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Abstract

An experimental investigation of laminar separation bubbles is presented, demonstrating
the feasibility of employing infrared thermography for identification and quantitative char-
acterization of a laminar separation bubble. The investigation is comprised of a series of
wind tunnel tests performed on two main geometries. The first experimental investiga-
tion is performed on a flat plate, where a laminar separation bubble is formed upstream
of a vertically mounted fence. Velocity field, surface pressure, and surface temperature
results are presented from three main flow conditions, corresponding to fence height-based
Reynolds numbers of 27, 000, 36, 000, and 45, 000. The second experimental investigation
is performed on a NACA 0018 airfoil. Velocity field and surface temperature results are
presented at two main flow conditions, pertaining to an angle of attack α = 4◦ and chord-
based Reynolds numbers of 80, 000 and 120, 000. For each experimental geometry, velocity
field measurements provide initial estimations of the size and location of laminar separa-
tion bubbles, while highlighting details regarding the transition process, which are used to
formulate expected convective heat transfer variations on the model surface.

For both experimental investigations, locations of mean separation and transition are
estimated where the streamwise gradient of surface temperature reaches a maximum and
minimum value, respectively, while mean reattachment is estimated at the location of min-
imum surface temperature. Characterization of the separated region with this methodol-
ogy is shown to reasonably agree with baseline estimates within experimental uncertainty.
However, fundamental assumptions regarding uniformity of the applied radiative heat flux
on the model surface are required. In this regard, a less restrictive representation of the
convective heat transfer variation is obtained by performing a differential energy balance at
the model surface, considering surface temperatures in both quiescent and flow conditions.
The energy balance allows for an estimated streamwise variation of the convective heat
transfer coefficient. The approach yields good agreement with reference measurements on
both geometries, with higher-precision estimation attained in airfoil experiments since the
airfoil model was designed to minimize wall-normal conduction in the material. Transient
measurements of surface temperature decay following a change in radiative flux are also
investigated and used to directly estimate the variation of convective heat transfer coeffi-
cient on the airfoil. The convective heat transfer coefficient is shown to follow the expected
variation; however, significant noise propagation and relatively low temporal resolution ad-
versely influence the results, such that transient-based characterization should be restricted
to situations where quasi-steady state measurements are not possible, or key simplifying
assumptions cannot be satisfied.
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Chapter 1

Introduction

In modern day aviation, the airfoil geometry has been applied across an immense range
of flow conditions, spanning chord-based Reynolds numbers of Rec ≈ 103 − 109 [1]. Over
the last century, engineers have astoundingly designed countless airfoil geometries suitable
for application across this Rec range. Lower Reynolds numbers are often associated with
decreased aerodynamic performance, particularly for Rec ≈ 50, 000 - 500, 000 [1, 2]. This
can be attributed to the extended distance over which the boundary layer remains in a
laminar state, resulting in a flow which is vulnerable to boundary layer separation.

Flow passing over the suction surface of an airfoil in the low Reynolds number regime
often remain laminar past the point of minimum pressure. The adverse pressure gradient
opposes the oncoming flow, which can result in separation of the attached boundary layer
and the formation of a separated shear layer. Under certain flow conditions, the separated
shear layer can undergo transition and reattach to the airfoil surface in the mean sense,
resulting in a region of recirculating fluid bound between the locations of mean separation
and reattachment [1, 3, 4]. Such a phenomenon is often referred to as a laminar separation
bubble and will be the flow under investigation in this thesis. Laminar separation bubbles
affect a number of low-speed flow applications such as unmanned aerial vehicles, small-to-
medium scale wind turbines, and glider aircrafts [1]. These applications often experience
a reduction in aerodynamic performance, in terms of lift-to-drag ratio, in the presence of
laminar separation bubbles [1, 3].

Due to the loss of aerodynamic performance associated with the formation of laminar
separation bubbles, it is important to properly identify and characterize their existence
for a range of flow conditions. Early studies of laminar separation bubbles distinguished
between short and long bubbles, based on their streamwise extent relative to boundary
layer parameters [5]. Tani [6] later suggested a more practical approach of characteriza-
tion, where the effect on the measured surface pressure distribution was evaluated. Short
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bubbles were ones which had a negligible effect on surface pressure, whereas long bubbles
significantly diminished peak suction values and introduced a region of pressure plateau be-
neath the separated region. Since then, laminar separation bubbles are often distinguished
based on characteristic locations of mean separation, transition, and reattachment, an
approach put forth by Horton [4]. Following this characterization, generalized trends of
laminar separation bubbles formed on airfoil geometries have been established. For flow
conditions which produce laminar separation bubbles, increases in Reynolds number or
angle of attack have been shown to advance the bubble location upstream, while reducing
the total streamwise extent. Conversely, a reduction of the Reynolds number or angle
of attack at similar flow conditions results in a downstream movement of the separated
region along with an increase of the total streamwise extent [7, 8]. A lower limit exists for
both Reynolds number and angle of attack, below which formation of a laminar separation
bubble no longer occurs.

Typical identification of mean separation, transition, and reattachment locations pro-
vides information regarding the location and extent of the separation bubble, as well as
some insight into the transition process [4]. Traditional methods for experimental char-
acterization commonly rely on near-wall velocity measurements, using techniques such as
particle image velocimetry (PIV) [9–11] and hot wire anemometry [12, 13]. In addition, sur-
face stress estimations from surface pressure taps and hot film sensors have been employed
[7, 14]. Although these methods have been shown to effectively characterize separated flows,
their implementation typically involves substantial overhead costs in terms of measurement
equipment and/or model instrumentation, as well as experimental setup run times. As a
result of the aforementioned drawbacks, recently there has been an increased interest in
the development of a non-intrusive measurement technique for detecting and characteriz-
ing separating and separating-reattaching flows in a more time-efficient manner. In this
regard, Infrared Thermography (IRT) has shown some promise, as the near surface flow
development in separating-reattaching flows is characterized by significant changes in the
convective heat transfer coefficient. For example, with a surface heated to a temperature
higher than the ambient air, such changes in local convective heat transfer result in distinct
surface temperature variations that can be related to the underlying flow development [15].

