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ABSTRACT

In gas turbine engines, the turbine comes just after the combustor, where fuel is mixed
with air and ignited to produce a rapid expansion of hot gases. These turbine blades are thus
exposed to an air temperature higher than the melting temperature of the turbine blade material,
which threatens to destroy the airfoils. In order to combat this, jet engine manufacturers use
several different cooling methods. One of these methods involves bleeding cooler bypass air
routed from the upstream compressor through the turbine airfoils where arrays of short cylinders
inside the trailing edge promote turbulence, therefore increasing the heat transfer from the blade
to the cooling air. The heat transfer of these short pin fins is affected by the close proximity of
the endwalls, making them unique compared to long cylinders in crossflow. The current study
investigates the instantaneous and time-averaged heat transfer within short aspect ratio pin fin
arrays of two streamwise spacings. Understanding the heat transfer characteristics of pin fin
arrays will allow engineers to design more efficient arrays to incorporate into gas turbine
engines. Using a heat flux microsensor embedded in an isothermal heated cylinder, the heat
transfer around the circumference of a test pin is measured at ten-degree intervals. The
instantaneous and time-averaged data is then compared for cylinders in multiple locations in the
array at Reynolds numbers of 3000, 10000, 20000, and 50000. This data is taken at two
streamwise spacings of 1.73 diameters between subsequent rows and 3.46 diameters between
subsequent rows in order to compare the pin fin heat transfer at different array densities. The
effect of natural convection on these tests was also studied. An experiment was performed in an
attempt to find a correlation that could correct the heat transfer data so that only forced
convection was reported.
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NOMENCLATURE
dPflowmeter = change in pressure across the Venturi flowmeter
BL = boundary layer
D = diameter of scaled pin fin model, 63.5 mm
𝐃𝐇 = hydraulic diameter of test section
𝐍𝐮𝐃
Fr = Frossling number, 𝐅𝐫 =
√𝐑𝐞𝐃
𝐠𝛃(𝐓𝐩𝐢𝐧 −𝐓𝐦 )𝐃𝟑

𝐆𝐃 = Grashof number, 𝐆𝐃 =
𝐆𝐇𝐅𝐌 = gain of the HFM
𝐆𝐑𝐓𝐒 = gain of the RTS
h = heat transfer coefficient, 𝐡 =

𝝊𝟐

𝐪"
𝐓𝐒 −𝐓𝐌

HFM = heat flux microsensor
HFS = heat flux sensor
𝐈𝐇𝐅𝐒 = current recorded by HFS
𝐈𝐑𝐓𝐒 = current recorded by RTS
k = thermal conductivity
𝐡∗𝐃
𝐍𝐮𝐃 = Nusselt number based on D, 𝐍𝐮𝐃 = 𝐤
PL = pressure in Venturi flowmeter line
Pr = Prandtl number
q” = heat flux
q”rad = radiative heat flux experienced by heated test pin
RaD = Rayleigh number based on D, RaD = GD ∗ Pr
D∗U
ReD = Reynolds number based on D and Umax , ReD = υmax
RTS = resistance temperature sensor, embedded in the HFM
t = time
Tdownstream = temperature downstream of test section
Tm + Tpin
Tfilm =
2
TL = temperature of water in Venturi flowmeter
Tm = mean temperature of test section
Tpin = instantaneous surface temperature of the pin as measured by the RTS
Tpin,avg = average surface temperature of the pin as measured by the RTS
Ttest = inlet temperature at time of test
Tupstream = temperature upstream of test section
Um = test section mean velocity upstream of array
Umax = maximum velocity between pins, Umax = 2 ∗ Um
U∞ = freestream velocity
𝐕𝐇𝐅𝐒 = voltage recorded by the HFS
𝐕𝐑𝐓𝐒 = voltage recorded by the RTS
X = streamwise direction
Y = spanwise direction
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∆T = difference in temperature between Tpin and Tm
Greek
1
β = volume expansion coefficient, β = T

film

𝜐 = kinematic viscosity
ρ = density

v
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Chapter 1
Introduction
Gas turbine engines are utilized in the power generation and aerospace industries. A
standard gas turbine engine contains four sub-components in order to convert the potential
energy of fuel to mechanical energy or thrust. For jet engines, the first component is a fan, which
provides bypass air for thrust and collects intake air. This intake air is then compacted to a higher
density in the compressor. A land-based power generator gas turbine engine typically begins
with the compressor. The compressed air is then mixed with fuel and ignited in the combustor.
The dense air and fuel mixture then expands rapidly and its energy is harnessed in the turbine
component composed of several stages of stationary vanes and rotating disks of turbine blades.
The shaft of the turbine is rotated as the gas is expelled through. The turbine shaft in turn rotates
the compressor. In a standard power generation gas turbine engine, the turbine shaft is also
connected to a generator to produce electricity. In a jet engine, the turbine shaft rotates the fan
and compressor subcomponents.
Since the turbine is placed directly after the combustor, it is exposed to the extreme heat
that the combustor produces. This heat is greater than the melting temperature of the material
that the turbine blades are made out of [1]. Therefore, multiple cooling methods are used to
protect the turbine blades from losing durability due to the extreme temperatures and to keep
them from melting. One cooling method is called film cooling. Film cooling involves drilling
holes through the surface of a turbine airfoil so that cooler bypass air routed from the upstream
compressor into the blades can leave the blade. This cool air then both cools the outer surface of
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the blade through convection and forms a thin protective fluid barrier between the blade and the
mainstream hot gases. Furthermore, cool bypass air from the upstream compressor is fed through
ribbed internal channels inside the turbine blades to promote turbulence. This turbulence in turn
increases the internal heat transfer of the turbine blade material to the cooler air. This air is then
fed into a channel at the trailing edge of the blades that contains arrays of cylinders in crossflow
with the cool air. These arrays, like the ribbed channels, promote turbulence in the cool bypass
air, increasing internal convective heat transfer which cools the blade metal from the inside.
These cylinders will be referred to as “pin fins” throughout this study.
The typical flowfield around a cylinder can be seen in Figure 1 [2]. For a single cylinder
in crossflow, the flow approaching the cylinder begins to adjust its direction before coming in
contact with the cylinder surface. As it comes in contact with the cylinder, a boundary layer is
formed and grows, following the curve of the cylinder. As the flow approaches the top and
bottom of the pin, the freestream velocity, U∞ , increases. Depending on several conditions, at
some point along the downstream half of the pin, defined from here onwards as the “backside” of
the pin, the boundary layer separates from the pin and forms a wake. The wake consists of
turbulent eddies that hit the backside of the pin, increasing heat transfer on a heated pin’s
surface. The freestream flow then continues past the wake. Eventually the flow behind the
cylinder will return to laminar, unless further obstructed. The flow dynamics around a cylinder
affect the local heat transfer around a heated pin. Generally, the flow creates high heat transfer at
the forward stagnation point, where the air first comes in contact with the pin. The heat transfer
then decreases as the boundary layer grows and increases again at the backside of the pin due to
the wake, as seen in Figure 2.
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Figure 1: Generalized flow of a cylinder in crossflow [2].

Figure 2: Example mean Nusselt versus circumferential location data from X/D=3.46 Row 1 at a Reynolds of
10000 showing relative flow dynamics affecting heat transfer on the circumference of the test pin.

In heat transfer applications, the freestream flow over a cylinder is not the only
contribution to the convective heat transfer that the cylinder experiences. For some conditions,
natural convection will not be negligible. When a hot object is surrounded by a cooler gas or
liquid, the object will heat the air that is in direct contact with its surface. This air’s density is
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then decreased, causing a density disparity, and the more buoyant, heated air rises. In the
situation of a heated horizontal cylinder in still air, this density disparity produces the flow
geometry seen in Figure 3 [2].

Figure 3: Generalized flow of natural convection around a heated horizontal cylinder [2]

In situations where a heated horizontal cylinder is in crossflow with cooling air, both the
forced convection due to the freestream air and the natural convection due to the temperature
difference between the pin and surrounding air may affect the flow physics around the cylinder,
and thus affect the total and local heat transfer experienced by the cylinder.
Cylinder arrays are used as cooling methods in various other industries besides aerospace
applications, such as heat sinks in electronic devices. However, heat sinks usually consist of long
aspect ratio cylinders, which have different heat transfer behaviors relative to short aspect ratio
arrays. In regards to array design, the geometry of the pin is typically described in terms of the
pin diameter (D) and the channel height (H), as seen in Figure 4. The array spacing is described
in terms of the streamwise direction (X) and the spanwise direction (Y), which is the direction
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that crosses the streamwise flow and is perpendicular to the cylinder axis, as seen in Figure 5.
Pin fins typically have a short aspect ratio, such as an H/D ratio of unity, whereas long aspect
ratio cylinders may be around the range of H/D > 8 [3]. While much research has been done on
the heat transfer of cylinders in crossflow, not many studies have investigated the effects of heat
transfer on short aspect ratio cylinder arrays. Data from research done on larger H/D ratios are
not very accurate at predicting behaviors in short aspect ratio arrays because of the influence of
endwalls on the heat transfer around the cylinders. Therefore, this study focuses on short aspect
ratio pin fin arrays.

