test section.

PRESSURE TRANSDUCER CALIBRATION

The pressure transducers were calibrated with the slant tube manometer; the calibration

graphs are present below.
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Figure 2: Calibration of Transducer A



Pressure Differential vs Inches of Water
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Figure 3: Calibration of Transducer B

WIND TUNNEL MEASUREMENTS

The calibrated pressure transducer was then used with a pitot static probe to determine
the velocity profile, velocity and pressure relationship, and the relationship between the
compressor fan speed and the velocity of the tunnel. The velocity profile of the tunnel showed to
be primarily uniform away from the boundary layer of the wall, which verified the tunnel was

experiencing no flow disturbances from gaps or misalignments between the sections.
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Velocity vs Frequency
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Figure 6: Velocity vs Frequency - Wind Tunnel

INFRARED WINDOW MEASUREMENT METHOD

The infrared camera had a measurement resolution of 640x480 pixels and was placed at a
location of 1 meter from the test section to capture the field of view of the infrared window. The
infrared camera was typically used with a Spot reading and Box reading (0.25 in X 0.25in area).
The Box value was an average of the temperatures over the surface but FLIR’s software provides
the ability to know the temperature of each pixel within the Box, and thus find line averages and
gradients. Additionally, the FLIR software package allows the user to draw additional spots, boxes,
circles, etc. after the image was taken so the user is not constrained to the readings taken during

the picture. The figure below shows the user interface of the camera.
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Figure 7: Infrared Camera User Interface

Initially, the infrared window was reflecting infrared radiation originating from
outside of the test section, such as from the user or itself, which was causing the infrared
camera to record values that were false. This was addressed by fitting a piece of black
Depron foam over the lenses so the bulk of the camera cannot be seen from the front. This

can be seen in Figure 1: Wind Tunnel Setup for Experiment.
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Chapter 3

EXPERIMENTAL RESULTS AND DISCUSSION

INFRARED WINDOW CALIBRATION

In order for the infrared camera to be used to obtain an accurate convective heat transfer
profile it had to be properly calibrated with the infrared window being used. The calibration of the
infrared camera was done with the camera setup 1m distance from the test section. For the first set
of experiments a set of 9 points were marked out on the ground in front of the test section to
determine if viewing the test section, without the infrared window in place, at various angles
effected the readings. The center point was from which the camera was first set and the other points
were marked 2 inches to the left, 2 inches up and 2 inches left, 2 inches up, etc. around the center
point thereby producing a square around the center point. This setup provided a 3X3 matrix with
the set of values of the temperature readings from the thermocouple, the Spot (set on the tip of the
Thermocouple), and the Box (centered on the thermocouple) to compare. The experiments
ultimately showed that viewing the test section at various angles did not have effect on the infrared
camera’s readings. This initial calibration was done with a DC power supply over a range of
voltages from OV — 20V, which was eventually increased to OV — 70V, however since the
placement had no effect on the results it was assumed to have no effect on the camera throughout
the later operating range as well.

Running from 10V to 70V for 5 minutes at every tenth voltage provided a relationship
between the reading of the infrared camera and thermocouple in the test section with the infrared
window in place. This calibration was first done with no flow in the tunnel by matching the value

of the infrared camera to the value of the thermocouple as closely as possible, without the
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infrared window, using only the emissivity value built into the camera to determine the

emissivity of the endwall with the heater (painted black surface). Next, the window was replaced
and the same experiment was run with no flow to match the camera with the transmissivity of the
infrared window. The emissivity was determined to be 0.97 for the endwall and the transmission
characteristic of the infrared camera to be used for the used infrared window was found to be
75%. Using these properties, the infrared camera and thermocouple agreed over the range of
voltages used.

