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ABSTRACT
Convective cooling technologies are applied often in thermal systems. Thermal
management is important for the life of parts and for the efficiency of systems. Pin fins are one
of these cooling technologies, and are used to promote heat transfer by increasing surface area
and increasing turbulence. Pin fins are commonly used in gas turbines, especially in the blades of
a high pressure turbine. The conditions of the flow around the blades in this section of the gas
turbine are so intense that pin fins are needed to cool the blades and to provide structural support
to the trailing edge of a turbine blade.
This study examines how the arrangement of these pin fins affects the flow field around
the array. Using a paint and oil mixture for flow visualization, pin arrangements with varying
spanwise and streamwise spacing are studied and analyzed. The spanwise spacing is varied from
S/D = 2 to 3, and the streamwise spacing is varied from X/D = 2 to 3. All experiments were run
at a Reynolds number of 10,000 with low aspect ratio pin fins with H/D = 1.
The results show that as spanwise spacing decreases, pressure loss increases. Streamwise
spacing has no effect on the pressure loss. However, streamwise spacing does determine how
large the wake is behind pins, and how much vortex shedding there is in the flow. These results
corroborate and explain previously published heat transfer data.
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NOMENCLATURE
A = area
d = pin diameter
Dh = unobstructed duct hydraulic diameter
f = friction factor
h = heat transfer coefficient
H = channel and pin fin height
L = length
N = the number of a quantity
P = perimeter
Re = Reynolds number based on U and Dh, UDh/ν
Red = Reynolds number based on Umax and d, Umaxd/ν
S = spanwise spacing between pin centers
T = temperature
u = uncertainty
U = average velocity in unobstructed channel
Umax = maximum average velocity between the pin fins
V = voltage
W = width of channel
x = streamwise distance
X = streamwise spacing between pin centers
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Chapter 1
Introduction

Motivation
Gas turbines are used in power generation and aerospace applications. Gas turbines
consist, generally, of three basic components: the compressor, the combustor, and the turbine.
This arrangement can be seen in Figure 1-1. These components work together to produce power,
in the case of land based turbines, or thrust, in the case of airplane engines. Air is pulled through
the compressor, where the air pressure rises greatly. Energy is then added to the flow in the form
of heat from the combustor. This high-pressure, high-temperature flow is expanded through the
turbine, which provides the collected power to the mechanically attached compressor. Excess
power from the turbine is used to generate thrust in an airplane engine via a large fan, and to
produce electricity in a land based turbine via a generator.
A gas turbine is conceptually divided into the “cold section” and the “hot section”, where
the cold section is any component before the combustor, and the hot section is the combustor and
following components. The compressor lies in the cold section and the combustor and turbine lie
in the hot section. The design and analysis is split into these two sections because the engineering
is so vastly different once the heat is added to the flow.
In the hot section, specific fuel consumption is decreased as the turbine inlet temperature
is increased. Figure 1-2 shows this relationship. This trend means that the amount of fuel
required to produce a unit of thrust in an airplane engine decreases with increasing turbine inlet
temperature. Therefore, airplane manufacturers and operators, unsurprisingly, desire the lowest
possible specific fuel consumption. However, raising the turbine inlet temperature presents a
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difficult engineering challenge, because the temperature of the flow surpasses the melting
temperature of the blade material. The comparison between turbine inlet temperature and
allowable metal temperature can be seen in Figure 1-3.
The high fluid temperatures, combined with the large centrifugal loads on the turbine,
create a very extreme environment for the turbine blades to survive in. For example, in the Rolls
Royce Trent engine, the turbine inlet temperature is 1600 C and the turbine is operating at a speed
of 10000 rpm, creating a centrifugal load of 18 tons [Rolls Royce]. In a metal alloy, such as those
used to cast turbine blades, the tensile strength decreases with increasing temperature, so at these
conditions the life of the turbine blades is very low, unless blade cooling is utilized.
Engineers have accomplished this blade cooling in two ways: externally and internally.
Necessary to these modes of cooling is “secondary flow” within the engine. The secondary flow
is air that is bled out of the primary flow, most commonly after the first or second stage of the
compressor. This cooling air flows down the engine through the hollow shaft to the turbine,
where it flows through the internal passageways of the hollow turbine blade, cutaway shown in
Figure 1-4, and is used for external and internal cooling of the blades and vanes. External cooling
is accomplished through air that flows through film cooling holes and spreads over the surface of
the blade. Pin fin arrays, impingement cooling, trip strips, and ribs are used to promote
convective cooling within the internal passageways by tripping the boundary layer of the flow
and increasing the turbulence. Ribs, trip strips, and impingement cooling provide great amounts
of heat transfer in the internal passageways of the leading edge of the blade. These methods are
great for heat transfer promotion, but offer absolutely no structural support, and therefore cannot
be used in the very thin trailing edge of the blade. Pin fins are able to provide structural support
in addition to cooling the blade. Combined, internal and external cooling methods are so
effective that if the blade were made of ice and placed in a conventional oven at the highest
setting, the ice would not melt [Rolls Royce].
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With an unlimited amount of cooling air, these cooling technologies almost seem easy to
accomplish. However, the challenge is to make the cooling process more efficient and reduce the
amount of cooling air needed. As previously mentioned, the cooling air or “secondary flow” is
bled out of the primary flow. This primary flow is the same air that does work on the turbine in
order to produce power, and also provides thrust at the end of the engine cycle. Reducing the
amount of primary flow that is turned into secondary flow increases the amount of air expanding
through the turbine and exiting out of the nozzle, thus improving the efficiency and thrust of the
engine.
Improvements to cooling technologies are still needed in order to advance gas turbine
technology. With no viable alternative to fuel-powered flight on the horizon, a good way to
reduce fuel cost and greenhouse gas emissions from gas turbine jet engines is to decrease specific
fuel consumption. Since specific fuel consumption decreases with increasing turbine inlet
temperature, blades need to be continually improved to withstand higher temperatures. Research
in this field, including the research detailed in this thesis, is dedicated to enabling higher turbine
inlet temperatures.

