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ABSTRACT
Gas turbines are a vital component in meeting modern society’s energy
conversion needs and are found in a variety of applications, most generally in the
areas of industrial power production and aircraft propulsion. Current gas turbine
engines run at temperatures that far exceed the melting temperature of the
components that run the engine.

These components are subjected to extremely

intense thermal and mechanical stresses. Advancements in the industry are directly
tied to allowing even higher operating temperatures.

To extend the lifetime of

components in this hostile environment, advanced cooling technologies must be
implemented, most especially in the first turbine stage, where temperatures are at
their highest. One form of cooling technology can be found in inserting pin fin arrays
into the internal passageways of turbine blades and vanes. These pin fins add surface
area over which heat transfer can take place and promote turbulence within the
channels, thereby increasing the heat transfer from the component.
This study characterized the contribution to the heat transfer in an array of pin fins
that comes from the pin surface itself. Oblong-shaped pins, with a constant height-todiameter ratio of one, were studied. To gain an understanding of the heat transfer
over the pin and correlated flow features through the array, the spanwise, streamwise
and Reynolds number were varied. The oblongs were shown to have two regions of
high heat transfer, one at the stagnation point of the pin and one immediately before
the boundary layer on the surface transitioned to turbulence. When compared to the
conventional cylindrical pin fins, the heat transfer from the oblong was approximately
30% lower; however, the pressure drop across the oblong array was between 60% and
50% lower than that across an array of cylindrical pins.
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NOMENCLATURE
Asurface

surface area

Aheater

Inconel heater surface area

D

pin diameter

Dh

hydraulic diameter

fDh

2
duct friction factor, fDh = Δp-Δpflat ∙ 2∙ρ∙Um

f

2
pin friction factor, f= Δp-Δpflat ∙ 2ρUmax
∙N

f0

empty duct friction factor, f0 = 4(0.078)ReDh-0.25 [6]

Fr

Frössling Number, Fr = NuDReD-1/2

h

heat transfer coefficient

H

pin height, channel height

I

electrical current

k

thermal conductivity

L

length of oblong pin

Lc

characteristic length

Lpins

length of pin fin array, from center of first row to center of last row

Ltotal

length between pairs of static pressure taps

N

number of rows of pins

p

pressure

Pr

Prandtl number

Q

heat flux

R

electrical resistance

ReD

pin Reynolds number, ReD = Umax(2D) ν-1

ReDh

duct Reynolds number, ReDh = UmDhν-1

NuD

pin Nusselt number, NuD = h(2D)k-1

NuD

area-averaged pin Nusselt number

s

distance along a pin surface

S

spanwise spacing

T

temperature

x

-1

-1

∙Dh ∙Lpins

-1

TRDPIV

time resolved particle image velocimetry

U

axial velocity (x-direction)

X

streamwise spacing

Greek
ε

emissivity

θ

circumferential location on pin

μ

molecular dynamic viscosity

ν

molecular kinematic viscosity

ρ

density

σ

Stefan-Boltzmann constant

Subscripts
amb

ambient

flat, 0

empty duct value

loss

pertaining to conduction and radiation losses

m

mean (bulk) value

max

maximum value

ref

reference value

s

surface
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Chapter 1 : Introduction
Gas turbine engines are used in a number of applications, most notably in the areas of
land-based power production and aircraft propulsion. A significant benefit from gas
turbine engines is their high power-to-weight ratio as well as their reliability, especially
when a sustained high power output is required. The thermodynamic cycle of a gas
turbine engine can be fit to an air-standard Brayton cycle.

Three thermodynamic

processes occur: compression, combustion and expansion. Air enters the compressor,
which raises the pressure and temperature of the air and releases the air to the combustor.
Fuel and heat are added in the combustor to create high energy combustion products.
The flow is then expanded through the turbine and work is extracted. In a gas turbine
engine for aircraft propulsion, two additional stages are standard: one stage before the
compressor and one stage after the turbine. Before air enters the compressor, it moves
through a diffuser, which acts to increase its pressure and temperature. After the turbine,
the exhaust is released through a nozzle behind the turbine, which increases the velocity
of the exhaust gases. Figure 1-1 shows a cutaway of a gas turbine engine used for aircraft
propulsion. Shown is the Pratt and Whitney PW2000 engine, a turbofan engine, designed
to power the Boeing 757.
Depending on the application of the gas turbine, the energy extracted from the turbine
is used for different means. In land-based turbines, the energy from the turbine is used
solely to drive the compressor. In many situations with land-based turbines, the exhaust
gases exit into secondary equipment that can recover the excess heat. A major difference
between land-based gas turbines and gas turbines for aircraft propulsion comes in this
secondary equipment, such as equipment used in regeneration; land-based gas turbines
are much closer to the source they are powering and can include numerous components
of secondary equipment not needed in aircraft propulsion.
As a point of contrast, in gas turbine engines for aircraft, a small portion of the energy
from the turbine is used to run the compressor. The majority of the energy is ejected out
of the nozzle behind the turbine, thereby generating thrust.
The efficiency of a gas turbine engine is directly tied to the compressor pressure ratio
in the engine: increased pressure ratio leads to increased efficiency, as seen in Figure 1-2.
1

Figure 1-1. Pratt and Whitney PW2000 Gas Turbine Engine [1].

Figure 1-2. Gas turbine pressure ratios vs. thermal efficiency for the ideal Brayton Cycle.
Regeneration is applicable in land-based gas turbines whereas no regeneration is possible in
gas turbine engines for aircraft propulsion [2].
2

Figure 1-2 shows the relationship between pressure ratio and thermal efficiency for an
ideal Brayton cycle, for cases with and without regeneration. Advanced pressure ratios,
however, also cause higher temperatures in the engine, the highest of which are located at
the inlet to the turbine. In order to maintain growth in the gas turbine industry, these
temperatures will continue to increase and the need for materials technology and
advanced cooling schemes will become ever more important. Figure 1-3 shows the clear
dependence of specific power on turbine inlet temperature.

Figure 1-3. Turbine inlet temperatures vs. specific power from a gas turbine engine [3].

1.1 Motivation for Research
Currently in gas turbine engines, the combustion gases entering the turbine stage are
significantly hotter than the melting temperature of the turbine vanes and blades. Cooling
technologies present on these vanes and blades fall into two categories: external cooling
and internal cooling. External cooling schemes include film cooling holes, as seen in
Figure 1-4. Drilled at an angle into the component surface, their purpose is to provide a

3

Figure 1-4. Film cooling holes on the surface of a turbine blade from the Pratt and Whitney
PW4000 [4].

layer of coolant along the surface. This layer acts as an insulating barrier to prevent the
hot combustion gases from coming in direct contact with the material.
Working in conjunction with external cooling schemes are internal cooling
technologies. Methods of internal cooling for a turbine blade or vane vary depending on
what portion of the blade is being cooled. In areas with relatively large cross sections,
such as near the leading edge, jet impingement cooling or rib turbulators are used. Rib
turbulators, for example, line serpentine passages through the blade, and act to promote
turbulence and increase heat transfer. In the trailing edge of the blade, where the cross
section is extremely thin, pin fin arrays are implemented. Figure 1-5 shows an x-ray
image of the internal passageways of a gas turbine blade. Cylindrical pins can be seen in
the trailing edge of the blade. The purpose of these pin fin arrays is twofold. They
generate turbulence in the flow through the blade, which aids in removing heat from this
critical area, and they provide structural support for the trailing edge. By adding pin

4

Figure 1-5. X-Ray image taken of a gas turbine blade in order to highlight the internal cooling
schemes [5]. Rib turbulators can be seen near the leading edge and in the middle of the
blade, whereas a pin fin array can be seen in the trailing edge.

fins to the flow, the area over which heat transfer can take place increases. The pins
disrupt the boundary layer on the channel walls by inducing vortices at the pin fin base,
called horseshoe vortices, and in the wake of the pin, where vortex shedding is an
important mechanism for heat transfer. Generally, the shape of the pin fins used for this
application is cylindrical.
Cooling technologies, such as film cooling and pin fin cooling, are the driving factors
for advancements in the gas turbine industry. Figure 1-6 shows the various cooling
technologies through the years and their impact on the industry.

As new cooling

technologies emerge, the turbine inlet temperature can increase well beyond the melting
temperature of the turbine components.

1.2 Research Objectives
The goal of this research is to further investigate the heat transfer capabilities of a pin
fin array using oblong-shaped pin fins, as opposed to cylindrical pins. Specifically, this
study aims to characterize the contribution to the heat transfer from the pin itself. Many
5

previous studies in the realm of pin fin arrays have focused on the total heat transfer in
the array, which includes both the pin surface and the endwall surface. In studies such as
these, particular pin fin features cannot be highlighted. The surface area on the pins is a
significant contributor to the heat transfer in the array and the heat transfer pattern on its
surface is not well understood.
Data for this research were taken experimentally and validated against heat transfer
correlations. The effects of Reynolds number and spacing were investigated in oblong
pins in both the first and third row of a three-row array. Chapter 2 describes the previous
research on pin fin arrays both in terms of heat transfer and the flowfield. Chapter 3
offers a description the experimental facility. Chapter 4 delves into the data reduction
procedure, while Chapter 5 gives a discussion into the results obtained from these studies.
Lastly, Chapter 6 highlights the conclusions and provides recommendations for future
work.