Figure 4: Dimensions for a single cylinder.

Figure 5: Typical dimensions for a pin fin array.
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This thesis outlines a brief summary of past studies related to short aspect ratio cylinder
arrays and the goals of the current study. The thesis then describes the experimental methods and
setup for measuring heat transfer around the circumference of a cylinder with H/D=1 in different
locations in an array placed in crossflow to air with varying Reynolds numbers. Time-averaged
and instantaneous heat transfer is analyzed to find trends that characterize the heat transfer within
the array. Finally, the effects of natural convection on the test rig are also investigated in an
attempt to differentiate what amount of the heat transfer recorded was a result of forced
convection and what amount was due to natural convection.
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Chapter 2
Literature Review
There is much interest in the characteristics of heat transfer in pin fin arrays because
engineers want to continuously make heat transfer-related systems more efficient. Many studies
have been conducted to better understand these characteristics so that more effective and
efficient array designs can be created and utilized in industrial applications.
Cylinders in crossflow have been studied extensively. Armstrong and Winstanley [3]
collectively reviewed general trends of heat transfer for staggered pin fin arrays. Among their
conclusions, Armstrong and Winstanley [3] explained that differences in the height-to-diameter
ratio below H/D=3 do not have a large effect on the heat transfer in an array because as H/D
decreases, the endwall surface area begins to dominate the area for heat transfer. Thus, as H/D
increases past three, the pin’s surface becomes a larger contributor to the overall heat transfer
surface area.
Schmidt and Wenner [4] conducted an early study on the heat transfer around the
circumference of heated cylinders of different diameters in crossflow. They determined a general
trend where the heat transfer coefficient drops from the stagnation point to a minimum value,
then rises again. Furthermore, they recognized through experiments that above a Reynolds
number of 200,000, a distinct local maximum occurs at around the 115-degree position. This
local maximum was measured to be almost double the heat transfer coefficient at the stagnation
point for a Reynolds number of 426,000. This study measured the local heat transfer coefficients
around the circumference of hollow copper cylinders at Reynolds numbers from 5000 to
426,000. While this study did compare heat transfer effects with shear stress measurements
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previously recorded by Fage and Faulkner [5], only conjectures of relations to flow dynamics
were made.
Van Fossen [6] noted that there was much literature on the heat transfer of cylinders in
crossflow, but that most were focused on long cylinders with geometries that are much taller than
typical pin fin arrays utilized in the trailing edge of turbine blades. Van Fossen [6] concluded
through experiments on two H/D ratio cylinder arrays that the heat transfer in shorter cylinder
arrays is less than that reported in long aspect ratio arrays, justifying further studies of short
aspect ratio pin fin arrays to aid in array designs. Ostanek and Thole [7] explain that the heat
transfer of short aspect ratio cylinders in crossflow is affected by the close proximity of the two
endwalls and their growing boundary layers, the pin fin’s own boundary layer, and the wake of
the pin. Thus, short aspect ratio cylinder heat transfer is unique compared to long aspect ratio
cylinders with negligible heat transfer effects from the endwalls. In another study by Ostanek
and Thole [8], it was found that varying the aspect ratio from H/D=1 to H/D=2 had little
influence on the area-averaged heat transfer on the pin fin surface.
Metzger et al. [9] studied the overall heat transfer of short aspect ratio staggered pin fin
arrays with H/D=1. They found that the overall heat transfer increases until about Row 3 or 5,
assuming Row 1 is the first row that comes in contact with the freestream air, and then gradually
decreases through the rest of the array. This trend is supported by a similar study using a
different experimental setup by Metzger and Haley [10]. Simoneau and Van Fossen [11]
experimented with pin fin arrays with an H/D of approximately three in an array with two to six
rows. They determined that the pin fin average heat transfer levels off around Row 3, but the
turbulence intensity of the flow continues to decrease for the downstream rows. Simoneau and
Van Fossen [11] also found that as Reynolds number increases, the average turbulence intensity
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of the flow decreases. In another study by Ostanek and Thole [7], they found that varying the
aspect ratio from H/D=1 to H/D=2 had little influence on the heat transfer of the pin fin surface.
Scholten and Murray [12] conducted an experiment attempting to correlate flowfield data
with the heat transfer of a cylinder in crossflow using a single heated cylinder with a height-todiameter ratio of approximately H/D=5. While the H/D ratio is somewhat high compared to the
current study using an H/D ratio of unity, the study is useful in matching instantaneous heat flux
data to flow velocity. Scholten and Murray [12] found that the frequency of fluctuating heat flux
on the front side of a cylinder in crossflow is equal to the vortex shedding frequency and that the
flow at the backside of the cylinder fluctuates much more than at the front of the cylinder.
However, these tests were conducted on a single cylinder, whereas pin fin applications are
typically utilized in the form of arrays.
Ames and Dvorak [13] reported both the time-averaged heat transfer and the unsteadiness
of the flow around eight rows of staggered pin fin arrays with H/D=2, X/D=2.5, and Y/D=2.5 at
ReD of 3000, 10000, and 30000. They concluded that the unsteady flow was due to the flow
shedding off the pins, which correlated well with the rate of backside heat transfer. They also
found that increasing the Reynolds number increased the relative intensity of the shedding from
the pin fins.
The height-to-diameter ratio is not the only geometric parameter that affects heat transfer.
Metzger et al. [9] also tested the effect of streamwise spacing on the heat transfer of an array.
They found that the average heat transfer over an array is higher for decreasing streamwise
spacings. This trend is also supported by flow measurements of Metzger and Haley [10], who
reported that turbulence levels in an array increase as X/D decreases, explaining the increase in
heat transfer. A study by Ostanek and Thole [7] was performed using time-resolved, digital
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particle image velocimetry (TRDPIV) on short aspect ratio staggered pin fin arrays on the same
test rig as the current study. The pin fin array had geometrical parameters of H/D=1, Y/D=2, and
streamwise spacings of X/D=2.16, 2.60 and 3.03. Ostanek and Thole [7] found that at the smaller
streamwise spacing of X/D=2.16, the first row wake was constrained by the presence of the next
row pins. However, it was found that for a Reynolds number of 20000, the wake of the first row
of both the X/D=2.60 and 3.03 streamwise spacings was not affected by the presence of the
second row. Ostanek and Thole [7] also determined that as X/D decreases, the vortex shedding
frequency increases. In another study, Ostanek and Thole [8] also found that decreasing the
streamwise spacing of an array below X/D=2.60 suppresses the vortex shedding of the pin fins.
A number of studies have also investigated the effects of natural convection of a heated
cylinder. Fand et al. [14] performed experiments regarding natural convection around horizontal
heated cylinders. Fand et al. [14] hypothesized several correlation equations and, compared to
previous studies they reviewed, determined a simplified correlation for natural convection heat
transfer for the ranges of 0.7 ≤ Pr ≤ 3000 and 300 ≤ Ra ≤ 2e7. In another study, Kuehn and
Goldstein [15] performed an experiment with a heated circular cylinder in ambient air and
compared the heat transfer results with a solution to the Navier-Stokes energy equations to get a
well-correlated result.
While much research has been done on the heat transfer of cylinders in crossflow and
horizontal heated cylinders experiencing natural convection, not much has been done on mixed
convection, which is combined forced and natural convection. Gebhart and Pera [16] conducted
a study on mixed convection on horizontal cylinders, but their study focused on the heat transfer
of wire with H/D ratios from 996 to 16,200, which are much too large to compare to pin fin heat
transfer. A study by Hatton et al. [17] performed experiments on low-speed air flow around
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heated horizontal cylinders with H/D ratios of about 95 to 148, which is also too long of an
aspect ratio to compare to short aspect ratio pin fins.
Oosthuizen and Madan [18] conducted a study on the angle between forced and natural
convection flows and the effect on the heat transfer of a cylinder in crossflow. It was found that
the combined convection produced higher values than would have been recorded for purely
forced convection. A correlation is also created, stating that for a cylinder in mixed convection
with forced and natural convection at a 90-degree angle to each other, then natural convection is
G

negligible when Red 2 < 0.53. However, for the same forced and free convection flow directions,
d

