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ABSTRACT

Junction flow occurs at a blockage in flow over a surface, where the area upstream of the
blockage experiences increased turbulence and heat flux due to flow separation and reattachment
of the approach boundary layer. This phenomenon is common in turbine blades and submarine
appendages. The flow commonly develops into a horseshoe vortex that drives freestream fluid
into the endwall, enhancing local heat transfer. The horseshoe vortex is highly unsteady for a
junction with a turbulent approach boundary layer, where the unsteadiness is thought to be linked
to the frequency of incoming turbulent structures. In previous studies, the presence of high
freestream turbulence in a constant approach velocity showed increased heat flux in the junction
region due to increased unsteadiness of the junction flow. Junction flows can also experience
periodic variation in freestream velocity, especially in turbomachinery, yet no studies have
examined how the junction flow unsteadiness might be affected by this. This paper investigates
the effect of pulsing the freestream flow in front of a symmetric research airfoil geometry. The
pulsing flow is generated by a variable tunnel blockage that can be controlled to various speeds.
Time-average heat flux in the presence of various freestream velocity variations indicate useful
findings considering heat transfer coefficient, centerline Stanton number, and Stanton number
augmentation.
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Chapter 1
Introduction
Junction flow occurs at a blockage in flow creating additional heat flux and turbulence in
the region about the blockage. For fin-tube heat exchangers, this can be an advantage due to the
additional convective heat transfer that occurs. However, for turbomachinery in the hot section
of a gas turbine engine, this increase in heat transfer is detrimental, producing high heat loads
and reducing the lifetime of the parts.
For turbulent approach boundary layers, a horseshoe vortex (HSV) system is produced at
the front of the blockage. The HSV arises due to the flow separation caused by the adverse
pressure gradient in front of the blockage. Vorticity in the boundary layer reorganizes into a
coherent vortex structure with legs that wrap around the sides of the body. The motion of the
vortical flow drives freestream fluid to the endwall right at the junction and causes some flow
under the HSV to turn upstream. The generation of the HSV is highly unsteady, and prior studies
have suggested a link between the frequency of incoming turbulent structures and the
unsteadiness of the HSV. More recent research has found that freestream turbulence also affects
the unsteadiness of the HSV and the associated heat transfer, depending on the size of the
approach boundary layer (as characterized by momentum thickness Reynolds number).
Some devices are characterized by periodically varying mean flow, such as between
stationary and rotating components in a turbine, or downstream of wake shedding from a bluff
body. Often these timescales are longer than those in the turbulent boundary layer, but it is
unclear how they might affect the junction flow, particularly during acceleration and deceleration
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of the main flow. In this study, the development of a shutter system installed in a wind tunnel
with a symmetric airfoil geometry is discussed. The shutter system can be operated at a range of
frequencies, in combination with varying mean velocity. This analysis yields heat transfer data
through thermocouples and IR images producing heat transfer coefficient and Stanton number
plots. This research gives a fundamental understanding of how the junction flow in front of a
stationary stator blade in a turbine responds to the rapid passing of a rotor blade or how unsteady
vortex shedding in a heat exchanger might impact the junction heat transfer.
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Chapter 2
Literature Review

Horseshoe Vortex
The Horseshoe Vortex (HSV) is a three-dimensional vortical structure found at a
blockage of flow over a surface. The blockage creates backflow in the form of a vortex. The
complete HSV region is known to include secondary (SV) and tertiary (TV) vortices that develop
as a product of the primary HSV at the leading edge of the blockage, as shown in Figure 1 [1].
These vortices are thought to reside largely in two quasi-steady flow modes: backflow
and zero-flow ([2],[3]). These two modes alternate between strong negative velocity along the
endwall (backflow), and weak negative streamwise velocity but high wall-normal velocity as the
HSV begins to decompose (zero-flow). Recent studies have indicated that there is also an
intermediate mode that exists as the backflow mode begins to lose momentum and develops into
zero-flow ([4],[5]).
Various sources within the community support the presence of multiple vortices.
Through Particle Image Velocimetry (PIV) measurements of the flow field, the flow dynamics
over time show the vortices develop and decompose [1]. This behavior results in bimodal peaks
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in the Probability Density Function (PDF) of the flow velocity in the region of the HSV
([6],[7],[8]).

Figure 1. Primary, secondary, and tertiary vortices are present in the region at the leading edge of a
blockage in flow

The HSV generates additional heat transfer in the region of the blockage. For a heated
endwall surface, the backflow drives cooler freestream flow into the endwall, generating
additional heat transfer. At the leading edge of the blockage, the heat transfer is greatest due to
the magnitude of the downward and backward flow being greatest. Within convective heat
transfer studies, heat transfer is often quantified by the dimensionless Stanton number, a ratio of
heat transfer to thermal capacity of the fluid, as defined in equation 1.
𝑆𝑡 =

ℎ
𝑁𝑢
=
𝜌𝑢𝐶𝑝 𝑅𝑒𝑃𝑟

(1)