Objectives
The intention of this research is to visualize the flow of air around a pin fin. A pin fin is
an internal cooling device that disrupts the boundary layer of the cooling flow in order to increase
the convective heat transfer. The main objective is to visualize the streamlines in order to
corroborate heat transfer data from other research. It is very difficult to observe both heat transfer
and fluid dynamics effects in just one experiment. In order to understand the heat transfer data
that was previously collected, it is important to understand the fluid mechanics of the situation.
The flow around these pins is variable and not easily modeled by simple equations or CFD.
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Therefore it is necessary to visualize the flow. This visualization can be completed with Particle
Image velocimetry (PIV) or Laser Doppler velocimetry (LDV), but in this case will be observed
with an oil and paint mixture on an experimental rig.
The configuration of these pin fins can be adjusted in the test section so that
trends can be observed dependent on the spanwise or streamwise spacing. The objective with
these different configurations is to see where the flow separates, where and if there is
recirculating flow, and how large the pressure drop is over the pin array.
Also, a secondary objective of this research is to get experience in a lab and to
write an honors thesis to fulfill the graduation requirements of the Schreyer Honors College.
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Figure 1-1: Schematic of gas turbine [Miller, 2001]

Figure 1-2: Specific core power vs. turbine inlet temperature [Ekkad, 2003]
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Figure 1-3: Turbine inlet temperature over time, compared with allowable metal temperatures
[Ekkad, 2003]

Figure 1-4: Cutaway view of gas turbine blade [Ekkad, 2003]
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Chapter 2
Review of Relevant Literature

Effect of aspect ratio
Fins are a common cooling technology often used in heat exchangers. Extensive research has
been done on long fins and the relationship for the local heat transfer coefficient has been
determined through these experiments. This relationship, however, is only applicable for fins of a
certain aspect ratio. Generally, this aspect ratio minimum is considered to be H/D = 4. Research
has also been done on fins with aspect ratios of H/D <0.5. Pin fins with small, but not tiny,
aspect ratios of 0.5 < H/D< 4 have not been researched extensively, and the range is too large and
the variables too complex to interpolate [Armstrong, Winstanley, 1988]. Unfortunately, the pin
fins in gas turbine airfoils lie in this range.
Since pin fins are in the trailing edge of the airfoil, they must be short enough to fit inside this
thin part of the blade, but the diameter must still be large enough that it is possible for the part to
be manufactured. Because of these constraints, the most common aspect ratio for pin fins is
unity, but the aspect ratio does vary. Many studies have been done to determine how the aspect
ratio affects the heat transfer of the pin fin array.
All studies agree that pin fins with larger aspect ratios have a greater effect on heat transfer
than those with smaller aspect ratios [Brigham, VanFossen, 1983], [VanFossen, 1981]. However,
with that being said, when the aspect ratio is changed from 1 to 2, the ratio has little effect on the
heat transfer [Ostanek, Thole, 2012]. Due to the small effect that aspect ratio has in the range of
1 to 2, most research reviewed in this section pertains to pin fins with an aspect ratio of unity, and
that much can be assumed unless otherwise stated.
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Effect of Reynolds number
Depending on how fast the flow is moving through the pin fin array, the array might operate
under varying Reynolds numbers and it is important for the designer to be able to prepare for that
and anticipate it. Reynolds number is defined:

where U is the channel velocity, d is the pin diameter, and

is the kinematic viscosity. The

Reynolds number has an effect on the local heat transfer coefficients and also the pressure drop
over the array. The local heat transfer coefficient is related here by the non-dimensional Nusselt
number:

where h is the convective heat transfer coefficient, d is the pin diameter, and k is the fluid thermal
conductivity.
Re and Nu are correlated by the fact that as Re decreases, Nu increases. However, at low
Re numbers, the aspect ratio H/D becomes more prevalent in the effect it has on Nu [Brigham,
VanFossen, 1983]. Also at low Reynolds numbers, combined with a small spanwise spacing, the
pin heat transfer is the lowest possible [Lyall et al., 2011], [Kirsch et al., 2013]. Alternately, for
low Re and small spanwise spacing, the endwall heat transfer, or rather the heat transfer on the
surfaces that are not the pins, is the highest [Lyall et al., 2011]. At higher Reynolds numbers, the
pressure drop augmentation is also high [Lyall et al., 2011].
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Effect of geometry
Aside from cylindrical pin fins, other shapes have been investigated. These pin fin shapes
include elongated pin fins, cubic pin fins, and oblong pin fins. In most cases, the new shape will
slightly increase heat transfer, but will come at the cost of also increasing the pressure loss or
being very difficult to manufacture. Because of this, the cylindrical pin fin still remains the most
popular geometrical shape. However, the other shapes are certainly worth mentioning.
Chyu et al. [1998] studied cubic pin fins. The cubic element is one that is a natural geometry
for integrated circuit packages, so the cubic pin fin is an intuitive cooling element for electronics
cooling. Chyu et al. tried to adapt the cubic fin for turbomachinery cooling. The results of this
study show that the cubic element oriented with one face perpendicular to the flow yields the
highest heat transfer results, followed by the cubic element oriented at a 45° angle to the flow
(also referred to as a diamond), and then followed by cylindrical pins with the worst heat transfer
results. Diamonds had the highest pressure drop of the three shapes, followed by the cubic pins,
and then followed by the circular pin fins [Chyu et al., 1998].
Another common shape is an oblong pin, which is an elongated cylindrical pin. [Metzger et
al., 1984] did a study on elongated pins and found that they increase heat transfer but also
increase pressure loss. This is similar to the results of a paper by Kirsch, Ostanek, and Thole that
compares oblong pins to cylindrical pins [Kirsch et al., 2013]. This research found that the area
averaged heat transfer of an oblong pin fin is 30-35% lower than on a cylindrical pin. This is
because a cylindrical pin only experiences one minimum and one maximum in its local heat
transfer coefficient, while an oblong pin experiences two minima and two maxima. The
minimum of the cylindrical pin is right before the flow separates, while the maximum heat
transfer is at the stagnation point. On the oblong pin, the first minimum is right before the
boundary layer transitions to turbulent, and the other is right before the separation at the trailing
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edge. The cylindrical pin, in contrast, does not transition to a turbulent boundary layer before the
flow separates. Oblong pins also have two maximum points of local heat transfer; the first is at
the stagnation point, and the second is where the boundary layer transitions from laminar to
turbulent.
In order for the heat transfer from oblong pins to be high, a laminar boundary layer must form
on the long side of the pin. Therefore, the Reynolds number must be high and the spanwise
spacing must be wide in order for the oblong pins to effectively grow a boundary layer. At low
Re and tight spanwise spacing, the boundary layer is suppressed by the pressure gradients from
the pins, so the oblong pins produce very little heat transfer in this configuration.
The friction factor is lower for oblong pins since the shape is much more streamlined, which
leads to a lower pressure drop. However, despite creating a larger pressure drop, cylindrical pins
produce higher overall heat transfer when compared to oblongs [Kirsch et al., 2013].
Another method of cooling worth mentioning is not actually a pin fin. Lamont et al. [2012]
have done research on rib turbulators. Rib turbulators enhance heat transfer by tripping the
boundary layer of a flow and inducing turbulence. The heat transfer promoted by rib turbulators
is significant compared to other enhancement features, but the pressure drop is higher.
Another of the methods cited in this research is the dimple [Lamont et.al., 2012].
Dimples also trip the boundary of a flow and induce turbulence. Dimples cause local heat
transfer enhancement but also increase heat transfer in and around dimples. The study shows that
close packing of dimples provides further enhancement due to secondary enhancement from
upstream and downstream of the dimple interactions [Lamont et.al., 2012].
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Differences in endwall and pin heat transfer
Several studies have shown the difference between the heat transfer generated by the pins and
endwall. Though the research might not have intended to find the comparison between pin and
endwall heat transfer, two studies found when reviewing their data that heat transfer from pins is
much higher than from the endwall [Lyall et al., 2011] [VanFossen, 1981]. One study actually
quantified this comparison, showing that pin heat transfer is twice as high as that of the endwall
[Metzger et al., 1984].
The difference between this heat transfer has several implications. First, this difference
shows that pins are a crucial part of the turbine blade structure. Not only do they provide support
in the trailing edge and act as a turbulence promoter, but they also help to remove a great deal of
heat from the turbine blade. Second, this difference in heat transfer helps to explain why pins
with higher aspect ratios have higher heat transfer rates. At an aspect ratio of one, which is the
aspect ratio used in these studies, the surface area of the pin compared to the surface area of the
endwall is a certain ratio. This ratio will increase with the aspect ratio of the pins, and as the ratio
increases, so will the comparative amount of heat transfer.