Thomann & Frisk [16] were amongst the first to apply infrared thermography to study
aerodynamic phenomena. They used an infrared camera to analyze flow development over
a paraboloid model in Mach 7 flow. Infrared thermography was shown to rapidly provide
information regarding near-wall convective heat transfer, with an accuracy comparable to
temperature sensitive paints at the time. However, infrared thermography was shown to be
the superior technique as it did not require re-application of a surface coating between runs.
Since this pioneering work, numerous studies in fluid mechanics have employed infrared
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thermography, with the majority of these studies focused on supersonic flows due to higher
convective heat transfer intensity [15]. Such studies have been able to detect phenomena
such as laminar-to-turbulent transition [17], and separation [18].

With recent developments in infrared camera technology, infrared thermography has
been successfully applied in subsonic flows to identify boundary layer transition in both
laboratory [19–25] and in-flight experiments [20, 26]. Additionally, analysis of separating
near-wall flows has been pursued, such as detection and characterization of laminar sepa-
ration bubbles. Montelpare & Ricci [27] used infrared thermography and surface pressure
measurements to characterize laminar separation bubbles on an internally-heated Eppler-
387 airfoil. Although quantitative analysis was not provided, a band of elevated surface
temperature was observed on the airfoil surface, which was shown to approximately coin-
cide with the location of the separated region identified in measured distributions of surface
pressure. In a follow-up study, Ricci & Montelpare [28] employed similar techniques to pro-
vide a more quantitative analysis of the separated region. A differential energy balance was
performed on the airfoil surface, yielding estimated distributions of non-dimensional con-
vective heat transfer coefficient beneath the laminar separation bubble. It was suggested
that the point of mean separation can be located at the inflection point in the streamwise
distribution of non-dimensional convective heat transfer coefficient, upstream of the abso-
lute minimum value. Additionally, it was suggested that locations of mean transition and
reattachment could be identified where the convective heat transfer coefficient achieved a
minimum and maximum value, respectively.
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1.1 Study Objectives

While useful developments towards the characterization of laminar separation bubbles
using infrared thermography have been made in previous investigations, there is a need
for a reliable comparative analysis of the results with near-wall velocity measurements,
which currently represent the most direct diagnostic tool for separating-reattaching flows in
experimental studies. A direct comparison of infrared thermography and near-wall velocity
measurements can also be used to develop and validate methodologies for estimating mean
separation, transition, and reattachment locations from surface temperature distributions.
In this regard, the main objectives of this study can be summarized as follows:

1. Establish a set of representative baseline laminar separation bubbles and characterize
them experimentally

2. Develop and validate methodologies for estimating the locations of mean separation,
transition, and reattachment from infrared thermography-based measurements

3. Compare the established methodologies of infrared-based laminar separation bubble
identification and provide recommendations for future implementations
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Chapter 2

Background

Flows over airfoils in the low Reynolds number regime have received considerable attention
over recent decades due to their vulnerability to boundary layer separation. Since appli-
cations such as lightweight aircrafts, small to medium scale wind turbines, and unmanned
aerial vehicles (UAVs) primarily operate in this regime, the analysis and detection of the
separated flow region is of high importance [1, 2]. The focus of this chapter is to review
the results of previous studies pertaining to separated low Reynolds number flows and the
associated diagnostic techniques.

2.1 Laminar Separation Bubbles at Low Reynolds Num-
bers

Low Reynolds number flow over an airfoil is typically characterized with Reynolds num-
bers, based on the airfoil chord length, between 50,000 and 500,000 [1, 2]. Boundary layer
separation can occur in this regime, negatively affecting the aerodynamic performance in
terms of decreased lift, increased drag, unsteady loading, and noise production [1, 2, 29].
Therefore, numerous studies have focused on this regime, with significant contributions
made both experimentally [30–41] and numerically [31, 42–51] on geometries such as air-
foils [30, 32–34, 38–41, 49] and flat plates with imposed pressure gradients [9, 12, 31, 35–
37, 42, 44, 46, 47, 50].

As a result of the low Reynolds number, when the flow passes over the suction side of
the airfoil surface, it often remains in a laminar state downstream of the point of minimum
pressure. Due to the laminar boundary layer having significantly less near-wall stream-
wise momentum compared to a turbulent boundary layer, the adverse pressure gradient
often causes the flow to separate from the surface, forming a separated shear layer [1, 4].
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Figure 2.1: (a) Separated shear layer failing to reattach, and (b) forming a laminar
separation bubble, after Yarusevych et al. [32] and Kurelek [53].

Depending on flow conditions, this separation can result in two different outcomes, as
shown in Fig. 2.1. If the Reynolds number is below some threshold value for a given an-
gle of attack, the separated shear layer will fail to reattach before the trailing edge [52]
(Fig. 2.1a), leaving the airfoil in a stalled state. This scenario will significantly reduce the
aerodynamic performance by decreasing the lift and increasing the drag. Alternatively, if
the Reynolds number is sufficiently high for a given angle of attack, the separated shear
layer can transition to turbulence and reattach to the airfoil surface in a turbulent state
[3] (Fig. 2.1b). This forms what is known as a laminar separation bubble (LSB) between
the points of separation and reattachment [4]. The presence of an LSB is less detrimental
to the aerodynamic performance compared to a fully stalled airfoil; however, not to the
point as in the absence of separation [2, 3].