Using a heated plate in the region about an airfoil, Praisner and Smith [9] observed heat transfer
bands in the two regions of counter flow associated with high volume of flow that is driving into
the endwall right at the leading edge and the secondary vortex pulling freestream flow into the
endwall. Additionally, in the region to the sides and further downstream of the airfoil, the
Stanton number decreases due to the decrease in HSV intensity [9]. Although the two bands of
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high heat transfer are present in IR data, the expected bimodal nature is not present in PDFs for
the heat flux generated within those two bands ([10],[11],[12]).
Additionally, recent studies have noted that the magnitude of the rotating velocity of the
vortex (associated with the vorticity) is associated with increased freestream velocity [3]. It is
commonly known that the size and magnitude of the counter rotating velocity region increases
with an increased Reynolds number [4], a nondimensional characterization of velocity, defined
in equation 2.
𝑅𝑒𝑇 =

𝜌𝑢𝑇
𝜇

(2)

Equation 2 is characterized by the body thickness of the blockage, T, which is used throughout
this paper, although other characterizations such as diameter or approach length of the body are
commonly used. With an increased intensity of the HSV, more freestream flow is being driven
into the endwall at the junction. However, the Stanton number does not necessarily increase
with HSV intensity due to an inverse relationship of velocity to Stanton [13].

Pulsating Flow Regime
Pulsating mainstream flow occurs in many practical situations, such as blade passing
events in turbomachinery, wake shedding behind a bluff body, or massive separations in a
diffuser. In these situations, the freestream velocity can vary in a regular manner, yet little is
known about the effect of this on the surface heat transfer. In previous studies involving heat
transfer over a flat plate or in a pipe, different techniques have been used to periodically vary the
velocity field. Typically, air flows through a wind tunnel at a constant velocity in the region
where data is being taken. By pulsing the flow, the air is then accelerated and decelerated. In
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order to develop a better understanding for pulsing mechanism design and gain further insight as
to how heat transfer and pulsing flow relate, two different methods of pulsing were examined.
For flow generated in a sinusoidal manner, a shutter system is commonly used. By using
a motor to rotate a chain or shaft, all of the vanes can be rotated simultaneously to allow or
restrict flow. Previous studies investigated two states of pulsated airflow. At lower frequencies
of oscillation (0.2Hz), a quasi-steady state pulse forms. Over the period of oscillation of the
shutter system, the flow gradually becomes turbulent, and then returns to a laminar flow regime.
Alternatively, at higher frequencies (8Hz), the flow remains turbulent throughout the entire
period, making the effects of the shutter system indistinguishable with time [15]. This
characteristic is important when determining what frequency to pulsate the flow at.
Alternatively, a blower can be used to add velocity to the flow along the endwall of the
tunnel. The blower adds a jet of air to the mainstream flow along the endwall, generating pulses
of flow reflecting a step function. Suddenly changing the velocity of the flow regime creates a
delayed spike in velocity that then levels off to the velocity of the blower. After the blower shuts
off, the flow velocity gradually decays to zero flow [16]. Pulse generation occurs at varying
frequencies and durations. The duty cycle is the ratio of time with the blower on to the total time
of the period. The study conducted by Sailor, et al. [16] indicates that duty cycle is dependent on
the configuration of the test equipment. With three different configurations, a duty cycle of 0.250.33 consistently yielded higher heat transfer values for air over a flat plate in a small tunnel
compared to duty cycles at either tested extreme, 0 and 0.5, indicating that certain pulse settings
yield a higher heat transfer augmentation.
Previous studies have shown that unsteady flow creates unfavorable conditions within a
system. Unsteady flow involves a range of velocity fluctuations but does not necessarily mean
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that the flow is more turbulent with a higher frequency or amplitude. By analyzing high and low
turbulence cases on rotors and cascades, the addition of unsteady flow shows an increase in heat
transfer for both cases [17]. Sharma, et al. compared high and low turbulence cases with and
without added unsteadiness created by a passing turbine blade and saw that the unsteadiness
created significant augmentation occurs for a low turbulence flow regime. For the high
turbulence case, there was no significant average augmentation, only more oscillation in the heat
transfer as the blade passed.
Similarly, unsteady conditions show an increase in temperature on the surface of the rotor
[18], further demonstrating the negative effects of unsteady flow. Studies have experimentally
determined that unobstructed pulsating flow in a pipe creates conditions of heat transfer both
greater and less than the freestream value, based on a critical frequency ([19],[20]). This is due
to an inverse relationship between temperature fluctuation amplitude and pulsing frequency [21].
There are no present studies concerning the effects of periodic unsteady flow on junction flow or
heat transfer, which can be achieved in the ExCCL Lab.

