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ABSTRACT
Pin-fin arrays are a type of internal cooling feature, often used in gas turbine engines, in
which individual pin-fins act as turbulators to increase heat transfer to a cooling fluid. The
horseshoe vortex (HSV) system is a flow structure which is associated with individual pin fins.
The system forms upstream of the pin-fins, in the endwall junction region. The present study
utilized time resolved, stereoscopic particle image velocimetry to examine the behavior of the
HSV system within a pin-fin array at rows 1, 3, and 5; at Reynolds numbers of 1.0e4, 2.0e4, and
5.0e4; and at streamwise spacings of 1.73*Diameter, and 3.46*Diameter.
For both spacings, the first row behavior was found to be the same. Increases in
Reynolds number resulted in the time average HSV system moving closer to the pin, and both
TKE and vorticity became more concentrated. In downstream rows, the shape of the time
averaged HSV system showed reduced variation with both Reynolds number and row location.
For the more loosely packed array spacing of 3.46*Diameter, vorticity contours in the
downstream rows were very similar across all Reynolds numbers. For the more tightly packed
spacing, vorticity was found to vary with Reynolds number and row location. Bimodal
distributions of the streamwise component of velocity, representative of two modes, were found
for each case. These distributions were used to perform conditional averaging on the flow. The
HSV system’s oscillation between these two modes were found to cause regions of high
streamwise and wall-normal components of turbulence. The spanwise component of turbulence
in the HSV region was found to be dominated by upstream wake fluctuations instead of the HSV
motion. The shape of the turbulent kinetic energy contours were driven by these regions of high
turbulence. In downstream rows for both geometries, normalized turbulent kinetic energy was
found to decrease with Reynolds number due to dissipation effects outpacing increases in mean
velocity.
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D

pin-fin diameter
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time between PIV image pair exposures
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Chapter 1
Introduction
Gas turbines are a type of air-breathing engine commonly used for power generation and
aircraft propulsion. To stay financially competitive, turbine efficiency is of great importance to
turbine operators, and therefore is an area of intense focus for turbine manufacturers. One of the
parameters driving turbine thermal efficiency is pressure ratio. Increases in pressure ratio drive
an increase in thermal efficiency of the turbine, but also drive an increase in the turbine inlet
temperature. In modern gas turbines, this temperature is above the melting point of turbine
components. To prevent engine failure, intake air is diverted from the compressor and routed to
components which require cooling. Although this air is necessary to allow the engine to function,
it represents an efficiency loss as the air itself does no useful work. Therefore, engine designers
are interested in minimizing the amount of coolant air needed to cool parts. This is accomplished
through rigorous design and analysis of cooling features to utilize the coolant air in the most
efficient ways possible.
Turbine cooling technologies are typically divided into two categories—external and
internal cooling. External cooling technologies are implemented outside of engine parts. The
most commonly used external cooling technology is film cooling, where small holes eject cooling
flow into the hot gas path to form a protective layer of cool air on the part. Internal cooling
technologies are implemented inside of turbine components and include ribbed channels,
impingement jets, and pin fin arrays. These technologies all enhance the transfer of heat from the
hot turbine parts to the cool internally routed air.

In addition to these cooling technologies,

modern turbine parts make use of state of the art materials to survive the intense conditions within
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the engine’s hot section. Materials such as single crystal superalloys, and special coatings such as
ceramic thermal barrier coatings, are implemented to optimize the performance and lifetime of
parts.

1.1 Introduction to Pin Fin Arrays
[1]The focus of present works is on analysis of flow features within pin-fin arrays. In gas
turbine engines, pin fin arrays are often found in the trailing edge of turbine blades, as seen in
Figure 1-1. It is worth noting that in addition to gas turbine engines, pin-fin arrays can be found
in other applications such as electronics cooling. However, pin-fin arrays will be discussed here
in terms of gas turbine cooling. In the trailing edge of turbine blades, pin-fin arrays are often
implemented where they provide structural support to the trailing edge of the blade, while also
promoting heat transfer through the production of turbulence and the increase of the internal

Figure 1-1. Cooling features of a turbine blade, including pin-fin arrays in the trailing
edge [1].
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channel’s wetted area. Pin-fin arrays in the trailing edge of turbine blades are often of low
aspect-ratio due to the confined nature of the channels. As such, wall effects are prevalent, and
cause the flowfield to differ from arrays of very high aspect ratio bundled tubes, commonly used
in industrial heat exchangers.

1.2 Introduction to Pin-Fin Parameters
Two important specifications of a pin-fin array are the streamwise spacing, and the
spanwise spacing. Streamwise spacing is the spacing between pins, from pin center to pin center,
in the direction that is parallel to the bulk flow direction. Streamwise spacing is denoted as SL.
Spanwise spacing is the spacing between pin in the direction that is normal to the bulk flow
direction. Spanwise spacing is denoted as Sw in the experiments. Within the pin-fin array,
individual pin-fins are of a certain aspect ratio. Aspect ratio is the ratio of the pin’s height to its
diameter. A final important parameter in the description of pin-fins is Reynolds number.
Reynolds number is a dimensionless quantity used to quantify the flow of a fluid. It is a ratio of
the inertial forces to the viscous forces, and is given by equation 1-1. The numerator is composed
of a characteristic length scale, in this case D the pin-fin diameter, and a characteristic fluid
velocity, U. The viscous forces are represented through v, the kinematic viscosity of the fluid.

𝑹𝒆 =

𝑫∗𝑼
𝒗

Chapter 2
Review of Previous Studies
Pin-fin arrays, and the horseshoe vortex system have both been the subject of many
studies into their behavior and fundamental characteristics. The horseshoe vortex is a

(1-1)
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fundamental flow feature that occurs in many situations, ranging from the wing-fuselage junction
on aircraft, to the riverbed-bridge support junction in civil engineering applications. As such, the
system has been well studied for the simplest arrangement--a single bluff body in open channel
flow. Pin-fins have also been extensively studied with the goal of optimization for cooling
applications. Analysis has been performed on the impact of pin-fin shape, size, and spacing on
heat transfer and pressure loss. Although these two areas have a rich history, the present study
examines a combination of both areas which has not been studied before—the development of the
horseshoe vortex system at different pins within a low aspect ratio pin-fin array of different
geometries and Reynolds numbers.

2.1 Horseshoe Vortex Fundamentals
In his review of junction flows, Simpson [2] provides an overview of the behavior of the
horseshoe vortex system in turbulent and laminar flow. The HSV system develops when flow
impinges on a bluff body extruding from an endwall. As the boundary layer approaches the bluff
body, it encounters an adverse pressure gradient in the streamwise direction, which causes
separation, and the eventual formation of the HSV upstream of the leading edge of the bluff body.
Spanwise pressure gradients about the obstacle cause the HSV to split, and wrap around the bluff
body. As the system accelerates around the bluff body, vortex stretching occurs. The pressure
gradients driving the HSV formation are dependent upon several parameters such as the bluff
body geometry, size, blockage of the flow, and whether there are flow altering features nearby
[2–4]. An example of the horseshoe vortex system about an airfoil extruded from an endwall is
shown in Figure 2-1.
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Figure 2-1. Example of HSV system about a bluff body [2].
In the turbulent regime, Simpson highlights several of the key behaviors of the HSV
system. Multiple vortices are likely to form, and they interact in a complex manner involving
merging, leapfrogging, and decay. A study of the HSV in front of a stator vane, by Radomsky and
Thole [5], found that the freestream turbulence did not affect the HSV structure, with the timemean structure of the HSV system remaining similar for both a high and a low freestream
turbulence cases. Figure 2-2 shows an example of a time-averaged HSV system including the
horseshoe vortex (HV), secondary vortex (SV), and tertiary vortex (TV), with the corner vortex
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(CV) also displayed. Although this time-average description is complex, it does not adequately
describe the unsteady nature of the HSV which exhibits some unique features.

Figure 2-2. Example of time-averaged horseshoe vortex system [6].
Beginning with the studies of Devenport & Simpson [7,8], the bimodal nature of the HSV
was established. Probability density functions of the streamwise component of velocity showed
two distinct peaks in an elliptical region near the wall, slightly upstream of the bluff body. Within
the endwall region encompassed by the bimodal distribution, the bimodal behavior was
postulated to be responsible for both high surface pressure fluctuations, and enhanced heat
transfer levels. The approaching flow Reynolds number was not found to be a dominant factor in
the existence of a bimodal distribution of velocity. Over time, the HSV is reduced in size by
vortex stretching around the bluff body, while upstream, “young” vortices form and grow. The
upstream vortices eventually merge with the reduced HSV to form a “new” HSV. This process,
while not periodic, occurs regularly and has been proven to be unrelated to the frequency of the
Karman vortex shedding in the wake of the bluff body [9,10].
In his studies of the HSV, Praisner [6] used PIV to reinforce the fact that the HSV system
oscillates consistently, but not predictably, between two modes. In the first mode, the near-wall
reverse flow travels under the horseshoe vortex, upstream, over the secondary vortex (if present),
and eventually under the tertiary vortex. This mode was found to dominate approximately 80% of
the time. However, the system is unsteady, and the reverse-flow region beneath the horseshoe
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vortex eventually changes to a mode in which it feeds only into the secondary and horseshoe
vortex. When this happens, outer region flow penetrates to the endwall surface and causes the
secondary vortex to erupt outwards. After eruption, the system eventually resets to the dominant
mode. This process is overviewed in Figure 2-3. Secondary vortex eruptions are not unique to the
setup used by Praisner, and have also been documented for low aspect ratio bodies in a closed
channel with high core flow turbulence and an undeveloped boundary layer at the body [11].