Sharma and Sukhatme [19] tested heated tubes with H/D values of 5.94, 12, and 24 and found
Gd
Red 2.5

to be a more fitting correlation due to the presence of turbulence and flow separation

around the cylinder. Mori et al. [20] also performed tests on mixed convection on cylinder, but
again, the H/D ratio was about 368, which is still much higher than the H/D ratios of typical pin
fins. However, in their test, Mori et al. [20] concluded that for laminar flow, natural convection
begins influencing the heat transfer of the cylinder when Re ∗ Ra = 1000, which could become
relevant to pin fin heat transfer depending on the flow conditions.
In general, there is not much literature on the effects of mixed convection in situations
resembling those of pin fin geometries and conditions. Furthermore, more research into the
unsteady heat transfer around short aspect ratio cylinders in an array can be performed to better
understand the relationship between the dynamic flow around a cylinder and its corresponding
local heat transfer. Siroka et al. [21] began studying the instantaneous heat transfer around the
circumference of pin fins in a staggered short aspect ratio array with H/D=1, Y/D=2, and
X/D=1.73. Within the study by Siroka et al. [21], it was questioned whether or not the lower
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Reynolds number of 3000 tested in the experiments was being influenced by the existence of
natural convection and therefore not purely forced convection. The current study continues the
research done by Siroka et al. [21] by recording heat transfer data at double the streamwise
spacing and investigating the effects of natural convection in the test rig.
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Chapter 3
Experimental Setup and Procedure
To test the heat transfer in a pin fin array, an existing wind tunnel used in studies by
Ostanek and Thole [7, 8] was adapted for use in both the study by Siroka et al. [22] and the
current study. The adapted wind tunnel housed a staggered array of large-scale pin fins placed in
crossflow with the freestream air. The pins used in the experiment had a diameter of D=2.5
inches, making them about 62.5 times larger than the typical minimum manufactured pin fin size
of D=0.04 inches [6]. The pins had a height to diameter ratio of H/D=1 and a spanwise spacing
of Y/D=2. Streamwise spacings of X/D=1.73 and X/D=3.46 were tested. A recirculating variable
speed blower was set to create the desired Reynolds number based on the cylinder diameters
(ReD ). Reynolds numbers of 3000, 10000, 20000, and 50000 were tested. A diagram of the wind
tunnel can be found in Figure 6. A supply plenum prior to the test section ensured that the air
delivered to the test section was smooth and uniform. A heat exchanger inside the exhaust
plenum after the test section ensured the recirculating air remained at a constant temperature.
Positioned below the tunnel downstream of the exhaust plenum is a Venturi flowmeter that
provides air speed measurements before the air returns to the test section. Pressure measurements
across the flowmeter are used to calculate the air flowrate, which is needed to calculate the
Reynolds number of the system.
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Figure 6: Diagram of wind tunnel used in the study by Siroka et al. [21], Ostanek and Thole [6,8], and the
current study.

Within the pin fin array is a test pin housing a Vatell Corporation heat flux microsensor
(HFM). Diagrams of the test pin construction can be found in Figures 7 & 8 [21]. The HFM sits
perpendicular to the cylinder axis with its test surface perpendicular to the curved face of the
aluminum pin. Inside the pin is a cylindrical slot that runs along the axis of the pin and houses a
heater cartridge. This heater cartridge heats the pin from the inside and the high thermal
conductivity of the pin provides the boundary condition of constant surface temperature to aid in
conversion of the heat flux measurements to local heat transfer coefficients. All the pins in the
array spanned the width of the test section so that no air could flow around the ends of the pins.
To test different row positions, the test pin and its corresponding row remained in place while the
rows around it were repositioned upstream or downstream of the test pin to change the relative
location of the test pin within the array.
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Figure 7: Exploded view of test pin with
embedded HFM [21].

Figure 8: Cross section of test pin showing embedded HFM,
direction of airflow, and degree orientation reference [21].

To run a test, the data acquisition system (DAQ) that receives signals from the HFM, the
thermocouples measuring the upstream and downstream test section freestream air, and the
pressure transducers that measure the drops across the flowmeter and between the test section
and atmosphere, are all turned on. The computer connected to the DAQ is then turned on with an
amplifier. Two LABVIEW codes are opened, one that reads both the thermocouples and pressure
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transducers and another that reads the voltages from the HFM, consisting of signals from both an
internal heat flux sensor (HFS) and internal resistive temperature sensor (RTS). The LABVIEW
codes are run and the readings are offset so that the ambient readings are zero before the test
conditions are applied. The temperature of the test rig at the time of calibration is used to process
the raw data. Next, the water supply to the heat exchanger is turned on, and the blower is set to
an approximate rotational frequency at which the pin will approach the desired Reynolds
number. To check the Reynolds number, the upstream and downstream temperatures (Tupstream
and Tdownstream, respectively), the Venturi temperature (TL), the atmospheric pressure (Patm), the
flowmeter pressure drop (dPflowmeter), the pressure difference between the test section and the
atmosphere (Ptestsection), and the flowmeter line pressure (PL) are all recorded at the conditions
created by the set blower frequency.
To find the Reynolds number, first the standard flowrate (SCFM) is calculated using the
following equation:

SCFM =

h
2.703 ∗ P ∗ SG
5.9816 ∗ (d2 ) ∗ (K) ∗ (Y) ∗ √w ∗ √ 460 +LT
L

Eqn (1)

2.703 ∗ 14.7 ∗ SG
460 + Tb
h

where d is the Venturi bore, K is the flow coefficient, Y is the expansion factor, w is the pressure
drop across the flowmeter, SG is the specific gravity, and Tb is the atmospheric reference
temperature.
After calculating the SCFM, the channel flowrate (CFM), in units of cfm, is calculated
using the following equation:
CFM =

SCFM ∗ (460 + Tair )
35.4 ∗ (Patm + Ptestsection )

Eqn (2)
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where Tair is the average between Tupstream and Tdownstream, in degrees Fahrenheit. The CFM is
converted to meters cubed per second and given a different variable (Q) here to distinguish the
values:
Q = CFM ∗

0.028317
60

.

Eqn (3)

The mean channel velocity (Um) is then calculated by dividing Q by the channel flow area (A):
Q
Um = .
A

Eqn (4)

The maximum velocity through the pins (Umax) is then calculated:
Umax =

Um
Aratio

Eqn (5)

where Aratio is the ratio of the minimum area between the pins, perpendicular to the flow, over
the channel flow area. Finally, the Reynolds number for the pin (ReD) is calculated as:
ReD =

Umax ∗ D
𝜈

Eqn (6)

where 𝜈 is the kinematic viscosity of the air:
ν=

μ
ρ

Eqn (7)

The air’s molecular viscosity (μ) is calculated given a correlation and density (ρ) is calculated
using the ideal gas law, both as follows:
μ = −1e−17 ∗ Tm 4 + 4e−14 ∗ Tm 3 − 7e−11 ∗ Tm 2 + 8e−8 ∗ Tm − 5e−7 Eqn (8)
ρ=

Patm
286.9 ∗ Tm

Eqn (9)

where Tm is in Kelvin for both equations 8 and 9 and Patm is in Pascals for equation 9.
If the pressure and temperature measurements do not produce the desired Reynolds
number, the blower frequency is adjusted and measurements are taken until the Reynolds number
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is correct. Once the Reynolds number is set, the heater cartridge inside the test pin is turned on
and set to a voltage that will produce the desired test pin surface temperature. A table of
estimated blower frequencies and heater cartridge voltage and current needed to produce each
Reynolds number with consistent test conditions for the current study can be found in Table 1
[21].
Table 1: Current and voltage settings resulting in electric power supplied to the pin, and fan frequency, at the
various Reynolds numbers tested [21].