Recent Studies in the ExCCL Wind Tunnel
The most recent studies in the Experimental and Computational Convection Lab
(ExCCL) involving heat transfer discuss the effects of increased turbulence on the Stanton
number at positions around an academic airfoil. A turbulence grid made of an array of tubes
placed in front of the airfoil increases the turbulence intensity to a value of about 15%. The
increased turbulence augmented the Stanton number directly in front of the airfoil, but had less
pronounced effects moving away from the leading edge, both upstream and downstream around
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the airfoil from the leading edge. The effects of turbulence dominated cases with lower
Reynolds numbers, showing an increase in Stanton number of about 15% at the leading edge.
Higher Reynolds numbers cases showed negligible augmentation due to the turbulence being
dampened out by the higher freestream velocity [11].
In addition to the turbulence grid, current studies have also looked at the effects of a
vortex generator placed upstream of the leading edge. Although unpublished, this research will
offer insight as to how distorting the flowfield upstream of the leading edge effects heat transfer.
With the addition of a shutter system to generate a pulsating flow regime, the turbulence
created will behave in a dynamic manner, fluctuating in turbulence percentage. This addition
will add an acceleration component to the flow, replicating the effects of a turbine engine at start
up or shut down, or the passing of a rotor by a stationary stator. By understanding the heat
transfer effects associated with a pulsating flow regime, future turbine blade designs can consider
for unsteady pulsating flow conditions.
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Chapter 3
Shutter System Design and Manufacture

Design Goals and Constraints
There are multiple design goals and constraints that had to be considered in the
development of the shutter system. The goals of the design are rather straightforward. The
shutter system must be able to create a pulse of flow at varying rotational frequencies. This will
be achieved by altering the amount of flow that can pass through the tunnel. The rotational
frequency of the shutters must be synchronized and easy to control so that certain conditions can
be repeated. The shutter system must be fairly rigid so that the pressure created from higher
Reynolds number flow will not damage the shutter system.
In terms of design constraints, the shutter had to easily fit inside the tunnel. The crosssectional area of the tunnel where the shutter system would be placed is 44 inches wide by 38.5
inches tall. Not only does the shutter have to fit these specifications, the mechanism for rotating
the shutter blades had to be as small as possible. This will ensure that a majority of the flow
distortion is being caused by the shutter blades rotating and modifying the flow, rather than the
blockage that the rotating mechanism would create. Additionally, the shutter system had to be
easy to remove to allow for other projects in the tunnel simultaneously as well as for
maintenance on the shutter system. Lastly, since this is more of an exploratory project, the cost
had to be relatively low until the concept is proven to be viable and offer novel insight.
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Complete Shutter System Design
In order to understand some of the smaller components of the shutter system, it is
necessary to understand how the whole system was designed and works first. A CAD model is
featured in Figure 2 with multiple annotated key features.
Upper Carriage
Top Coupler
Shutter Blades

Motor
Hookup

Bottom Coupler
Floor Brace

Figure 2. Complete shutter design with annotated key components (flow into the page)

The upper carriage houses all the gears that are connected to the motor and the top
couplers that connect to the shutter blades. The bottom coupler rest within a hole in the floor
brace so that the vane remains vertical throughout its whole rotation and does not hit adjacent
blades.
The shutter system originally contained 8 blades to restrict the whole cross-sectional area
of the tunnel. After initial experimentation, it was found that restricting all the cross-sectional
area created a huge pressure build up, making the shutter rotation very difficult to control. By
removing the center two shutter blades, the pressure is used to the system’s advantage, flushing
flow down the center of the tunnel towards the airfoil when the blades are blocking flow. This
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creates pulses higher than the unobstructed mean freestream velocity, creating a larger pulse
amplitude, which is beneficial in meeting the design goals.
Additional photos of the shutter system placed in the tunnel at different rotational
positions are located in Appendix A.

Upper Carriage Design
The upper carriage uses multiple methods for synchronized rotary motion to create the
most efficient and reliable design. Initial designs connected the drive gear to all of the other
shutter gears by a connecting rod. This rod is very similar to how blinds open and close on a
window. After initial trials, it was found that the system often became jammed when the blade
furthest from the motor lagged too much. The shutter gears that join with the connecting rod
were redesigned twice. The first redesign from Figure 3a to 3b added a wider slot for the coupler
attachment and increased the thickness to improve strength. The final design, 3c, reduces some
of the body of the gear material is not needed far away from where the coupler will attach in the
center. The design also adds a small lip near the pin for the connecting rod so that the
connecting rod does not drag along the whole face of the gear, reducing surface friction.

a)

b)

c)

Figure 3. Shutter gears used during the first design attempt with rod driven shutters

In order to combat the connecting rod design issues, the shutter gears were overhauled to
include gear teeth. A chain would run from the drive gear to all the shutter blades, rotating them
all at the same time. This method worked but lacked reliable performance as the 3D printed
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gears often did not mesh well with the metal chain and would become jammed or would miss
teeth on certain gears, causing them to not rotate or become out of sync.
Figure 4 displays some of the designs for the shutter gears with only gear teeth. The
redesign from Figure 4a to 4b changed the gear tooth spacing to account for defect that may be
created from 3D printing and give increased freedom between the teeth and newly bought chain.
Design 4b also reduced unnecessary weight above the gear teeth and within the center of the
disk. A smaller gear was also tested to see if gear ratios could be used to reduce the amount of
torque required by the motor.

a)

b)

c)

Figure 4. Shutter gears used during the second design attempt with chain driven shutters

In an effort to continue with the same design, these two approaches were hybridized. The
drive gear and the gear furthest from the drive gear were redesigned to include gear teeth and a
pin to attach to the connecting rod, featured in Figure 4c. The chain would ensure that the gears
at both ends were rotating at the same speed. The connecting rod would then rotate the other
four shutters without jamming. Additional design considerations were made to strengthen the
shutter gears and reduce weight. This hybrid design was reliable and worked for the remainder
of the research.
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After 3D printing all of the necessary shutter gears and machining all of the metal
components, the design was complete as shown in Figure 5.