Figure 1-6. Effect of cooling technologies introduced through the years on the turbine inlet
temperature [3]. As new technologies emerge, higher operating temperatures are possible.
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Chapter 2 : Literature Review
This chapter will discuss the previous research that has been done in the area of pin
fin arrays. First, an overview of the common terminology and definitions used in internal
cooling will be given. Next, the prior research on pin fin arrays will be discussed and
will be split into sections based on the parameters or effects studied.

2.1 Basics of Pin Fin Array Cooling
Before beginning a discussion on the previous research that has been conducted in the
area of pin fin arrays, a description of typical pin fin heat transfer definitions is needed.
Additionally, a description of the terms used in calculating the pressure drop across the
array is included. In internal channels, the goal of heat transfer analyses is to increase the
heat transfer while maintaining a low pressure drop through the array.
Both the Reynolds number and Nusselt number are important parameters in the
discussion on pin fin array heat transfer. In internal cooling channels, two definitions for
Reynolds number are commonly used. The Reynolds number can be based on the
hydraulic diameter of the channel (Dh) and the bulk (mean) channel velocity (Um), as is
shown in Equation 2-1,
ReDh =

Um Dh
ν

2-1

Another option is to base the Reynolds number on the pin diameter (D) and the
maximum velocity through the channel (Umax), which equates to the velocities between
the pins. This Reynolds number, termed the pin Reynolds number, is defined in Equation
2-2.
ReD =

Umax D
ν

2-2

A measure of heat transfer is through the Nusselt number. The Nusselt number is
defined as seen in Equation 2-3.
NuDh =

hLc
k air

2-3

The term Lc is the characteristic length, or the length most descriptive of the
experiment at hand. In the case where the pin Reynolds number is matched, the Nusselt
number also uses the pin diameter as the appropriate length scale.
7

To obtain the heat transfer coefficient, h, the definition of convective heat transfer is
implemented, seen in Equation 2-4.
Q = h ∙ Asurface ∙ (Ts − Tref )

2-4

The term Q is the rate of heat removal, Asurface is the area over which heat transfer occurs,
Ts is the surface temperature and Tref is the reference temperature. Because only the pin
surface was heated, the area is defined as the wetted pin area alone. The definition of Tref
differs depending on the experiment in progress. For the experiments performed for this
study, the reference temperature is the bulk fluid temperature through the channel.
Also of importance in internal channels is the pressure drop across the array.
Similarly to the definitions of Reynolds number, two definitions of friction factor can be
used depending on the experimental feature of interest. The duct friction factor, based on
the mean channel velocity, can be seen in Equation 2-5.
fDh =

Δp
Dh
∙
2
2ρUm Lpins

2-5

The term Lpins is the length of the pin fin array, as measured by the center of the first
row of pins to the center of the last row of pins. Δp represents the drop in pressure
through the channel.
The pin friction factor, based on the maximum velocity through the channel, is given
by Equation 2-6
f=

Δp
2 N
2ρUmax

2-6

The term N refers to the number of rows in a pin fin array.

2.2 Reynolds Number and Spacing Effects
Much of the early research on pin fins focused on the height-to-diameter (H/D) ratios
of the pins, as well as spanwise (S) and streamwise (X) spacing of the pins. Spacing of
the pins is conventionally normalized by the diameter of the pins (S/D and X/D).
Metzger et al. [6] provided some early studies on spanwise and streamwise spacing
effects. Decreasing both spanwise and streamwise spacing resulted in an increase in heat
transfer due to the higher turbulence levels generated in the channel. With a denselypacked array, however, the benefits of high heat transfer are countered by significant
8

pressure losses through the array. VanFossen and associates [7]–[9], also contributed to
the spacing studies in addition to contributing to the field with data on varying H/D
ratios. Beyond an H/D of three, the heat transfer greatly improves with increasing H/D
ratio. However, under an H/D of three, the heat transfer differences among varying H/D
ratios is small. Armstrong and Winstanley [10] compiled much of this early research to
develop heat transfer correlations based on H/D, S/D and X/D.

Armstrong and

Winstanley were able to predict array-averaged heat transfer for pin fin arrays with H/D ≤
3, 2 ≤ S/D ≤ 4 and 1.5 ≤ X/D ≤ 5 to within 20%. Also in these correlations is the pressure
drop generated by each of these arrays.
One significant finding from these early studies was that heat transfer augmentation
levels off beyond a certain row of pins, most commonly between the second and fourth
row of pins depending on the streamwise spacing of the array. This finding has been
confirmed by numerous researchers through the years and is an important consideration
in the design of multi-row pin fin arrays.
The effect of Reynolds number, in conjunction with the spacing and H/D ratio effects,
has also been studied. Lyall et al. [11] studied one row of cylindrical pins with H/D = 1
and varied both spanwise spacing and Reynolds number. Lawson et al. [12] expanded on
the study performed by Lyall et al. to include multiple rows of cylindrical pin fins. Both
groups of researchers also took point measurements on the pin surface. The general trend
that both groups of researchers found was that heat transfer increased with decreased
spacing and increased Reynolds number due to the higher levels of turbulence in the
channel. The heat transfer augmentation, however, was objectively higher for the lower
Reynolds numbers than the high Reynolds number; the higher levels of conduction heat
transfer occurring at the lower Reynolds number case resulted in higher heat transfer
augmentation.
Chyu et al. [13] studied the effect of varying the H/D ratios of pins and developed
correlations based on H/D. In between H/D = 2 and 3, the dependence on Reynolds
number changed. For H/D = 1 and 2, the Reynolds number exponent in their correlations
was 0.65 and 0.75, respectively. For H/D = 3 and 4, the Reynolds number exponent was
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found to be 0.39 and 0.35, respectively. For reference, in most gas turbine applications, a
typical H/D ratio in pin fin arays is near one [3].
Ostanek and Thole [14] studied the effect of nonuniform spacing in pin fin arrays.
Motivated by the fact that heat transfer augmentation drops off toward the back of an
array, the authors varied the streamwise spacing of the pins through the array. The front
of the array had wider streamwise spacing, which gradually decreased through the array.
The goal was to maintain a higher heat transfer capacity further back into the array. The
researchers found that such a configuration did not influence the heat transfer
significantly and, at high Reynolds number, a constant close spacing outperformed the
variable spaced array.

2.3 Geometric Considerations and Flowfield Studies
Researchers have also explored design constraints inherent in the casting of turbine
blades and vanes. Chyu et al. [15] studied pin fins with fillets on either end of the pin, as
could be seen in engine-realistic geometries. The authors discovered that the addition of
fillets reduced the heat transfer from the array. Additionally, Arora and Abdel-Messeh
[16] examined the heat transfer from arrays with partial length pin fins. The partial pin
height was dictated by manufacturing tolerances; the goal of this study was to understand
the effect of heat transfer in a pin fin array with the largest tolerable gap in between the
pin and the blade wall. The researchers found that increasing the gap size resulted in
lower heat transfer and lower friction factor.
Apart from cylindrical pins, various other shapes of pin fins have been studied. Chyu
et al. [17] studied square and diamond pin fins and compared the results to those from
arrays of cylindrical pins. The square and diamond pin arrays led to increased heat
transfer in the channel as compared to the cylindrical pin array. The sharp edges on the
square and diamond pins created higher turbulence levels in the shear layers. The
experiments performed by Chyu et al. [17] used an oil-flow visualization technique, in
addition their heat transfer measurements, to understand more about the turbulence
generated in the shear layers. Tarchi et al. [18] oriented cylindrical pins in a pentagonal
arrangement and compared the heat transfer behavior to arrays of elliptical pins. The
elliptical pins were aligned such that their major axis was perpendicular to the flow.
10

While the elliptical pins showed increased heat transfer over the cylindrical pins, the
pressure drop across the elliptical array was seven times larger than that across the array
of cylindrical pins.
Oblong-shaped pins have been considered as well.