These calibration properties were then used with a flow running through the tunnel,
however the readings of the thermocouple and infrared camera did not match for either of the
experiments with a flow running through the tunnel. Although, it can be noted that the curves for
the thermocouple and infrared camera for both tunnel velocities are almost perfectly parallel.
This is believed to have happened because the thermocouple in the test section was covered with
a thick piece of tape when it was installed. Therefore, when there was not a flow in the tunnel,
and thus no convective heat transfer, the tape had a negligible effect on the temperature
difference between the thermocouple and the infrared camera. When the flow was introduced the
thickness of the tape allowed the thermocouple to maintain a different temperature than the
endwall temperature that the infrared camera was viewing. Even though the surface mounted
thermocouple did not provide the true temperature of the fluid-solid interface, it was useful in

determining the infrared transmission loss through the infrared window.
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INFRARED IMAGE QUALITY

Using infrared imaging produced high resolution images of the temperature field. The
infrared camera utilized for this study produced a 640 x 480 image, which generated an
approximately 460 x 350 image of the test section when the camera was mounted 1 meter from
the wind tunnel. This translates to determining the local convective heat transfer coefficient at
over 161,000 points in the test section, which can provide a very detailed analysis of the heat
transfer characteristics of the test section. The values in the plot below were determined using the

infrared camera at the location of the thermocouple.
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Figure 10: Local Convective Heat Transfer at Thermocouple Location

The following image was taken at 55V with a 30m/s flow. In Figure 12: Local Convective Heat
Transfer Coefficients in Box (Over the Thermocouple) the box is analyzed to determine the convective
heat transfer coefficient over the region where the thermocouple was mounted and covered with a piece of
tape. The small region being analyzed produced a somewhat grainy image of the convective heat transfer

coefficient over the surface, although larger images produce a very high resolution analysis of the surface.
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Figure 12: Local Convective Heat Transfer Coefficients in Box (Over the Thermocouple)

In summary, the infrared camera used for the experiment produces a high resolution picture and

has an abundance of potential in determining the convective heat transfer characteristics of a flow.
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Chapter 4

UNCERTAINTY ANALYSIS

Due to imperfections in the equipment and analysis, a level of experimental uncertainty
must be put forward to address any discrepancies between the achieved results and the results of

computational analysis, theoretical analysis, etc.

UNCERTAINTY CALCULATIONS

Determining the convective heat transfer coefficient, hcony Was the ultimate objective of
the study, therefore the uncertainty analysis was based upon heonv The process for determining
the uncertainty of the convective heat transfer coefficient is listed below:

v N n n
Equation 2: Total Heat Flux Equation

Where § is defined as:
n Q zY Y
Equation 3: Convective Heat Flux Equation

And is defined as:

. x Yo ¥
v L —
r] gg waa q) od a

Equation 4: Conductive Heat Flux Equation
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Which can be rewritten as:

W ,
Yo "
Y

e
oV

Equation 5: Convective Heat Transfer Coefficient
The adiabatic wall temperature, “Y , is the theoretical wall temperature achieved when the
heat flux through the wall is zero, meaning it is thermally insulated. This provides a consistent
metric for which to calculate the convective heat transfer coefficient. Using the definition of the
convective heat transfer coefficient in Equation 5: Convective Heat Transfer Coefficient, the

differential value of hconvis calculated as follows:

o Dy wy s 12a;
170 T w Ty 1o TN
T,,"QZ(] Y T.,"Q Z7 Y
g Y Y

Equation 6: Differential of the Convective Heat Transfer Coefficient

The differentials of each the terms involved in the calculation of convective heat transfer

coefficient can be found in the Appendix

ADDITIONAL UNCERTAINTY . The differential values used to determine the terms A
through F come from the uncertainty associated with the measurement devices used and are

listed below during baseline conditions when the velocity in the tunnel is 20m/s.
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Assigned Baseline Experiment Estimated Differential
Terms of Uncertainty
Variable Value Measurement Value
Voltage W ¢ 8w TPW
Resistance Y P ¥ P
Heater Area 0 TBTWOoK L pzp ma
Conduction Heat Flux n & — ™ —
a a
Infrared Temperature Y o p&U T8 L
Adiabatic Wall
Y o T8 T8
Temperature

Table 1: Uncertainty Differential Values

Performing the calculations with above numbers, the baseline experiment has an

uncertainty of 1.71%.