Mounting Brackets
Connecting Rod
Drive Chain
Drive Gear
Figure 5. CAD model of the final rod-chain driven final design with annotated key components

Top and Bottom Coupler Design
The shutter gears use a custom machined coupler to connect the gear to the shutters. This
coupler, featured in Figure 6, slides through the center of the shutter gear and uses a small pin to
lock into the channel that can be seen in Figure 4. The pin allows the coupler to be easily
removed during installation and disassembly. The lower half of the coupler contains a machined
slot for the shutter to slide into and two set screw holes to secure the shutter. This system allows
the shutter to be properly centered and aligned.

Figure 6. Coupler design with annotations
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The coupler on the bottom of the shutter uses two set screws as well to secure the shutter.
This coupler rotates on the floor of the tunnel and is contained within a floor brace to keep the
shutter centered, therefore no pin is needed. The floor brace also creates a flow trip, where the
Reynolds number can be calculated from.
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Chapter 4
Experimental Procedure
There are many different components that are used with the large blue wind tunnel to
create constant testing conditions within the wind tunnel. The experimental procedure can be
broken down into three parts: calibration, preparation, and data acquisition.

Facility
The wind tunnel in the Experimental and Computational Convection Lab (ExCCL) has
contained multiple studies on the flowfield and heat transfer about a symmetric airfoil. The 120foot closed loop wind tunnel has a test rig with a cross section of 0.55 x 1.12 meters containing a
NACA 0020 airfoil paired with a 3:2 elliptical leading edge, which is the Rood wing (a common
academic research airfoil). The tunnel, pictured in Figure 7, is equipped with Particle Image
Velocimetry (PIV) and Laser Doppler Velocimetry (LDV) systems for flowfield measurements,
as well as an Infrared (IR) camera and heat flux microsensors (HFM) embedded in a heated
aluminum plate for heat transfer measurements about the airfoil. The wind tunnel is capable of
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reaching velocities around 15 m/s [11]. Additional elements such as a turbulence grid or
boundary layer suction tubes can be installed to change certain properties of the flow.

Location of the
shutter system

Figure 7. Diagram of the wind tunnel in the ExCCL Lab with an in-depth view
of the test section [11]

The current flowfield and heat transfer measurements match the previous studies and
common heated flat plate correlations [13] at high and low Reynolds numbers, validating the
tunnel’s experimental data. The flowfield measurements agree with the results of multiple
studies ([4],[6],[7],[22]) both visually and computationally. Heat transfer results are within 14%
of a standard turbulent boundary layer correlation at low Reynolds number (ReT = 7,000) and
within 8% at high Reynolds number (ReT = 80,000). IR thermography data taken with this
tunnel confirm the heat transfer measurements against turbulent boundary layer correlations as
well [14].
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Tunnel Calibration
In order to take accurate velocity measurements with the hotwire (HW) probe, the HW
probe must first be calibrated using the LDV system. The LDV system works by tracking the
position of seeder particles over a set interval of time to determine the one-dimensional velocity
of the flowfield. Once the tunnel is at a steady freestream velocity, the LDV system collects
40,000 samples and determines an average velocity and standard deviation for the velocity
measurements collected. This process is repeated over the range of velocities that the HW probe
will be used for, generally ranging from 0-5.5 m/s freestream velocity.
While each LDV measurement is being taken, an average HW voltage is recorded for
each velocity measurement. Once all the LDV velocities and HW voltages are recorded, the data
is plotted and fitted to a fourth order polynomial with an R2 value that is very close to 1. An
example is given in Figure 8. This curve is then used to determine the velocity of the unsteady
pulsing flow using the HW probe voltage, which can take very accurate velocity measurements
over a constant time interval. The HW calibration is taken with all the shutters removed from the
tunnel to ensure that there is no effect from the turbulence created by the shutters.

Figure 8. Sample hotwire probe calibration using an LDV system
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Tunnel Preparation
Once the HW probe has been calibrated, there are a few additional components that need
to be turned on and adjusted before data can be collected. In order to create an environment for
suitable heat transfer measurements, the floor of the tunnel and the freestream flow must have a
relatively high temperature difference. Typically, 20°C is an ample temperature difference
without putting unnecessary wear on other tunnel components. The cooler freestream flow is
created by a chiller system that is integrated into the tunnel. This system works by running
chilled water through a lattice of tubes in the tunnel, cooling the air to about 12 to 13 °C as it
flows through the test section and over the heater bank, which is around 28 to 30 °C.
The second system is a bank of heaters that lies on the floor of the tunnel starting about a
meter upstream of the airfoil (refer to Figure 7). This heater bank is set to the desired heat flux, a
measure of power over area. For this experiment, it was set to 500 W/m2, but can be set to a
maximum of 1000 W/m2. Once both systems are turned on, around 40 minutes to an hour are
required for the freestream and tunnel floor temperatures to become steady. At this point, the
first set of data can be taken.