Figure 2-3. Horseshoe vortex system breakdown and eruption phenomenon [6].
Subsequent studies have attempted to determine the exact cause of the shift from the
dominant HSV mode to the secondary mode. The work of Sabatino and Smith [12] suggests that
the temporal behavior of the HSV system is driven by the characteristics of the impinging
turbulent boundary layer. Specifically, they argue that hairpin vortex packets interact with the
HSV, causing it to strengthen and change its streamwise position. Paik et al. [13], developed a
detached-eddy-simulation of the HSV system in front of a wing-body junction. Their results
showed that the HSV system remains in a dominant state until upstream hairpin vortices wrap
around, and amalgamate with the HSV, resulting in a disorganized state. The authors argue that
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the hairpin vortices emerge as a result of centrifugal instability. This instability is a result of the
backward-turning flow of the HSV that is influenced by the wall, and originates in the region
between the outer turn of the HSV and the wall. A study by Gand et al. [14] examined
meandering of the legs of the HSV about an airfoil. The authors found that oscillations in the
legs were of a larger scale than at the nose of the airfoil-endwall junction. They propose that such
oscillations are part of the system’s global dynamics, which are in turn related to the bimodal
behavior of the HSV system.
The unsteadiness of the HSV has direct consequences to endwall heat transfer. A region
of high endwall heat transfer is present at the base of the bluff body, where flow impinging on the
body’s leading edge flows down the face of the bluff body, and impinges on the endwall [15].
Upstream of this location, however, there are areas which exhibit amplified heat transfer relative
to an undisturbed turbulent boundary layer [16–20]. Simultaneous time resolved flow and heat
transfer measurements by Praisner and Smith [6,21] showed that the primary band of high heat
transfer at the base of the bluff body was 350% greater than it is in an undisturbed turbulent
boundary layer flow, with a secondary band upstream with a 250% increase in heat transfer. This
secondary band coincided with the location of the secondary vortex in the HSV system, and it
was concluded to be a direct result of the inrush phenomenon during the dominant mode
breakdown. Won et al. [22] also found similar results for a pin fin array, namely that the local
Nusselt numbers on the endwall were highest below the primary and secondary horseshoe
vortices associated with each pin. The authors also emphasized the unsteady nature of the HSV
system, and its impact on advection and turbulent transport.
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2.2 Flow Behavior in Pin-Fin Arrays
Flow behavior within low-aspect ratio pin-fin arrays is complicated, and has an effect on
heat transfer that is not yet well understood, due to the effect of the close confining walls. Ozturk
et al. [23] performed PIV measurements on a low aspect-ratio cylinder confined in a channel and
found that the HSV system’s size, intensity, and behavior varied with Reynolds number.
Additionally, the authors were able to simultaneously examine the vortex system at the top and
bottom of the cylinder and found that the instantaneous behavior was not symmetric about the
mid-channel plane. Measurements of turbulent transport in pin-fin arrays by Ames et al. [24]
found that turbulence is low in the first few rows, and the strength of cylindrical pin shedding
events increases dramatically with increasing Reynolds number. Endwall boundary layers at
higher Reynolds numbers were seen to exhibit high levels of skin friction enhancements. A
computational study by Borello and Hanjalić [25] found that instabilities in the HSV system for a
short cylinder bounded by flat walls were suppressed compared to an unbounded junction, and
that vortex topology was highly dependent upon inflow conditions. Delibra et al. [26] performed
computational modeling of a heated low-aspect pin-fin array and found that heat removal from
the endwalls was associated with the dynamics of large vortices shed from upstream pin-fins.
Sahin et al. [27] performed PIV measurements of flow upstream of a vertical cylinder mounted on
a flat plate. Through analysis of instantaneous data, the authors determined that upstream of the
base of the cylinder, the saddle points associated with the HSV system were unsteady, implying
the HSV system itself was unsteady. In a three tube array, Scholten and Murray [28] found that
differences in fluctuations of surface heat flux, between the front and the back of the tubes, were
distinct in the first row but had evolved to be similar by the third row. The transition was
attributed to the row by row increasingly turbulent flow.
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The spatiotemporal behavior of flow at the pin-fin midline has also been examined. Ames
and Dvorak [29] found that pin-fin surface pressure distributions varied significantly from row to
row in the first few rows, but remain relatively consistent after row 4. In the first row,
dimensionless pressure distributions were very similar across the tested Reynolds number
spectrum, but varied significantly in downstream rows. Pin-fin surface heat transfer at the midline
was also investigated [30]. Results indicated that effective approach velocity was highest in row
3, due to the blockages of row 2, which resulted in highest overall heat transfer in this row.
However, heat transfer augmentation solely due to turbulence was highest in row 4 and beyond.
The effect of pin spacings within an array have also been studied. The work of Lyall et
al. [31] found, for a single row of pin-fins, that heat transfer relative to an open channel, is highest
for reduced spanwise spacings. The results obtained by the authors also implied that pin-fin heat
transfer was higher than endwall heat transfer. Lawson et al. [32] examined the effect of
streamwise and spanwise spacings on time-averaged array heat transfer and pressure loss within a
pin-fin array. They established that spanwise spacing has a larger effect than streamwise spacing
on pressure drop across a pin-fin array. Conversely, it was found that streamwise spacing had a
larger effect than spanwise spacing for array heat transfer.

Ostanek and Thole [33] examined

the time-resolved behavior of wake flow in pin-fin arrays and found that decreasing streamwise
spacing resulted in increased Strouhal number as the near wake length scales were confined.
Ostanek and Thole [34] also performed proper orthogonal decomposition to determine that
(quasi-) periodic wake fluctuations were weakened at close streamwise spacings, but random
turbulent fluctuations were relatively insensitive. These results imply that the heat transfer
augmentation seen at reduced streamwise spacings [32] may not be a direct result of wake
behavior and warrants further investigation.
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2.3 Behavior of the Horseshoe Vortex within Pin-Fin Arrays
Through the survey of relevant literature, it has been concluded that the behavior of the
HSV system is dynamically rich. Many studies of the system have been performed for a single
bluff body in the turbulent regime, and it is commonly understood that the system is unstable.
However, the effect of other parameters, such as Reynolds number, on the system’s behavior are
not as well understood--especially for bluff bodies of low aspect ratio in closed channels. Such
setups present boundary conditions and incoming flow that are distinctly different from the openchannel experiments used for many of the seminal studies of the HSV system. Additionally, to
the authors’ knowledge, no study has yet examined the behavior of the HSV system about pinfins within a pin-fin array. In a low aspect-ratio array, flow is extremely complicated due to wake
shedding and endwall effects. The goal of the present work is to quantify the behavior of the
HSV system with respect to both row location, and Reynolds number, within an array of low
aspect-ratio pin fins.

Chapter 3
Experimental Facilities and Methods

3.1 Experimental Facilities
A low speed, optically accessible, re-circulating wind tunnel was used for the
experiments. The rig was designed and validated in previous work [33,35], and can be seen in
Figure 3-1. The channel in which the pin-fin arrays were tested had a height H=63.5 mm, and a
width W=1.22 m. One side of the optically accessible test section was composed of a glass
endwall, while the other side of the test section was made up of a removable polycarbonate
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endwall featuring an anti-reflective glass window, through which the laser sheet entered the test
section. A recirculating, electric blower was used to move air through the setup. At maximum
power, the blower was capable of a volumetric flow rate of approximately 0.66 m3/s,
corresponding to a ReD of approximately 6.0e4. Relief valves were situated before and after the
blower in order to match the pressure in the test section to that of the atmosphere. This was done
to prevent distortion of the channel’s cross section through bowing of the endwalls. Flow rate was
measured with a venturi flowmeter upstream of the test section. Before reaching the pin-fin array,
the flow traveled along a section of the channel which was approximately twenty hydraulic
diameters in length, ensuring the channel flow was fully developed before reaching the array
(verified by channel velocity measurements [35]). After exiting the pin-fin array, the flow entered
a plenum containing a heat exchanger, used to regulate air temperature, and returned to the
blower.