DISCUSSION OF UNCERTAINTY

Using the differential values in Table 1, the uncertainty percentage for various voltages

and tunnel velocities could be computed to determine the uncertainty percentage at during

various experiments.
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Uncertainty Percentage vs Voltage
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Figure 13: Uncertainty Percentage vs VVoltage

Being that the calculated uncertainty values are below 5%, it is safe to assume that the
experimental data is within a tolerable range of uncertainty. It can be noted that the uncertainty
decreases with an increase in voltage, however it does not decrease by a very large amount. The
uncertainty also seems to decrease with a lower tunnel velocity, as seen with the two velocities
shown above.

An uncertainty analysis is a mathematical approximation of the uncertainty associated
with an experiment, thus it is not perfect and does not take into consideration external factors
beyond the capabilities of the measuring devices, such as human error. The uncertainty
percentages obtained through this analysis seem very optimistic for what would be expected, a

more realistic and probable uncertainty percentage is between 5% and 8%.
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Chapter 5

CONCLUSIONS AND FUTURE WORK

Infrared imaging proved to be an effective method of analyzing the temperature field of
the heated endwall of a wind tunnel while a flow is passing over the surface. This is substantial
as it allows the local convective heat transfer coefficient to be determined over the entire surface,
opposed to at a single location with a thermocouple, while being non-intrusive and producing
accurate results. This concept has implications for future turbine blade cooling research, where
improving the cooling process effectively leads to improved efficiency, which is ultimately the
end goal.

Future research recommendations include introducing various geometries into the flow
and using the temperature field produced by an infrared camera to determine the local and
average convective heat transfer coefficients. This will allow different shapes to be compared so
that they may considered for turbine blade cooling design. Another recommendation for future
work is introducing different configurations and combinations of the geometries into the flow to
discover the how the interaction between the geometries effects their convective heat transfer
capability, and optimize for a configuration that could be implemented in future gas turbine

blades.



Appendix

ADDITIONAL UNCERTAINTY EQUATIONS AND CODE

. 1Q , W] ®
o] —27 ~ -
T w Yo 'Y Y
Equation 7: Current Uncertainty Differential
L, 1Q : wi Y
0 < 1Y o -
TY Yo 'Y Y
Equation 8: Resistance Uncertainty Differential
L. 17Q . Wi 0
0 —21 0 ra— -
1o Yo Y Y
Equation 9: Heater Area Uncertainty Differential
: 1Q . 1N
(@) - 29 n ~ o
rn Y vy

Equation 10: Conduction Loss Uncertainty Differential
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Equation 11: Infrared Camera Temperature Uncertainty Differential
W
TQ Yo
O " 29 Y ! _ 29 "y
Y Y Y
Equation 12: Adiabatic Wall Temperature Uncertainty Differential
Vi 501 O/ 0P 1 , QQ M6 6 6 0 0
€ w2l O P HZID,,Q— P T[Z'T(y o ’ &
vo N
(o Y'Y 0

Equation 13: Experimental Uncertainty

A MATLAB code was written to help perform the uncertainty calculation:

clc

clear

V=g

R =17.6;

Ah =0.09375;
g_cond =;

Tir =;

Taw = ;

21



dv =0.1;
dR =0.1;

dAh = 0.000001;

dg_cond =0.1;

dTir = 0.15;

dTaw = 0.15;

A = ((2*V*dV)/(R*AR*(Tir - Taw))"2

B=(( -V A2*dR)/(RA2*AhX(Tir - Taw)))"2

C=(( -V 2*dAh)/(R*AhA2*(Tir - Taw)))"2

D=(( -dg_cond)/(R*Ah%(Tir - Taw)))"2

E=(( - 1%((V*2)/(R*Ah)) - g_cond))*dTir)/((Tir - Taw)*2))*2
F = (((V"2)/(R*Ah) - q_cond))*dTaw/(Tir - Taw)*2))"2

UncertPercent = 100*(sqrt(A+B+C+D+E+F)/((((V*2)/(R*Ah)) - g_cond)/(Tir

- Taw)))

22
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