Although numerous studies have been performed on LSBs, the topology described by
Horton [4], as shown in Fig. 2.2, is still widely accepted today. The locus of zero cumu-
lative mass-flux, or mean dividing streamline, intersects the model surface at the points
of separation and reattachment. Between these points lies the region where transition to
turbulence occurs; however, transition is often ascribed to a point, rather than region [3].
In the wall-normal direction, the region between the outer flow and the dividing streamline
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Figure 2.2: Topology of a laminar separation bubble, after Horton [4] and Kirk & Yaru-
sevych [54].

is referred to as the separated shear layer. The recirculation region is located below the
dividing streamline, which exhibits different behaviours upstream and downstream of the
mean transition location. Upstream of transition, the recirculating region is characterized
by slow-moving or stagnant fluid and is sometimes referred to as the dead-air region. Fol-
lowing transition, in what is sometimes called the reverse-flow vortex, the velocities are
much higher due to the roll-up and shedding of vortex structures during the reattachment
process [4].

Since the aerodynamic performance of airfoils operating in the low Reynolds number
regime is affected by boundary layer separation, it is of utmost importance to determine
the presence, location, and extent of the separated region [1]. Early studies of laminar
separation bubbles initiated this characterization by distinguishing between short and long
separation bubbles, based on the extent of their streamwise footprint in relation to bound-
ary layer parameters. Owen & Klanfer [5] suggested that the ratio of the bubble length
to the displacement thickness at the point of separation could be used as an indicator of
overall bubble behaviour. Using this ratio, short bubbles were shown to have l/δ∗ on the
order of 100, and long bubbles were shown to have l/δ∗ on the order of 10,000. More
specifically, Owen & Klanfer [5] suggested that short bubbles have a Reynolds number at
separation (defined Reδ∗ = Ueδ

∗/ν) greater than, and long bubbles have a Reynolds num-
ber less than, a critical value between 400 − 500. Expanding on this, Tani [6] suggested
that the effect of the laminar separation bubble on the static pressure distribution was
a more preferable method for distinguishing between short and long bubbles, as this was
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related to the aerodynamic performance. Short bubbles are ones which have a negligible
effect on the static pressure distribution, specifically the peak suction value. Alternatively,
long bubbles are ones which significantly alter the static pressure distribution by dimin-
ishing the suction peak and introducing a pressure plateau, spanning several percent of
the chord, characterizing the fore portion of the bubble. Since then, the presence of a
laminar separation bubble is usually diagnosed based on its characteristic points, namely,
the points of separation, transition, and reattachment [4].

The transition process in the separated shear layer has received considerable attention
over the last decades as it is still not fully understood [31–33, 36–40, 47, 48, 55, 56]. Dis-
turbances in the free-stream, either sound or vorticity fluctuations, perturb the boundary
layer through a process called receptivity [57]. With the onset of an instability, which
can depend on surface curvature, surface roughness, turbulence intensity, and Reynolds
number [57, 58], these perturbations can amplify. Initial amplification has been shown to
be dominated by a Kelvin-Helmholtz instability and can be well described using linear
stability theory [13, 37, 59, 60]. The later stages of transition are marked with non-linear
and three-dimensional interactions leading to the formation of spanwise-oriented vortices;
which are shed from the boundary layer at the fundamental separated shear layer instabil-
ity frequency [9, 13, 32, 35, 37]. The exchange of momentum with the outer flow as a result
of the roll-up process allows the shear layer to recover the necessary momentum needed to
reattach to the surface and develop a turbulent boundary layer [3, 5].

Although the separation bubble is receptive to a number of flow-specific parameters,
such as free-stream disturbances, trends for estimating the separation bubble extent have
been established for both Reynolds number and angle of attack [7, 10, 33]. At low angles
of attack, provided the Reynolds number is above approximately 50,000, the separation
bubble covers a relatively large portion of the airfoil surface. As the angle of attack is
increased, the separation and reattachment points shift in the upstream direction, with the
latter moving more substantially than the former [7]. The earlier onset of separation can
be attributed to the increased strength of the adverse pressure gradient, which results in a
more significant deceleration of the near-wall flow. The increased angle of attack results in
a higher edge velocity and a thinner boundary layer at the point of separation [13]. These
characteristics cause a more pronounced instability in the separated shear layer due to
higher wall-normal velocity gradients. The more pronounced instability causes higher rates
of disturbance amplification, leading to significant upstream movement of the transition
and reattachment locations. Although more subtle, similar trends become evident as the
Reynolds number is increased for a fixed angle of attack [7, 10, 33, 35, 61]. This results in
the upstream movement, and decreased streamwise footprint, of the separation bubble.
Conversely, if the Reynolds number is reduced, the separation bubble increases in length
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and moves towards the trailing edge. This trend breaks down if the Reynolds number
decreases below a critical value of Rec ≈ 50, 000, where the separated shear layer suddenly
fails to reattach, resulting in a significant reduction in aerodynamic performance due to
an abrupt reduction in lift [1, 2, 52]. Significant changes in bubble topology resulting from
minor changes in flow condition is a phenomenon known as bubble bursting and is often
associated with Gaster [52].

2.2 Measurement Techniques for Laminar Separation
Bubbles

Since the focus of this thesis is the evaluation of a relatively new measurement technique,
it is beneficial to review traditional measurement techniques for separated flows, as they
provide baseline data used for comparison and validation. These techniques are categorized
as surface stresses measurements in Section 2.2.1, velocity measurements in Section 2.2.2,
and surface temperature measurements in Section 2.2.3.

2.2.1 Surface Stress Measurements

Surface pressure distributions obtained with measurements of static pressure can be an-
alyzed to infer details about flow behaviour, with a number of studies implementing this
technique for the analysis of separated flows [6, 7, 33, 34, 62–64]. As a result of the near
stagnant fluid in the fore portion of the separation bubble, the point of mean separation can
be distinguished as the onset of a pressure plateau in the streamwise direction. Following
the pressure plateau, the beginning and end of the rapid pressure recovery region marks
the locations of mean transition and reattachment, respectively [6, 33]. Measurements of
surface pressure fluctuations have also been used to estimate the location and extent of
laminar separation bubbles [63, 65], while resolving details regarding the transition process
such as the most unstable frequency, growth rates of disturbances, and convective velocities
of coherent structures [63, 65]. For both time-averaged and time-resolved measurements
of surface pressure, a common downside is the required model modification to instrument
it with the necessary equipment. Moreover, once instrumented, the spatial resolution is
typically fixed and often limited due to placement of the pressure taps [66].