Andreini et al. [19] used a

numerical simulation to investigate one row of oblong pin fins in a converging channel.
The authors found high heat transfer from the channel as a result of the horseshoe vortex
formation, recirculating flow in the wake region of the pin and acceleration of the mean
flow due to the channel convergence.
Another oblong study, done by Metzger et al. [20], considered an oblong pin fin
having H/D = 1 and length-to-diameter ratio (L/D) of 2, where L, the oblong length, was
measured from leading to trailing edge. The authors varied the orientation of the oblong
relative to the flow direction, beginning with the pins aligned with their long axis to the
flow (0° to the flow) and rotating the pins until their long axis was perpendicular to the
flow (90° to the flow). The authors also examined the effects of alternating the pins’
angle relative to one another. Results showed that when the oblong pins are aligned with
the flow, they give lower heat transfer but also a lower pressure drop through the array.
Conversely, oblongs turned perpendicular to the flow gave high heat transfer but a high
pressure drop as well. When the oblong pins were positioned at alternating angles, ±30°,
the authors saw the highest performance factor, which takes into account both heat
transfer and pressure drop.
In addition to the heat transfer from pin fin arrays, the flowfield generated by such an
array is of interest. Relating the turbulence generated by a pin fin array to the heat
transfer capabilities is important in understanding the physics of the flow. Uzol and
Camci [21] studied the flowfield generated by elliptical pins and compared it to the
turbulence generated by an array of cylindrical pins. The authors found that the elliptical
pins, due to their streamlined geometry, generated less turbulence than the array of
cylindrical pins. As such, the heat transfer from the array of elliptical pins was reduced
in comparison to the cylindrical pins. However, the pressure drop across the elliptical pin
array was lower than that from the cylindrical pin array. When both heat transfer and
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friction factor were taken into consideration, the elliptical pins outperformed the
cylindrical pins.
Ames et al. [22] investigated how influential channel turbulence is on pin fin heat
transfer. The authors developed correlations for the local heat transfer coefficients based
on the local turbulence parameters. The authors found that the most important parameter
in predicting stagnation point heat transfer was the approaching velocity.
Ostanek and Thole [23] used time-resolved digital particle image velocimetry
(TRDPIV) to capture the vortical patterns behind pin fins. The authors varied both
spanwise and streamwise spacing and used the TRDPIV technique to visualize the wake
behind the first and third row pins of multi-row arrays. A major finding from the study
was that at a streamwise spacing of X/D = 2.16, the first row wake was strongly
influenced by the presence of downstream pins. With this close streamwise spacing, the
vortex shedding was suppressed and the typical periodic vortex shedding behind the pin
was not observed. At an X/D = 2.6, the next widest streamwise spacing studied, the
expected vortex shedding was observed; at X/D ≥ 2.6, no noticeable influence of
downstream pins could be seen on the first row wake.

2.4 Other Considerations
As previously discussed, the heat transfer augmentation through an array of pin fins
diminishes beyond the first few rows of pins. One consideration, therefore, in the design
of pin fin arrays is to maintain the heat transfer capacity further back into an array of
pins. Busche et al. [24] examined the effects of replenishing the coolant air at various
points along a pin fin array in the streamwise direction. This replenished air provided
enhancements in heat transfer augmentation throughout the array due to the replenished
heat capacity of the coolant.
Ling et al. [25] looked at combining two geometries of pin fins in the hopes of
maintaining the heat transfer capacity of the coolant. The authors added streamlined
pedestals in the last row of a cylindrical pin fin array. One result of note was the
formation of the horseshoe vortices on the streamlined pin surfaces. This horseshoe
vortex formation enhanced the heat transfer in that area of the array.
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2.5 Uniqueness of Research
Only two other studies in the public domain have investigated oblong-shaped pins,
namely Andreini et al. [19] and Metzger et al. [20]. Andreini et al. [19] provided
numerical results for the heat transfer from the combined endwall and pin surfaces.
Similarly, Metzger et al. [20] experimentally investigated the combined heat transfer
performance of both the endwall and oblong pin surfaces. The vast majority of other
studies have focused on cylindrical pins, with one exception from Camci and Uzol [21]
who studied elliptical pins.
The present study examines the contribution to internal cooling directly from a pin
surface and uses oblong pin geometries already available in the public domain. Given
that a large portion of the surface area over which heat transfer can take place in an
internal channel is on the pin itself, this research fills a gap in the literature.

The

percentage of wetted area located on the pin is listed in Table 2-1. Even at the widest
streamwise and spanwise spacing, the percentage of wetted area on the pin surface is over
25%. In understanding the heat transfer patterns on the pin, inferences about the flow
through the channel and the physics of the flow can be made. Additionally, when
keeping in mind the need for maintained heat capacity deep into a pin fin array, a
combination of streamlined and bluff bodies could be beneficial. The heat transfer
capacity of the coolant could potentially be saved if streamlined bodies were placed
before an array of bluff bodies, thereby allowing for higher heat transfer closer to the
back of the array.

Table 2-1. Percentage of Wetted Area Located on the Surface of the Oblong Pin

S/D

X/D

2
2
2.5
3

2.6
3.03
3.03
3.03

% Wetted Area on Pin
Surface
43%
38%
31%
26%
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Chapter 3 : Experimental Facility
Experiments for this study were performed in a large-scale channel, scaled to over
sixty times engine size. Such a large scale allows for extremely detailed measurements,
which were the goal for these experiments. The test facility was described in detail by
Ostanek and Thole [26], but a brief summary will be given here. Figure 3-1 shows a
schematic of the test facility.

Figure 3-1. The test facility used for each experiment was a recirculating test facility with air as
the working fluid [26].

Air was used as the working fluid and was recirculated through the channel by a
single stage pressure blower. The blower was driven by a motor with variable frequency
capability and produced a volume flow rate of up to 0.66 m3/s. The cross-sectional area
of the channel was constant, with a height of 6.4 cm and a width of 1.2 m. One endwall
of the channel was constructed of glass while the other was constructed of polycarbonate.
Before the flow entered the channel, it entered an inlet plenum containing a splash
plate, thus preventing the formation of jets in the channel. The flow was forced through a
sharp-edge contraction before entering the channel resulting in a turbulent channel flow
upstream of the pins. The channel is over 40 channel hydraulic diameters in length. The
flow through the channel has been validated to be fully turbulent before reaching the pins
by Ostanek and Thole [26]. The pins are located 22hydraulic diameters downstream
from the inlet to the test section to provide sufficient entrance length. The flow then
14

exited the channel through the exit plenum, where another splash plate was located.
Additionally, the exit plenum contained a heat exchanger used to remove any excess heat
generated by the heat flux plates and blower. Before entering the blower, the flow went
through a Venturi flowmeter.
Pressure transducers were used to take pressure measurements in the channel. The
pressure transducers ranged in size from 0.1 inches to 5 inches of H2O; the size of the
transducer dictated how it was used in each experiment.
The experiments were carried out at three different pin Reynolds numbers of 1.0e4,
2.0e4 and 3.0e4. As previously discussed, the pin Reynolds number was based on the pin
diameter and the maximum velocity through the channel. The flow reached its maximum
velocity where the channel area was the smallest, which is located between pins. The
area between the pins was a function of the spanwise spacing of the pins. Because the
pin Reynolds number was matched for each experiment, the duct Reynolds number
changes based on the spanwise spacing of the pins. Table 3-1 shows corresponding duct
Reynolds numbers for the given matched pin Reynolds number. As the spanwise spacing
increases, the duct Reynolds number increases. With wider spanwise spacing, the flow
acceleration through the pins needs not to be as strong; the bulk velocity, therefore,
approaches the value of the maximum velocity as the spanwise spacing increases,
resulting in a higher duct Reynolds number.

Table 3-1. Corresponding Duct Reynolds Numbers for Given Pin Reynolds Numbers

S/D

ReD

ReDh

2

1.0e4
2.0e4
3.0e4
1.0e4
2.0e4
3.0e4
1.0e4
2.0e4
3.0e4

0.95e4
1.9e4
2.8e4
1.1e4
2.3e4
3.4e4
1.3e4
2.5e4
3.8e4

2.5

3
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The mass flow rate for each experiment was measured and then used to calculate the
maximum velocity. The bulk velocity derived from the mass flow rate was divided by
the ratio of the open channel area to the area covered by the pins to calculate the
maximum velocity in the channel.

The area ratio used for the maximum velocity

calculation is illustrated in Figure 3-2.

Figure 3-2. Area ratio used in the calculation of maximum channel velocity derived from the
mean channel velocity.

3.1 Pin Array Geometries
As previously mentioned, the goal of these experiments was to characterize the
specific contribution to heat transfer from the pin surface itself. To achieve this goal, one
heated pin was inserted into an array of unheated pins. Either one row or three rows of
pins were used; experiments included one heated oblong in the first row of a one-row
array or one heated oblong in the third row of a three-row array. The conventions for
measuring spanwise (S) and streamwise (X) spacing were used in these experiments.
Spacing was based off of the pin diameter and measured relative to the center of the
16

circular portion of the pins. Figure 3-3 shows the conventional definitions of spanwise
and streamwise spacing.

In each test, spanwise and streamwise spacings were

systematically varied.
X

Flow

S
Figure 3-3. Definitions of spanwise (S) and streamwise (X) spacing. Spacing is normalized by
the pin diameter (D).

Table 3-2 shows the oblong dimensions and the test matrix used for this study. The
oblong had H/D = 1 and L/D = 2. Note that all X/D spacings are greater than or equal to
2.6. As was shown in Ostanek and Thole [23], the presence of downstream pins affects
the wake of the upstream pin only for X/D = 2.6. This interaction between pins was
undesirable in these experiments and therefore, only streamwise spacings larger than 2.6
diameters were examined.
To ensure that downstream pins did not have an effect on the heat transfer, various
sensitivity tests were conducted on the heated oblong in the first row.