Figure 3-1. Schematic of wind tunnel used in current study, and example pin-fin array setup.
Several pin Reynolds numbers, ReD, were used in the experiments—1.0e4, 2.0e4, and
5.0e4. Pin Reynolds number is defined by pin-fin diameter and maximum average velocity within
the channel, Umax. Umax occurs at the point in which the cross sectional area of the channel is
minimum—at the midplane of each row of pin-fin arrays—and was computed through
conservation of mass based on the flow rate through the venturi flow meter. This plane of
minimum cross-sectional area is diagrammed in Figure 3-2.
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Figure 3-2. Pin-fin array setup, geometry, and coordinate system.

Each pin-fin had an H/D ratio of 1, and is therefore considered to be of low aspect ratio.
The array itself was arranged in a staggered configuration, with the spanwise spacing, Sw, fixed at
2*D for all cases. The array featured eight pins in the spanwise direction for the unstaggered
(even) rows, and nine spanwise pins for the staggered (odd) rows. Streamwise spacing is denoted
as SL, and the array was spaced with SL=3.46D and 1.73D. A total of seven rows in the
streamwise direction were present. The coordinate system used throughout the paper is relative to
each pin-fin, and is shown in Figure 3-2.

3.2 PIV Setup
A high speed stereoscopic particle image velocimetry (S-PIV) setup was used to obtain
three-dimensional, time resolved vector fields within the flow. The stagnation plane for pins in
the first, third, and fifth rows of the array was examined. The S-PIV system consisted of two
Photron Fastcam Ultima APX high speed cameras, a Photonics DM20-527 dual-head laser, and a
LaVision Inc. control unit. Processing of the data was performed using LaVision Inc.’s DaVis 8
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software. The high speed cameras were run at their maximum resolution of 1024x1024 pixels,
and had a corresponding maximum frame rate of 2000 frames per second. Two images are
necessary for the computation of a vector field, meaning the maximum vector field sampling rate
was 1000 Hz. Each test was run at this rate. Both cameras were used to capture 2020 image pairs.
Two sets of 2020 images were obtained for each test condition.
In the experiments, the cameras were fitted with 105mm focal length lenses attached to
Scheimpflug adapters. Scheimpflug adapters allow the focal plane of the cameras to be rotated
such that it is not parallel to the camera sensor. This is necessary for the present experiment due
to the fact that the two cameras were not perpendicular to the measurement plane. The location
and orientation of the cameras were calculated in a calibration step, where a precisely marked
plate was placed in line with the laser plane and photographed. The plate’s precise markings
allowed the DaVis software to calculate the location and orientation of the cameras through a
pinhole model calibration process. This calibration in turn allowed all three components of
velocity to be calculated through stereo cross-correlation. The resolution scale factor for each
experiment was approximately 28.5 pixels/mm. The experimental setup is overviewed in Figure
3-3.

Figure 3-3. Schematic of PIV setup in the first row (for a simplified array).
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The laser used in the experiment was a Nd:YLF dual cavity pulsed laser, with a
maximum repetition rate of 10 kHz per head, a maximum output pulse energy of 20 mJ per head,
and a wavelength of 527 nm. Focusing optics were used to spread the laser beam into a sheet and
adjust its thickness. Di-Ethyl-Hexyl Sebecat (DEHS) was used as the tracer particle within the
flow, and has been validated as a suitable seeder in previous studies [33]. The DEHS was
atomized and injected into the flow upstream of the inlet plenum. Since the rig is recirculatory,
correct seed density is easy to adjust.
The important PIV parameter, dt, was varied from test case to test case. dt is the time
between exposures for image pairs. For each case, a sampling of results was obtained and
analyzed to determine suitable dt values. dt values were chosen based on analysis of several
criteria. Maximum percent displacement through laser sheet was limited to below 30% for
through plane velocities of average magnitude. A balance was struck between displacement of
particles in the HSV region and the mid-channel flow, with average pixel displacements in the
HSV region were kept above about 3 pixels, and pixel displacements in the mid-channel around
10 pixels. Maximum displacement gradients across interrogation windows were kept below 40%.
The values of dt used for each case are summarized in Table 3-1.

Table 3-1. Summary of dt and vector field frame-rates for each test case.
SL

3.46D

1.73D

Variable

dt
(μs)

Row 1
10k 20k 50k

Row 3
10k 20k 50k

Row 5
10k 20k 50k

300

120

120

140

60

63

32

60

27

Vector Field Frame1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
Rate (Hz)
dt
(μs)

300

140

60

120

63

32

120

60

27

Vector Field Frame1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
Rate (Hz)
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3.3 PIV Processing
LaVision's DaVis 8 software was used to process the raw PIV images. For image preprocessing, a minimum background subtraction was first performed on each data set to remove
interference from background reflections. Next, a 10 pixel particle intensity normalization, which
evens out the intensity of each particle in a 10 pixel region, was performed to better allow the
software to determine the characteristics of each interrogation window. With the images fully
conditioned, a geometric mask was applied to limit the scope of the calculated area, and stereo
cross-correlation was performed to extract vector fields. A multi-pass, decreasing size, deformed
interrogation window process was used, with two initial passes performed at 96x96 pixels with
50% overlap, and two final passes at 32x32 pixels with 75% overlap. The multi-pass, decreasing
size stereo-cross correlation algorithm used makes use of intermediate interrogation windows that
are half the size of the initial pass windows, providing a stepping stone between the size of the
initial and final interrogation windows. Following the computation of an initial vector field,
vector post-processing was applied--a two pass median filter, universal outlier detection method
was used. The universal outlier detection operation was performed on each vector, and compares
the vector to a neighborhood of surrounding vectors. A residual value was computed by
subtracting the component of velocity in question from the corresponding mean value of the
neighboring vectors. This residual value was then normalized by the mean residual of the
surrounding vectors. For the data presented, vectors in question were removed if this normalized
residual was greater than 1.5, in a 5x5 filter region. Removed vectors were replaced by a “next
best” vector. If subsequent “next best” vectors failed subsequent filtering tests, they were deleted
and filled via interpolation. Across all tests, approximately 90% of final vectors were calculated
based on the first choice correlation peak and less than 0.5% of vectors were filled via
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interpolation. All other vectors were calculated using second, third, or fourth choice correlation
peaks.

Figure 3-4. Time-averaged PIV measurements of u+ and y+ in an unobstructed duct.

3.4 PIV Validation
A validation effort was performed for the S-PIV setup by acquiring time-averaged open
channel turbulent velocity profiles at various Reynolds numbers. Figure 3-4 shows the mean
velocity profiles in inner coordinates, where friction velocity was determined through a Clauser
fit estimate in the log layer. Both Reynolds number cases show very good agreement to expected
results in the log-law region. Data was obtained near the viscous sublayer, but as seen in Figure
3-4, points in this region begin to deviate from expected behavior, with a bias toward high
velocities. Kähler et al. [36] has shown that in the region near the wall below half of the minimum
interrogation window size, PIV measurements deviate from actual results. Half of the minimum
interrogation window size is approximately 0.55mm for each case. For ReD=5.0e4, this
corresponds to a y+ of about 10, and for ReD=2.0e4 this corresponds to a y+ of about 5. These
were almost the exact points at which the measured PIV results started to show deviation from
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expected behavior in the viscous sub-region of the near-wall flow. In terms of Y/H, the height of
this region near the wall extends to Y/H = 0.009. In discussion of experimental results, this fact is
kept in consideration.
Finally, in order to determine whether each pin-fin data set contained enough frames to
be considered statistically converged, a convergence study was performed. For each case, a total
of 4040 frames were obtained. Profiles of time-mean velocity magnitude were extracted through
the HSV center for datasets containing time-averages of 2020, 3030, and 4040 images. The
SL=3.46D, Row 1, ReD=5.0e4 case is detailed in Figure 3-5. Note that in this case, the plot
suggests that even at 2020 images the dataset is statistically converged. Analysis of other cases
indicated that the velocity magnitude varied by about 2% of Um between 3030 and 4040 images.
In the worst case, shown in Figure 3-6, the row three, SL=3.46D, ReD=1.0e4 case, maximum
variation between the average of 3030 and 4040 samples was less than 7% of Um.

Figure 3-5. Time-averaged velocity magnitude for the SL=3.46D, ReD=5.0e4, Row 1 case
across the channel height at X/D= -0.14 for variable size data sets.
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Figure 3-6. Time-averaged velocity magnitude for the SL=3.46D, ReD=1.0e4, Row 3 case
across the channel height at X/D= -0.13 for variable size data sets.