Effect of array spacing
Possibly the most researched topic in the field of pin fin cooling is the arrangement of pin fins
in an array. Varying the spanwise and streamwise spacing in an array affects not only pressure
loss through the array, but also the amount of heat transfer that the array can promote [Ostanek,
Thole, 2012]. This topic has been studied so extensively since there are so many variables to
consider and also so many ways to measure the results. Many papers have been published on this
and it is important to understand the effects of each kind of spacing. Also, measuring heat
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transfer and visualizing the flow is important to do not just in an entire array, but also in just the
first row. This knowledge enables researchers to understand better what exactly happens as air
flows around a pin by eliminating all other factors that change the flow downstream.
Chyu et al. found that a staggered array of pin fins produces higher heat transfer than an
inline array [Chyu et al., 1998]. Staggered arrays are very much a generally accepted practice
and not much research or design is spent on inline arrays.
By either holding the streamwise spacing constant while varying the spanwise spacing, or by
observing just one row of pins, the effect of spanwise spacing can be observed. Ostanek and
Thole showed that decreasing spanwise spacing from S/D=3 to S/D=1.5 in a single row
suppressed downstream vortex shedding and created biased, asymmetric wakes [Ostanek, Thole,
2012]. However, vortex shedding from spanwise spacings greater than S/D=2 were shown to be
beneficial for heat transfer on the pin fin surface [Ostanek, Thole, 2012]. Additionally, Lyall et
al. found that heat transfer is the highest in arrays with small spanwise spacing and low Reynolds
numbers [Lyall et al., 2011].
Likewise, the effects of streamwise spacing were studied by holding the spanwise spacing
constant and varying the streamwise spacing. Ostanek and Thole found that decreasing the
streamwise spacing from X/D=3 to X/D=2 suppressed vortex shedding in the first row of a
multiple row array [Ostanek, Thole, 2012]. Also, it was observed that pin fin heat transfer
increased on the trailing edge of the pin for streamwise spacing larger than X/D=2.6, however, at
the expense of array heat transfer decreasing in downstream rows [Ostanek, Thole, 2012].
Aside from the effect these arrays have on heat transfer, they also affect the pressure drop
through the array. A large amount of pressure build-up in the trailing edge of the blade
negatively affects component lifetime and therefore, keeping the pressure drop to a minimum,
without sacrificing heat transfer, is an important goal. Pressure drop is largely dependent upon
spanwise spacing, especially as compared to the effects of streamwise spacing [Lawson et al.,
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2011]. For example, Lyall found that when S/D=2, there was a pressure drop of 80% and when
S/D=8, the pressure drop was only 25% [Lyall et al., 2011]. Small spanwise spacing creates
more flow blockage, which is the dominant effect when considering pressure loss and friction
factor [Lawson et al., 2011].
Lawson et al. published some great observations of the combined effects of spanwise and
streamwise spacing [Lawson et al., 2011]. First of all, the authors found that streamwise spacing
has a larger effect than spanwise spacing on array heat transfer; as it decreases, heat transfer
increases. With this in mind, the paper recommended several combinations that can increase heat
transfer while not sacrificing pressure loss or downstream average row heat transfer. The ratio of
streamwise to spanwise spacing was observed. The authors found that if the streamwise spacing
was larger than the spanwise, the heat transfer was maximized farther upstream, because wake
impingement and flow acceleration were maximized in the first two rows. Alternately, when
streamwise spacing was smaller than spanwise, the heat transfer reached a maximum farther
downstream. This maximum is because the close rows enhance pin fin wake interaction. Heat
transfer performance was observed to be the best in an array with the tightest spanwise and
streamwise spacing. However, in order to maximize heat transfer while minimizing pressure
drop, Lawson et al. recommends increasing the spanwise spacing and decreasing the streamwise
spacing. Lawson’s recommendation is also consistent with all of the aforementioned data from
other studies.

Effect of array location
Pin fin arrays in gas turbine applications are often several rows deep in the streamwise
direction. However, despite being arranged in an optimal array, the heat transfer still drops off in
later rows. This heat transfer drop-off happens for two primary reasons: First of all, a great deal
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of heat transfer occurs in the first three rows. The heat transfer that happens in the first three
rows elevates the bulk mean temperature of the flow, reducing the driving potential for
convective heat transfer [Chyu et al., 1998]. Secondly, the driving concept of pin fin heat transfer
is to trip the boundary layer and benefit from high heat transfer coefficient of a flow that is
transitioning to a turbulent flow. This transition cannot occur in the later rows because it has
already become increasingly turbulent and fully developed throughout the array.
To observe this drop in heat transfer throughout the area, some research was done
where the heat transfer was measured in various rows other than the first one. Chyu et al.
discovered through this research that the maximum Nusselt number generally occurs in the
second or third row [Chyu et al., 1998]. Also, the Nusselt number reaches a constant value in
later rows once the flow is fully developed [Chyu et al., 1998]. Brigham and VonFossen also
found that heat transfer increases in the first two rows, decreases slightly in the third row, and
then remains constant regardless of the number of rows of pins [Brigham, VanFossen, 1983].
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Chapter 3
Design and Construction of Experimental Facility