Tests were

conducted with one heated pin in the first of three rows for two spanwise spacings. The
results were compared to those from one heated oblong in the first row. The comparison
of one of the spanwise spacings at each of the Reynolds numbers tested is shown in
Figure 3-4, Figure 3-5 and Figure 3-6, respectively. As can be seen, negligible difference
exists between the two experiments at all three Reynolds numbers. Therefore, the results
presented in the upcoming discussion will be from one heated pin in the first of one row.
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Table 3-2. Oblong Dimensions and Test Matrix

D

63.5 mm

H/D

1

L/D

2

First Row

Third Row

S/D

S/D

X/D

2

2

2.6

2.5

2

3.03

3

2.5

3.03

3

3.03

1,4

Re =1.0e4, Oblong heated in
D

first of three rows
Re =1.0e4, Oblong heated in

1,2

D

first of one row

1

N=1, S/D=2.5,
[X/D=3.03]

0,8
Nu

D

Re

1/2
D

0,6

0,4

0,2
0
-3

-2

-1

0

1

2

3

s/D

Figure 3-4. Comparison of one oblong heated in the first of three rows and in the first of one
row at the low Reynolds number. No difference in the heat transfer is observed.
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1.4

Re =2.0e4, Oblong heated in
D

first of three rows
Re =2.0e4, Oblong heated in

1.2

D

first of one row

1

N=1, S/D=2.5,
[X/D=3.03]

0.8
Nu
Re

D

1/2
D

0.6

0.4

0.2
0
-3

-2

-1

0

1

2

3

s/D

Figure 3-5. Comparison of one oblong heated in the first of three rows and in the first of one
row at the mid Reynolds number. No difference in the heat transfer is observed.
1,4

Re =3.0e4, Oblong heated in
D

first of three rows
Re =3.0e4, Oblong heated in

1,2

D

first of one row

1

N=1, S/D=2.5,
[X/D=3.03]

0,8
Nu

D

Re

1/2
D

0,6

0,4

0,2
0
-3

-2

-1

0

1

2

3

s/D

Figure 3-6. Comparison of one oblong heated in the first of three rows and in the first of one
row at the high Reynolds number. No difference in the heat transfer is observed.
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Chapter 4 : Instrumentation Method and Data Reduction
To achieve the goals of this experiment, one heated pin was inserted into an array of
unheated pins in order that pin surface heat transfer could be isolated and studied. Point
temperature measurements were taken on the surface of the oblong and used in the
calculation of heat transfer coefficients.

This chapter will first discuss the

instrumentation of the oblong pin with thermocouples and then will describe the
calculation method used in deriving the heat transfer coefficients. Lastly, a discussion on
the experimental uncertainty will follow.

4.1 Instrumentation of the Oblong Pin
Each oblong pin was constructed using a low thermal conductivity material, SC 4500,
via a stereolithographic apparatus (SLA). The thermal conductivity was reported to be
0.175 W/m·K. The dimensions of the oblong can be found in Table 3-2. The diameter of
the pin was chosen to match the height of the channel. On one side of each oblong was
double-sided tape to adhere the pin to the test section. On the other side of each oblong
was a strip of gasket to ensure that no flow leaked in between the pin and the test section.
Instrumentation of the one heated pin in the array took advantage of the symmetry on
the oblong about the streamwise axis.

Figure 4-1 shows the locations of the

thermocouples used in the instrumentation of the pin. Twenty-five thermocouples were
used on the top half of the oblong, allowing for one thermocouple every 6 mm. To
validate the assumption of symmetry, four thermocouples were placed on the bottom half
of the oblong. The thermocouples used were Type E. The thermocouples were mounted
to the surface of the oblong and attached to the underside of the heater using a thermally
conductive and electrically insulating epoxy (k = 1.1 W/m·K). The heater used for these
experiments was Inconel foil of thickness 0.0254 mm.

Figure 4-2 shows two

photographs of the instrumented oblong. All thermocouples were located at 50% of the
height of the oblong. To heat the Inconel foil, two lead wires were soldered to the foil
and attached to a power supply. The photograph on the right hand side of Figure 4-2
shows the locations of the lead wires. The two ends of the heater were taped to the pin to
ensure the heater was as flat as possible on the surface. The tape used was Kapton tape
(yellow in color) with thickness 0.0254 mm. Additionally, double-sided Kapton tape, of
20

Figure 4-1. Schematic of the thermocouple locations used in the instrumentation of the one
heated oblong pin.

Figure 4-2. Photographs of the instrumented oblongs. On the left are the locations of the 29
thermocouples at 50% of the height of the pin. On the right is the location where the lead
wires were attached to the heater.
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thickness 0.05 mm was used in between the oblong and heater to secure the heater where
epoxy was not present. Also seen in Figure 4-2 is fiberglass insulation (white in color)
beneath the thermocouples.
The choice in materials used in these experiments was motivated by loss
minimization. Inconel foil has low emissivity (ε = 0.21) and therefore produced small
radiation losses. Radiation losses amounted to approximately 0.1% of the total heat flux
for all tests. Similarly, the low thermal conductivity of the SC 4500 material and the
addition of the fiberglass insulation (k = 0.043 W/m·K) reduced conductive losses to be
no more than 3.6% of the total heat flux for each test. To note, the conductive losses
accounted for in these tests include only the conductive losses from the pin to the
endwall. In a separate study done by Ostanek [27], three-dimensional conductive losses
were studied and shown not to influence the heat transfer results significantly.

4.2 Calculation of Heat Transfer on Pin Surface
To calculate the heat transfer, a one dimensional analysis was used. The use of the
Inconel foil imposed a constant heat flux boundary condition on the pin. In knowing the
resistivity of the foil (R) and setting the current flow, the heat flux could be calculated
using Equation 4-1.
Q = I2 ∙ R

4-1

The area was the surface area of the heater. The losses were subtracted from the
calculated heat flux to obtain the net heat flux.

The local conductive losses were

calculated using Equation 4-2.
Qcond = k

Ts − Tloss
∙ Ac
H

4-2

The term Tloss represents the temperature measured by the loss thermocouple, placed on
the test section where the heated pin was located. The term H represents half of the pin
height and the term k is the thermal conductivity of the SLA material used in
manufacturing the oblong pins. Ac is the cross section area of the pin. The local
radiative losses were calculated using Equation 4-3
4
Qrad = 𝜀σ Ts4 − Tamb
∙ As
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4-3

The term ε represents the emissivity of the Inconel foil heater, σ is the StefanBoltzmann constant and Tamb is the temperature of the ambient temperature. As is the
surface area of the Inconel foil heater.
The heat transfer coefficient is obtained from equation 4-4
h=

Q − ΣQloss
As ∙ (Ts − Tref )

4-4

The conductive and radiative losses calculated in Equations 4-2 and 4-3 were added
together to obtain the total losses. The conduction losses amounted to around 6% of the
total heat flux for the low Reynolds number case and near 4% for the high Reynolds
number case; radiation losses were under 0.1% of the total heat flux for both Reynolds
number cases. The surface temperature was the temperature measured by each of the
thermocouples mounted to the oblong. The reference temperature was the upstream
channel temperature, or the bulk fluid temperature. In all cases, the experiments were set
up to maintain a bulk fluid temperature was as close to the ambient temperature as
possible.
The Nusselt number, as discussed in Chapter 2, was calculated based on the pin
diameter, D. The measure of heat transfer used for this study was the Frössling Number,
given by Equation 4-5. For each experiment, the Frössling Number is calculated at each
thermocouple location and plotted against the distance along the oblong surface. As
previously mentioned, the definition of ReD definition used the pin diameter and
maximum velocity through the channel.
Fr =

NuD

4-5

1/2

ReD

4.3 Experimental Validation
To validate the experimental findings, the stagnation point heat transfer in the first
row of pins was compared to that reported in the literature. For one row of pins at S/D =
3 and ReD = 2.0e4, NuD = 123 at the stagnation location. Incropera and DeWitt [28]
report the stagnation point heat transfer correlation for a circular as shown in Equation
4-6.
1/2

NuD θ = 0 = 1.15 · ReD · Pr1/3
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4-6

The term Pr represents the Prandtl Number and the location θ = 0 is at the stagnation
point. The definition of Reynolds number in Equation 4-6 is based on the diameter of the
pin and the mean velocity in the channel, Um. Using this definition, the Reynolds number
for the aforementioned test is 1.3e4. With Pr = 0.7, Equation 4-6 yields NuD = 118,
which marks a difference of 4.1 %.

Because of the orientation of the oblong, the

stagnation point heat transfer correlation from Incropera and DeWitt is appropriate.

4.4 Uncertainty Analysis
The sequential perturbation method for calculating experimental uncertainty,
explained by Moffat [29], was used to estimate the uncertainty levels in these
experiments. A detailed description of the uncertainty analysis is given in Appendix B; a
brief summary of the uncertainty levels will be given here. Additionally, Table 4-1 gives
the uncertainty values for all experiment features described in Appendix B.

All

uncertainty calculations were taken at 95% confidence level and for the high and low
Reynolds number conditions.