Data Acquisition
The data acquisition phase relies on the calibrated HW probed and an IR camera to
capture freestream velocity and the surface temperature of the tunnel floor in the region ahead of
the airfoil (refer to Figure 7). This process requires precise timing due to the cycles of the tunnel
chiller. Since the chiller’s compressor is not running at all times, there is a sinusoidal tendency
to the freestream temperature of the tunnel. About every 10 minutes, the chiller’s compressor
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will turn on, rapidly cooling the freestream air until it hits a cutoff temperature. Then the air will
gradually warm due to the heater bank at the airfoil, causing the compressor to turn on again.
Data acquisition must occur just as the chiller is turning off to ensure that data for each sample is
being taken at nearly the same tunnel conditions.
Immediately after the chiller compressor stops, the following events must happen very
quickly. At the top of the tunnel, there are four locations that IR images must be taken from: two
on the centerline of the airfoil and one to each side. As the chiller shuts off, the IR camera will
already be placed in one of those location. Once the chiller has shut off completely, four IR
images will be taken at the same location, spaced approximately a second apart. Then, the HW
probe must be triggered to being collecting a minute of data at 1000 Hz to capture the freestream
velocity followed by another round of IR images at a new location. At this point, the tunnel
conditions have strayed too far from when the first IR images were taken, so the process restarts
after the next chiller cycle ends, taking the third IR image, starting the HW probe acquisition,
and then the final IR image. This process ensures that the IR images were taken at nearly the
same tunnel conditions.
At this point, a complete IR image and freestream velocity data set has been taken for a
completely unobstructed tunnel test section. From here, the shutters are inserted in the
configuration shown in Figure 2, with the shutters parallel with the direction of flow, blocking
the least amount of flow as possible. At least 20 minutes of wait time must be taken after the
shutters are inserted in order to ensure that the tunnel has reached a steady temperature. An
additional round of data is collected with four new IR images and the new velocity (the velocity
the tunnel is set to has not changed). Then, the power system for the shutter system is turned on
and the shutters are set to a low rotational frequency, wait 20 minutes, and collect another set of
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data. The shutter has an operational range of 0.2 Hz to about 2 Hz. This process continues for 34 low shutter frequencies ranging from 0.2-0.7 Hz and 3-4 high shutter frequencies from 1.2-2
Hz, depending on the time constraint. After all the data sets have been taken, it is time to begin
processing the data.
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Chapter 5
Data Processing
The data processing of the HW voltage and IR images requires several programs and inhouse MATLAB codes, which are described below. These methods provide further insight into
the heat transfer coefficient, centerline Stanton number, and the Stanton number augmentation
for various shutter frequencies and tunnel velocities.

Hotwire Probe Data Processing
The HW data comes in a column vector of voltages sampled at 1000Hz over at least one
minute. An in-house MATLAB code reads the .xlsx file and uses the HW calibration curve
equation to return the average, standard deviation, and a plot of time vs velocity for the sample.
The code also uses the pwelch function to filter the data set and produce a Power Spectral
Density (PSD) plot which give a glimpse of the dominant frequencies detected within the
velocity measurements. From here, the dominant frequency is detected and matched to the set
frequency of the shutter system, confirming that there is a present periodic tendency to the
shutter system. Resonant frequencies are also detected based off the dominant frequency.
Turbulence intensity is determined as the quotient of sample standard deviation over average,
listed as a percentage. The average velocity, standard deviation, and dominant frequency are the
main values gained from the HW data as well as the PSD plot.
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Heat Transfer Coefficient Processing
The heat transfer coefficient for two locations upstream of the centerline are calculated
using the temperature from thermocouples at locations D11 and D4 in Figure 9, 1 inch and 4
inches from the leading edge respectively. The heat transfer coefficient is calculated by using
the following equations, 3-6:
𝑞"𝑟𝑎𝑑 = 0.95 ∗ 5.67𝑥10−8 (𝑇𝑠 − 𝑇∞ )
𝑞"𝑐𝑜𝑛𝑑 =

(𝑇𝑠 − 𝑇∞ )
1.5 ∗ 0.0254 0.75 ∗ 0.0254
+
0.033
0.3

𝑞"𝑐𝑜𝑛𝑣 = 𝑞"𝑡𝑜𝑡 − 𝑞"𝑟𝑎𝑑 − 𝑞"𝑐𝑜𝑛𝑑
ℎ=

𝑞"𝑐𝑜𝑛𝑣
𝑇𝑠 − 𝑇∞

(3)
(4)

(5)
(6)

Equation 4 for uses the thickness and material properties of the heater bank layers to calculate
the conduction loss. After calculating the heat transfer coefficient for each shutter speed and
tunnel velocity, data was plotted and compared.
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IR Image Processing
The raw IR images are first opened and viewed to make sure they have clear resolution
and are not corrupt using ThermaCAM Researcher Pro 2.8 SR-2. From there, different
thermocouple locations are identified in the IR images, and the image temperature values are
adjusted until the IR image temperature matches the known thermocouple references. A sample
IR image and locations of the thermocouples is given in Figure 9.