3.5 Uncertainty Analysis
From the validation of the experimental rig by Ostanek and Thole [35], with a 95%
confidence interval, uncertainty in ReD for ReD=2.0e4 was calculated to be +/- 1.3%. Uncertainty
in the time resolved Stereo-PIV results were estimated utilizing the technique described by
Wieneke [37], in which the computed displacement field is used to compare correlated
interrogation windows in the first and second image-pair frames. Differences in these frames are
related to correlation functions, and are then used to calculate the random uncertainty of
displacement vectors. These resulting uncertainties are both spatially and temporally resolved.
To quantify the uncertainties in the time averaged vectors, the spatially resolved
uncertainties were studied at multiple instants throughout a representative data set. For each
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location, the sampled values were used to calculate the root mean square uncertainty, in order to
estimate the uncertainty in these regions on a time-averaged basis. Near the mid-channel, the
uncertainty in the local magnitude of velocity was calculated to be an estimated +/- 2.7%, or +/0.16 pixels displacement. Near the center of the HSV, the uncertainty in the local magnitude of
velocity was calculated to be an estimated +/- 16.3% or 0.42 pixels displacement. The higher
uncertainty near the HSV is due to large velocity gradients across interrogation windows, and
smaller displacement vectors due to locally low velocities. Uncertainties at these locations, as
well as at several other locations throughout the flowfield are summarized in Table 3-2.
Table 3-2. Summary of uncertainties in individual flow regions.

RMS Uncertainty
(%, with respect to local velocity)
HSV Center
16.3%
Outer HSV
7.7%
Near Wall
6.7%
Near Pin
8.4%
Mid-Channel
2.7%
Location

RMS Uncertainty
(m/s)
0.254
0.129
0.067
0.108
0.093

Magnitude of Velocity
(m/s)
1.56
1.67
1.00
1.30
3.47

Chapter 4
Results and Discussion

4.1 Time Averaged Magnitude of Velocity and Streamlines
Utilizing the entire 4040 frame datasets, a variety of time averaged statistics were
examined. Plots of streamlines overlaid on contours of magnitude of velocity normalized by U m,
for the SL=3.46D case are shown in Figure 4-1. In Figure 4-1, and all subsequent figures, the wall
normal direction is Y, which is normalized by channel height H. The fluid flows from left to right
in positive X, the direction which is normalized by pin-fin diameter D. The endwall sits at
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Y/H=0, while the leading edge of the pin-fin spans the channel at X/D=0. X/D is defined relative
to the leading edge of each pin-fin, and is not a reference to a global coordinate system. Within
the field of view, white regions are areas that do not contain data due to reflections that would
result in invalid vectors during stereo cross-correlation. Figure 4-2 shows the location of the field
of view with respect to an individual pin-fin.

Figure 4-1. Time-averaged velocity magnitude, normalized by Um, with streamlines overlaid
for SL=3.46D.
Due to unforeseen circumstances, 4040 images were not gathered for the SL=1.73D, row
1, ReD=1.0e4 and 2.0e4 cases. 4040 images were gathered for the SL=1.73D, row 1, ReD=5.0e4
case, however. Comparisons between this case, and the equivalent SL=3.46D case were
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performed and it was determined that the two were identical within experimental uncertainty.
Therefore, rather than use fewer frames to create time-averaged profiles for the SL=1.73D, row 1,
ReD=1.0e4 and 2.0e4 cases, the equivalent SL=3.46D profiles were substituted. As such, in all
subsequent time-averaged figures, these two SL=1.73D, first row cases are a substitute from
SL=3.46D data which should have produced identical results.

Figure 4-2. Overview of field of view with respect to pin-fin and endwalls.
Examining Figure 4-1, a variety of trends regarding the behavior of the horseshoe vortex
with both Reynolds number and row location are evident. For the normalized |V| contours, one of
the most striking features of the HSV system is the region of low normalized |V| that lifts off of
the wall and encompasses the time averaged HSV region, especially in the downstream rows.
This low |V| region is a result of the interaction of the time-averaged primary HSV with the
incoming boundary-layer flow. The presence of the pin-fin results in an adverse pressure gradient
that causes approach boundary layer separation and thus the development of the horseshoe vortex
system. In the region beneath the primary HSV, incoming flow encounters both an adverse
pressure gradient, as well as backflow associated with the vortex. This causes the flow to lift off
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of the wall. At the same time the higher momentum backflow beneath the primary HSV, drawn
from mid-channel flow forced down the pin fin, is decelerated as it encounters the incoming flow.
Both of these low momentum flows are then drawn into the primary HSV, resulting in the lifted
region of low |V| seen in Figure 4-1. The streamlines in each plot help to emphasize this behavior.
At the Reynolds number of 1.0e4, the region of lifted low momentum fluid is not as
concentrated in the first row relative to downstream rows. It is hypothesized that this is linked to
the unsteady nature of the HSV, which when time-averaged appears to “smear out” the region of
low momentum separated fluid. For downstream rows, the HSV is more constrained by the flow
acceleration around upstream pins, as well as by buffeting from the high levels of turbulence from
upstream pin-fin wakes. This results in relatively invariant behavior in the HSV for downstream
rows, which is consistent with the evolution of a fully-developed state in the endwall heat transfer
in an array found by other researchers [32,38].
At higher Reynolds numbers in the first row, the lifted low momentum region becomes
more distinct and concentrated. The location of the separation point of the low-momentum fluid
has been shown to move closer to the pin-fin at higher Reynolds numbers [39], which is
consistent with these results. In a time average sense, the region of lifted boundary layer flow is
therefore more defined. For both rows 3 and 5, the lifted low velocity region does not show large
variation with Reynolds number for ReD ≥2.0e4, suggesting that the separation point for the HSV
system is relatively invariant throughout the array at high Reynolds numbers. This is an important
distinction from the first row where the behavior is clearly Reynolds number dependent. Timeaveraged kinematic and dynamic characteristics of the HSV system for various experiments have
been compiled by Ballio et al. [40], with the conclusion that in the turbulent regime parameters
such as the position of the primary vortex, are relatively independent of Reynolds number
(defined on boundary layer thickness). It is believed that the present results in the first row show
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a Reynolds number dependence due to the fact that the experiments occur in a closed channel,
with low aspect ratio pin fins and fully developed incoming flow.
Normalized magnitude of velocity contours, with streamlines overlaid, are shown in
Figure 4-3 for the SL=1.73D case. One of the most striking aspects of the figure is the fact that
the magnitude of velocity for mid-channel flow is significantly higher than in the first row. This
is due to blockage effects of upstream pin-fins. In a time average sense, the wake regions behind
the pin-fins prevent the flow from moving back to Um immediately after the pin is passed. Since
the arrays are staggered, and since the streamwise spacing is very tight, this accelerated flow
continually buffets the next row of pin-fins, and causes the velocity profiles to be of greater
magnitude in downstream rows than in row 1.

Figure 4-3. Time-averaged velocity magnitude, normalized by Um, with streamlines
overlaid for SL=1.73D.
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Similar to the SL=3.46D spacing, a region of lifted low |V| is apparent in the vicinity of
the primary HSV, especially in downstream rows. In downstream rows, the area occupied by the
low |V| is smaller in the SL=1.73D case than in the SL=3.46D case, especially in the third row.
The location of the spiral nodes for each case were recorded and are shown in Table 4-1. In the
first row, which is nearly identical, it is apparent that increases in Reynolds number result in a
spiral node that has a streamwise location closer to the pin. However, in rows 3 and 5 of both
geometries, the location of the spiral node does not appear to show regard for Reynolds number—
a distinct difference from the first row behavior. The X/D location of the node does appears to
show a weak correlation with SL in these rows. For the SL=3.46D geometry, the X/D locations of
the spiral node in both rows 3 and 5 are further upstream than in the SL=1.73D geometry. It is
hypothesized that this is due to a tighter streamwise spacing causing the separation point of the
HSV system to be disrupted and pushed closer to the pin. A separation point closer to the pin
means that any generated vortices start closer to the pin, and therefore when the frames are
averaged, the resulting HSV system has a primary vortex closer to the pin-fin.
Figure 4-4 shows the normalized time-average u component of velocity through the spiral
node in the wall normal direction for each case. At the center of the spiral node, the u component
of velocity is zero. For the SL=3.46D spaced array, the Y/H location of the zero u value is
virtually the same for all cases except for the first row, ReD=1.0e4 case. For the SL=1.73D spaced
Table 4-1. Location of primary HSV spiral node for all cases.
SL

3.46D

1.73D

Reynolds
Number
1.0E+04
2.0E+04
5.0E+04
1.0E+04
2.0E+04
5.0E+04

Row 1
X/D
-0.293
-0.167
-0.129
-0.293
-0.167

Y/H
0.041
0.049
0.050
0.041
0.049

Row 3
X/D
-0.129
-0.140
-0.132
-0.120
-0.096

Y/H
0.052
0.053
0.050
0.037
0.037

Row 5
X/D
-0.133
-0.128
-0.135
-0.121
-0.109

Y/H
0.053
0.050
0.053
0.045
0.048

-0.135
0.047
-0.097
0.040
-0.111
Italicized results substituted from 3.46D cases

0.050
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Figure 4-4. u/Um through the center of the time-mean spiral node for each case.
array, the location of the zero u value varies with row location—the third row is consistently
lower than the fifth row. Below the spiral node, in the backflow region, the u component of
velocity is negative. Above the point of u/Um=0, the u component of velocity is positive and
rapidly approaches mid-channel levels. In this region, the velocity gradients are greater for the
SL=1.73D spaced array than the SL=3.46D spaced array.