Uncertainty levels were calculated for the Reynolds

number, heat transfer and friction factor values. At the low Reynolds number, the
uncertainty was 2.0%; the uncertainty in the high Reynolds number was 2.1%.
Especially at the lower Reynolds number, the uncertainty levels were most strongly
influenced by the pressure loss measurement across the Venturi meter. Similarly for the
friction factor measurements, the largest source of uncertainty was in the pressure
transducers used to measure the pressure drop across the array. The uncertainty in
friction at the low and high Reynolds numbers was 23.6% and 4.2%, respectively. In the
case of an extremely small pressure drop, even the smallest pressure transducers resulted
in relatively large error measurements.
The uncertainty in the heat transfer measurements at the low and high Reynolds
numbers tested were 5.1% and 4.3%, respectively. The largest source of uncertainty in
the heat transfer measurements was in measuring the resistance across the Inconel heater.
Table 4-1. Uncertainty Levels for all Experiment Features

ReD = 1.0e4
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ReD = 3.0e4

m

0.9%

1.0%

Umax

1.6%

1.6%

Um

1.6%

1.6%

ReD

2.0%

2.1%

ReDh

2.0%

2.1%

q”

2.8%

2.8%

NuD

5.1%

4.3%

f

23.6%

4.2%

Chapter 5 : Heat Transfer and Friction Factor Results
As previously mentioned, thermocouples were mounted on only half of the oblong,
assuming a line of symmetry in the streamwise direction. Data will be presented as if
thermocouples were placed around the entire circumference; the true data points will be
mirrored about the stagnation point (s/D = 0) and both the true and mirrored data points
will be plotted used opaque markers. Data from the four thermocouples used to validate
the assumption of symmetry will be plotted atop the mirrored data in open markers. The
largest difference between the mirrored data and the four true data points was 6% for all
cases.
Before beginning a discussion on the heat transfer patterns on the surface of the
oblong, a discussion on the geometric implications of the oblong is needed.

In

comparison to a circular cylinder, the distance of the boundary layer development on an
oblong is inherently larger. Therefore, the boundary layer that forms on the surface of
the oblong has enough surface to transition to turbulence. This transition and subsequent
growth of the turbulent boundary layer leads to a number of heat transfer patterns that are
dependent on both Reynolds number and pin spacing. In general, as a boundary layer
grows along a pin’s surface (oblong or cylindrical), heat transfer decreases. On a single
cylindrical pin at Reynolds numbers below 2.0e5 [28], the flow separates from the pin
before transitioning to a turbulent wake. Generally, a sharp increase in heat transfer is
measured along the back of a cylindrical pin due to impingement of the vortices formed
in the pin wake.

On the oblong pin, however, the boundary layer transitions to a
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turbulent boundary layer along the surface, thereby delaying separation from the leading
edge. At the transition point, an increase in heat transfer is observed. As the turbulent
boundary layer grows, heat transfer again decreases until the flow separates near the
trailing edge of the pin. Much like the trend in heat transfer observed on the surface of a
cylindrical pin, another increase in heat transfer is seen as the oblong pin’s wake
impinges on its trailing edge. To note, a boundary layer on a cylindrical pin’s surface
transitions to turbulence at Reynolds numbers over 2.0e5, or one order of magnitude
larger than those tested in these duct experiments [28].
In this chapter, the effects of Reynolds number on the first row and third row heat
transfer will be presented first. Following Reynolds number effects will be a description
of the spacing effects. Varying spanwise spacing has implications for both first and third
row heat transfer, while streamwise spacing will be discussed only with respect to the
third row heat transfer. Lastly, the pressure drop across the array will be discussed for
the various spacings and Reynolds numbers used in these experiments.

5.1 Reynolds Number Effects
Three pin Reynolds numbers of 1.0e4, 2.0e4 and 3.0e4 were matched for each
experiment. As a consequence of matching pin Reynolds number, the duct Reynolds
number changes depending on the spanwise spacing of pins in the channel. Table 3-1
shows the different duct Reynolds numbers for each spanwise spacing test. In the case
with the closest spanwise spacing, ReD and ReDh were similar in magnitude. However, at
the widest spanwise spacing, ReDh was approximately 30% higher than ReD.
Figure 5-1, Figure 5-2 and Figure 5-3 show the effect of Reynolds number on the first
row of pins with S/D = 2, S/D = 2.5 and S/D = 3, respectively. For all three spacings, the
peak in heat transfer was at the stagnation location. Also in all cases, as discussed in the
previous section, the heat transfer steadily decreased with increasing s/D distance due to
the boundary layer growth. The differences among the three spacings were seen after s/D
= 0.9 (refer to Figure 4-1 for key s/D locations). For the widest spacing of S/D = 3
(Figure 5-3), a clear second region of high heat transfer was seen at all three Reynolds
numbers, indicating that the boundary layer transitioned to turbulence for all conditions
studied. As Reynolds number increased, this region of higher heat transfer increased in
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magnitude. Additionally, this region moved closer to the leading edge of the pin, which
was to be expected. The flow transitioned to turbulence faster at the higher Reynolds
numbers due to the increased momentum in the flow. Conversely, at the closest spacing
of S/D = 2 (Figure 5-1), a region of high heat transfer was seen only at the highest
Reynolds number, indicating that only at the highest Reynolds number would a transition
to turbulent boundary layer occur. Spacing effects will be discussed in the following
section.
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Figure 5-1. Effect of ReD on the heat transfer in the first of one row of pins with S/D = 2.
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Figure 5-2. Effects of ReD on the heat transfer in the first of one row of pins with S/D = 2.5.
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Figure 5-3. Effects of ReD on the heat transfer in the first of one row of pins with S/D = 3.

Near s/D = 2 for all cases, the heat transfer patterns were what would be expected.
The flow separated from the pin and the wake impinged on the trailing edge, thereby
increasing the heat transfer in that region. Heat transfer was at a minimum at the
separation point and steadily increased with the growing amount of recirculating flow in
the wake region.
When the heated oblong is moved to the third of a three-row pin fin array, differences
in the heat transfer pattern can be observed in comparison to when the heated pin is in the
first row. Figure 5-4, Figure 5-5 and Figure 5-6 show the effect of Reynolds number on a
pin in the third row. On the whole, the trends seen in the heat transfer pattern in the third
row mimicked those seen in the first row. The stagnation point heat transfer was the
highest. The heat transfer steadily decreased beyond the stagnation point until s/D = 0.9,
at which point all three lines on all three figures showed a sharp increase in heat transfer.
A noticeable difference in the third row heat transfer was the difference in stagnation
point heat transfer when the Reynolds number was changed. Additionally, the magnitude
of heat transfer was much higher in the third row than in the first row. Lastly, a region of
higher heat transfer could be seen at all three spacings and at all three Reynolds numbers.
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Figure 5-4. Effects of ReD on the heat transfer in the third of three rows of pins with S/D = 2,
X/D=3.03.
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Figure 5-5. Effects of ReD on the heat transfer in the third of three rows of pins with S/D = 2.5,
X/D = 3.03.
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Figure 5-6. Effects of ReD on the heat transfer in the third of three rows of pins with S/D = 3,
X/D = 3.03.

These observations could be explained through a discussion on the turbulence
generated in the channel. The flow seen by the first row of pins was fully developed
whereas the flow seen by the third row of pins had been strongly influenced by the two
preceding rows of pins.

Many researchers have shown that channel turbulence is

elevated due to the presence of blockages in the flow ([4], [18], [19], [23]).

The

increased stagnation point heat transfer in the third row was consistent with these
research findings.

The different stagnation point heat transfer values at different

Reynolds numbers indicated that higher Reynolds numbers generate higher channel
turbulence, which is to be expected.
A direct comparison of the first and third row heat transfer patterns help highlight the
key differences between the two rows. Figure 5-7 shows the first row heat transfer for
S/D = 2.5 and the third row heat transfer for S/D = 2.5 and X/D = 3.03. As previously
discussed, a clear difference in stagnation point Frössling number could be seen. Another
key difference was the formation of a region of higher heat transfer in the third row
where there was none in the first row. The elevated channel turbulence levels provided
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enough momentum for the boundary layer on the oblong surface to transition to
turbulence. Based on these results, the argument can be made that the Reynolds number
had a stronger effect on the heat transfer of the first row than it does on the heat transfer
of the third row. The third row heat transfer was also a strong function of the turbulence
levels generated in the channel.
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Figure 5-7. Direct comparison of first and third row heat transfer patterns at S/D = 2.5 and low
ReD.

5.2 Spacing Effects
Matching the pin Reynolds number for each experiment had several implications for
the results. First, the duct Reynolds number varied with the spanwise spacing of the pins,
as has previously been discussed. Table 3-1 shows that duct Reynolds number increases
with increasing spanwise spacing; in the case with the widest spanwise spacing, the duct
Reynolds number was 30% higher than the pin Reynolds number. The duct Reynolds
number was the dominant parameter in determining the stagnation point heat transfer in
the first row. Second, the pressure gradient induced between the pins increased with
decreasing spanwise spacing. A tighter spanwise spacing required that the mean flow
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accelerated faster in order to achieve the proper maximum velocity for the desired pin
Reynolds number. This high acceleration resulted in stronger pressure gradients induced
between the pins. While the duct Reynolds number influenced the stagnation point heat
transfer, the pin Reynolds number had a significant impact on the heat transfer on the
surface of the pin beyond the stagnation point.
5.2.1 Spanwise Spacing Effects in First and Third Rows

In the first row for all cases studied, a clear dependence on spanwise spacing is
noticeable. Figure 5-8, Figure 5-9 and Figure 5-10 show the spanwise spacing effects at
the low, mid and high Reynolds numbers, respectively. In looking at Figure 5-10, the
data for the widest spanwise spacing (S/D = 3) shows a region of heat transfer that nearly
reaches that of stagnation point. In fact, the widest spanwise spacing data showed this
high heat transfer region for all three Reynolds numbers. The duct velocity was two
thirds of the maximum velocity, which was indicative of a small pressure gradient
induced between the pins. Conversely, the smallest spanwise spacing (S/D = 2) showed
only a minimal high heat transfer region at the highest Reynolds number and no
discernible high heat transfer region at the low or mid Reynolds numbers. At the smallest
spanwise spacing, the mean flow was one half the value of the maximum velocity.
Therefore, the flow acceleration through the pins created a relatively strong pressure
gradient that acted to subdue the boundary layer’s transition to turbulence. The turbulent
boundary layer formation was a strong function of both Reynolds number and spanwise
spacing: higher Reynolds numbers provided enough momentum to overcome the pressure
gradient between the pins and wider spanwise spacing created less of a pressure gradient.
Another noticeable difference between the data plotted in Figure 5-8, Figure 5-9 and
Figure 5-10 was the stagnation point heat transfer. At the closest spanwise spacing of
S/D = 2, the stagnation point heat transfer was consistently lower than the other two
wider spacings at all three Reynolds numbers. Ames et al. [22] cites the approach
velocity as a strong factor in determining the stagnation point heat transfer.