Figure 9. Sample IR image with thermocouple locations annotated

After the temperature of the
IR images is adjusted, the files are saved as a MATLAB files and are then opened in an in-house
MATLAB code. This code uses the locations of the thermocouples to assign coordinates relative
to the airfoil.
Once the IR images are positioned in MATLAB, the four image files necessary to map
the whole leading edge region are opened in Tecplot 360 EX 2015 R2 to be stitched together.
After the images are uploaded and go through a 2D triangulation process to stitch all the
temperature data points together, an image like that in Figure 10 is created.
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Figure 10. Sample stitched IR image from Tecplot with a temperature scale in Kelvin

From here, some additional calculations have to be configured to get temperature into
Stanton number. Equations 3-6 develop the heat transfer coefficient, then equation 1 above is
used to arrive at the Stanton number. In order to only show the Stanton number for the forced
convection, the conduction and radiation must be subtracted from the total heat flux of the plate.
Then, with the freestream velocity and other ambient conditions considered, the final Stanton
contour plots are generated. Those plots are further discussed in the upcoming data analysis
section.
In order to test a wide range of conditions, two trials at ReT = 7,000 and one trial at ReT =
25,000 were taken with open shutter, low shutter frequencies (0.2 – 0.5 Hz) and high shutter
frequencies (1 – 1.5 Hz). The two ReT = 7,000 cases allowed for repeatability to be assessed.
The varying conditions allowed for different combinations of frequency and Reynolds to be
compared.
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Chapter 6
Discussion of Data Analysis and Findings

Velocity Measurements
The shutter system was able to prove its ability to produce fluctuating unsteady flow with
a detectable velocity frequency corresponding to the shutter oscillation. Sample plots of velocity
and the PSD function are given in Figures 11a and 11b respectively. For this example, the
average velocity is 1.31 m/s with an average amplitude of 1 m/s, creating a considerable amount
of oscillation. The PSD confirms that there is a dominant frequency followed by resonant
frequencies. The shutter system was rotating at 0.81 Hz and dominant frequency in Figure 11b is
0.81 Hz followed by 2 resonant frequencies (arrows), confirming that the shutter system is
producing consistently timed pulses.

a)

b)

Figure 11. Sample hotwire velocity data over a minute sampling period (a) with accompanied
Power Spectral Density plot showing dominant frequencies (b)
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In addition to the frequency being shown in a PSD plot, a defined period is visible in the
velocity data for low velocity low shutter speed cases. In Figure 12 below, the period start/end
marks are determined by a brief settling point (circled) followed by a chaotic pulse (arrow) in
freestream velocity produced by the shutter system. The velocity does not exhibit a clear
sinusoidal nature since the shutters do not rotate at an even speed, but does give clear unsteady
and steady velocity fields within a similar period, and similar periodic behavior.

Figure 12. Sample hotwire velocity at a low shutter frequency showing defined periods of
unsteadiness and settling

As the shutter rotation frequency increases, there is more flow being distorted in the
direction perpendicular to the freestream flow. Since the HW probe can only read the parallel
freestream flow, it is uncertain how much the perpendicular flow effects the turbulence intensity
and Stanton number. More complete tables of the flowfield data for the trials used throughout
can be found in Appendix B.
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Heat Transfer Coefficient Measurements
For this calculation, the total heat flux over all the heater banks is set to 500 W/m2 and
the surface temperature and freestream temperature come from reliable thermocouples within the
wind tunnel. In Figures 13 and 14, the “Upstream” location is 4 inches from the leading edge of
the airfoil and the “Leading Edge” location is only 1 inch. Both locations are along the
centerline of the airfoil and are indicated by D4 and D11 respectively in Figure 9. Trial 1 is the
dataset taken on 10.17.2018 and trial 2 was taken on 10.31.2018.

Figure 13. Heat transfer coefficient for two ReT = 7,000 cases with changing shutter frequency

In Figure 13, the heat transfer coefficients for both the leading edge and upstream
locations show very similar results, even though the two trials were taken two weeks apart.
Additionally, it is clear that there is an augmentation in heat transfer coefficient of about 17% at
the upstream location and about 14% at the leading edge location when comparing the 0 Hz trials
to the average of the shutter system at various frequencies. From this figure, it is rather
conclusive that having the shutter system on and rotating has a constant augmentation in the heat
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transfer coefficient at frequencies from 0.2Hz to 1.3Hz. With further modification of the shutter
system (future work), this theory can be tested at higher shutter frequencies.
The same trend is present at ReT = 25,000, as shown in Figure 14. The upstream location
experiences a 27% augmentation with the shutter system operating while the leading edge
location on experiences a 16% augmentation. Consistent with the ReT = 7,000 data, the heat
transfer coefficient remains constant regardless of the shutter frequency.