4.2 Time Averaged Vorticity
The vorticity, normalized by D/Um, of the time-averaged SL=3.46D case can be seen in
Figure 4-5. Contrary to computational RANS studies [41], vorticity and streamline patterns in
these results do not consistently indicate distinct time-averaged secondary, tertiary, and corner
vortices. This is attributed to the fact that RANS-based computational modeling techniques are
unable to capture the inherent unsteady nature of the HSV system. As determined in the
experimental results, the constant motion of the vortices causes the time-averaged flow to appear
smeared out. For this reason, only very coherent vortices, such as the primary horseshoe vortex,
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Figure 4-5. Time-averaged vorticity, normalized by D/Um, with streamlines from the time
average velocity plots overlaid, SL=3.46D cases.
appear during time averaging for each independent case. The vorticity associated with the
primary HSV is generally indicated by a large concentrated negative vorticity region in Figure
4-5. For a low Reynolds number of ReD=1.0e4, the vorticity associated with the HSV becomes
more concentrated in rows 3 and 5, relative to row 1. This is consistent with the mean velocity
magnitude measurements shown earlier which suggest a more concentrated mean vortex
structure. At increasing Reynolds numbers, the HSV vorticity becomes more concentrated at row
1, and thus there is little apparent change in downstream rows. Note that the peak vorticity does
not generally correspond to the center of the spiraling streamlines.
Figure 4-6 shows the vorticity, normalized by D/Um for the SL=1.73D geometry. The
vorticity profiles, in downstream rows, are distinctly different from the wider spaced array. One
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of the most noticeable differences is that downstream rows show a Reynolds number
dependence—with the HSV region of lower Reynolds numbers containing negative vorticity of
greater magnitude. This occurs for both rows 3 and 5. In downstream rows, the greatest
concentration of negative vorticity occurs near the spiral node, in close proximity to the primary
horseshoe vortex. At lower Reynolds numbers, especially ReD=1.0e4, strong negative vorticity
occurs upstream of the spiral node, near the wall. This was seen for the SL=3.46D case, but
unlike the SL=1.73D, ReD=1.0e4 cases, the vorticity in the region was not on the same order of
magnitude as the vorticity near the spiral node. Additionally, negative vorticity in the HSV region
was not solely concentrated near the primary HSV, and was instead spread out across the entire
region of the HSV system.

Figure 4-6. Time-averaged vorticity, normalized by D/Um, with streamlines from the time
average velocity plots overlaid, SL=1.73D cases.
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4.3 Bimodal Analysis
As first discussed by Devenport and Simpson [8], a histogram of the u component of
velocity in the region beneath the time average HSV is known to have a bimodal distribution.
This is an indication of two quasi-stable modes of the HSV—the so called zero-flow and
backflow modes. In the backflow mode, the flow beneath the primary vortex travels far upstream
in a strong jet-like form, and is associated with the negative u velocity peak on a bimodal
histogram of u. During the zero-flow mode, the strong backward jet beneath the primary vortex
has broken down and the recirculating fluid is instead pulled into the primary HSV, which
corresponds to the peak in streamwise velocity around zero on the histogram. The turbulent HSV

Figure 4-7. Probability density functions of u showing changes in distribution shape
with wall normal position [8].
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system oscillates in an unpredictable unsteady manner between these two modes, and has been
described by a number of authors [6,13,39,42]. Figure 4-7, from the work of Devenport and
Simpson [8], shows how the histogram of u changes with Y/H (Y/T in the figure). Very near the
wall, there is a clear dominant peak. However, after a distance away from the wall, a second peak
emerges and the histograms show a clearly bimodal distribution. As Y/H continues to increase,
this second peak becomes dominant and after some distance from the wall the bimodal
distribution is no longer evident.
In the current experiments, the behavior of the flow the near wall flow beneath the timeaveraged spiral nodes was examined for each case. Figure 4-8 shows histograms of u across Y/H

Figure 4-8. Probability density functions of u at X/D= -0.165 and various Y/H
values for the row 1, ReD=2.0e4, SL=3.46D case.
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for the row 1, ReD=2.0e4, SL=3.46D case. The trends seen are very similar to those of previous
experimental results shown in Figure 4-7 [8]. In Figure 4-8, a bimodal distribution is clearly
evident after some Y/H distance off the wall, and as Y/H is increased, the bimodal distribution
eventually merges into a Gaussian distribution. Examining other cases, including downstream
rows for both geometries, bimodal distributions were individually discovered for each case. As
an example, Figure 4-9 shows bimodal distributions found in each row for SL=1.73D and
ReD=2.0e4. The X/D, Y/H location from which each histogram was generated is not the same,
but each bimodal distribution was found in the backflow region. The fact that each case was
found to have regions of bimodal u distributions is an especially important finding, as it implies
that the quasi-periodic oscillation between the backflow and zero-flow modes occurs even in
downstream rows where incoming flow is highly turbulent with complex structures introduced
due to upstream pin-fin wake shedding.

Figure 4-9. Bimodal probability density functions of u for SL=1.73D, ReD=2.0e4 in: (a) row 1
at X/D= -0.165, Y/H=0.02; (b) row 3 at X/D= -0.0975, Y/H=0.015; and (c) row 5 at X/D= -0.11,
Y/H=0.015.
In a manner similar to Devenport and Simpson [8], the bimodal histograms were used to
construct a conditionally averaged flowfield for the backflow and zero-flow modes for each case.
To do this, frames within each time-resolved data set were flagged when the u component of
velocity, at a location established to be bimodal, fell within one of two pre-defined ranges—one
representative of the backflow mode, and the other representative of the zero flow mode. For the
row 1, ReD=2.0e4, SL=3.46D case seen in Figure 4-9a, the specified location in the flowfield was
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X/D= -0.165, Y/H=0.02. For the backflow mode, the range for tagging an image frame was +/5% of the value of the negative velocity peak (-0.8 m/s). With this range, 258 frames (6.4% of
the total) were flagged for averaging. For the zero-flow mode, the range was kept the same (+/5% of the value at the negative velocity peak), and 390 frames (9.7% of the total) were flagged
for averaging. The range of +/- 5% of the value at the negative velocity peak was chosen because
it allowed sufficient frames to reduce noise outside the HSV, while also providing enough
restriction on the velocities in the HSV region to show the two distinct modes. This range was
used in each case’s conditional averaging. The flagged frames for each case were averaged to
create time average profiles of the backflow and zero flow modes. Normalized magnitude of
velocity contours for the described case, with streamlines overlaid, can be found in Figure 4-10.
The other conditionally averaged plots for the downstream rows at ReD=3.46D can also be found
in Figure 4-10, while those for SL=1.73D and ReD=2.0e4 are shown in Figure 4-11. All plots
were generated using the same methodology as described for the row 1, ReD=2.0e4, SL=3.46D

Figure 4-10. Time averaged backflow and zero-flow modes for the ReD=2.0e4, SL=3.46D
cases.
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case. Total frames flagged ranged from 105 to 439 (2.6% to 10.9% of total) depending upon the
case. Examining the individual flagged frames of the ReD=2.0e4, Row 3, SL=3.46D case, the
frames tended to be well spaced over time. At several instants in time, several frames were
flagged in succession, but such behavior was infrequent enough to provide confidence that the
flagged frames provided an unbiased time-average representation of the flow. Similar plots were
generated for the ReD=1.0e4 and 5.0e4 cases, and can be found in Appendix A.

Figure 4-11. Time averaged backflow and zero-flow modes for the ReD=2.0e4, SL=1.73D cases.
The two conditionally averaged modes shown in Figure 4-10 and Figure 4-11 show
distinct differences between the two modes. With relatively few frames used to generate such
time averaged profiles, the quantitative results contain a large amount of uncertainty. However,
even with a relatively small number of frames, several qualitative results are evident. In the
backflow mode, the primary horseshoe vortex was consistently larger than in the zero-flow mode.
The zero-flow mode was seen to sit closer to the pin (in X/D) than the backflow mode for all
cases, an expected result [13]. For the SL=1.73D case, the differences between the backflow and
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zero-flow modes are noticeably less than in the SL=3.46D case. For the tighter spaced array, the
X/D location of the HSV core shows varies by a smaller amount than in the SL=3.46D case.
These qualitative trends are useful in describing the causes of the flow’s turbulence statistics.