In order to mitigate the issues with spatial resolution, surface films which respond
directly to changes in surface stress, such as pressure sensitive paints, have also been
implemented. These paints have luminescent molecules which emit photons of different
wavelengths corresponding to different magnitudes of surface pressure [66]. Although the
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use of pressure sensitive paints has been shown to accurately detect boundary layer phe-
nomena in transonic and supersonic conditions [67], implementation below Mach numbers
of ≈ 0.3 is often difficult due to insufficient sensitivity [68].

Film-based techniques which respond to changes in the magnitude of shear stress how-
ever, have been more successful at the lower velocities typical to the low Reynolds regime
[14, 62]. Lee & Basu [14] used multiple closely-spaced hot-film sensor arrays to analyze
laminar separation bubble topology on a pitching NACA 0012 airfoil. They were able to
establish trends in the separation bubble extent and location based on changes in the angle
of attack. Likewise, Zhong [62] implemented shear-sensitive liquid crystals to character-
ize laminar separation bubbles on a NACA 661-0012 airfoil. The presence of the laminar
separation bubble was confirmed for moderate angles of attack when compared to surface
pressure measurements and surface oil-flow visualization patterns. However, at low angles
of attack, it was established that the change in magnitude of shear stress was too low and
liquid crystals are not suitable for separation detection.

2.2.2 Velocity Measurements

Information regarding near-wall velocity within a laminar separation bubble allows for
diagnostics of its location, streamwise extent, and detailed analysis of the flow physics.
Hot wire anemometry (HWA) offers a high-frequency point measurement of flow velocity
by introducing a probe into the region of interest. This method has been implemented
in various studies focused on low-Reynolds flows containing laminar separation bubbles
[12, 33, 35, 38, 54, 69]. O’Meara & Mueller [33] used HWA to analyze the wall-normal extent
of laminar separation bubbles for a range of Reynolds numbers. They found that the
bubble height at the transition location decreased almost linearly with Reynolds number.
Moreover, as later supported by Burgmann & Schröder [10], O’Meara & Mueller [33] found
that the bubble height at transition was nearly linearly related to the total bubble length.
Watmuff [12] implemented an automated flying HWA system to analyze the instability of
laminar separation bubbles on a flat plate subject to an adverse pressure gradient. He
showed that the amplification of disturbances in the separated shear layer was similar to
that expected due to a Kelvin-Helmholtz instability. More recently, Kirk & Yarusevych [54]
used HWA to characterize the formation of coherent structures within the separated shear
layer. It was shown that although the roll-up process is initially coherent in the spanwise
direction, non-uniformities rapidly arise across the span as vortices develop downstream.

Particle image velocimetry (PIV) is frequently used in fluid mechanics and can measure
up to all three velocity components in a plane or volume. Many researchers have used this
technique to analyze laminar separation bubbles forming on airfoils [10, 39, 55, 56, 70–73]
and flat plates with imposed pressure gradients [9, 31, 37, 74]. Planar PIV is the most
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common implementation, as it is the simplest configuration and still allows for detailed in-
vestigations of flow behaviour. Planar two-component PIV has allowed for analysis of the
transition and reattachment process [31, 55, 71], response to periodic impulses [56, 73, 74],
along with serving as a reference measurement for numerical studies [37, 39]. A time-
resolved, stereo-scanning, planar PIV configuration was implemented by Burgmann &
Schröder [10] which allowed for a three-dimensional reconstruction of the flow field within
the laminar separation bubble on a SD7003 airfoil. This technique permitted the visual-
ization of vortex structures and their deformation in the transition process. Additionally,
trends in the LSB topology arising from changes in Reynolds number and angle of attack
were found to agree with previous studies [33]. More recently, Michelis et al. [9] used a
combination of planar and tomographic PIV to analyze the bubble topology and three-
dimensional characteristics of the reattachment process, respectively. They were able to
observe non-uniform spanwise development of coherent structures in the separated shear
layer, and how impulsive forcing could improve the uniformity of these structures in the
spanwise direction.

Although widely accepted, hot wire anemometry and particle image velocimetry both
have their limitations when applied in separated flows. Hot wire anemometry is unable
to resolve flow direction and suffers from poor signal-to-noise ratio when measuring the
low, near-wall velocities [12, 13]. Furthermore, the physical intrusiveness of placing a probe
within the separated region has been shown to alter the topology of the flow [61, 69, 75].
Similarly, the low, near-wall velocities also pose a challenge for PIV, especially if a wide
range of velocities are captured in a single field of view. Moreover, PIV equipment often
comes with a significant overhead cost, and performing a successful PIV campaign can
be time consuming compared to other methods. Therefore, there is an interest in further
development of thermal measurement techniques such as the ones described in Section 2.2.3.

2.2.3 Temperature Measurements

Measurements of surface temperature on aerodynamic bodies allow for an indirect method
of uncovering details of the near-wall flow. A common technique for performing such
a measurement is the use of temperature sensitive paints (TSPs), which work much in
the same way as pressure sensitive paints [66]. When luminescent molecules within the
paint are excited by an external light source, incident photons are absorbed while photons
of specific wavelengths are released, with wavelengths that depend on the local surface
temperature [66, 67]. Due to relatively large temperature magnitudes and gradients, TSPs
were initially implemented in hypersonic flows [66, 76–78], allowing for the formation of
qualitative [77] and quantitative [76] relationships between surface temperature and heat
transfer. By increasing thermal contrast with an external heating source, TSPs have also
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been implemented to study near-wall behaviour in the subsonic regime [68, 79].
Following an approach outlined by Liu & Woodiga [80], Miozzi et al. [81] used TSPs to

analyze the topology and coherent structures within an LSB formed on a NACA 0015 hy-
drofoil. This analysis was further developed by Miozzi et al. [79] who tracked the thermal
signatures of near-wall disturbances in high-speed image sequences. A cross-correlation
technique was used to determine the time, ∆t, elapsed for the thermal signature of a dis-
turbance to travel a distance of ∆x. From these values, the propagation speed of near-wall
thermal disturbances was calculated and related to the local skin friction. Comparison
of the skin-friction distribution and mean temperature profiles suggested that the separa-
tion and reattachment locations correspond approximately to locations of local maximum
and minimum surface temperature, respectively. Furthermore, as suggested by other stud-
ies [19, 20, 24, 82–85], the transition location was shown to coincide with the location of
maximum streamwise gradient in surface temperature.