Figure 14. Heat transfer coefficient for 25,000 Reynolds number with shutter frequencies

This tendency could be related to the increased turbulence intensity that is created by the
shutter being activated. For all three cases, the turbulence intensity increases from 1% when the
shutter is open to 30% on average when the shutter is rotating. As indicated by previous studies
[11], an increase in turbulence intensity does cause an increase in heat transfer coefficient and
Stanton Number. From the figures above, it seems the shutter frequency is not the driving factor,
but the increase in turbulence intensity it causes in the freestream is.
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IR Augmentation Contour Plots
In addition to the single-point comparisons from the surface thermocouples, IR images
were stitched together and computed to display the Stanton number around the entire junction.
The stitched IR image of the area around the airfoil give a glimpse into what is happening in the
total vicinity of the leading edge. Figure 15 below compares a no shutter 7,000 Reynolds
number case in this study (left) to a case conducted in Fall 2017 for no freestream turbulence
(right) [11]. By visual comparison, the tunnel is able to produce similar results to the previous
study, validating the IR images used for this study.

Figure 15. IR image validation with a recent study performed in the ExCCL Lab at 7,000 Reynolds
number [11]

The Stanton number augmentation can be determined by defining a ratio of a case with
the shutter system active to a case with no shutter present. At 7,000 Reynolds number in Figure
16, the augmentation of the Stanton number is more dominant in the areas away from the leading
edge. Approaching the leading edge, the effects of the shutter system decrease. This could be
correlated to the presence of the HSV breaking up the turbulence or not being affected by the
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presence of pulsing flow. Since the HSV is present in both the baseline and shutter activated
cases, this behavior is rational.
Additionally, the negative Y/T region has a higher Stanton ratio than the positive region.
This could be since the shutter system is rotating clockwise to push more flow towards the
negative Y/T side of the airfoil. With further PIV flowfield analysis, this trend can be evaluated,
but is unconfirmed for this study.
For the following plots, the regions of incoherent lines are due to misalignment of the
images. As the images are calibrated and altered to arrive at the Stanton ratio, small errors can
become exaggerated, but the general trend is still present and valid.

Figure 16. Augmented IR images at 7,000 Reynolds number showing the ratio of shutter activated
to shutter off Stanton number, indicating minimal change with shutter frequency at the leading
edge

Additionally, at higher shutter frequencies for the 7,000 Reynolds number cases, the
Stanton number becomes unreliable due to inaccuracies in the HW measurements for the
freestream velocity. This behavior is depicted in Figure 17, where the augmentation clearly does

31

not follow the trends of the previous Figure. The negative Y/T region shows increased
augmentation compared to the positive region, which does fit the proposed observation.

Figure 17. Augmented IR image at 7,000 Reynolds number with a shutter frequency
of 1.1Hz, demonstrating invalid data due to uncertainty in velocity measurements

When considering the higher velocity cases at 25,000 Reynolds number, the behavior
does align with the heat transfer coefficient observations. As shown in Figure 18, the plots look
very similar, even though the shutter frequency varies by over 1Hz. Even at the higher velocity,
the HSV seems to produce the same effect around the leading edge of the airfoil, regardless of
the shutter frequency.
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Figure 18. Augmented IR images at 25,000 Reynolds number showing the ratio of shutter activated
to shutter off Stanton number, indicating minimal change with shutter frequency at the leading
edge

Centerline Stanton Number Plots
As an extension of the IR Stanton augmentation analysis, the following plots show all of
the frequencies sampled during each trial, but are limited to just the centerline of the airfoil.
Figures 19 and 20 are for 7,000 Reynolds number that were taken on two different days. In the
plots, the no shutter and open shutter cases are given to show the augmentation when the shutter
system is turn on. A previous study performed in the ExCCL Lab is also listed for validation
purposes.
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For these cases, it is clear that turning on the shutter has some augmentation upstream of
the airfoil, but less approaching the airfoil due to the presence of the strong downward flow
along the airfoil in the HSV region. Additionally, there seems to be an extreme augmentation at
shutter frequencies above 1Hz. This data cannot be confirmed since, with a low freestream
velocity and high shutter speed, the hotwire probe is unable to read the high tangential and
backwards velocities, lending to a false average velocity. Further investigation and a more
accurate velocity measurement strategy could lead towards a tendency closer to the previous heat
transfer coefficient figures.

Figure 19. Stanton number upstream of the airfoil centerline for varying shutter frequencies at
7,000 Reynolds number (Trial 1 taken on 10.17.2018)
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Figure 20. Stanton number upstream of the airfoil centerline for varying shutter frequencies at
7,000 Reynolds number (Trial 2 taken on 10.31.2018)

At the 25,000 Reynolds conditions, the freestream velocity stayed much more consistent
as the shutter speed was increased. This behavior, featured in Figure 21, closely reflects the heat
transfer coefficient data in Figure 14 since a constant augmentation is observed along the whole
centerline for all shutter speeds. This supports the conclusion that activating the shutters
increases the turbulence in the tunnel, but that turbulence does not change with the shutter
speeds.
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Figure 21. Stanton number upstream of the airfoil centerline for varying shutter frequencies at
25,000 Reynolds number (Trial 3 taken on 11.1.2018)