Overall Test Facility
The goal of this research is to visualize the flow around various arrays of pin fins whose
height to diameter ratio is one. Pin fins are a cooling method used in the trailing edge of a gas
turbine blade. The internal channels of a gas turbine blade were scaled to 130 times their actual
size in order to resolve details of the flow visualization. Tests were run at a Reynolds number of
10,000 with S/D = 2, 2.5, 3.03 and X/D = 2.16, 2.6, 3.03 with three rows of pins.
All research was completed in The Pennsylvania State University Experimental and
Computational Convection Laboratory (PSU ExCCL). Experiments were carried out in a small
rig made of medium-density fiberboard (MDF). The rig is shown in Figure 3-1, with pin fins
included for scale. Flow enters the plenum and immediately hits a splash wall, shown in Figure
3-2. This splash wall is to ensure that the flow is dispersed through the test section, and that there
is no area of high flow velocity in the center of the test section. The flow pools in the plenum,
which is a positive pressure chamber, and the pressure difference between the plenum and the
outlet of the test section drives the flow through the test section. The volume of the plenum is
0.105 cubic meters with an inside height of 0.508 m, inside width of 0.813 m, and inside length of
0.254 m, which can be seen in Figures 3-3 and 3-4.
The channel height is 0.0508 meters and the width is 0.813, yielding a hydraulic diameter
of 0.0904 m. This channel width can accommodate five pins across in the configurations with the
largest spanwise spacing, S/D = 3.03. Immediately after the plenum is a 15 inch long segment of
the test section that is covered in plywood and unavailable for the placement of pin fins. This
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section is intended to allow the flow to become fully developed. Since the plenum is
comparatively large, the flow inside it effectively has a velocity of zero, so this essentially
stagnant flow in the plenum combined with the development area of the test section leads to
uniformity in the flow. After this length, the top endwall of the test section is constrained by a
removable Plexiglas cover. To ensure that the Plexiglas does not sag in the middle and allow
flow to leak, a bolt was added to the middle of the Plexiglas, and corresponds to a notch in the
plywood. Also, the sides of the Plexiglas cover are sealed using clamps and long pieces of wood
to distribute the force of the clamp over the length of the test section.
In the region of the test section before the Plexiglas cover, there is a both a pressure tap
and hole that gives access to a Pitot probe or a thermocouple. Also on the Plexiglas cover, there
are pressure taps located every two inches from a distance of 30 inches from the outlet to 20
inches from the outlet.
In order to compare our flow visualization results with the heat transfer data collected by
Kirsch et al., 2013, the Reynolds numbers needed to be at least 10,000. Reynolds numbers at
which the authors collected data ranged from 10,000 to 30,000, therefore our minimum was Re =
10,000. In order to accomplish this Reynolds number, a Dayton blower was used.

Facility Benchmarking
A great deal of time was spent benchmarking and validating this rig. Before any pressure
measurements could be taken, or any flow could be visualized, the entire rig was checked
extensively for leaks. The rig was disassembled and gasket and foam were used to solve leaks.
Once the rig was reassembled, it was once again checked for leaks, and if a leak still existed, it
was covered with silicone. A flat top endwall was ensured by securing the Plexiglas
unobtrusively. A piece of wood about 20 inches long with a cross section of about 1 inch by 1
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inch was placed on top of each side wall of the test section, sandwiching the Plexiglas cover.
This connection was then sealed by a clamp on either side. The purpose of the pieces of wood is
to distribute the force from the clamp, so that the seal is tight along the entire test section and not
just where the clamp is. This method eliminates leaks from the sides of the test section.
In order to measure the flow from the blower, the Lambda Square, Inc. Venturi meter was
required. The inlet and outlet diameter of this Venturi meter is 6 inches (or 0.1524 meters), as
opposed to the 2.5 inch (0.0635 meter) diameter of the blower outlet and rig inlet. Also, in order
for the Venturi meter to properly measure the flow, it is recommended that 10 pipe diameters of
uninterrupted pipe be placed both upstream and downstream of the Venturi meter. In order to
accomplish these requirements, two couplings were used at the blower outlet and the rig inlet.
One coupling increased the diameter from 2.5 inches to 4 inches, and the second increased the
diameter from 4 inches to 6 inches. This rapid change in cross-sectional area led to large pressure
losses in the Venturi meter configuration. Due to these large losses, the Reynolds number in the
test section was not nearly high enough, and the pipe configuration was ultimately disassembled,
after taking the necessary flow measurements. With the absence of a flow meter in the test
configuration, the flow was instead calculated using a Pitot probe. This probe was inserted in a
hole near the end of the plywood section, so the flow could be considered fully developed.

Experimental Procedure
For this research, it was necessary to test pin fins in several different configurations of
varying spanwise and streamwise spacing and visualize the flow around said pins using a paint
and oil mixture. For several reasons, contact paper was put on the lower endwall and the paint
and oil mixture was painted on top of this. Contact paper was chosen because it is smooth and
does not affect friction factor. Also, the white contact paper contrasts well with the black paint in
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the mixture. The pin locations are drawn on the contact paper before the paint is applied, and the
mixture is not painted in those circles. Then, the pins are added and the Plexiglas cover is
installed. When the blower is turned on, a fully developed flow comes through the test section
and interacts with the pin fin array. The friction on the mixture due to the flow over it causes
streamlines to develop in the paint. These streamlines can then be observed through pictures
taken before, during, and after the tests.
On the back of the non-stick component of the contact paper is a grid. This grid is a very
useful and accurate way to mark the contact paper for the location of the pins. In order to do this,
the contact paper was put on Plexiglas and a spotlight was shone from beneath, illuminating the
grid on the contact paper’s white surface.
Instead of being affixed to the endwall, the pins are just placed on their indicated location
and the paint is added around them. These pins are individually free to move, which is helpful for
placement, but are constrained by the top endwall once the Plexiglas cover is added.
The ratio of paint to oil used in the mixtures for this experiment was very important and
difficult to develop. The mixture that was found to be optimal was 67 grams of motor oil, 8
grams of kerosene, and 8 grams of black paint. The mixture is a colloidal suspension of paint in
oil and kerosene. Paint is much denser than oil or kerosene, so if let to sit, the paint will sink to
the bottom. For that reason, the mixture was stirred thoroughly before being applied to the test
section in order to prevent the higher density paint from separating out of the mixture. In order to
reduce the density of the paint and avoid it settling, paint thinner and universal solvent were both
added to mixtures and their effects were observed. Both substances reduced the viscosity of the
mixture too much for streamlines to be visible. The mixture that was ultimately decided upon is
the mixture recommended by former researchers in the lab. This mixture possessed a good
balance of advantages and disadvantages for visualizing the streamlines.
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Another variable of the procedure that greatly affected the quality of the streamlines is
the application of the paint and oil mixture. Two different methods of application were tried.
First, a strip of the test section about one inch long was painted across the width of the test
section. The intention of this method was that the flow would carry the paint with it along the
rest of the length of the test section. However, this plan did not work as expected since the flow
was too weak. Secondly, the entire test section was painted uniformly and the flow created
streamlines in the spread out mixture. Originally, the mixture was applied using a small foam
brush. This brush was poor at evenly distributing the mixture across the test section and left very
noticeable streaklines and would soak up the mixture in the brush. Next, instead of this
application method, the paint was poured on through a small slit. This slit allowed the amount
being poured to be controlled, so the distribution was even across the test section. Then to spread
it out a little more, a bristled paintbrush was used. This very evenly distributed the paint and did
not leave streaklines. This ultimately was the application method used.
Once the paint mixture was applied and the pins were placed, the blower was turned on
as soon as possible and the Plexiglas cover was sealed with the clamps and the nut and bolt. The
blower was left on for about 45 minutes, which is the time required for fully-defined streamlines
to form. If the blower is left on past 45 minutes, the streamlines became muddled due to the
paint’s sinking to the bottom. For several tests, a picture was taken of the test section every five
minutes to see the progression of the formation of streamlines. During this test period, the
pressure drop measurement was taken using the pressure transducer. Also, the thermocouple was
inserted into the flow and the temperature taken.
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Experimental Uncertainty
Table 3-1: Bias values of measured quantities.