For each test, the wind tunnel is left to run for an hour as the test pin heats up and the
system reaches steady state. After this hour, the pressure and temperature measurements are
taken again and the Reynolds number and inlet temperature at the time of the test (Ttest) are
recorded. To measure the heat transfer around the circumference of the test pin, the test pin is
rotated around its axis in ten-degree intervals. At each location, the LABVIEW program is run
for ten seconds to record raw voltage data on the HFM. A custom MATLAB code is then used to
convert the raw voltage data recorded by the DAQ into heat flux measurements. Complete
instructions for performing a heat transfer test with the wind tunnel can be found in Appendix A.
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The fully commented MATLAB code used to process the raw voltage data can be found in
Appendix B.
The HFM embedded in the test pin measures fluctuations in heat flux experienced by the
pin as voltage fluctuations. This raw voltage data is converted into heat flux using calibration
constants and equations provided by the manufacturer of the HFM. The heat flux (q") equation
for the HFM and its corresponding constants for the specific HFM used in this study, provided
by the HFM manual [22] are as follows:

q" =

VHFS
10−6
GHFS

Eqn (10)

(g∗Tpin +h)∗1002

GHFS = 4980
g = 0.335514 [µV/W/cm2/°C]
h = 349.5582 [µV/W/cm2]
where VHFS is the voltage measured by the HFM in Volts, GHFS is the gain of the HFM, Tpin is
the temperature of the sensor recorded by the embedded resistive temperature sensor (RTS) in
°C, and g and h are calibration constants provided with the HFM. To get the value of T, the
ambient temperature of the test rig (Ta ), in °C, before the tunnel and heater cartridge are turned
on is recorded and used to calculate the ambient temperature resistance of the HFM (R a ) using
the following equation [22]:
R a = e ∗ Ta + f
e = 0.347037 [Ω/°C]
f = 134.7351 [Ω]

Eqn (11)
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where e and f are also calibration constants that were provided with the HFM. To compute the
resistance (R) and temperature of the pin (Tpin) experienced by the HFM during tests, the
following equations are used [22]:
Tpin = c ∗ R + d

Eqn (12)

c = 2.881538 [°C/Ω]
d = −388.244 [°C]
R=I

VRTS
RTS ∗GRTS

+ Ra

Eqn (13)

where IRTS is the current recorded by the RTS, and c and d are calibration constants that come
with the HFM. Finally, each of the variables is plugged into Equation 10 to calculate the heat
flux.
Each set of raw data is processed using these equations to get the instantaneous heat
fluxes over each ten-second interval of data. The instantaneous heat flux is corrected for
radiation heat transfer by subtracting the radiative heat flux contribution using blackbody
approximations. The radiative heat flux (q"rad ) is calculated using the following equation:
q"rad = 𝜀𝜎 ∗ (Tpin 4 − Ttest 4 )

Eqn (14)

where both temperatures are in Kelvin. Assuming no heat loss through conduction of the sensor
surface, the convective heat flux (q") becomes:
q"conv = q" − q"rad

Eqn (15)

Using MATLAB’s built-in operations, the time-mean value of convective heat flux of
each ten-second interval is calculated to get the average convective heat flux at each
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circumferential location, as well as the root-mean-square (or variance) of the instantaneous heat
flux.
The heat flux values can then be converted into non-dimensional parameters such as
Nusselt and Frossling numbers to compare results across rows and streamwise spacings. To
calculate the instantaneous Nusselt number, first the air properties around the pin need to be
calculated. The film temperature (Tfilm) around the pin, used to estimate fluid properties, can be
calculated by averaging the mean temperature of the pin (Tpin,avg) and the average air temperature
of the test section (Tm), both in Kelvin:
Tpin,avg +Tm

Tfilm =

2

.

Eqn (16)

The film temperature is used to calculate the thermal conductivity (k) of the air in the test
section. This value is interpolated using property tables for air at the value of Tfilm. The
instantaneous heat transfer coefficient (hinst) and mean heat transfer coefficient (hmean) are
calculated as follows:
hinst =

hmean =

q"conv
Tpin − Tm

q"conv,avg
Tpin,avg − Tm

Eqn (17)

Eqn (18)

These values are then used to calculate the instantaneous Nusselt number (Nuinst) and mean
Nusselt number (Numean):
Nuinst =

hinst ∗ D
k

Eqn (19)

Numean =

hmean ∗ D
k

Eqn (20)
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To more easily compare heat transfer results across Reynolds numbers, the Frossling
number, which normalizes the Nusselt number by Reynolds number, is calculated, for both
instantaneous (Frinst) and mean (Frmean) values:
Frinst =
Frmean =

Nuinst

Eqn (21)

ReD 0.5
Numean
ReD 0.5

.

Eqn (22)

Using the built-in operations in MATLAB, the standard deviation of the Nusselt and
Frossling numbers were calculated, allowing the statistical range of values in heat transfer
fluctuations to be analyzed. Plots of several measurements and calculations were made to
compare results across streamwise spacings and Reynolds numbers.
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Chapter 4
Results of Heat Transfer around Pin Fins in an Array
One of the main purposes of this study is to explore the characteristics of heat transfer in
a pin fin array so that pin fin array designs can ultimately be optimized in industrial applications.
In order to better understand how spacing affects the heat transfer of an array, two tests were
performed to compare the effects of two different streamwise spacings within the array. The first
set of data was taken for an array with spacing X/D=1.73, the data from which was reported in
Siroka et al. [21]. To continue this study, the pins were kept at H/D=1 and Y/D=2, while tests
were performed at a streamwise spacing of X/D=3.46. These two streamwise spacings were
chosen to match or be similar to the conditions of studies by Ostanek and Thole [7, 8], performed
in the same test rig as this study, which studied the flowfield and wake of pin fin arrays with data
for the same two streamwise spacings. Therefore, connections can be made between the previous
and current studies to provide further evidence of array heat transfer and fluid flow relationships.

Time-Averaged Characteristics of Pin Fin Heat Transfer
One aspect of heat transfer around pin fins that can be analyzed is the local average
Nusselt number around the circumference of a pin. The time-averaged Nusselt numbers of each
point around the circumference of the test pin can be plotted against its circumferential location
to reveal connections between heat transfer and the flow around a cylinder in crossflow. Figure 2
shows the time-averaged Nusselt number around the circumference of a Row 1 pin with an array
streamwise spacing of X/D=3.46 and a Reynolds number of 10000.
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The flow around the pin, generalized in Figure 1, aligns well with the heat transfer
measurements at each location around the circumference of the pin seen in Figure 2. At the
stagnation point of the pin (the 0-degree location), the heat transfer is high because of the
impingement cooling created as the air comes in direct contact with the pin surface. As air flows
over the pin, a boundary layer grows. As seen in Figure 2, as the flow moves towards the
backside of the pin, the boundary layer thickness increases, causing a decrease in the local heat
transfer. This decrease in heat transfer is due to the air no longer being in direct contact with the
surface of the pin. As the boundary layer grows, the cool air is pushed farther from the surface of
the pin and the heat transfer effects of the cool air diminish. This boundary layer grows to a
certain thickness before either transitioning to a turbulent boundary layer or separating from the
surface of the cylinder. These transitions occur around the 80- to 120-degree circumferential
locations on the pin. The locations of these transitions depend on the Reynolds number and
streamwise spacing of the array, as later discussed. After the flow separates, it becomes a
turbulent wake. Depending on the Reynolds number and streamwise spacing, this turbulent flow
may reattach to the cylinder before transitioning to the wake of the pin, causing a small increase
in heat transfer shortly after the point of minimum heat transfer. The wake is made up of
turbulent eddies, as depicted in Figure 1, which come in contact with the backside of the pin very
frequently. These eddies thus cause an increase in heat transfer at the backside of the pin.
A plot of time-mean Frossling number versus circumferential location for Row 1 and
X/D=3.46 at a Reynolds number of 20000 was compared to results from similar studies [21, 13,
3, 8] in Figure 9 to verify the measurement process. The results from the current study align well
with these studies at the stagnation point until flow separation begins at around 60 to 80 degrees,
since flow over Row 1, a single row at the same Y/D spacing, and a single pin at the same
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Reynolds number all generate similar flow dynamics at the front side of the pin. Since each test
has at least one geometrical parameter different than the current study, differences in the
Frossling number moving towards the backside of the pin are unavoidable. The data from
Ostanek and Thole [8] showing lower mean Frossling on the front of the pin may be a result of
the fact that the boundary condition used in the study by Ostanek and Thole [8] was a constant
heat flux boundary condition, whereas the current study’s boundary condition is a constant
temperature around the circumference of the pin fin.

Figure 9: Comparison of mean Frossling versus circumferential location plot of current data and data from the
literature for Reynolds numbers of about 20000 at similar geometrical parameters [21, 13, 3, 8].