The final method discussed, and the focus of this thesis, is infrared thermography
(IRT). Infrared thermography is a technique based on the principle that every surface
emits electro-magnetic radiation, in the infrared spectrum, which is related to the local
surface temperature [86]. Using an infrared camera, local measurements of this electro-
magnetic radiation are acquired and used to estimate the surface temperature distribution
[86]. Thomann & Frisk [16] were one of the initial groups to apply this technology to the
field of aerodynamics. Hypersonic flow around a paraboloid shape was analyzed in order
to evaluate the feasibility of applying infrared thermography to study heat transfer in
complex flows. They found that infrared thermography was a viable method for obtaining
a quick survey of the surface temperature, which could be related to heat transfer, over
complex shapes. The accuracy associated with the measurement of surface temperature was
shown to be comparable to that of temperature sensitive paints at the time. Moreover, no
preparation of the model surface was required between runs, making infrared thermography
faster and less labour intensive compared to temperature sensitive paints.

Similar to temperature sensitive paints, initially infrared thermography was primarily
implemented in supersonic and hypersonic flows due to the relatively low sensitivity of
infrared cameras at the time. Infrared thermography was shown to be capable of detecting
aerodynamic phenomena such as laminar-to-turbulent transition [87, 88] and the formation
of shock waves [18, 88]. In the subsonic regime, less pronounced temperature differences
between the outer flow and the model surface made diagnostics using infrared thermog-
raphy more difficult. In attempts to improve thermal contrast in the subsonic regime,
external [21, 22, 25, 26, 89–91] or internal [19, 20, 24, 90] heating elements were often incor-
porated [82]. With the use of additional heating, both laboratory [19–25] and in-flight
experiments [20, 26] have performed successful detection of mean transition using infrared
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threshold

Figure 2.3: Methodology presented by Raffel & Merz [21] for detecting the transition
region for a pitching airfoil. Adapted from Raffel & Merz [21].

thermography.
Although it is generally agreed upon that infrared thermography can be used for de-

tection of laminar-to-turbulent transition in the sub-sonic regime, different methodolo-
gies for doing so have been suggested. A common methodology implemented for detec-
tion of laminar-to-turbulent transition is the analysis of streamwise temperature gradients
[19, 20, 24, 82–85]. As further explained in Section 2.4, streamwise gradients of surface
temperature can be used to identify the transition location as laminar regions experience
significantly less convective heat transfer compared to turbulent ones. Therefore, as the
flow transitions, the surface will experience relatively large streamwise gradients of convec-
tive heat transfer. This results in relatively large gradients in surface temperature, where
the streamwise location of absolute maximum temperature gradient coincides with the
mean transition location. This methodology was modified by von Hoesslin et al. [25] where
the convection-dominant temperature decline of an airfoil subject to a finite heat pulse was
recorded. By relating the rate of temperature decline, Λ, to the convective heat transfer
coefficient, von Hoesslin et al. [25] showed that the transition location could be estimated
in the region where the streamwise gradient of Λ was maximized, as Λ was shown to be
approximately proportional to the convective heat transfer coefficient.

Raffel & Merz [21] established a methodology which allows for laminar-to-turbulent
transition detection in unsteady flow conditions, such as those experienced by pitching
airfoils. By analyzing the distribution of temperature difference between two subsequent
high-speed infrared images on a pitching airfoil, the locations corresponding to the begin-
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ning and end of transition can be estimated. Assuming the change in angle of attack is
small between the two images, the temperature distributions before and after the transi-
tion region are nearly identical. Therefore, the image corresponding to the higher angle
of attack, α1, will transition first, resulting in a large increase in temperature difference
between the two images. The temperature difference will achieve a maximum value as the
flow at a lower angle of attack, α2, transitions, before the temperature difference returns to
zero once the α2 flow has achieved a turbulent state. Therefore, Raffel & Merz [21] defines
the onset of transition at α1 as the location where the temperature difference first deviates
by a threshold value from zero. Likewise, the end of the transition region at α2 is defined
as the location where the temperature difference returns to a threshold value close to zero.
This is shown schematically in Fig. 2.3. Although the methodology suggested by Raffel &
Merz [21] was shown to agree with numerical simulations, Richter et al. [91] and Gardner
et al. [92] showed the temperature difference between two thermal images more accurately
determines the mean transition location of the flow condition that is an average of the
flow conditions in the thermal images (i.e. (α1 + α2)/2). This conclusion was made after
comparing the transition locations estimated with surface hot-film sensors, static pressure
distributions, and numerical simulations.

2.3 Infrared Thermography for the Analysis of Lam-
inar Separation Bubbles

With the development of infrared technology, improvements to the thermal sensitivity of
modern infrared cameras has allowed for more precise analysis of aerodynamic phenom-
ena, such as the detection of characteristic points in laminar separation bubbles. De Luca
et al. [19] used a scanning infrared radiometer to measure the temperature distribution on
a Gottingen-797 airfoil experiencing the following: i) transition in the attached boundary
layer, ii) fully stalled flow, and iii) a laminar separation bubble. A boundary layer trip
was used to disturb the laminar boundary layer and initiate transition for the attached
flow. Agreeing with Quast [82], the location of transition was shown to coincide with the
location of maximum streamwise temperature gradient, distinguished with closely-spaced
isothermal bands in the temperature distribution. Additionally, the stalled flow was shown
to result in higher surface temperature than the attached flow due to lower near-wall ve-
locities. For the scenario corresponding to the formation of a laminar separation bubble,
estimations of the convective heat transfer coefficient were obtained through an energy
balance of a thin metallic foil coating on the airfoil surface. The thin film was supplied
a known heat flux through Joule heating, which was balanced by forced convection pro-
vided by the flowing air. Losses due to radiation were neglected as the film was heated
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only slightly above the ambient temperature. Conduction to the airfoil model was also
neglected as the airfoil model itself was manufactured out of a thin layer of low thermal
conductivity material, backed with a thermal insulator. This energy balance allowed for
the streamwise distribution of Stanton number to be obtained. Although comparison to
another measurement technique was not performed, it was stated that the point of separa-
tion coincides with the location of minimum Stanton number as this location experiences
minimal convective cooling. Conversely, the reattachment location was stated to coincide
with the absolute maximum in the Stanton number distribution, corresponding to the
location of maximum convective heat transfer intensity.