4.4 Components of Turbulent Kinetic Energy
̅̅̅̅̅, ̅̅̅̅̅
The components of TKE (𝑢’𝑢’
𝑣’𝑣’, ̅̅̅̅̅̅
𝑤’𝑤’) were examined for each row location and
̅̅̅̅̅ for each of the cases with SL=3.46D. The
Reynolds number. Figure 4-12 shows contours of 𝑢’𝑢’
shapes and trends seen in this figure can be explained through the bimodal behavior of the HSV
outlined in Figure 4-10. Throughout Figure 4-12, especially in downstream rows, it is observed

Figure 4-12. Normalized ̅̅̅̅̅̅
𝒖′ 𝒖′ , with time averaged streamlines, for each of the SL=3.46D
cases.

35
that the region of peak normalized ̅̅̅̅̅
𝑢’𝑢’ occurs upstream and below the spiral node, while a
̅̅̅̅̅ occurs downstream and slightly above the spiral node.
secondary region of high normalized 𝑢’𝑢’
As a specific example, in the row 3, ReD=2.0e4 case, the region of peak ̅̅̅̅̅
𝑢’𝑢’ occurs in the vicinity
of X/D= -0.17, Y/H= 0.03, while the secondary region occurs at X/D=-0.08, Y/H=0.07. The
backflow and zero-flow diagrams for row 3, ReD=2.0e4 shown in Figure 4-10 can be used to
explain the two regions of high ̅̅̅̅̅
𝑢’𝑢’. Additionally, Figure 4-13 provides a diagram illustrating
the influence of the two HSV modes on the primary region of ̅̅̅̅̅
𝑢’𝑢’ at X/D= -0.17, Y/H= 0.03 for
this specific case. At this location, the velocity in the backflow mode is primarily in the negative
u direction, with high magnitude, as emphasized by the streamlines and contour levels. However,
at the same location in the zero-flow mode, the velocity is of very low magnitude. It is the
fluctuation between the backflow mode, where flow in this region has a u component of velocity
that is primarily negative, and the zero-flow mode, where flow in this region has a u component
of velocity near zero, which results in this region of high normalized ̅̅̅̅̅
𝑢’𝑢’. Likewise, in the
secondary region at X/D=-0.08, Y/H=0.07, the streamline and velocity contours in Figure 4-10
show how in the backflow mode the u velocity is closer to zero, while in the zero-flow mode the

̅̅̅̅̅ in the Row 3, ReD=2.0e4, SL=3.46D case.
Figure 4-13. Bimodal basis for region of high 𝒖’𝒖’
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u velocity is positive. The difference between u in these two states is not as large as in the region
below and upstream of the spiral node, but they are each unique enough to result in a secondary
̅̅̅̅̅. These same trends are present across all of the other SL=3.46D cases.
region of high 𝑢’𝑢’
Contours of normalized ̅̅̅̅̅
𝑢’𝑢’ with time averaged streamlines overlaid for the SL=1.73D
case are shown in Figure 4-14. Note that the contour levels are different than those in Figure
4-12, as the values of normalized ̅̅̅̅̅
𝑢’𝑢’ were significantly higher for the SL=1.73D case. The
̅̅̅̅̅, 𝑣’𝑣’
̅̅̅̅̅, and 𝑤’𝑤’
̅̅̅̅̅̅ plots. Just as in
contour levels are kept constant for each geometry across the 𝑢’𝑢’
the SL=3.46D geometry, the ̅̅̅̅̅
𝑢’𝑢’ contours show their highest levels upstream and below the spiral
node, and a secondary region of high ̅̅̅̅̅
𝑢’𝑢’ downstream and above the spiral node. Examining the

Figure 4-14. Normalized ̅̅̅̅̅̅
𝒖′ 𝒖′ , with time averaged streamlines, for each of the SL=1.73D
cases.
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bimodal distributions for the ReD=2.0e4 case in Figure 4-11, it is clear that this double peaked
̅̅̅̅̅
𝑢’𝑢’ shape is a result of the oscillation between the backflow and zero-flow modes, just as was the
case in the SL=3.46D geometry. The oscillation between the backflow and zero-flow modes is
also responsible for the shapes of the ReD=1.0e4 and 5.0e4 cases, with plots equivalent to those in
Figure 4-11 seen in Appendix A.
Normalized ̅̅̅̅̅̅
𝑣 ′ 𝑣 ′ for the SL=3.46D cases, seen in Figure 4-15, showed an enhanced
region slightly downstream of the spiral node. As an example, for the row 3, ReD=2.0e4 case,
̅̅̅̅̅, the
this region was centered at approximately X/D=-0.08, Y/H=0.07. As was the case with 𝑢’𝑢’
fluctuation between the two dominant modes drive this region of enhanced ̅̅̅̅̅̅
𝑣 ′ 𝑣 ′ . For this

Figure 4-15. Normalized ̅̅̅̅̅̅
𝒗′ 𝒗′ , with time averaged streamlines, for each of the SL=3.46D
cases.

38
example case, the streamlines moving through this region in Figure 4-10, it is noted that in the
backflow mode, the velocity in this region is almost entirely in the negative Y direction with
moderate magnitude. In the zero-flow mode, this region contains flow of very low magnitude, in
a variety of directions. As such, the contrast between the resulting vertical velocities (v) for both
states results in a region of enhanced normalized ̅̅̅̅̅
𝑣’𝑣’.
Figure 4-16 shows normalized ̅̅̅̅̅̅
𝑣 ′ 𝑣 ′ for the SL=1.73D cases. Like the SL=3.46D cases,
̅̅̅̅̅̅
𝑣 ′ 𝑣 ′ in the HSV region is concentrated slightly downstream of the spiral node. Just as it was for
the SL=3.46D case, the oscillation between the two dominant modes is also the cause of this
region of high ̅̅̅̅̅̅
𝑣 ′ 𝑣 ′ . Examining Figure 4-11, which shows the ReD=2.0e4 cases but whose trends

′ 𝒗′ , with time averaged streamlines, for each of the S =1.73D
̅̅̅̅̅̅
Figure 4-16. Normalized 𝒗
L
cases.
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hold true for all Reynolds numbers, it is clear that in the areas of high ̅̅̅̅̅̅
𝑣 ′ 𝑣 ′ , during the backflow
mode the v velocity is negative and of moderate magnitude. In the zero-flow mode, the v
velocity is almost zero. As a result, over the entire data set the ̅̅̅̅̅̅
𝑣 ′ 𝑣 ′ is relatively high in this
region, as displayed in Figure 4-16.
Figure 4-17 shows normalized ̅̅̅̅̅̅̅
𝑤 ′ 𝑤 ′ , with time average streamlines overlaid, for the
SL=3.46D geometry. Figure 4-18 shows the same information for the SL=1.73D geometry. In
both cases, a strong region of ̅̅̅̅̅̅̅
𝑤 ′ 𝑤 ′ associated with the HSV is not present. Especially in
downstream rows, the levels of ̅̅̅̅̅̅̅
𝑤 ′ 𝑤 ′ are greater in the mid-channel towards the pin, than in the
region around the spiral node of the streamlines. This implies that upstream wake shedding is the