The

approach velocity is better represented by the bulk velocity than the maximum velocity
through the pins.

Therefore, one explanation for the reduced stagnation point heat

transfer at the closest spanwise spacing was the lower bulk channel velocity.
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Figure 5-8. Spanwise spacing effects on the heat transfer in the first row of pins at the low ReD.
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Figure 5-9. Spanwise spacing effects on the heat transfer in the first row of pins at the mid
ReD.
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Figure 5-10. Spanwise spacing effects on the heat transfer in the first row of pins at the high
ReD.

The effect of spanwise spacing is weaker on the third row of pins than on the first row
of pins. Figure 5-11, Figure 5-12 and Figure 5-13 show the effect of spanwise spacing on
the third row of pins. The stagnation point heat transfer was the same for all three
spacings with a constant Reynolds number. With the exception of the closest spacing,
varying spanwise spacing in the third row bore little to no influence on the heat transfer
results. All three spacings at all three Reynolds numbers showed a region of high heat
transfer, albeit of small magnitude for the closest spacing (S/D = 2) at the lowest
Reynolds number (ReD = 1.0e4). The decreased magnitude seen for the closest spanwise
spacing was most likely due to the presence of the pressure gradient between the pins,
though the magnitude of that pressure gradient was reduced as compared to the first row.
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Figure 5-11. Spanwise spacing effects on the heat transfer in the third row of pins at the low
ReD.
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Figure 5-12. Spanwise spacing effects on the heat transfer in the third row of pins at the mid
ReD.
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Figure 5-13. Spanwise spacing effects on the heat transfer in the third row of pins at the high
ReD.

5.2.2 Streamwise Spacing Effects

Streamwise spacing effects were studied for a constant spanwise spacing of S/D = 2.
Streamwise spacing was varied from X/D = 2.6 to X/D = 3.03. Figure 5-14, Figure 5-15
and Figure 5-16 show the streamwise spacing effects on the heat transfer in the third row
of an array. All three figures show minimal streamwise spacing effects. The stagnation
point heat transfer was the same for a constant Reynolds number, which was to be
expected. The streamwise spacing variation did not affect the magnitude of the high heat
transfer region, nor its location on the pin. Because neither the pressure gradient induced
between the pins nor the Reynolds numbers were affected by streamwise spacing, the
results were explainable. Streamwise spacing can be assumed to have a negligible effect
on the heat transfer over the spacings and Reynolds numbers studied.
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Figure 5-14. Streamwise spacing effects on the heat transfer in the third row of pin fins at the
low ReD.
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Figure 5-15. Streamwise spacing effects on the heat transfer in the third row of pin fins at the
mid ReD.
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Figure 5-16. Streamwise spacing effects on the heat transfer in the third row of pin fins at the
high ReD.

5.3 Average Pin Heat Transfer
To directly compare each of the spacings and Reynolds numbers studied, the overall
average Nusselt number was calculated and plotted against the Reynolds numbers.
Figure 5-17 and Figure 5-18 show the overall average heat transfer for the first row and
third row of pins, respectively. Figure 5-17 shows that as spanwise spacing increases, the
average heat transfer also increases. Also, increasing Reynolds number gave an increase
in average heat transfer. Figure 5-18 shows the same trends as in Figure 5-17 but the data
lines are more clustered. The small differences in average heat transfer among the three
spacings studies were indicative of the strong influence of channel turbulence on the third
row heat transfer. The average heat transfer performance of the pins shown in Figure
5-17 and Figure 5-18 were consistent with the previous discussions in both Sections 5.1
and 5.2. Both Reynolds number and spacing effects proved to influence the performance
of the first row pin. As a consequence, the spread in heat transfer data was larger in the
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Figure 5-17. Comparison of overall pin heat transfer versus ReD in the first row of pins at all
spanwise spacings studied.
1.4

N=3

N=3, S/D=2, X/D=3.03
N=3, S/D=2.5, X/D=3.03
N=3, S/D=3, X/D=3.03
N=3, S/D=2, X/D=2.6

1.2
1

Nu

0.8

D

Re

1/2
D

0.6

0.4

0.2
0

5

10

15

20
3
Re x10

25

30

35

D

Figure 5-18. Comparison of overall pin heat transfer versus ReD in the third row of pins at all
spanwise and streamwise spacings studied.
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first row.

Conversely, both Reynolds number and spacing effects were smaller in the

third row than in the first row due to the turbulence levels generated in the channel.
Because of this dominating effect of channel turbulence, the heat transfer from the third
row pins showed little spread in the results.

5.4 Pressure Loss Measurements
As previously mentioned, an important consideration in pin fin arrays is the pressure
drop across the pins. A lower pressure drop is desirable for the internal passages of a
turbine blade or vane. To measure the pressure drop across the array of pins, nine pairs
of static pressure taps were mounted flush with the test section. The definition of friction
factor used in these experiments was given in Equation 2-6 and is based on the pin
diameter and maximum velocity in the channel. The friction factor is also normalized by
the number of rows in the array.
Figure 5-19 shows the friction factor across three rows of pins versus Reynolds
number for all spanwise and streamwise spacings studied. The friction factor generally
decreased with increasing spanwise spacing. As the spanwise spacing was increased, the
blockage in the flow was reduced and the friction factor decreased.

The effect of

streamwise spacing on the friction factor was minimal, as can be seen when comparing
the two streamwise spacings of X/D = 2.6 and X/D = 3.03. In general as the Reynolds
number increased, the friction factor also slightly decreased. However, the decrease was
small and the more important effect on friction factor could be attributed to the spanwise
spacing. The streamlined shape of the oblong gave a relatively small pressure drop
across the array, which was consistent with the findings of previous researchers [20],
[21].
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Figure 5-19. Comparison of friction factor through the pin fin array versus ReD at all spanwise
and streamwise spacings studied.

5.5 Direct comparison with circular cylindrical pin fin arrays
The majority of pins used for pin fin arrays in gas turbine blades and vanes are
circular cylindrical in shape. To understand how a newly-posed pin geometry fared, a
direct comparison to the performance of an array of circular cylindrical pins, hereon
referred to cylindrical pins, should be done. A comprehensive comparison between the
oblong pins used in this study and a comparable array of cylindrical pins is available in
Appendix A, but a short discussion is included here.
As previously discussed, the heat transfer patterns along the surface of a cylindrical
pin and the oblong pin was similar until close to 90° on the cylindrical pin (as measured
from the stagnation location at 0°) and s/D = 0.9 on the oblong pin. On the cylindrical
pin, the flow separated and impinged on the trailing edge of the pin, resulting in an
increase in heat transfer in that area. Figure 5-20 shows the heat transfer pattern on a
cylindrical pin the first of one row of pins at three spanwise spacings. The highest point
of heat transfer was at the stagnation location and decreased until the flow separated, at
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Figure 5-20. Heat transfer patter on the first row of a circular cylinder at various spanwise
spacings and one ReD.

which point a sharp increase in heat transfer was seen. This pattern was visually very
different from the pattern on an oblong pin, which was discussed at length in the previous
sections. In comparing the average pin heat transfer of a cylindrical pin and an oblong
pin, however, the differences were small. Figure 5-21 shows the comparison of average
pin heat transfer for cylindrical and oblong pins at one Reynolds number of 2.0e4. The
cylindrical pins, shown in opaque markers, showed heat transfer performance only
slightly higher than the oblong pins, shown in open markers.
In comparing the third row of pins, differences were again noticeable in the heat
transfer pattern. Figure 5-22 shows the third row heat transfer for the cylindrical pin fin
array and the oblong pin fin array at one spanwise and streamwise spacing and at one
Reynolds number. The largest difference in heat transfer was seen at the stagnation
location. The cylindrical pins far outperformed the oblong pins in this region. As the
cylindrical pins were less streamlined, the channel turbulence generated by such an array
was much greater, as reported by Uzol and Camci [21]. Therefore, the stagnation point
heat transfer was greater. The channel turbulence, in fact, had an effect on the entire pin
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Figure 5-21. Average heat transfer for both cylindrical pins and oblong pins in the first of a
one-row array at one ReD.
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Figure 5-22. Comparison of heat transfer performance in the third row of pins. The black line
represents the cylindrical pin fin array while the red line represents the oblong pin fin array.
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surface heat transfer, as the cylindrical pin showed higher heat transfer in general. A
comparison of the average heat transfer in the third row at one Reynolds number is
shown in Figure 5-23.