Montelpare & Ricci [27] studied the thermal signatures on an Eppler-387 airfoil in the
presence of a laminar separation bubble. In this study, the model was internally heated
and infrared images were compared to surface pressure distributions at Reynolds numbers
of 100,000 and 200,000 between angles of attack of −4◦ and 14◦. The results showed a
spanwise band of increased surface temperature for both Reynolds numbers at pre-stall
angles of attack. Although specific characterization of the laminar separation bubble was
not performed, when compared to the distribution of surface pressure it was shown that the
band of elevated surface temperature approximately coincided with the pressure plateau.
Moreover, this region moved upstream and decreased in streamwise length as the angle
of attack or Reynolds number was increased, following the changes expected in laminar
separation bubbles [33]. It was concluded that due to decreased convective cooling in the
reverse flow region, the higher temperature band could be used as an indicator for the
presence of a laminar separation bubble.

Ricci & Montelpare [28] expanded on this analysis, providing distributions of convective
heat transfer intensity within the separated region on an internally heated RR3823HL air-
foil. The temperature distribution was analyzed for Reynolds numbers of 60,000, 100,000,
150,000 and 200,000, between angles of attack of −5◦ and 12◦. By considering radiation,
conduction, and convection, a differential energy balance was performed on the thin alu-
minium coating applied to the airfoil surface. By controlling the amount of Joule heating
provided, and measuring the resulting surface temperature, a distribution of the convective
heat transfer coefficient on the airfoil surface was determined. The Stanton number along
the chord was then calculated using edge velocity estimates from XFoil [93] as the char-
acteristic velocity. The Stanton number distribution was used to estimate the locations
of mean separation, transition, and reattachment. The separation location was stated to
coincide with the inflection point in the Stanton number distribution, upstream of the
absolute minimum. The location of transition was argued to lie at the location of abso-
lute minimum Stanton number as Ricci & Montelpare [28] suggested the maximum bubble
height in this location resulted in minimum convective cooling. Lastly, mean reattachment
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was proposed to lie at the location of absolute maximum Stanton number, as the reattach-
ing flow resulted in relatively high energy exchange between the outer flow and the model
surface.

Dollinger et al. [23] used infrared thermography, surface pressure measurements, and
oil film surface flow visualization to characterize separated regions on unheated airfoil and
cylinder models. They used the temporal standard deviation of temperature fluctuations,
or temperature fluctuation index (TFI), to characterize the separated region. The mean
separation and reattachment locations were linked to regions of low and high TFI, re-
spectively; however, no general threshold criteria were established. Dollinger et al. [94]
were able to expand on this analysis and propose more concrete conclusions in a similar
experiment. By comparing oil film flow visualization images with distributions of TFI, the
mean separation location was shown to coincide with a sharp drop in TFI from the laminar
region, a result of the decreased near-wall velocity within the separation bubble. Following
separation, the TFI was shown to increase substantially at the location of reattachment.
The increased fluctuations at reattachment were stated to be a result of turbulent charac-
teristics of the boundary layer, and temporal oscillation of the reattachment location. The
findings agreed with, and gave reasoning to, conclusions drawn in their previous study [23].
Moreover, using the temporal standard deviation of temperature fluctuations was shown to
provide a viable estimate for both mean separation and reattachment on unheated surfaces
with low thermal contrast.

2.4 Heat Transfer Fundamentals

As a fluid flow passes over an object, a thermal boundary layer will form due to differences
in temperature between the fluid and the surface. Similar to the velocity boundary layer,
the thermal boundary layer is diffusive in nature, with its development related to the
fluid thermal diffusivity, κ. The amount of energy exchanged between the fluid and the
surface depends on both the temperature difference and local flow behaviour [84]. The
heat transfer potential due to local flow behaviour is quantified with the heat transfer
coefficient, h, which depends on fluid properties, turbulence intensity, and flow speed.
Originally formulated by Newton [95], the resulting convective heat transfer per unit area,
q′′Conv, can be quantified using Newtons law of cooling:

q′′Conv = h(Tf (x)− Tw(x)) (2.1)

Since the convective heat transfer coefficient, h, is dependent on flow characteristics,
it varies with changes in boundary layer behaviour and local flow development [84]. The
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quantitative relationship between the convective heat transfer coefficient and flow field
development can be obtained based on fundamental principles. By assuming a laminar
flow with constant fluid properties, the Navier-Stokes equations and the energy equation
become decoupled [96]. By further assuming negligible pressure gradient and negligible
dissipation of work due to friction, the velocity and temperature fields become similar
[96]. The similarity between the temperature and velocity fields allows for a proportional
relationship between the convective heat transfer coefficient and the wall shear stress to be
established, known as Reynolds Analogy [97, 98]. First postulated in its simplest form by
Reynolds [99], the Reynolds analogy states:

St = Cf
2Pr (2.2)

where:
St = h

ρcpU0
(2.3)

Cf = τw
1
2ρU

2
0

(2.4)

Pr = ν

κ
. (2.5)

This relationship shows that for a laminar boundary layer flow with zero pressure gradient,
the convective heat transfer coefficient is directly proportional to the local skin-friction
[97, 98]. Equation 2.2 can also be modified for turbulent boundary layers, assuming a linear
velocity profile in the near-wall region, as shown with the Prandtl-Taylor modification in
Eq. 2.6:

St = Cf

2Pr(1 + UL

U0
(Pr− 1))

(2.6)

where UL is the upper limit of velocity in the linear near-wall velocity profile. The Prandtl-
Taylor modification collapses to Eq. 2.2 when UL = U0, which is the case for a laminar
boundary layer.