Plotting the Nusselt number versus circumferential location for Row 1 at X/D=3.46 for
each Reynolds number reveals interesting trends. As seen in Figure 10, for the Reynolds number
of 3000 case, the local heat transfer around the circumference of the pin increases for the
downstream rows, compared to Row 1. This can be attributed to the increasing turbulence within
the array. As air passes over the first row of pins, it turns from laminar to turbulent at the wake.
The turbulent air impacts the second row of pins, and so on. Thus, since the air in downstream
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rows is more turbulent, the heat transfer of Row 3 is higher at each circumferential location
relative to the Row 1 heat transfer. However, as reported by Metzger et al. [9], the overall heat
transfer throughout an array of pin fins will increase until about row 3 or 5, where from then on,
the heat transfer will gradually decrease throughout the rest of the array. Plots of the timeaveraged Nusselt number versus circumferential location for each Reynolds number comparing
each row tested, shown in Figures 10-13, agree with this result by Metzger et al. [9]. For the
Reynolds cases of 10000 and 20000, shown in Figures 11 and 12, respectively, the heat transfer
for Row 5 is clearly less than the heat transfer in Row 3 across the entire circumference of the
test pin. This decrease in heat transfer between Rows 3 and 5 agrees with the result by Metzger
et al. [9] that the heat transfer increases until about Row 3 to Row 5, and decreases through the
rest of the array. Furthermore, for the Reynolds cases of 3000 and 50000, shown in Figures 10
and 13, respectively, the heat transfer increases around close to the entire circumference of the
pin the farther downstream the pin is within the array. Without taking data for rows past Row 5,
it cannot be certain whether the heat transfer in these cases would have dropped past Row 5, as
Metzger et al. [9] suggests, but the heat transfer does increase until at least Row 5 in the array.
Therefore, further testing can be done to investigate what causes certain Reynolds number cases
to have a decrease in heat transfer begin sooner in the array than other Reynolds number cases.
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Figure 10: Mean Nusselt versus circumferential location for X/D=3.46 at a Reynolds number of 3000 comparing
all rows tested.

Figure 11: Mean Nusselt versus circumferential location for X/D=3.46 at a Reynolds number of 10000
comparing all rows tested.
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Figure 12: Mean Nusselt versus circumferential location for X/D=3.46 at a Reynolds number of 20000
comparing all rows tested.

Figure 13: Mean Nusselt versus circumferential location at X/D=3.46 for a Reynolds number of 50000
comparing all rows tested.

The effect of array streamwise spacing is shown in Figures 14-17, for all rows at a given
Reynolds number. The points of minimum heat transfer do not occur at the same circumferential
location in the X/D=1.73 case, with the Row 1 case consistently farther downstream than the
minimum found in Rows 3 and 5. This trend could be due to the cylinder wake of the smaller
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streamwise spacing being constrained due to the close proximity of the subsequent rows of pin
fins, as Ostanek and Thole [7] found for X/D≤2.60. The wake being constrained may accelerate
the flow over the downstream pins and thus cause the boundary layer to transition to a turbulent
boundary layer sooner than the larger streamwise spacing before separating from the pin and
creating the wake. Since the X/D=3.46 spacing is larger than X/D=2.60, the wake is not
constrained and does not affect the boundary layer location on the pin for Row 1 compared to
Rows 3 and 5, as evidenced in the X/D=3.46 plots in Figures 14-17, which show minimum heat
transfer points relatively aligned circumferentially throughout the rows.

Figure 14: Mean Nusselt versus circumferential location for Reynolds number of 3000 comparing X/D=1.73 and
X/D=3.46 for all rows tested.
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Figure 15: Mean Nusselt versus circumferential location for Reynolds number of 10000 comparing X/D=1.73
and X/D=3.46 for all rows tested.

Figure 16: Mean Nusselt versus circumferential location for Reynolds number of 20000 comparing X/D=1.73
and X/D=3.46 for all rows tested.
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Figure 17: Mean Nusselt versus circumferential location for Reynolds number of 50000 comparing X/D=1.73
and X/D=3.46 for all rows tested.

The time-averaged Nusselt number plot at a Reynolds number of 50000 also appears to
have a second local maxima before transitioning to the turbulent wake, as can be seen in Figure
18. The streamwise spacing of the array could be affecting the flow around the cylinder to cause
this local increase in heat transfer, as it only occurs in the X/D=3.46 spacing. This increase in
heat transfer could be a result of the wake not being constrained like the X/D=1.73 streamwise
spacing was, as Ostanek and Thole [7] found. A less constrained wake at a high Reynolds
number may allow the flow around the pin fin to transition to a turbulent boundary layer before
transitioning to the wake at the backside of the pin. This turbulent boundary layer would increase
the local heat transfer right after the laminar boundary layer’s thickest section, which is where
the point of minimum heat transfer occurs. This theory could be tested by setting up a PIV
system and HFM test pin to collect simultaneous heat transfer and flowfield data to find any
relationships in the data. A CFD analysis could also be performed to determine the flow and heat
transfer relationships around the circumference of the pin fins.
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Figure 18: Mean Nusselt versus circumferential location for Row 1 at X/D=3.46 for all Reynolds numbers tested.

As seen in Figure 19, which compares the time-averaged Nusselt number of the Row 1
data across all Reynolds numbers, the heat transfer on the backside of the pin is higher for the
X/D=3.46 spacing than the X/D=1.73 spacing. This shows that the larger streamwise spacing
effects the wake of the pins in Row 1, essentially increasing the turbulence and thus increasing
the heat transfer in the wake. This increased backside heat transfer could be a result of the larger
streamwise spacing having a less constrained wake, as determined by Ostanek and Thole [7]. A
plot of the mean streamlines around pin fins with the same geometrical conditions can be found
in Figure 20 from Ostanek and Thole [7], where the wake of the shorter streamwise spacing pin
fin array is constrained.
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Figure 19: Mean Nusselt versus circumferential location for Row 1 comparing X/D=1.73 and X/D=3.46 at all
Reynolds numbers tested.

Figure 20: Mean streamlines of the wake of a pin fin array with H/D=1, Y/D=2, and streamwise spacings of
X/D=1.73 and X/D=3.46 measured by Ostanek and Thole [7].

It can also be seen in Figure 19 for the Row 1 time-averaged Nusselt number that the
location of minimum heat transfer on the circumference of the pin for X/D=3.46 is at the same
location as or earlier than the location of minimum heat transfer on the surface of the cylinder
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with X/D=1.73 for Row 1. This occurrence suggests that the larger streamwise spacing does not
affect the location of flow separation around the Row 1 pin fin.
A plot for the Row 3 average Nusselt number across all Reynolds numbers tested and for
both streamwise spacings can be found in Figure 21. Contrary to the Row 1 data, the heat
transfer produced by the X/D=3.46 spacing is not consistently higher than the X/D=1.73 spacing
at the backside of the pin. Instead, ReD=10000 is the only case that shows an increase in backside
heat transfer for the wider spacing, compared to the X/D=1.73 spacing. The Reynolds cases of
3000 and 50000 show backside heat transfer fluctuating above and below the heat transfer
recorded for X/D=1.73 spacing on the backside, while Reynolds of 20000 shows a decrease
through the backside of the pin. Therefore, the trend of array spacing in later rows of the array is
not clear.

Figure 21: Mean Nusselt number versus circumferential location for Row 3 comparing X/D=1.73 and X/D=3.46
at each Reynolds number tested.

While the points of minimum heat transfer for Row 1 seem to occur at the same
circumferential location for each Reynolds numbers for both streamwise spacings, seen in Figure
19, the minimum heat transfer for Row 3 at X/D=3.46 spacing occurs farther downstream on the

35

circumference than the X/D=1.73 spacing array, as seen in Figure 21. This suggests that the
larger streamwise spacing shifts the boundary layer separation farther downstream on Row 3 of
the array than the smaller streamwise spacing.
The Row 5 Nusselt plot for both streamwise spacings can be found in Figure 22. Unlike
both Row 1 and Row 3, Row 5 shows that a streamwise spacing of X/D=3.46 produces lower
heat transfer than the X/D=1.73 streamwise spacing over most of the circumference of the pin.
The stagnation point heat transfer in Row 5 drops significantly for the larger streamwise spacing
across all Reynolds numbers than the smaller streamwise spacing. Lower Reynolds number
scenarios seem to be affected more by the streamwise spacing in terms of their location of
minimum heat transfer around the circumference of the pin. This trend suggests that for Row 5,
higher Reynolds number conditions allow the boundary layer to separate from the pin at around
the same circumferential location across streamwise spacings, while the boundary layer for pins
at lower Reynolds numbers are still dependent on the streamwise spacing of the array.

Figure 22: Mean Nusselt number versus circumferential location for Row 5 comparing X/D=1.73 and X/D=3.46
at each Reynolds number tested.
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As can be seen in Figures 19, 21, and 22, increasing the Reynolds number increases the
heat transfer at each location around the circumference of the pin for both streamwise spacings.
It can also be seen that the location of the local minimum heat transfer appears to occur earlier
around the circumference of the cylinder at higher Reynolds numbers for both streamwise
spacings. This trend is due to the higher Reynolds numbers allowing the flow to transition to
turbulent and then wake sooner than lower Reynolds number flows.