In total, the Stanton number centerline plots and IR augmentation plots confirm the
tendencies that are happening in the heat transfer coefficient plots gained by the thermocouple
temperatures. Although discrepancies are present at 7,000 Reynolds high shutter cases, the
behaviors are consistent among multiple means of data acquisition and analysis, pointing
towards the conclusion that the augmentation in heat transfer is associated with turbulence and
not the shutter frequency. This postulation is supported by previous research conducted in the
ExCCL Lab that turbulence augments heat transfer. With confidence, the data for this paper
shows across two Reynolds numbers and multiple shutter frequencies that the heat transfer does
not drastically change with shutter frequency. Appendix B shows that the turbulence stays
consistent with changing shutter frequency, which is likely the mechanism for heat transfer
augmentation. With better equipment and additional test conditions, this postulation can be
confirmed.
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Chapter 7
Conclusion and Future Work
In conclusion, the investigation of unsteady heat flux with fluctuation in freestream
velocity ahead of a blockage offers a valuable insight in the inherently unsteady nature of pulsing
flow. Academia has investigated the effects of pulsing flow and heat transfer on a flat plate and
pipe flow, but never before on a blockage in an approach boundary layer. Through the
development of a shutter system for the ExCCL Lab’s 120-foot closed loop wind tunnel, useful
preliminary data was collected. The analysis and creation of heat transfer coefficient, centerline
Stanton number, and Stanton number augmentation plots give valuable insight as to how the
pulses generated by the shutter effect heat transfer at the leading edge of the airfoil. Generally,
the shutter speed does not affect the heat transfer, more so the turbulence that is generated due
the shutter being activated. As gas turbine engine research continues to look for innovation and
understanding, this project lends itself to be a stepping stone towards future projects.
With multiple trials confirming the same behavior, there are an ample amount of
modifications and data acquisition strategies that are yet to be explored. In the upcoming
months, modifications to the motor system will be implemented in order to create a more
constant shutter rotation and the ability to achieve higher shutter pulsing frequencies. With the
addition of a more accurate velocity measurement device, such as the LDV or PIV, the velocity
can be analyzed correctly for the lower velocity cases. Combining shutter and velocity
measurement improvements, trials at Re T = 7,000 can retested at higher shutter frequencies to
see if the Stanton number centerline plot matches the conclusions of the heat transfer coefficient
plots. This would give further evidence that the heat transfer augmentation is associated with
turbulence, not the shutter frequency.
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Additionally, the ability to use a PIV system to see how the flowfield is responding to the
pulses will be very insightful. This study points towards but does not confirm that the HSV had
a major role in the heat transfer augmentation. By seeing the HSV form and shed along with
evaluating its turbulent kinetic energy, its role in Stanton number augmentation can be
determined. Also, a flowfield visualization in the tangential direction will provide details of how
significantly the shutter system distorts the freestream flow in a two-dimensional sense.
Although many valuable conclusions were gained from this initial trial, more
investigation will continue to confirm the observed behavior and propose new ones.
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Appendix A
Shutter System in Wind Tunnel
Figures 22, 23, and 24 feature different rotational positions of the shutter system inside
the tunnel. The two center shutters are removed to use the pressure buildup to pulse flow
directly down the center of the tunnel. The shutter system is powered by a drill connected to a
variable DC power source connected on the right.

Figure 22. Shutter system in the tunnel with the blades fully open
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Figure 23. Shutter system in the tunnel with the blades closing

Figure 24. Shutter System in the tunnel with the blades fully closed

40

Appendix B
Flow Characteristics of Test Cases
Table 1. Flow characteristics for ReT = 7,000 (10.18.2018)

Shutter
Frequency [Hz]
open
0.20
0.34
0.45
0.64
1.15

HW Average
Velocity [m/s]
1.347
1.323
1.352
1.333
1.268
0.712

HW Velocity Standard
Deviation [m/s]
0.022
0.581
0.446
0.398
0.400
0.607

Turbulence
Intensity [%]
1.609
43.964
32.996
29.852
31.548
85.192

Table 2. Flow characteristics for ReT = 7,000 (10.31.2018)

Shutter
Frequency [Hz]
no shutter
open
0.17
0.28
0.45
0.54
0.81
1.10
1.33
1.69

HW Average
Velocity [m/s]
1.393
1.463
1.451
1.390
1.477
1.389
1.319
1.141
0.816
1.118

HW Velocity Standard
Deviation [m/s]
0.007
0.016
0.443
0.490
0.411
0.408
0.426
0.479
0.580
0.560

Turbulence
Intensity [%]
0.503
1.108
30.542
35.211
27.855
29.369
32.277
41.957
71.127
50.089
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Table 3. Flow characteristics for ReT = 25,000 (11.1.2018)

Shutter
Frequency [Hz]
open
0.12
0.22
0.26
0.33
1.03
1.39
1.50

HW Average
Velocity [m/s]
4.126
4.029
4.026
4.054
4.005
4.046
4.000
3.910

HW Velocity Standard
Deviation [m/s]
0.074
1.237
1.230
1.223
1.165
1.039
1.036
0.769

Turbulence
Intensity [%]
1.784
30.695
30.540
30.173
29.083
25.685
25.899
19.664
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