Figure 4-17. Normalized ̅̅̅̅̅̅̅
𝒘′ 𝒘′ , with time averaged streamlines, for each of the SL=3.46D
cases.
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Figure 4-18. Normalized ̅̅̅̅̅̅̅
𝒘′ 𝒘′ , with time averaged streamlines, for each of the SL=1.73D
cases.
primary driver of ̅̅̅̅̅̅̅
𝑤 ′ 𝑤 ′ , and that the HSV system does not significantly alter the flow’s spanwise
velocity in downstream rows.
As a whole, from row to row the components of TKE associated with the HSV system
are amplified over mid-channel levels by an order of magnitude, a result first acknowledged by
̅̅̅̅̅ and
Devenport and Simpson [8]. For both geometries, there is a large jump in magnitude for 𝑢’𝑢’
̅̅̅̅̅
𝑣’𝑣’ from the first to the third row throughout the field of view. The increase occurs across the
entire field of view, but in the SL=3.46D case, does not occur uniformly due to the introduction of
upstream pin-fin wake-generated turbulence. For the SL=1.73D case, amplification in ̅̅̅̅̅
𝑢’𝑢’ and
̅̅̅̅̅ at the mid-channel does not outpace amplification in the HSV region, likely due to
𝑣’𝑣’
restrictions placed on wake shedding due to the confined geometry [34]. From the third to the
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fifth row, the geometries also behaved distinctly. For the SL=3.46D geometry, normalized ̅̅̅̅̅
𝑢’𝑢’
̅̅̅̅̅ were seen to decrease proportionally across the entire flowfield from row 3 to 5. The
and 𝑣’𝑣’
ReD=5.0e4 cases of the SL=1.73D geometry behaved in a similar manner to the SL=3.46D cases.
̅̅̅̅̅ and 𝑣’𝑣’
̅̅̅̅̅
However, for the ReD=1.0e4 and 2.0e4 cases in the SL=1.73D configuration, 𝑢’𝑢’
increased across the field of view.
For both geometries, the behavior of normalized ̅̅̅̅̅̅
𝑤’𝑤’, with respect to row location, was
found to be distinctly different from both ̅̅̅̅̅
𝑢’𝑢’ and ̅̅̅̅̅
𝑣’𝑣’. As in the ̅̅̅̅̅
𝑢’𝑢’ and ̅̅̅̅̅
𝑣’𝑣’ cases, ̅̅̅̅̅̅
𝑤’𝑤’
increased between the first and third rows throughout the field of view. However, unlike the
other components of TKE, it also continued to increase throughout the field of view from the
third to fifth rows in every geometry and Reynolds number. Also unlike ̅̅̅̅̅
𝑢’𝑢’ and ̅̅̅̅̅
𝑣’𝑣’, a
consistent region of enhanced ̅̅̅̅̅̅
𝑤’𝑤’ is not seen regardless of row location. In the first row, and to
̅̅̅̅̅̅ is seen in front of the spiral node. However,
some extent the third row, a region of enhanced 𝑤’𝑤’
by the fifth row, this region is no longer distinguishable above the mid-channel ̅̅̅̅̅̅
𝑤’𝑤’. This
̅̅̅̅̅̅ at this measurement
suggests that the HSV motion is not the dominant contributor to 𝑤’𝑤’
location, and that it is instead primarily dictated by wake fluctuations from upstream pin-fins.
̅̅̅̅̅ and 𝑣’𝑣’
̅̅̅̅̅ were consistently higher for the SL=1.73D case,
Although the values of normalized 𝑢’𝑢’
the values of ̅̅̅̅̅̅
𝑤’𝑤’ were distinctly lower when compared to their SL=3.46D counterparts. This
result was expected, as it has been shown that at reduced streamwise spacings, the wake shedding
length scale is decreased, the frequency of sheddings is increased, and turbulent kinetic energy in
the wakes is decreased [33].
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4.5 Turbulent Kinetic Energy
The contours of TKE normalized by Um2 for the SL=3.46D case are shown in Figure 4-19.
These contours are directly related to the components of TKE discussed in depth above, each of
which provides an equal weight in the final normalized TKE value. For each row location and
Reynolds number, high TKE levels indicative of the HSV influence are evident. This is an
important finding, as it implies that even with mid-channel turbulence that is amplified by
upstream wake fluctuations, the TKE related to the HSV is still distinguishable.
From Figure 4-19, it is apparent that the mid-channel turbulence levels are greatly
amplified from the first to the third row—the wakes that are generated from the pins greatly

Figure 4-19. Normalized TKE, with time averaged streamlines, for each of the SL=3.46D
cases.
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increase the TKE throughout the flow [33]. From row 1 to row 3, this amplification is very
prominent across all Reynolds numbers. However, between the third and fifth rows, there are
only minor changes in the level of TKE in the mid-channel flow. It is also observed that
increases in Reynolds number compress the region of TKE associated with the HSV system
closer to the pin-fin, and increase its magnitude. This behavior can be attributed to the separation
point being driven closer to the pin with increased Reynolds number as described above. This
means that the resulting TKE profile associated with the HSV system is more compressed with
increased Reynolds number. Such behavior was also seen in the computational work of
Escauriaza and Sotiropoulos [39] for open channel flow.
In both row 3 and 5, the normalized TKE throughout the entire field of view is seen to
decrease with increasing Reynolds number. It is hypothesized that this is a result of dissipation
effects outpacing TKE (normalized by Um2). Dissipation rates within pin-fin arrays have been
shown to increase at a rate that is not directly proportional to Reynolds number [30]. In these
same rows, it is observed that Reynolds number does not have a large effect on the shape of the
regions of concentrated TKE associated with the HSV system. This is in direct contrast to the first
row, where the pocket was seen to be compressed with increasing Reynolds number due to the
separation point moving closer to the pin.
Examining the effect of row location on the HSV TKE profiles, it appears that the
concentrated region of TKE associated with the HSV moves closer to the pin and becomes more
compact for rows further into the array. In the first row, the TKE is concentrated in an oval
manner near the spiral node. By row three, the TKE has taken on a lopsided, double peaked
appearance with one local maxima upstream of the spiral node, closer to the wall, and the other
maxima just slightly downstream of the spiral node and further away from the endwall. This is
especially apparent in the ReD=2.0e4 case, where the first maxima is near X/D= -0.19, Y/H= 0.04
and the second maxima is near X/D= -0.12, Y/H= 0.06. In the fifth row, the TKE remains
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concentrated only in the region downstream and slightly above the spiral node and no longer
appears to be double peaked as in row 3.
The shapes of the regions of concentrated TKE HSV system can be explained in context
of the components of TKE. For the sake of example, the ReD=2.0e4 case in Figure 4-19 is
examined. In the first row, the peak region of TKE near X/D= -0.15, Y/H= 0.05 is a result of
overlap between all components of TKE, shown in Figure 4-12, Figure 4-15, and Figure 4-17.
Upstream of this region, TKE is amplified above mid-channel levels, primarily as a result of ̅̅̅̅̅
𝑢’𝑢’.
In the third row, the peak in TKE seen upstream and below the spiral node at X/D= -0.19, Y/H=
̅̅̅̅̅ seen in Figure 4-12. Although the 𝑢’𝑢’
̅̅̅̅̅ in
0.04 is driven by the region of peak normalized 𝑢’𝑢’
this region is great, low ̅̅̅̅̅
𝑣’𝑣’ and moderate ̅̅̅̅̅̅
𝑤’𝑤’ result in a local peak in TKE that is not
completely dominant. For the second peak in TKE for the row 3 case, seen slightly downstream
and slightly above the spiral node at X/D= -0.12, Y/H= 0.06, levels of ̅̅̅̅̅
𝑢’𝑢’, ̅̅̅̅̅
𝑣’𝑣’, and ̅̅̅̅̅̅
𝑤’𝑤’ are all
moderate, but combine to form a second region of peak TKE. In the fifth row, the single peaked
behavior of TKE is a result of the simultaneous row 3 to row 5 decay of ̅̅̅̅̅
𝑢’𝑢’ and amplification of
̅̅̅̅̅̅
𝑤’𝑤’. The global decay of ̅̅̅̅̅
𝑢’𝑢’ cause the TKE below and behind the spiral node to be less
̅̅̅̅̅ and 𝑣’𝑣’
̅̅̅̅̅ are
significant than that seen in row 3. In front of and above the spiral node, 𝑢’𝑢’
reduced compared to row 3. However, ̅̅̅̅̅̅
𝑤’𝑤’ is increased due to wake turbulence, offsetting losses
in the other components, and resulting in a region of amplified TKE that is very similar to that
seen in the third row.
The contours of TKE normalized by Um2 for the SL=1.73D case are shown in Figure 4-20.
As in the SL=3.46D case, it is apparent that there is a jump in the mid-channel turbulence levels.
Unlike the SL=3.46D case, the turbulence in the mid-channel continues to increase from row 3 to
row 5. This trend is emphasized in Figure 4-21, with the normalized TKE values in the midchannel at Y/H=0.30, X/D=-0.14 showing a clear increase with row number across the examined
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Figure 4-20. Normalized TKE, with time averaged streamlines, for each of the SL=1.73D
cases.
rows. As in the SL=3.46D case, for the downstream rows, increases in Reynolds number result in
decreased normalized TKE across the entire field of view. This is hypothesized to occur for the
same reason as in the SL=3.46D case; that dissipation rates within pin-fin arrays have been shown
to increase at a rate not directly proportional to Reynolds number [30]. Further turbulence
statistics at this mid-channel location are supplied in Table 4-2. Note the extremely high
turbulence intensities towards the mid-channel, which are fundamentally different than many of
the other studies of the HSV. Such levels are the result of turbulence induced by upstream low
aspect ratio pin-fins, as well as the closed nature of the channel.
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Figure 4-21. Normalized TKE in the mid-channel, taken at Y/H = 0.3, X/D = -0.14.