Variable

Bias

Value

% Difference

W

0.000794 m

0.8128 m

0.097656

H

0.000794 m

0.0508 m

1.5625

A

0.000686 m2

0.04129 m2

1.6617

Dh

0.001411 m

0.09562 m

1.4751

D

0.000794 m

0.0508 m

1.5625

Larray

0.007215 m

0.46177 m

1.5625

The above uncertainties were based off of the precision of the ruler used to measure each
of the quantities.
Some uncertainties also had a precision error along with a bias error. In order to find
that, a value was recorded every 15 seconds, and then the standard deviation of that data set was
taken to find the precision error. Bias error is 1% of the range of the transducer, so 1% of 0.25 in
H2O. In the table below, it has been converted into Pa.
Table 3-2: Bias and precision error values for pressure measurements.

Variable

Bias Error

ΔP

0.622725 Pa

Precision
Error
0.245879 Pa

ΔPPitot

0.622725 Pa

0.325944 Pa

Total Error

Value

0.669509 Pa

11.0501 Pa

Percent
Difference
6.058853

0.70287 Pa

3.11755 Pa

22.54558
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To find the uncertainty for um, Re, and f, the root of the sum of the squares uncertainty
method will be used. The formula for this is as follows:
UR/R = sqrt[SUM(ai*Uxi/xi)2]
Where R is the variable in question, and has an equation presented in the form:
R = C*x1a1*x2a2*xn

Uum/um = sqrt[(1/2*UΔPPitot/ΔPPitot)2]

URe/Re = sqrt[(1*Uum/um)2 + (1*UDh/Dh)2]

Uf/f= sqrt[(1* UΔP/ΔP)2 + (-2* Uum/um)2 + (1* UDh/Dh)2 + (-1*UL/L)2]

Table 3-3: Uncertainty values for calculated quantities.

Variable

uR/R

um

0.1127

Re

0.113689

f

0.2371

These uncertainties are very high, especially 24% for friction factor. This is
understandable since these uncertainties are compounded upon the uncertainties of all of the
measured quantities.
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Figure 3-1: 3D drawing of the experimental rig.

Figure 3-2: A cutaway view of the plenu shows the splash wall.
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Figure 3-3: Bird's eye view of the rig with dimensions (inches)

Figure 3-4: Side view of rig with dimensions (inches)
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Chapter 4
Experimental Results
The following section provides a photograph of each array that was tested, showing all
three rows with the complete span. Also, for each array, there is a picture that shows where the
flow separates from the pin and a picture highlighting the wake. Analysis of the streamlines for
each array is also included.

S/D = 2, X/D = 3.03
The first array tested had S/D = 2 and X/D = 3.03 as shown in Figure 4-1. This array
yielded a friction factor of f = 0.0877 and a normalized friction factor of f/fo = 3.153, where
normalized friction factor is the friction factor with pins divided by the friction factor with no
pins. Calculations can be found in Appendix A.

Figure 4-1: A three row array of S/D = 2 and X/D = 3.03.
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Based on the streamlines in Figures 4-2, the boundary layer separates from the pin
slightly after it is tangent to the flow, at s/D = 0.811 or about 93° after the pin fin midline. This
location corresponds to a minimum in local heat transfer coefficient [Ostanek, 2012], and is
characterized by a sudden increase in black paint surrounding the pin. A large concentration of
black paint means that the velocity of the air above the dark location is not accelerating enough to
spread the paint. Alternately, white areas with little paint correspond to streams with very high
acceleration, as seen in Figure 4-3. These dark areas and light areas have almost no gradient
between them, implying that the accelerating streams trap the wake on the downstream side of the
pins. The entrapped wake area is highly turbulent, and the flow does not accelerate enough to
disperse the paint.

Figure 4-2: Flow separation in the second row of a three row S/D = 2, X/D = 3 array.
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Since the pins are so close together in the spanwise direction, there is less room for the
flow to go between them, so the flow must accelerate through each row. The whiter areas
between the pins are due to this acceleration. At the outlet of the pins, paint dispersion is still
evident, but the endwall is much less white. The flow decelerates as it expands and therefore
does not disperse as much paint as it does between the pins. However, once the flow hits the
second row of pins, it once again accelerates as the cross sectional area of the flow decreases.
This acceleration leads to visible streamlines between the pins, where the paint is dispersed.
As already mentioned, the flow decelerates in the wake of the pin and forms vortices in
the void left when the boundary layer separates from the pin. This flow and these vortices do not
disperse the paint and therefore the wake is visible as a dark area of black paint, which is traced in
Figure 4-3.

Figure 4-3: Depiction of wake in the second row for a three row S/D = 2, X/D = 3.03 array.
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S/D = 2.5, X/D = 3.03
The next array tested had S/D = 2.5 and X/D = 3.03 as shown in Figure 4-4. This array
yielded a friction factor of f = 0.0766 and a normalized friction factor of f/fo = 2.756, where
normalized friction factor is the friction factor with pins divided by the friction factor with no
pins. Calculations can be found in Appendix A.