The cylindrical pins far outperformed the oblong pins and

consistently showed heat transfer between 30 and 35% higher than the heat transfer from
the oblong pins.
One parameter in which the oblong pins outperformed the cylindrical pins, however,
was found in the friction factor. Figure 5-24 shows the friction factor calculations for
cylindrical pin arrays and oblong pin arrays at two Reynolds numbers. The cylindrical
pins showed a higher friction factor than did the oblong pins. Additionally, a strong
dependence on Reynolds number was seen for the cylindrical pins. Again, because of the
streamlined nature of the oblong pins, a lower friction factor would be expected.
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Figure 5-23. Average heat transfer for both cylindrical and oblong pins in the third row of an
array.
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Figure 5-24. Comparison of the pressure drop across arrays of cylindrical pin fins versus arrays
of oblong pin fins.
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Chapter 6 : Conclusions and Recommendations
Surface heat transfer measurements were made on the surface of oblong pin fins at
various Reynolds numbers, spanwise spacings and streamwise spacings. One heated pin
was inserted into the first of a one-row array and in the third of a three-row array to gain
an understanding of the difference in heat transfer through a multi-row array. Much of
the surface area over which heat transfer can take place in a pin fin array is located on the
pin surface but the flow effects on the pin surface were not well-understood. This
research filled a gap in the literature and provides insights on the various flow
mechanisms that affect pin heat transfer.
In the first row, the pins showed a strong dependence on both Reynolds number and
spanwise spacing. An increase in Reynolds number led to an increase in heat transfer.
Similarly, a wider spanwise spacing allowed for a higher region of heat transfer on the
surface of the oblong. The region of high heat transfer is related to the boundary layer’s
transition to turbulence. At the stagnation location, heat transfer was at its highest and
steadily decreased until a sharp increase was measured. At the start of the increase, the
boundary layer transition to turbulence and, as the turbulent boundary layer grew, another
decline in the heat transfer was seen. At the trailing edge of the pin, another increase in
heat transfer was seen due to impingement in the wake region.
The worst performance of the first row pins was seen at the lowest Reynolds number
at the closest spacings. The difference between the mean flow and the maximum velocity
flow through the pins at close spacings was enough to cause a strong pressure gradient
between the pins. That pressure gradient acted to suppress the aforementioned pattern of
boundary layer growth and transition to turbulence. Wide spanwise spacings, on the
other hand, did not induce such a strong pressure gradient and even at low Reynolds
numbers, a high heat transfer region was seen.
In the third row of pins, the dominant effect on heat transfer was found to be the
channel turbulence.

Stagnation point heat transfer was significantly increased as

compared to the first row. Also, at close spanwise spacings, a region of high heat transfer
was seen in the third row where no such region was distinguishable in the first row. The
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channel turbulence provided enough momentum to overcome the strong pressure gradient
induced between the pins at close spanwise spacings.
Interestingly, the conditions for highest heat transfer over the surface of the pin are
the conditions for poorest heat transfer from a pin fin array in which both pin and endwall
are heated. Previous research ([6], [7], [11], [12], [14]) has shown that closer pin
spacings in a fully-heated array result in higher heat transfer due to the higher levels of
turbulence generated in the channel. This apparent discrepancy can be clarified through
an investigation into the contribution to heat transfer from the endwall. Especially at
wider spacings, where the oblongs from this study performed the best, a strong majority
of the surface area over which heat transfer takes place is on the endwall and not on the
pin surface. In these cases, the effects of heat transfer over the endwall would dominate.
The widely-spaced pins would not generate as much turbulence in the channel, which
would lead to poor heat transfer over the endwall surface. Conversely, when the oblong
pins are positioned at closer spanwise spacings, the surface area over which heat transfer
takes place is nearly split in half between endwall and pin surface. The higher levels of
turbulence generated by the closer spaced pins increases the heat transfer over the
endwall surface; given the results from previous research, a conclusion can be made that
the endwall heat transfer contributions outweigh the poor contributions from the pin
itself.
The pressure drop across the array of oblong pins was relatively low compared with
cylindrical pins, which was to be expected. The streamlined geometry of the pins allows
for a lower friction factor calculation. When compared to the conventional cylindrical
pin fin array, the oblong pin array performed worse in terms of heat transfer performance.
A comparison of the first row of oblong and cylindrical pins shows that the cylindrical
pins gave only a mild improvement in heat transfer over the oblong pins. However,
significant differences in heat transfer are seen in the third row of pins. The channel
turbulence generated by the cylindrical pins is elevated substantially above the levels
generated by oblong pins.

Therefore, the overall heat transfer performance of the

cylindrical pins was 30-35% better than the oblongs. However, the pressure drop across
the cylindrical pins was 80-100% higher than that across the oblong pins.
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The results from this study can be used by turbine blade and vane designers in
obtaining better estimates for pin fin heat transfer and can also provide options for new
designs. One design consideration is to maintain the heat capacity of the coolant further
back into the array. By using streamlined pins, such as the oblongs studied here, at the
front of an array containing cylindrical pins, the heat transfer augmentation levels may
not drop off as quickly as they would in an array with uniformly-shaped pins. The
oblongs studied here provide a moderate amount of heat transfer augmentation but will
ensure that the heat transfer augmentation does not diminish through the back of the
array.

6.1 Recommendations for Future Work
This study provides the first steps in understanding the flow through an array of
oblong pin fins. Additional tests in both heat transfer and flowfield should be done.
Other than the numerous spacing and Reynolds number tests that can be performed,
different orientations of the oblong can also be studied. The oblong can be aligned with
its long axis perpendicular to the flow or at angles to the flow. The same instrumentation
of the oblong used in these experiments could be used, though the line of symmetry
would change for each test. Additionally, more rows of pin fins could be used and the
heat transfer on the pin surface farther back into the array could be studied. Via similar
instrumentation to the previous tests, static pressure taps could be mounted to the oblong
pins to understand more about the flow pattern over the surface. With these static
pressure measurements, a definitive result on the flow’s behavior could be made.
Experiments to better understand the flowfield through an oblong array can help
explain the heat transfer patterns. Time-resolved particle image velocimetry (TRDPIV)
can be used to capture the wake patterns in the first and third row of pins. TRDPIV can
also be used on the array of pins at various orientations to the flow. The wake patterns
would vary drastically depending on the pin orientations and could provide potential
reasons for the heat transfer patterns seen on the oblong surface. TRDPIV could also be
used to capture the boundary layer’s transition to turbulence on the oblong surface. As a
less-intensive flowfield visualization technique, oil-flow visualization could be used. The
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boundary layer’s transition to turbulence, or lack there-of in closely spaced pins, could be
better understood using the oil-flow technique.
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Appendix B. Detailed Uncertainty Analysis
The following discussions will focus on the methods of calculating the
measurement uncertainty present in the pin heat transfer experiments. As previously
mentioned in Chapter 4, uncertainty was calculated using the sequential perturbation
method described by Moffat [29]. Uncertainty was calculated for Reynolds number, heat
transfer and friction factor.

B.1 Uncertainty in Reynolds Number
To achieve the proper flow conditions for each test, the volume flowrate was
calculated through a Venturi meter and used in the calculation of the Reynolds number.
The pressure difference across the Venturi meter was related to the standard flowrate by
equation B-1.
2.703 ∙ PL ∙ SG
460 + TL
2.703 ∙ 14.7 ∙ SG
460 + Tb

5.9816 ∙ D2 ∙ K ∙ Y ΔP
SCFM =

B-1

The terms D (diameter), K and Y (constants) corresponded to the specific Venturi meter
used for these experiments.

PL and TL were the measured line pressure and line

temperature, respectively and SG was the specific gravity. Tb was the base temperature
(60 °F) and lastly, ΔP was the pressure drop across the metering device. To calculate the
actual flowrate through the channel, equation B-2 was used for the conversion.
ACFM = SCFM ∙

460 + Tm
35.4 ∙ Patm + Pg

B-2

The term Tm was the mean (bulk) flow temperature whereas Patm and Pg were the
atmospheric and gauge pressures, respectively.

From the actual flowrate, the mass

flowrate could be calculated using equation B-3.
m = 4.7195e−4 ∙ ACFM ∙ ρ

B-3

The density, ρ, was calculated using the Ideal Gas Law with the mean flow temperature
and the absolute pressure.
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From the mass flowrate, the mean (bulk) channel velocity could be calculated
using equation B-4, where W and H represent the channel width and height, respectively.
Um =

m
ρ∙W∙H

B-4

To obtain the maximum channel velocity, the mean channel velocity was divided by the
ratio of open channel area to the area covered by the pins. Figure 3-2 illustrates this ratio
and equation B-5 shows the calculation for maximum velocity.
Umax =

Um
S−D
( S )

B-5

The term S in equation B-5 represents the spanwise spacing of the pins and D is the pin
diameter.
The duct Reynolds number was then calculated using the mean channel velocity
and the channel hydraulic diameter, as shown in equation B-6. The pin Reynolds number
used the maximum channel velocity and the pin diameter and is shown in equation B-7.
Um ∙ Dh
ν

B-6

Umax ∙ D
ν

B-7

ReD h =

ReD =

The kinematic viscosity, ν, was calculated by dividing the molecular viscosity, μ, by the
density, ρ. The dynamic viscosity was calculated from the known dependence on the
measured ambient temperature.
The measured quantities and their uncertainty levels for the Reynolds number,
heat transfer and friction factor are summarized in Table B-1. Inherent in each measured
quantity is both a bias and precision uncertainty level, though many of the measurement
devices gave negligible precision error. The bias error given by the manufacturers of the
measurement devices were assumed to be at 95% confidence level.
Table B-2 shows the propagated error through each of the calculated quantities.
To note, the error in the density and subsequent viscosity calculation was assumed to be
negligible; the main sources of uncertainty in the calculations for flow conditions were
the temperatures, pressures and length measurements. Following Table B-2 is Table B-3,
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which shows the uncertainty values for the flow conditions in the test rig. Table B-3
shows the cases for low and high Reynolds number tests.