For flow over a flat plate, the similarity between velocity and temperature fields also
allows for empirical relationships describing the non-dimensional convective heat transfer
coefficient as a function of other non-dimensional groups. For a laminar boundary layer,
the non-dimensional convective heat transfer coefficient as a function of the streamwise
coordinate is described by:

Nux = 0.332Re
1
2
xPr

1
3 (2.7)

with a similar relationship for a turbulent boundary layer:

Nux = 0.0296Re
4
5
xPr

1
3 (2.8)
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laminar regime turbulent regime

Figure 2.4: Development of a laminar boundary layer on a flat plate with zero pressure
gradient undergoing natural transition to turbulent flow with corresponding distributions
of convective heat transfer coefficient and surface temperature.

where:
Nux = hx

k
(2.9)

with k being the thermal conductivity of the fluid [97, 98].
By rearranging Eqs. (2.7)–(2.9), the distribution of convective heat transfer coefficient

can be estimated. This is shown schematically, along with the resulting wall temperature
distribution, in Fig. 2.4, where the transition region is simplified as a linear interpolation
between the laminar and turbulent regimes. As shown in Fig. 2.4, the convective heat
transfer coefficient decreases non-linearly as the laminar boundary layer develops, reaching
a minimum value around the onset of transition. After rapidly increasing and achieving
a maximum value at the end the transition region, the convective heat transfer coefficient
decreases as the turbulent boundary layer develops, at a rate slower than in the laminar
region. Figure 2.4 shows the wall temperature being approximately equal to the free stream
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temperature at the leading edge, before increasing up to the onset of transition. The sharp
increase in convective heat transfer coefficient within the transition region results in a
rapid decrease of surface temperature. Upon reaching a minimum value near the end of
transition, the surface temperature increases due to the decreasing convective heat transfer
coefficient associated with development of the turbulent boundary layer.

19



Chapter 3

Experimental Methodology

In this thesis, the characteristic heat transfer of laminar separation bubbles is examined
experimentally with the use of infrared thermography. To analyze the heat transfer both
qualitatively and quantitatively, two main experimental campaigns have been performed.
First, a laminar separation bubble formed on a flat plate upstream of a vertically mounted
fence was considered. Infrared thermography was used to obtain temperature fields, which
were then compared to measurements of surface pressure, and two-component, planar par-
ticle image velocimetry. Secondly, a laminar separation bubble formed on a NACA 0018
airfoil was considered. The surface temperature measurements were then compared to mea-
surements of velocity from two-component, planar particle image velocimetry. For both
experimental campaigns, the Reynolds numbers were carefully selected such that valid
measurements could be performed with each technique. The Reynolds numbers had to be
high enough to provide measurable differences in surface temperature for the infrared cam-
era, while being low enough such that sufficient spatial resolution could be achieved with
each measurement technique. The flow conditions, and the corresponding measurements
performed at each condition, are summarized in Tables 3.1 and 3.2 for the flat plate and
airfoil experiments, respectively. In this chapter, the experimental facility, models, and
techniques are described in detail.

Table 3.1: Summary of the flow conditions and corresponding measurements performed
on the flat plate geometry.

ReL 24,000 27,000 30,000 33,000 36,000 39,000 42,000 45,000 48,000
Pressure • • • • • • • • •
PIV • • •
IRT • • • • • • • • •

• Indicates that measurement was performed
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Table 3.2: Summary of the flow conditions and corresponding measurements performed
on the airfoil geometry.

PIV IRT
α = 4◦ α = 2◦ α = 4◦ α = 6◦ α = 8◦

Rec = 70, 000 •
Rec = 80, 000 • • • • •
Rec = 90, 000 •
Rec = 100, 000 •
Rec = 110, 000 •
Rec = 120, 000 • • • • •
Rec = 130, 000 •
Rec = 140, 000 •
Rec = 150, 000 •

• Indicates that measurement was performed

3.1 Experimental Setup

3.1.1 Wind Tunnel Facility

All experiments were performed in the closed-loop wind tunnel at the University of Wa-
terloo, which is shown schematically in Fig. 3.1. The flow is generated with a six-blade
fan attached to an axial motor, controlled via variable frequency drive. Flow conditioning
is achieved as the flow passes through the settling chamber, consisting of an aluminium
honeycomb structure followed by five turbulence reducing screens at the upstream side of
the 9:1 contraction. The test section is 2.44 m in length, with a cross-section measuring
0.61 m × 0.61 m. The test section walls are made of tempered glass to allow for easy optical
access. The velocity in the test section is set using the static pressure drop across the con-
traction, which was calibrated against a Pitot-static tube placed in an empty test section.
The resulting uncertainty in the free stream velocity was calculated to be less than 2% for
each flow condition (Appendix D.1). Kurelek [53] showed that the flow uniformity within
the test section varied less than 0.4% at a free stream velocity of 9.6 m/s. The turbulence
intensity was measured by Istvan & Yarusevych [11] to be approximately 0.06%.