Figure 4-4: A three row array for S/D = 2.5 and X/D = 3.03.
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Based on the streamlines in Figures 4-5, the boundary layer separates from the pin
slightly after it is tangent to the flow, at s/D = 0.829 or about 95° after the stagnation point. This
separation is characterized by a sudden increase in black paint surrounding the pin. Since the
pins have a higher S/D ratio than the first run, the space between the pins is larger in the spanwise
direction, and therefore the flow does not accelerate as much as in the first case. Thus, the
streamlines between the pins are less defined in this test, and the paint is less dispersed. Also, as
soon as the cross sectional area of the flow starts increasing, a little more than halfway through
the first row of pins, there is a very clear deceleration that is characterized by a darker band of
paint. The darker band of paint implies that not as much paint was dispersed and therefore the
flow was decelerating.

Figure 4-5: Flow separation in the second row of a three row S/D = 2.5, X/D = 3.03 array.
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The decelerating flow also has implications for the wake downstream of the pin fins.
This area is not as easily defined by the fast moving streams that confine it, since those streams
are not moving as fast as in the first run. However, since the wake is not confined as tightly in
this array, there is more vortex movement in the wake. Figure 4-6 shows the highlighted wake
for the S/D = 2.5, X/D = 3.03 array.

Figure 4-6: Depiction of wake in the second row for a three row S/D = 2.5, X/D = 3.03 array.
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S/D = 3, X/D = 3.03
The next array tested had S/D = 3 and X/D = 3.03 as shown in Figure 4-7. This array
yielded a friction factor of f = 0.0771 and a normalized friction factor of f/fo = 2.772, where
normalized friction factor is the friction factor with pins divided by the friction factor with no
pins. Calculations can be found in Appendix A.

Figure 4-7: A three row array for S/D = 3 and X/D = 3.03.
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Based on the streamlines in Figures 4-8, the boundary layer separates from the pin at
about 100° from the pin fin midline or s/D = 0.873. This separation is characterized by small
areas adjacent to the pin where the paint was not dispersed. In this array, the pins have the
highest S/D ratio, so the space between the pins is the largest. Therefore, the cross sectional area
is not reduced as drastically and the flow does not accelerate as much as in other arrays. Based
on the pictures, the highest acceleration happens to the flow immediately adjacent to the pin. The
flow in the middle of the channel between the two pins does not have as much acceleration, as
evidenced by the comparative lack of streamlines.

Figure 4-8: Flow separation in the second row of a three row S/D = 3, X/D = 3.03 array.
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The wake outlined in Figure 4-9 was characterized because of the large amount of nondispersed paint. In reality though, the wake is larger than this defined area in terms of the
movement of the vortices. Since the spacing is so large in the spanwise direction, the jets of air
that go through the pins are much wider than the first two runs. Since the volumetric flow rate is
equivalent, this implies that the velocity of these larger jets is lower than that of tighter jets and
they therefore do not trap as much of the wake downstream of the pins. This lower velocity flow
sheds more vortices, and also does not disperse as much paint. Therefore, the area outlined below
in Figure 4-9 is smaller than the actual wake, but it is not evident from this flow visualization
because the slow moving jets are not accelerating enough to disperse the paint to this wake area.

Figure 4-9: Depiction of wake in the second row for a three row S/D = 3, X/D = 3.03 array.
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S/D = 2, X/D = 2.16
The next array tested had S/D = 2 and X/D = 2.16 as shown in Figure 4-10. This array
yielded a friction factor of f = 0.0986 and a normalized friction factor of f/fo = 3.544, where
normalized friction factor is the friction factor with pins divided by the friction factor with no
pins. Calculations can be found in Appendix A.

Figure 4-10: A three row array for S/D = 2 and X/D = 2.16.
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Based on the streamlines in Figures 4-11, the boundary layer separates from the pin at
s/D = 0.829 or at about 95° from the pin fin midline. This is the tightest possible array in both the
spanwise and streamwise spacing. Therefore, there is a very small amount of space between all
of the pins, and the flow therefore accelerates through those small openings. This effect can be
seen very easily in Figure 4-10. At every inlet where the cross sectional area is reduced, there are
very defined streamlines and the paint is almost completely dispersed. It is clear from the
pictures that the flow accelerates through and around the pins, decelerates and expands coming
out of the pins, and then accelerates again to go around the next row of pins. Also, these jets are
strong enough to trap the wake behind the pins, and since the spacing is so tight, the wake is very
small.

Figure 4-11: Flow separation in the second row of a three row S/D = 2, X/D = 2.16 array.
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The jets in this array are very powerful and capable of trapping the wake behind the pin.
However, since the streamwise spacing is also very low, the trapped wake is very small and does
not have much vortex movement. Not only is the width of the wake limited by the jets, but the
length of the wake is limited by the second row of pins. The vortices in the wake of the pin fin
have nowhere to move because the wake is cut off by two jets on either side that are compressing
and accelerating in order to fit through a gap in the second row of pins.
Looking at Figure 4-12, it is easy to see the primary flow paths through the array. There
is almost no gradient between the white area where the paint is dispersed and the black area
where the paint remains stagnant. With no interaction between the jets and the wake, vortex
shedding is reduced, and the vortices that exist have little room to move.

Figure 4-12: Depiction of wake in the second row for a three row S/D = 2, X/D = 2.16 array.
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S/D = 2, X/D = 2.6
The next array tested had S/D = 2 and X/D = 2.6 as shown in Figure 4-13. This array
yielded a friction factor of f = 0.0979 and a normalized friction factor of f/fo = 3.521, where
normalized friction factor is the friction factor with pins divided by the friction factor with no
pins. Calculations can be found in Appendix A.

Figure 4-13: A three row array for S/D = 2 and X/D = 2.6
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Based on the streamlines in Figures 4-14, the boundary layer separates from the pin at
s/D = 0.916 or about 105° from the pin fin midline. This array has the same spanwise spacing as
the last run, S/D= 2, so the flow once again accelerates to get through the small opening between
pins. As the flow exits the opening, it expands and decelerates, leaving a band of black paint
across the channel.

Figure 4-14: Flow separation in the second row of a three row S/D = 2, X/D = 2.6 array.

38

Streamwise spacing is larger in this run as opposed to the last; X/D = 2.6 instead of X/D=
2.16. Larger streamwise spacing means that there is more room for the wake to grow behind the
trailing edge of the pin. Due to this larger wake, vortices have more room to move, which is
characterized by the lack of paint dispersion downstream of the pins, as seen in Figure 4-15.
Since the spanwise spacing is the same, and therefore the jets are very well-defined, the
accelerating flow does not interact much with the wake. As the flow exits the space between the
pins, it expands and decelerates. At this point, the flow might shed some vortices and interact
with the wake.