Table 4-2. Turbulent statistics at Y/H=0.3, X/D=-0.14 for each case.
Spacing

Reynolds
Number

Row

TKE/Um^2

TKE
(m^2/s^2)

1
0.010
3
0.243
5
0.242
1
0.011
3.46D 2.00E+04
3
0.210
5
0.205
1
0.013
5.00E+04
3
0.155
5
0.132
1*
0.010
1.00E+04
3
0.141
5
0.269
1*
0.011
1.73D 2.00E+04
3
0.117
5
0.220
1
0.008
5.00E+04
3
0.120
5
0.168
Measurements taken at Y/H= 0.3, X/D= -0.14
*Taken from 3.46D row 1 cases
1.00E+04

0.012
0.285
0.289
0.052
0.974
0.987
0.387
4.497
3.974
0.012
0.170
0.313
0.052
0.560
1.081
0.237
3.601
5.118

Turbulence
Turbulence
Intensity
Intensity/Um
(m/s)
0.090
0.436
0.439
0.186
0.806
0.811
0.508
1.732
1.628
0.090
0.337
0.457
0.186
0.611
0.849
0.397
1.549
1.847

8.2%
40.2%
40.1%
8.4%
37.4%
36.9%
9.1%
32.1%
29.6%
8.2%
30.7%
42.3%
8.4%
27.9%
38.3%
7.2%
28.3%
33.5%
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In Figure 4-20, at the reduced streamwise spacing, row location does not appear to have
as great an effect on the shape of the concentrated region of TKE associated with the HSV. In
row three, a double peaked appearance is not evident, and the TKE is concentrated in the region
around the spiral node. The same is true for the fifth row. The lack of a double-peaked shape is
attributed to the lack of comparatively high magnitude ̅̅̅̅̅
𝑢’𝑢’ in the backflow region. This region
̅̅̅̅̅. In the
sits below and upstream of the spiral node for each case, and is the location of peak 𝑢’𝑢’
third row of the SL=3.46D cases, the normalized ̅̅̅̅̅
𝑢’𝑢’ values in this region were significantly
larger than the maximum ̅̅̅̅̅
𝑣’𝑣’ values in the HSV region (see Figure 4-12 and Figure 4-15
̅̅̅̅̅ in the backflow region was great enough to propagate
respectively). The magnitude of the 𝑢’𝑢’
into the TKE contours, causing the double peaked profile. For the SL=1.73D geometry, the ̅̅̅̅̅
𝑢’𝑢’
in this region is on the same order as the maximum ̅̅̅̅̅
𝑣’𝑣’ values in the HSV region (see Figure
̅̅̅̅̅ in the
4-14 and Figure 4-16 respectively). As a result, in the calculation of TKE, the 𝑢’𝑢’
backflow region is not large enough to propagate through to create a distinct double peaked
shape.
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Chapter 5
Conclusions
Low aspect ratio pin-fin arrays are a type of internal cooling feature commonly used in
gas turbine engines. Flowfield behavior within such pin-fin arrays is extremely complex due to
wall effects, blockage effects, and pin wake fluctuations. The horseshoe vortex system is a vortex
system that occurs at the base of a bluff body extruding from an endwall when flow impinges on
the bluff body. In the turbulent regime, the horseshoe vortex system is understood to be unsteady
and quasi-periodic, with oscillations between two modes occurring. Although the system has
been fairly well studied for open-channel flow, the development of the horseshoe vortex system
about pin-fins at various row locations within a pin-fin array are not well understood. The current
study utilized time resolved stereo-particle image velocimetry measurements to quantify the
behavior of the horseshoe vortex system throughout two arrays of varied streamwise spacing, at
several Reynolds numbers, for low aspect ratio pin-fins.
The behavior of the first row HSV system was found to be influenced by increases in
Reynolds number. When Reynolds number was increased, the time-average HSV system moved
closer to the pin-fin. In addition, the vorticity and turbulent kinetic energy became more
concentrated with increases in Reynolds number. The turbulent kinetic energy in associated with
the HSV system in the first row was found to be an order of magnitude above the mid-channel
flow. A bimodal distribution of the streamwise component of velocity was discovered for all
first row cases in the backflow region of the HSV, indicating that the zero-flow and backflow
modes were present, even though the flow was in a closed channel about a small aspect ratio pin.
In rows 3 and 5 for the SL=3.46D case the time-average velocity and streamline profiles
were remarkably similar across both row location and Reynolds number. Additionally, the
vorticity profiles were very similar, and showed a likeness to the first row, ReD=5.0e4 case.
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These trends suggest the development of a time average fully developed state within the array.
As in the first row, bimodal distributions of streamwise velocity were discovered for the
downstream pins suggesting that the horseshoe vortex still retained the zero-flow and backflow
mode behavior. Conditional averaging was performed to generate time-average profiles of these
modes, and it was noted that the backflow mode consistently sat further upstream, and was larger
̅̅̅̅̅ and ̅̅̅̅̅̅
than the zero-flow mode. Regions of high of 𝑢’𝑢’
𝑣 ′ 𝑣 ′ were attributed to the differences in
structures of the HSV in the zero-flow and backflow modes. ̅̅̅̅̅̅̅
𝑤 ′ 𝑤 ′, however, was not found to be
strongly influenced by the HSV and was instead dominated by upstream wake shedding across
the field of view. TKE can be explained in context of these trends, and it was found that the
shape of the TKE associated with the HSV changed from row to row. This change was due to the
increased dominance of ̅̅̅̅̅̅̅
𝑤 ′ 𝑤 ′ as row number was increased, and the simultaneous decrease in
̅̅̅̅̅
𝑢’𝑢’ and ̅̅̅̅̅̅
𝑣 ′ 𝑣 ′ with increased Reynolds number. Normalized turbulent kinetic energy was found
to decrease across the field of view with increased Reynolds number, and was attributed to
increases in dissipation outpacing increases in Reynolds number.
The array with the closer streamwise spacing, SL=1.73D, was found to show differences
in the time-average structure of the HSV system in downstream rows compared to the SL=3.46D
results. In these rows, the incoming flow was noted to be a higher velocity due to the close
proximity to upstream rows and resulting blockage effects from the pins and their wakes. The
time-average HSV system was found to be pushed closer to the pin and wall, and is hypothesized
to be due to geometry constraints forcing the separation point closer to the pin. Unlike the
SL=3.46D case, the normalized vorticity contours showed a dependence on Reynolds number,
with the strongest normalized vorticity associated with the lower Reynolds number cases. In
addition, in the downstream rows the vorticity was found to be concentrated upstream of the
primary HSV’s spiral node in addition to around the spiral node, a distinction from the wider
spaced array case. Like the wider spaced array, the backflow and zero-flow modes of the HSV
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were discovered in downstream rows. The difference in size and X/D location of these two
modes was reduced versus the wider spaced arrays, and is hypothesized to be a result of the
separation point being driven closer to the pin. The components of TKE were found to be
maximum in the same relative regions, but relative magnitudes were found to differ. TKE in the
HSV region was of a similar shape in all downstream rows, but was found to continue to increase
across the field of view from row 3 to row 5. This suggest that at the 5th row, the TKE in the
array is still not “fully developed”. Like the wider spaced array, the TKE was found to decrease
across the field of view with Reynolds number, once again attributed to dissipation outpacing
increases in Reynolds number.

5.1 Recommendations for Future Work
The results presented herein are an attempt to quantify and explain the behavior of the
HSV system in a time-mean sense. Although the time-resolved behavior was examined through
histograms, more in-depth analysis of the temporal behavior remains to be performed. Properorthogonal-decomposition has been performed on the HSV system by other authors [13], and
shows promise in the analysis of the two dominant HSV modes. It is recommended that such
methods be applied to the gathered PIV data in an attempt to further explore the HSV system’s
behavior. Additionally, other metrics such as the Reynolds shear stresses, and turbulence
production, could be examined to further quantify the present results and provide a database for
computational validation. Finally, moving forward, efforts could be made to alter the flow
upstream of the HSV system in an effort to control its behavior. Introduction of vortex
generators, contoured endwalls, or surface jets all have the possibility of altering the HSV
system’s behavior. Finally, additional work could be performed to quantify the impact of the
HSV on temporally resolved heat transfer in pin-fin arrays. It is understood that the HSV system
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has an impact on the time-averaged endwall heat transfer within pin-fin arrays. However,
temporally resolved endwall heat transfer relating to the HSV system within an array has not been
examined. In addition, it is hypothesized that the oscillation between modes has an impact on the
heat transfer on the surface of the pin-fin. The concurrent use of the PIV system and a newly
developed pin-fin heat flux sensor could allow for direct analysis of the HSV system’s impact on
the heat transfer of a heated pin in an array.
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Appendix

1. Bimodal Conditional Averaging
The conditionally averaged zero-flow and backflow modes are shown in Figures A-1 to
A-4. These figures detail the two modes for all rows of the ReD=1.0e4 and ReD=5.0e4 cases for
both SL=3.46D and SL=1.73D. These figures are an extension of Figure 4-10 and Figure 4-11,
which show the two modes for the ReD=2.0e4 case for both streamwise spacings. As described in
the results section, the HSV in the backflow mode was found to be consistently larger and further
upstream than the zero-flow mode. With regards to streamwise spacing, the closer packed array
was found to cause the differences between the modes, with respect to both size and distance
from the pin, to be minimized. This is believed to be a function of the geometry disrupting the
separation point of the HSV system and driving it closer to the pin.

Figure A-1. Time-averaged backflow and zero-flow modes for the ReD=1.0e4, SL=1.73D cases.
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Figure A-2. Time-averaged backflow and zero-flow modes for the ReD=5.0e4, SL=1.73D cases.

Figure A-3. Time-averaged backflow and zero-flow modes for the ReD=1.0e4, SL=3.46D cases.
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Figure A-4. Time-averaged backflow and zero-flow modes for the ReD=5.0e4, SL=3.46D cases.