Unsteady Characteristics of Pin Fin Heat Transfer
Previous studies on pin fins have examined the average heat transfer across an array of
pin fins and around a pin fin within an array. However, for this study, the instantaneous heat
transfer around the pins was also examined using the temporal resolution capability of the HFM.
The HFM is set to read signals at a sampling frequency of 1100 samples per second. When
comparing the instantaneous heat transfer plots for the 0-degree and 180-degree location for Row
1 with a Reynolds number of 20000, shown in Figure 23, it can be seen that the forward
stagnation point (0 degrees) has much smaller fluctuations in measured heat transfer than the
backside of the pin (180 degrees). This observation makes sense as the air approaching the Row
1 stagnation point is laminar and does not fluctuate much as it hits the surface of the pin. In
comparison, looking at the 180-degree location, it can be seen that the heat transfer fluctuates
much more. This is due to the turbulent air from the pin’s wake hitting the back surface of the
pin. Since the wake produces eddies that flap back and forth at the backside of the pin, the heat
transfer increases and decreases greatly over time.
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Figure 23: Ten-second plot of instantaneous Nusselt number values for Row 1 at the forward stagnation point
and the 180 backside of the pin at a Reynolds number of 20000.

When comparing the instantaneous data at the 180-degree location for a Reynolds
number of 50000 for Row 1 across both streamwise spacings, it can be seen that the X/D=3.46
data has a higher RMS value for Nusselt number, as found in Figure 24. The X/D=1.73
streamwise spacing produces an RMS Nusselt value of 43.76 while X/D=3.46 produces a value
of 62.43. The larger standard deviation of Nusselt in the X/D=3.46 spacing shows that the flow is
more unsteady at a wider streamwise spacing. The larger streamwise spacing allows for a lessconstrained wake, as found by Ostanek and Thole [7], therefore increasing the frequency and
size of eddies coming in contact with the backside of the pin. As an eddy hits the pin, the heat
transfer increases, and as the eddy pulls away from the pin, the heat transfer decreases again.
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Figure 24: Ten-second plot of instantaneous Nusselt number values for Row 1 at the 180 degree backside of the
pin comparing X/D=1.73 and X/D=3.46 at a Reynolds number of 50000.

The unsteadiness around the circumference of a Row 1 pin for X/D=1.73 and X/D=3.46
is plotted as the standard deviation of the Nusselt number against circumferential location in
Figure 25 for all Reynolds numbers tested. It can be seen that from the stagnation point to
approximately 70 degrees, the unsteadiness of the heat transfer is low and remains almost
constant for each Reynolds number regardless of streamwise spacing. The plot also shows that
the laminar boundary layer heat transfer from the stagnation point to about 70 degrees is more
unsteady with increasing Reynolds number, showing that higher Reynolds numbers typically
produce more unsteady flow. However, past about 70 degrees, the unsteadiness increases in the
larger streamwise spacing more so relative to the smaller streamwise spacing. As Ostanek and
Thole [7] found, the first row wake of pin fin arrays with X/D ≤ 2.60 is constrained due to the
acceleration of flow through the next row of pins, explaining why the X/D=1.73 cases would be
less unsteady than the X/D=3.46 cases.
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Figure 25: Standard deviation of the Nusselt number for Row 1 comparing X/D=1.73 and X/D=3.46 for each
Reynolds number tested.
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Chapter 5
Results of Natural Convection Testing
While analyzing the initial heat transfer data at the X/D=1.73 streamwise spacing
reported in Siroka et al. [21], it was conjectured that the data collected might be a combination of
both forced and natural convection heat transfer, rather than the pure forced convection heat
transfer that was desired. The reasoning behind this theory was that the test rig is positioned
vertically, so that the pin fin axes are parallel to the ground. Since the pin is heated using a heater
cartridge placed inside the aluminum cylinder along its axis, the pin’s temperature becomes
greater than the temperature of the freestream air. This condition was necessary to measure the
heat flux leaving the pin as the freestream crossflow air cools the pin. However, the air heated
around the surface of the pin can also rise vertically, a direction perpendicular to the crossflow
air, as its density is lowered due to heating.
The change in buoyancy of this air is called natural convection, and has been studied
extensively. Because the sensor pin in this study is a horizontal heated cylinder, it can be
assumed that natural convection does occur in some amount in the test rig. Moreover, since the
heat flux microsensor measures all heat transfer it experiences, the measurements will not
distinguish between natural convection created by the heated air around the pin and the forced
convection created by the freestream crossflow air. Since the main goal of the current study was
to measure the effects of Reynolds number and streamwise spacing on the forced convection heat
transfer around a pin fin array, further tests were designed and proposed to account for the effect
of natural convection in the test rig.
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Recognizing Natural Convection in Heat Transfer Measurements
One way to evaluate heat transfer of a cylinder is to calculate the Frossling number, 𝐹𝑟 =
𝑁𝑢𝐷
√𝑅𝑒𝐷

. The Frossling number is a way to take the Nusselt number and normalize it with respect to

Reynolds number. Calculating the Frossling number for each Reynolds number at the stagnation
point of the first row pin at either streamwise spacing should ideally produce the same value
since the approaching flow is laminar. However, as seen in Figure 26, the ReD =3000 plot
produces a Fr value higher than the other Reynolds numbers at the stagnation point of the first
row pins in both streamwise spacings. Natural convection can disrupt the general flow around a
cylinder in crossflow. Therefore, natural convection could be affecting the heat transfer around
the pin at ReD =3000 more significantly than for the other Reynolds cases, resulting in an
increase in Frossling number for both the X/D=1.73 and X/D=3.46 streamwise spacings.

Figure 26: Mean Frossling number versus circumferential location for Row 1 comparing X/D=1.73 and
X/D=3.46 for all Reynolds numbers tested.

According to the correlation determined by Oosthuizen and Madan [18], the Reynolds
case of 3000 should have negligible natural convection effects. However, Figure 26 shows that
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the Reynolds case of 3000 appears affected by natural convection. Therefore, an investigation
into the natural convection effects in this study was performed.
Mixed convection is the combination of forced and natural convection. The heat transfer
of a pin fin in mixed convection is complicated because of the interacting boundary layers
formed by both modes of heat transfer. Not only that, but the boundary layers from the endwalls
also come into play for short aspect ratios cylinders. As shown in Figure 1, the stagnation point
on a cylinder in crossflow is at the point where the flow first comes in contact with the cylinder
surface. In a natural convection situation on a horizontal heated cylinder, as shown in Figure 3,
the stagnation point of the flow, where the thermal boundary layer begins, is positioned at the
bottom of the cylinder. When a situation occurs with both forced and natural convection, the two
boundary layers may interfere with each other and move the location of the true stagnation point
of the pin or deform the boundary layers altogether. This proposed change in flow dynamics is
exaggerated for emphasis in Figure 27. The solid black streamlines are based off the generalized
flow for a cylinder in crossflow seen in Figure 1 [2]. The dotted red lines represent exaggerated
streamlines of the proposed mixed convection flow.

Figure 27: Depiction of hypothesized boundary layer and stagnation point movement with mixed convection on
a heated cylinder in crossflow.
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Since it appears that the Reynolds case of 3000 for both streamwise spacings may be
affected by natural convection, the data taken in both the current study and by Siroka et al. [21]
may need to be corrected for the natural convection contribution of heat transfer.

Increase Pin Temperature with Constant Reynolds Number
A test was designed to try to decipher the contribution of natural convection by
increasing the effect of natural convection while keeping a constant forced convection
contribution. By increasing the power supplied to the heater cartridge inside the test pin, the
change in temperature (∆T) between the pin and freestream air is increased. This increase in pin
temperature increases the buoyancy effects of the air at the surface of the pin and therefore
increases natural convection. By holding the channel Reynolds number constant, it can be
assumed that the forced convection contribution to the pin’s heat transfer coefficient remains the
same as ∆T increases, since the ratio of q” to ∆T remains constant.
By testing several ∆T values at a constant Reynolds number of 10000, the mean
convection coefficient (h̅) was measured at several ∆T values, with separate sets of data taken at
positions of 0-, 90-, 180-, and 270-degree locations around the circumference of the pin. ∆T
values were set at approximate 10-15°C intervals. The expected forced convection mean heat
transfer coefficient was calculated analytically using the correlation
1

̅̅̅̅
Nu = CReD m Pr 2

Eqn (23)

where
̅̅̅̅ =
Nu

h̅D
k

Eqn (24)
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C = 0.193
m = 0.618
Pr = 0.71332 .
At a Reynolds number of 10000, the analytical prediction of the mean heat transfer
coefficient around the circumference of the pin due to pure forced convection would be a value
of h̅ = 21.4734

W

. This value is the lowest predicted value of a pin’s average heat transfer

m2 ∗K

coefficient, if there were only forced convection.
The expected natural convection heat transfer coeffient was also calculated analytically
for each ∆T test value given the following equation:
2
1

0.387RaD 6

̅̅̅̅ = 0.6 +
Nu
{

8
9 27
16

Eqn (25)