Figure 4-15: Depiction of wake in the second row for a three row S/D = 2, X/D = 2.6 array.
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S/D = 2.5, X/D = 2.6
The next array tested had S/D = 2.5 and X/D = 2.6 as shown in Figure 4-16. This array
yielded a friction factor of f = 0.0818 and a normalized friction factor of f/fo = 2.941, where
normalized friction factor is the friction factor with pins divided by the friction factor with no
pins. Calculations can be found in Appendix A.

Figure 4-16: A three row array for S/D = 2.5 and X/D = 2.6.
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Based on the streamlines in Figures 4-17, the boundary layer separates from the pin at
s/D = 0.916 or at about 105° from the pin fin midline. This array has the same streamwise
spacing as the last run, at X/D = 2.6, but it has a larger spanwise spacing of S/D = 2. Since the
space between the pins is larger, the acceleration of the flow through the pins is not as
pronounced. However, it is still evident from the streamlines that the flow accelerates as it passes
through the pins and decelerates as it starts to expand. As with other tests, there is a dark band
that goes across the channel where the flow starts to decelerate. Since the jets are not as tight as
in an array with smaller spanwise spacing, the separation point from the pins is less pronounced,
as well as the wake downstream of the pin. The separation point, however, is still recognizable
based on the non-dispersed paint adjacent to the pin at about 105° from the pin fin midline.

Figure 4-17: Flow separation in the second row of a three row S/D = 2.5, X/D = 2.6 array.
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The wake downstream of the pins is not as pronounced as it is in tighter arrays, however
it can still be traced as in Figure 4-18. Since the space between the pins is larger in the spanwise
direction, the jets are wider and slower, allowing them to interact with the wake of the pins. This
leads to the jets shedding vortices and therefore increasing the turbulence of the flow in the wake.
This combination of spanwise and streamwise spacing allows the wake to grow and
interact with the pin. However, it also forces the flow to accelerate through the pins and form
small boundary layers on the pin surface before separation. The wake is large and interacts with
the flow, so vortex movement is increased in this array as well.

Figure 4-18: Depiction of wake in the second row for a three row S/D = 2.5, X/D = 2.6 array.
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Remarks on Pressure Drop and Friction Factor
For each array, a pressure drop measurement was taken between a pressure tap upstream
of the pins and atmospheric pressure, or the pressure at the outlet. Also, a Pitot probe
measurement was taken upstream of the pins in order to calculate average free stream velocity.
From these values, friction factor was calculated and reported for each array above. This data is
collected in Table 4-2. Friction factor was also normalized for comparison purposes, and was
divided by the friction factor measured with no pins in the array.
This data is plotted in Figures 4-19 through 4-22. In Figure 4-19, friction factor is plotted
against spanwise spacing to see the effect that spanwise spacing has. Error bars are included in
this graph based on the uncertainty values calculated in Chapter 3. Also, for purposes of
comparison to other research, f/fo is plotted versus spanwise spacing in Figure 4-20. In Figure 421, friction factor is plotted versus streamwise spacing. Once again, error bars are included to
reflect the uncertainty in the calculations. Also, in Figure 4-22, f/fo is plotted versus X/D.
As was expected, pressure drop and friction factor are dependent on spanwise, not
streamwise, spacing. Decreased spanwise spacing presents an increase in impedance for the flow,
increasing the pressure drop. In the graph of friction factor versus streamwise spacing, it does
seem that friction factor decreases as streamwise spacing increases, however this can be
explained by the uncertainty value. Including the uncertainty, friction factor has a larger range
for spanwise spacing as compared to streamwise spacing.
In a previous study in 2012 by Ostanek and Thole, the pressure drop and friction factor
for these same arrays were measured and calculated. The data that they collected is presented in
Figures 4-23 and 4-24, as well as Table 4-3. Figure 4-23 shows friction factor versus spanwise
spacing, and Figure 4-24 shows f/fo versus spanwise spacing.
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In Figure 4-25, the results from both the present study and the study by Ostanek and
Thole are compared. For comparison purposes, the friction factors are changed to normalized
friction factor by dividing by the friction factor measured with no pins. This graph shows the
normalized friction factor versus spanwise spacing for a constant streamwise spacing of X/D =
3.03.
In order to better investigate the effect of spanwise spacing on pressure drop, a separate
experiment was carried in which streamwise spacing was kept constant in a three row pin fin
array and the spanwise spacing ratio was increased in increments of S/D = 0.25. These results,
shown in Figures 4-26 show that pressure drop is a function of spanwise spacing, but even more
so a function of how far away the pins are from the sides of the channel. As spanwise spacing
increases, pressure drop decreases. However, as spanwise spacing increases, the distance to the
walls of the channel increase and it adversely affects the data. A way to mitigate this
experimental problem is to change the channel width for each test, keeping constant the distance
from the last pin to the wall of the channel. This was not done in this research project. Despite
not being able to change the channel width, the distance from the last pin to the channel wall was
recorded and is presented in Table 4-5 for examination and corroboration.
In order to try and combat some of the effects from the channel wall, many of the
arrays were measured twice; once with 7 pins in the front row, and another time with 5 pins in the
row. The intention was to avoid comparing an array with 9 pins in the front row to an array with
only 5 pins. The results for all of these runs are plotted on Figure 4-26.
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Figure 4-19: Friction factor vs. S/D including error bars for uncertainty.

Figure 4-20: Friction factor with pins over friction factor without pins vs. S/D

45

Figure 4-21: Friction factor vs. X/D including error bars for uncertainty

Figure 4-22: Friction factor with pins over friction factor without pins vs. X/D
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Figure 4-23: Friction factor vs. S/D data from previous research [Ostanek and Thole, 2012]

Figure 4-24: Friction factor with pins over friction factor without pins vs. S/D from previous
research [Ostanek and Thole, 2012]

47

Figure 4-25: A comparison of friction factor ratio vs. S/D for both the present research and the
previous study, for pin fin arrays with X/D = 3.03.

Figure 4-26: Friction factor measurements for varying spanwise spacing and number of pins,
including error bars for uncertainty.
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Table 4-1: All of the various trials that were run.

1

2

3.03

Number
of rows
3

2

2.5

3.03

3

3

3

3.03

3

4

2

2.16

3

5

2

2.6

3

6

2.5

2.6

3

Trial

S/D

X/D

Table 4-2: Pressure drop and friction factor values for each tested array.
S/D

X/D

ΔP (Pa)

Friction factor

f/fo

2

2.16

11.05

0.0986

3.544

2

2.6

10.72

0.0979

3.521

2

3.03

11.00

0.0877

5.153

2.5

2.6

7.93

0.0818

2.941

2.5

3.03

6.41

0.0766

2.756

3

3.03

6.14

0.0771

2.772

Table 4-3: Friction factor values from a previous study [Ostanek and Thole, 2012]
S/D
2
2
2
2.5
2.5
2.5
2.5
3
3

X/D
2.16
2.6
3.03
2.16
2.16
3.03
3.03
2.16
3.03

f
0.092
0.096
0.096
0.087
0.089
0.091
0.092
0.089
0.092

f/fo
3.067
3.200
3.200
2.900
2.967
3.033
3.067
2.967
3.067
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Table 4-4: Boundary layer separation and wake characteristics.