B.2 Uncertainty in Heat Transfer
As previously mentioned, the boundary condition for heat transfer on the surface
of the pin was a constant heat flux. Current was supplied to the Inconel foil heater via
two lead wires. The current was calculated from the measured voltage across precision
resistors connecting the lead wires to the power supply. Heat flux was then calculated
using equation B-8.
q" =

Vprec
I2 ∙ R heater
, where I =
Aheater
R prec

B-8

The total uncertainty in the heat flux value included uncertainty from the voltage
measured across the precision resistors, calculated current, resistance of the heater and
the dimensions of the Inconel foil heater.
From the heat flux calculations, the heat transfer coefficient could be obtained and
was used to calculate the Nusselt number. The uncertainty in Nusselt number propagated
from the uncertainty in the measured temperature difference between the pin and bulk
flow temperatures and the heat flux supplied by the heater.
Table B-1 shows the measured quantities and their associated bias and precision
uncertainty levels.

Table B-2 shows the propagated error through the heat transfer

calculations and Table B-5 shows the specific values used in the heat transfer uncertainty
calculations.

B.3 Uncertainty in Friction Factor
The pressure drop across the array, measured using five pairs of static pressure
taps, was converted to a friction factor.

The general measurement procedure for

calculating friction factor was explained in Chapter 2, but the experimental facility used
for these experiments required knowledge of the pressure drop through an empty duct.
Equation B-9 shows the specific equation used to calculate the friction factor for these
experiments.
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f=

Δp − Δpflat
2 N
2ρUmax

B-9

To calculate the pressure drop across an empty channel, the friction factor for an empty
channel is needed. The definition of Δpflat is shown in equation B-10.
Δpflat = f0

Ltotal − Lpins
2
(0.5ρUm
)
Dh

B-10

The term f0 was calculated from the Colebrook formula [31], given in equation B-11.
f0 = 4 ∙ 0.078 ∙ Re−0.25
Dh

B-11

The total length Equation B-10 represents the length between the pairs of static pressure
taps on the test section.
The uncertainty in friction factor was dominated by the uncertainty in the pressure
transducer measurements, but also included uncertainty in the channel dimensions and
velocity measurements. At the low Reynolds number, the pressure drop across the array
was extremely small, which led to higher uncertainty from the pressure transducers used.
The pressure transducers used for the friction factor calculations were the same
model as those used in the calculation of Reynolds number; their uncertainty is found in
Table B-1. Table B-2 shows the propagated error in the friction factor calculations and
Table B-7 shows the specific values used in the uncertainty calculations.
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Table B-1. Measured Quantities and Their Associated Bias and Precision Uncertainty Levels

Measured
quantities
PL, ΔP

Measurement device
Setra

264

Precision

Bias Uncertainty

Uncertainty

Differential 1% full span

~0

Pressure Transducer
Pg

Meriam 2100 smart gauge

0.1% full span

~0

Patm

Setra 370 Barometer

0.02% full span

~0

TL, Tm

Type E thermocouples

0.2 °C

~0

W, H, D

Ruler

7.94e-4 m

~0

Vprec

Fluke 75III Multimeter

0.3% of reading

1% of reading

Table B-2. Calculated Flow Condition Quantities and Their Propagated Errors

Calculated

Propagated Error

quantities
m

2

∂m
∙u
∂ΔP ΔP

um =

2

∂m
∙u
∂Tm T m

Um
uU m =

+

∂Um
∙u
∂m m

ReD
uRe D =

∂m
∙u
∂PL P L

2

∂Um
+
∙u
∂W W
2

∂m
∙u
∂TL T L

+
2

∂m
+
∙u
∂Patm P atm

∂ReD
∙ uU m
∂Um
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2

2

2

+
2

∂m
+
∙u
∂Pg P g

∂Um
+
∙ uH
∂H

∂ReD
+
∙ uD
∂D

2

2

Table B-3. Absolute and Relative Uncertainty Values in Each of the Flow Condition Quantities

Geometric Conditions: N = 1, S/D = 3
Low Reynolds Number

High Reynolds Number

Measured

Nominal

Absolute

Relative Nominal

Absolute

Relative

Quantity

Value

Error

Error

value

Error

Error

Δp [in H2O] 0.268

0.005

1.9%

2.41

0.05

2.1%

PL [in H2O]

-0.37

0.005

1.4%

-2.77

0.05

1.8%

TL [°C]

21.2

0.2

0.9%

19.56

0.2

1.0%

Tm [°C]

22.3

0.2

0.9%

21.89

0.2

1.0%

Patm [psia]

14.26

4.0e-3

0%

14.25

4.0e-3

0%

Pg [in H2O]

0.01

1.0e-3

10%

0.02

1.0e-3

5%

W [m]

1.13

7.94e-4

0.1%

1.13

7.94e-4

0.1%

H [m]

6.35e-2

7.94e-44

1.3%

6.35e-2

7.94e-4

1.3%

𝐦 [kg/s]

0.136

1.26e-3

0.9%

0.303

4.24e-3

1.0%

Umax [m/s]

2.45

3.8e-2

1.6%

7.37

12e-2

1.6%

Um [m/s]

1.634

2.26e-2

1.6%

4.9

7.98e-2

1.6%

ReD [ - ]

10072

266.2

2.0%

30192

618.6

2.1%

ReDh [ - ]

12715

252.2

2.0%

38114

782.0

2.1%

Table B-4.Calculated Heat Transfer Quantities and Their Propagated Error

q”
uq" =

NuD
uNu D =

∂q"
∙u
∂Vprec V prec
∂q"
∙ uR heater
∂R heater
∂NuD
∙ uq"
∂q"
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2

2

+

2

+

∂q"
∙ uI
∂I

2

+

∂q"
∙ uA heater
∂Aheater

∂NuD
+
∙ uT s
∂Ts

2

2

∂NuD
+
∙ uT m
∂Tm

2

Table B-5. Absolute and Relative Uncertainty Values in Each of the Heat Transfer Quantities

Geometric Conditions: N = 1, S/D = 3; Stagnation Point Location
Low Reynolds Number

High Reynolds Number

Measured

Nominal

Absolute

Relative Nominal

Absolute

Relative

Quantity

Value

Error

Error

value

Error

Error

Vprec [V]

2.59

0.027

1.0%

3.994

0.042

1.0%

I [A]

5.18

0.054

1.0%

7.99

0.083

1.0%

Rheater [Ω]

0.201

0.002

1.0%

0.201

0.002

1.0%

Aheater [m2]

2.08e-5

2.64e-4

1.3%

2.08e-5

2.64e-4

1.3%

Ts [°C]

29.23

0.2

0.7%

31.42

0.2

0.6%

Tm [°C]

22.22

0.2

0.9%

22.1

0.2

0.9%

q” [W/m2]

253.4

7.13

2.8%

409.5

16.95

2.8%

NuD [ - ]

85.2

4.4

5.1%

154

6.8

4.3%

Table B-6. Calculated Friction Factor and its Propagated Error

Δpflat

f

uΔp flat =

uf =

∂f
∙ Δp
∂Δp

2
2
∂Δpflat
∂Δpflat
∙ uD +
∙ uRe D +
∂D
∂ReD
2
2
∂Δpflat
∂Δpflat
∙ uD h +
∙ uU m
∂Dh
∂Um
2

+
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∂f
∙u
∂Umax U max

2

+

∂Δf
∙u
∂Δpflat Δp flat

2

Table B-7. Absolute and Relative Uncertainty Values in Each of the Friction Factor Quantities

Geometric Conditions: N = 1, S/D = 2
Low Reynolds Number

High Reynolds Number

Measured

Nominal

Absolute

Relative Nominal

Absolute

Relative

Quantity

Value

Error

Error

value

Error

Error

Δp [in H2O] 0.0074

0.001

13.5%

0.0634

0.001

1.6%

Umax [m/s]

2.44

0.051

1.6%

7.36

0.16

1.6%

Um [m/s]

1.22

0.026

1.6%

3.68

0.08

1.6%

ReD [ - ]

9969

266.2

2.0%

30115

825

2.1%

D [m]

6.35e-2

7.94e-4

1.3%

6.35e-2

7.94e-4

1.3%

W [m]

1.13

7.94e-4

0.1%

1.13

7.94e-4

0.1%

H [m]

6.35e-2

7.94e-4

1.3%

6.35e-2

7.94e-4

1.3%

Δpflat [Pa]

0.86

0.011

1.4%

5.96

0.075

1.6%

f[-]

0.072

0.01

23.6%

0.078

0.002

4.2%
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