0.559
[1 + ( Pr ) ]
}

∆T values of approximately 15, 25, 35, and 50 degrees Celsius were tested for a constant
Reynolds number of 10000 at the 0-, 90-, 180-, and 270-degree circumferential locations. The
expectation for the heat transfer results at different ∆T values was that as ∆T increased, forced
convection would remain constant and natural convection would increase, therefore increasing
the total measured mean heat transfer coefficient by the amount of increased natural convection
contribution. Likewise, as ∆T decreased, the total convection measured would approach the
constant value of pure forced convection, which would ideally be close to the analytical total
value of the heat transfer coefficient solution.
As seen in Table 2, by increasing ∆T, the analytical approximation for the forced
convection heat transfer coefficient remains relatively constant for each ∆T test. Table 2 also
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shows that the analytical approximation for the natural convection heat transfer coefficient
increases with ∆T, as predicted. The analytical total heat transfer coefficient is calculated by
summing the results for the forced convection heat transfer coefficient and the natural convection
heat transfer coefficient. The final column in Table 2 reports the experimental results for the
measured total heat transfer coefficient. The analytical and experimental heat transfer coefficient
totals do not match due to the fact that the analytical solutions only approximate the total heat
transfer coefficient for the pin, not the local heat transfer coefficient experienced around the
circumference of the pin. To best compare the analytical and experimental data, the experimental
total reported in Table 2 is the circumferentially-averaged value of the heat transfer coefficient
measured over the four measured circumferential locations of 0, 90, 180, and 270 degrees. Future
studies may focus on determining the local heat transfer coefficients due to natural convection,
which can then be compared to the local heat transfer coefficients measured in this study. This
proposed study could be performed with a CFD analysis to compare computer-simulated results
to the experimental results from this study.
Table 2: Comparison for analytical solutions for natural and forced convection heat transfer coefficients
compared to the circumferentially-averaged experimental results for total heat transfer coefficient.

The plot of the resulting time-averaged heat transfer coefficients at each location can be
found in Figure 28. The measured circumferentially-averaged heat transfer coefficient is plotted
in green along with the predicted lowest value of h̅ in dark blue.
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Figure 28: Plot of mean heat transfer coefficient recorded for different Delta T values around the circumference
of the pin compared to expected heat transfer coefficient for pure forced convection.

Contrary to the prediction, it was found that as ∆T increased, the measured mean heat
transfer coefficient in fact decreased. A possible explanation for this could be that increasing ∆T
not only increases the values of the convection experienced by the pin, but also shifts the
stagnation point of the natural convection portion of the flow, as suggested in Figure 27.
Changing the flow dynamics could make the local measurement inconsistent in terms of the
expected relative location of the flow along the pin surface boundary layer. However, Figure 28
does show that the heat transfer coefficient at the 270-degree location on the pin is consistently
higher than the heat transfer coefficient recorded for the 90-degree location for each ∆T test. If
the test was not affected by natural convection, the heat transfer coefficient at the 90-degree and
270-degree locations would ideally be equal.
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Future Studies for Natural Convection
Future experiments could be performed to try to measure the amount of natural
convection contribution in the wind tunnel by learning from the tests performed in this study.
Specifically, flowfield data collected using a PIV laser system could view the boundary layer
interactions of the forced and natural convection experienced by a pin in mixed convection.
An estimation of the natural convection affecting the pin could also be made by
performing a computational fluid dynamics (CFD) computer model simulation. In doing so, an
estimation of the combined natural and forced convection effects on the flow around the cylinder
and the local heat transfer around the cylinder of the pin fin could be estimated and compared to
experimental results from this study.
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Chapter 6
Conclusion
The goal of this study was to better understand the heat transfer characteristics of pin fin
arrays so that new, more efficient designs can be incorporated into industrial applications.
Through the study of varying streamwise spacings, trends in heat transfer were obtained.
It was determined that increasing the Reynolds number increases the heat transfer around
the entire circumference of a pin fin. Plots of mean Nusselt number across rows confirms
Metzger et al.’s [9] result that the pin fin heat transfer increases due to the increased turbulence
in the flow until about Row 3 or 5, then decreases. Further studies may be performed to better
understand the reason for and location of this decrease in heat transfer. Furthermore, the larger
streamwise spacing increases the local heat transfer around the circumference of a pin fin in the
Row 1 position, but does not produce consistently higher heat transfer compared to the smaller
streamwise spacing for Rows 3 and 5. Since Ostanek and Thole [7] found that smaller
streamwise spacings constrain the wake of the pin fins, a theory behind this result is that the
constrained wake of the smaller streamwise spacing array could change the velocity of the flow
in a way that allows the flow to either transition to a turbulent boundary layer or separate from
the pin earlier on the circumference of pins in subsequent rows. This earlier transition and
separation could then result in the out of phase heat transfer plots comparing both streamwise
spacings tested. This theory could also explain why the point of minimum heat transfer occurs
earlier for the smaller streamwise spacing in Rows 3 and 5. This theory could be tested using a
combined PIV system and HFM test pin to record the instantaneous heat transfer and flow
dynamics of the pin or by performing a CFD analysis.
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Furthermore, by analyzing the mean Frossling number over the circumference of the pin,
it is believed that natural convection cannot be neglected for the Reynolds number case of 3000
for the current study and for the study in Siroka et al. [21]. A test was performed attempting to
determine how much of the data read by the HFM is due to natural convection by increasing the
natural convection contribution and keeping the forced convection contribution to the average
heat transfer coefficient constant. However, it is believed, due to the unclear results, that the
mixed convection may change the flow dynamics around the cylinder, and thus affect the
stagnation point and boundary layers on the circumference of the pin fin. Performing a CFD
analysis on a pin fin in similar conditions could reveal the flow dynamics of the mixed
convection scenario and help to understand the results from the natural convection testing done
in this study.
Overall, the data collected in this study can help engineers to better understand the
characteristics of heat transfer within a pin fin array. The trends found and confirmed in this
study can help to design more efficient pin fin arrays for use in heat transfer applications
throughout various industries. Specific situations will define what array design best increases the
heat transfer in a system. In general, though, reviewing the results in this study, designing pin fin
arrays with larger streamwise spacings will result in higher heat transfer across most of the pin
circumferences for Rows 1 and 3 throughout an array compared to smaller streamwise spacings.
Understanding the row locations resulting in the highest heat transfer in a pin fin array at
different conditions can help engineers to place an array with a set number of rows at a set
distance from the location where heat transfer is most beneficial in a system. Since this study
only analyzed two streamwise spacings and only several rows in an array, further research may
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be done to analyze at what streamwise spacing the heat transfer is highest locally and averaged
over an array.
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Appendix A
Step-by-Step Instructions for Running a Test on the Pin Fin Rig
Computer Setup: (all files can be found in S:\\Public\Shallcross)
-

-

-

Begin with computer off
Turn on Data Acquisition box (DAQ)
Turn amplifier on
Turn computer on
Create folder for test
Open Excel file “testing_conditions_INSERT DATE OF TEST.xlsx”
Open LABVIEW file “HFS_Minimal.vi”
o Change sample frequency to 1100 Hz
▪ This frequency is a function of the capabilities of the HFM. Sampling any
faster may cause the sensor to miss data
o Run the LABVIEW file
▪ Save file name as “testing” to test folder
o Zero the HFM: Change the HFS and RTS offsets to negative the voltage readings
of the HFS and RTS
▪ Try to get the reading as close to zero as possible
• May need to stop the .vi file and run again (overwrite the “testing”
file) to see the change in reading
• The offset values are typically between 0.03 and 0.05
▪ Record the HFS and RTS offset values in the “testing conditions” Excel
sheet
Open LABVIEW file “Flowfield.vi”
Turn on supply voltage to pressure transducers
Run Flowfield.vi
o Change the offsets of channels 0-3 to zero
o Change the offsets again to be the negative value of the pressure reading of the
channel (in H2O)
▪ Try to get the “channel (in H2O) as close to zero as possible
▪ May need to stop the .vi file and run again to see the change in readings
o Scroll left on the Flowfield file to find the temperature readings from the
thermocouples
o Record the value for T_inlet as “Temp Calibrated” in the “testing conditions”
Excel file
Open file “Reynolds Number Calculator_INSERT DATE OF TEST.xlsx”