2

3.03

0.742

Length
of wake
(cm)
9.5

2.5

3.03

0.829

11

8

3

3.03

0.873

9

6

2

2.16

0.829

10

8.5

2

2.6

0.916

8

6

2.5

2.6

0.916

10.5

7

S/D

X/D

s/D

Width of
wake
(cm)
7.5

Table 4-5: Pressure drop measurements for additional experiment.
S/D
1.5
1.5
1.75
2
2.25
1.5
1.75
2
2.25
2.5
2.75
3

Pressure
Wall distance
Wall distance
# of
(Pa)
(in)
(m)
pins
17.47457598
3
0.0762
11.75258586
6
0.1524
10.8732324
4.5
0.1143
11.10855234
3
0.0762
11.0590113
1.5
0.0381
6.81086712
9
0.2286
6.38976828
8
0.2032
6.26591568
7
0.1778
6.15444834
6
0.1524
6.4145388
5
0.127
6.4145388
4
0.1016
6.27830094
3
0.0762

9
7
7
7
7
5
5
5
5
5
5
5
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Chapter 5
Conclusions
The work presented in this thesis offers a good method for determining what the flow
field around a pin fin array looks like. Understanding this flow field is important for
corroborating and understanding heat transfer data. The flow was visualized around a three row
array of small aspect ratio pin fins with H/D = 1. The spanwise and streamwise spacing were
both varied from 2 to 3. Pressure loss measurements were also taken during while the test was
running.

Effect of Spanwise Spacing
As expected, based on previous research, spanwise spacing had a greater effect on
pressure loss and friction factor. Since the pins are closer together facing the flow, the impedance
for the flow to overcome is much greater, and a larger pressure drop is to be expected. A large
pressure drop over the pin fin array could be detrimental to the blade, because it would create a
large pressure build-up in the trailing edge.
The flow field induced by the pin fins is also greatly affected by the spanwise spacing.
When the spacing is tighter, the flow has less cross-sectional area to move through the pin row.
Therefore, it accelerates through the rows and creates fast, tight jets that move through the pin fin
array. The jets that are created by smaller spanwise spacing are also smaller, and have a much
higher speed. These jets are less likely to shed vortices, which is an important mechanism for the
heat transfer on the trailing edge of a pin.
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Also, flow around a pin fin array often traps the wake right behind the pins. When the
flow is accelerating more, or if there are small but fast jets going through the array, these jets trap
the wake behind these pins. In order for this wake to provide effective heat transfer to the pin, the
wake must be large to allow vortices to move. Therefore, if the spanwise spacing is larger, the
jets tend to be moving slower, shed more vortices, and do not trap the wake to such a confined
space. The visualization of this flow really helps to understand and correlate the flow field to
previously researched heat transfer data.

Effect of Streamwise Spacing
Based on previously published research, streamwise spacing should not have any effect
on pressure loss and friction factor. However, in our study we saw that streamwise spacing,
while not having a huge effect on the how, is not negligible in these considerations. It is worth
noting that our uncertainty for friction factor is a very high 24%, and the pressure transducer has a
large precision error associated with it. For these reasons, our findings might not necessarily
negate the claims made by previous studies.
Additionally, it was found that the pressure measurements were affected greatly by the
pins’ proximity to the side wall of the test section. In fact, taking away one or two pins on the
end of the row significantly decreased the pressure loss, and that decrease was by far the most
dramatic of any of the pressure measurements we took.
Streamwise spacing visibly affects the flow field within a pin-fin array. Larger
streamwise spacing promotes vortex shedding and wake interaction. If the streamwise spacing is
too tight, the wake is trapped immediately behind the pin in a very small area and that is
detrimental to heat transfer.
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Recommendations for Future Work
If a study on flow visualization is ever completed in this manner again, there are some
changes that would be beneficial to the outcome of the project. First of all, a more powerful
device should be used to provide the flow. The blower used in our study was too weak to make
good streamlines in our oil and paint mixture. When a Venturi flow meter was added on to the
setup to validate the flow rate and Reynolds number, the pressure losses in the extra piping were
too high for the blower to overcome, and the air velocity in the test section was extremely low.
Secondly, a camera should be mounted above the test section so that clearer and more
consistent pictures could be taken. Taking pictures with the flash ruins the pictures because of
the reflection of the flash, but the pictures without the flash are too blurry to make out
streamlines. The ideal setup for this would be a camera mounted above the test section, taking
pictures without flash, while a spotlight illuminates the text section.
Finally, other variables to investigate are the geometry of the pin, the aspect ratio, and
non-traditional layouts. Understanding the heat transfer from a differently shaped pin would
benefit from flow visualization around that pin. Also, other shapes could be quickly
manufactured and tested using this flow visualization technique before smaller scale versions had
to be made for heat transfer experimentation. Also, the aspect ratio could benefit from flow
visualization. Especially with larger H/D values, it would be interesting to see what happens to
the wake. Additionally, this flow visualization technique is the perfect avenue for research in
“non-traditional arrays” of pin fins. Something like an array where each row is tilted 10°
clockwise would be very complicated conceptually, but would be easy to visualize using this
method.
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Appendix A
Calculation of Friction Factor

Measured values:

S/D

X/D

Dh (m)

ΔP (V)

ΔPpitot (V)

ΔPflat (Pa)

2

2.16

0.0904

0.955

0.314

0.061877

From the calibration curve that comes with the transducer:
ΔP (Pa) = (ΔP (V) * 0.04974 – 0.003088)*248.8 = 11.05 Pa
ΔPpitot (V) = (ΔPpitot (V) * 0.04974 – 0.003088)*248.8 = 3.117554 Pa
Larray= X/D * d * N = (2.16)*(2)*(3) = 12.96 in = 0.329 m
um = sqrt[2* ΔPpitot /ρ] = sqrt[2*(3.117554 Pa)/(1.184 kg/m3)] = 2.295 m/s
f = (ΔP - ΔPflat)/(2*ρ * um2)*(Dh/Larray)
= (11.05 Pa –0.061877 Pa)/(2*(1/184 kg/m3)*( 2.295 m/s)2)*(0.0904 m)/(0.329 m)
= 0.0986

In order to normalize the friction factor to compare with other tests with more rows, this
friction factor is divided by the friction factor measured with no pins:

f/fo = 0.0986/0.0278 = 3.544
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