Equipment Setup:
-

Turn water to heat exchanger on
Turn on the blower:
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Press the “start” button on the power supply on wall labeled “PD”
Flip switch to “ON”
Press “FWD”
Press “Enter”’
Press “Shift” to move cursor forward, pressing the up and down arrows to
increase and decrease each number to the desired blower frequency
▪ Estimates for blower frequencies for several Reynolds numbers are shown
in Table 1
Open the Reynolds number calculator and change the values to fit the test conditions (pin
diameter, array spacings, etc.)
o Update the following test conditions in the tan highlighted cells:
▪ dP flowmeter = Ch1 (in H2O)
▪ TL = Tventuri or TL
▪ Tair−upstream = Tinlet
▪ Tair−downstream = Toutlet
▪ Patm = reading from barometer
▪ Ptest section = Ch0 (in H2O)
▪ PL = reading from smart gauge above wind tunnel
o Check the resulting Reynolds number
▪ If not close enough, change the blower frequency and update the pressure
and temperature values until the desired Reynolds number is reached
Once the Reynolds number is correct, plug in the power supply connected to the cartridge
heater
o Turn on the power supply
o Press the “OUT” button
o Adjust the voltage and current values to produce the heat desired (current and
voltage estimates used for streamwise spacing study for several Reynolds
numbers are shown in Table 1
Wait one hour for tunnel to reach steady state
Open the Reynolds number calculator Excel sheet and update the temperature and
pressure values to check that Reynolds number is still around the desired value
o Save the Excel file and record the Reynolds number in the “testing conditions”
Excel file
Record current and voltage value shown on power supply
Record the Tair−upstream value as “Tinlet at time of data collection”
Stop the Flowfield.vi LABVIEW file
Rotate the sensor pin to the circumferential location to be tested
Run the HFS_Minimal.vi file
o Save the file name with the date of the test and a description of the
circumferential location to be tested
▪ Example: 20170408_0 (Test date April 8, 2017 at 0 degrees)
Press the green “Run” arrow in the circular button
o
o
o
o
o

-

-

-

-

-
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-

Count for 10 seconds (or any desired length of time)
Press the long, rectangular “Stop” button to stop the recording and the code
Rotate the test pin to the next circumferential location and take data
o Repeat until done taking data
Save all the Excel files and close out

Turn Off Wind Tunnel
-

-

-

Press “OUT” on heater cartridge power supply (so “OUT” is turned off)
o Turn off power supply
o Unplug power supply
Press red “STOP” button on near setting screen on blower power supply and wait for
blower to completely stop
o Flip switch to “OFF”
o Press “STOP” button on the panel of the power supply
Turn water supply to heat exchanger off
Turn off pressure transducer power supply
Turn off computer
Turn off amplifier
Turn off DAQ
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Appendix B
MATLAB Code for Processing Raw Data
%This script will be used to analyze the raw data taken by the HFM. When
%using this, change the constants when necessary as well as the gains,
%temperatures, and Reynolds number.
%Constants from HFM calibration sheet
clc
clear
deg =
for

[0:10:180]; % vector list of degree angles that data will be analyzed

%%CAUTION: please check Test Conditions below before analyzing--need to be
%%updated for each set of data
%Loop through all pin circumferential positions
for j=1:length(deg)
close all % close previous figures
%Enter pathname to datafiles (replace “%” symbols)
datafolder = ['%%%%%%%'];
datafile = ['%%%%%%%_',num2str(deg(j))];
%Read Excel data files for raw HFS and RTS voltages
rawdata = xlsread([datafolder,datafile],2);
HFSV = rawdata(:,3);
RTSV = rawdata(:,2);
%Calibration constants for the HFM (supplied with HFM)
c = 2.881538;
d = -388.244;
e = .347037;
f = 134.7351;
g = .353;
h = 368;
R_i = 142.6822;
Gain_HFS = 4980; %NOTE: please check this before analyzing data
Gain_RTS = 494.7; %NOTE: please check this before analyzing data
%Pin geometry quantities
Area = 0.012661265;
Diameter = 0.0635;
SD = %%%%%%%; %streamwise spacing between pin centers (across the channel)
YD = %%%%%%%; %spanwise spacing between pin centers (in flow direction)
ROW = %%%%%%%; %row number, or single if a single row of pins
%Data collection quantities
Fs = 1100; %sampling frequency, Hz
%%CHANGE FOR EACH CASE ANALYZED%%
%Test conditions
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T_i = %%%%%%%; %zero-offset temperature in deg C; air temperature that is
used to set HFS and RTS voltages to nearly zero, when pin is not heated
T_test = %%%%%%%; %air temperature in deg C recorded during start of heat
flux sampling (used to calculate heat transfer coefficient)
Re_D = %%%%%%%; %Reynolds number of test based on pin diameter and maximum
velocity between pins
degree = deg(j);
%Convert raw voltages to surface temperature (T) and heat flux (q)
L = length(HFSV);
R = zeros(size(HFSV));
T = zeros(size(HFSV));
q = zeros(size(HFSV));
for i=1:L
R(i) = RTSV(i)/(0.0001*Gain_RTS)+R_i;
T(i) = c*R(i)+d;
q(i) =((( HFSV(i)/10^-6)/Gain_HFS)/(g*T(i)+h))*100^2;
end
%Correct heat flux for radiative loss (blackbody approximations)
qrad = 0.96.*5.67e-8.*((T+273.15).^4-(T_test+273.15).^4);
qconv = -q - qrad; %note negative sign on q because of convention of HFM
%Process instantaneous temperature and heat flux
Time = 1/Fs; % Time between samples
t = (0:L-1).*Time; % Time vector
Tmean = mean(T); % instantaneous value
Tstd = std(T); % standard deviation
qconvmean = mean(qconv); % instantaneous value
qconvstd = std(qconv); % standard deviation
qconvfluc = qconv-qconvmean; % fluctuating value (around mean)
[pxx,fpxx] = pwelch(qconvfluc,[],[],[],Fs); % apply Welch method with
defaults to determine frequency spectrum of fluctuations
%Plot instantaneous heat flux for full time record
figure(1);
plot(t,qconv);
xlabel('Time: sec')
ylabel('Convective heat flux: W/m^2')
% Plot power spectral density of heat flux fluctuations
figure(2);
loglog(fpxx,pxx);
axis([0.1,500,0.1,10000])
formatspec = 'Frequency Analysis of Row %d, ReD = %d, %d degrees';
title_2 = sprintf(formatspec,ROW,Re_D,degree);
title(title_2)
xlabel('Frequency: Hz')
ylabel('Power Spectral Density: (W/m^2)^2/Hz')
%Use a narrow bandstop filter to get rid of 60 Hz spike (due to electrical
line noise)
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d = fdesign.bandstop('N,F3dB1,F3dB2',20,59.7,60.2,1100);
Hd = design(d,'butter');
qconvflucfilt = filter(Hd,qconvfluc);
[pxxfilt,fpxxfilt] = pwelch(qconvflucfilt,[],[],[],Fs); % apply Welch method
with defaults to determine frequency spectrum of fluctuations
figure(4)
loglog(fpxxfilt,pxxfilt);
axis([0.1,500,0.1,10000])
formatspec = 'Frequency Analysis of Row %d, ReD = %d, %d degrees, 60Hz
bandstop filter';
title_4 = sprintf(formatspec,ROW,Re_D,degree);
title(title_4)
xlabel('Frequency: Hz')
ylabel('Power Spectral Density: (W/m^2)^2/Hz')
%Calculate air properties
T_film = (Tmean + T_test)/2 +273; %Film temperature for thermal conductivity
estimate
table_temp = [300,350];
table_k = [0.0263,0.030];
k = interp1(table_temp,table_k,T_film); %Air thermal conductivity at test
condition
%Calculate non-dimensional heat transfer (Nusselt number, Frossling number)
h_inst = qconv./(T-T_test); % heat transfer coefficient, W/m^2-K
hmean = qconvmean/(Tmean-T_test);
Nu_inst = (h_inst*Diameter)/(k); % Nusselt number
Numean = (hmean*Diameter)/(k);
Nustd = std(Nu_inst);
Frossmean = Numean/Re_D^0.5; % Frossling number
Frossstd = Nustd/Re_D^0.5;
energy = qconvmean*Area;
%Plot instantaneous Nusselt number for time record
figure(3)
plot(t,Nu_inst);
formatspec = 'Time Sequence of Row %d, ReD = %d, %d degrees';
title_3 = sprintf(formatspec,ROW,Re_D,degree);
title(title_3)
ylabel('Nu')
xlabel('Time: sec')
%Save figures to specified folder
savefolder = [datafolder,'\figures\'];
saveas(figure(4),fullfile(savefolder,title_4),'fig')
saveas(figure(3),fullfile(savefolder,title_3),'fig')
%Collect all mean and std dev results in a form that can be copied to a
%spreadsheet
AvgResults(j,:) =
[Numean,hmean,Tmean,energy,qconvmean,Frossmean,Nustd,Nustd,Nustd,Frossstd];
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end % of loop
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