3.1.2 Flat Plate Model

The flat plate model used in these experiment is shown in Fig. 3.2. The plate is constructed
in three pieces, with a modular fence that allows for variable placement. The mid-span
point at the leading edge corresponds to the origin of the coordinate system used for data
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settling chamber contraction test section

motor and fan

Figure 3.1: Recirculating wind tunnel at the University of Waterloo.

presentation, with x, y, and z coordinates pointing in the streamwise, wall-normal, and
spanwise directions, respectively. The aluminium nose portion is 0.500 m long and has
a super-elliptical shaped leading edge to reduce the receptivity of the boundary layer to
sound fluctuations in the free-stream [100]. The middle section of the flat plate is 0.525 m
long and is made of Lexan due to its low thermal conductivity. To increase emissivity of
the top surface, it was painted with three coats of flat black paint. The trailing edge of
the flat plate is also made of aluminium and is 0.500 m long, resulting in an overall length
of 1.525 m. The flat plate model is 0.600 m wide, with 0.005 m of foam padding added at
the side edges such that the model spans the entire test section width. Three NACA 0012
shaped legs were used to support the flat plate model in the test section. The supports are
0.190 m tall, with two placed beneath the nose section and one placed in the center of the
tail section.

The fence used in these experiments was constructed out of Lexan, such that it did not
affect the laser sheet used in PIV. The fence had a height, L, of 0.053 m and a thickness of
0.010 m. The modular design allowed for the fence to be placed at the downstream edge
of the Lexan centerpiece, with the upstream face of the fence located 1.025 m (19.34L)
downstream from the leading edge. The trailing edge flap was set at an angle of 0◦, since
the use of a vertical fence ensured a desirable stagnation point placement.

Measurements of static surface pressure were performed through a total of 54 embedded
pressure taps with a diameter of 0.4 mm. The first six pressure taps are in the nose section
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Figure 3.2: (a) Side, and (b) top view of the flat plate model. The sections corresponding
to different plate materials are not shown in (b) for clarity.

of the model, followed by 48 in the middle section. The first pressure tap is at a location
of 0.394 m (7.43L) downstream of the leading edge, with 20.1 mm spacing between the
first ten taps. Pressure taps 11-45 are more densely packed with streamwise spacing of
6.0 mm, followed by taps 46-54 with spacing of 20.1 mm. The pressure taps and their
relative spacing is highlighted in Fig. 3.2b.

3.1.3 Airfoil Model

The airfoil model used in these experiments is shown in Fig. 3.3. A NACA 0018 profile was
used with chord and spanwise lengths of 0.20 m and 0.60 m, respectively. The mid-span
location at the leading edge was defined as the origin, and a surface attached coordinate
system was employed for data presentation. The x-coordinate runs from the origin, along
the surface, in the streamwise direction. The y-coordinate points normal to the suction
surface, and the z-coordinate points in the spanwise direction. The airfoil model was 3-
D printed with black polycarbonate-ABS plastic. The design consisted of a 5mm solid
polycarbonate-ABS shell, with a primarily hollow core (Fig. 3.3c). The core was made up
of 70% air with 30% polycarbonate-ABS by volume to maintain structural integrity. The
thin shell, air-filled, design ensured that conduction into the model was minimized. After
the model was 3D printed, it was sanded in multiple stages to rid all surface imperfections
introduced in the printing process. The final sandpaper used was 600-grit, resulting in a
smooth, matte surface finish.

The zero incidence was establish based on the geometric zero angle of attack of the
employed symmetric airfoil model to within 0.1◦. Relative to the zero angle of attack,
the angle was set using a digital protractor, with a resolution of 0.1◦, which rotated with
the airfoil. The axis of rotation was 0.25c downstream of the leading edge, located 3c
downstream of the contraction outlet.

The highlighted measurements presented in this thesis are at an angle of attack of 4◦

and Reynolds numbers of 80,000 and 120,000, with a full list of flow conditions shown in
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Figure 3.3: (a) Side, (b) isometric, and (c) section view of the airfoil model.

Table 3.2. An angle of attack of 4◦ was selected as a laminar separation bubble commonly
forms in the mid-to-aft portion of the airfoil, and has been employed in several other studies
[53, 101, 102]. The Reynolds numbers of 80,000 and 120,000 were selected as they are at
the lower and upper end of conditions resulting in a laminar separation bubble which were
measurable with the selected measurement equipment. At an angle of attack of 4◦, the
blockage ratio without end caps installed was found to be approximately 6.0%. It has
been shown by Boutilier & Yarusevych [103] that a blockage ratio on this order has a
negligible effect on the development of the laminar separation bubble. End plates were
also not implemented as Boutilier & Yarusevych [103] showed that installing end plates
had no effect on the flow uniformity over more than 40% of the central span for comparable
conditions.

3.2 Measurement Techniques

Three different measurement techniques were employed during this study. Static pressure
measurements were used in the flat plate study, and are described in Section 3.2.1. Particle
image velocimetry and infrared thermography were used in both experimental investiga-
tions and are described in Section 3.2.2 and Section 3.2.3, respectively.
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3.2.1 Pressure Measurements

The distribution of static pressure on the flat plate model surface was measured in the first
experimental investigation. The static pressures were measured with two Setra Model 239
high-accuracy differential pressure transducers, with a full range of ±250 Pa. Using flexi-
ble PVC tubing, the pressure taps were connected to a Scanivalve mechanical multiplexer,
which measured the static pressure at each location relative to the static pressure at the
first pressure tap. The Scanivalve mechanical multiplexer used a multiplexing configura-
tion developed by Boutilier [101], allowing for the pressures to be measured consecutively,
two taps at a time. The Setra pressure transducers were connected to the Scanivalve me-
chanical multiplexer and were sampled with an NI USB-6259 DAQ. The output voltage of
the transducers was measured at a frequency of 5,000 Hz with 20,000 samples for each tap.
Before the wind tunnel was turned on, the transducers were zeroed at the quiescent condi-
tion. Once the wind tunnel was turned on, the pressure in the PVC tubing was allowed 60 s
to equalize before the first pressures were measured. Following this, a wait time of 25 s was
employed between subsequent taps to allow for pressure equalization to occur within the
multiplexer device. The associated uncertainty in the static pressure measurements was
found to be less than 3% of the dynamic pressure for all flow conditions (Appendix D.2).

3.2.2 PIV Measurements

Two-component, planar PIV was employed on both geometries in order to reveal the lo-
cation and extent of the laminar separation bubble. For all experiments, the flow was
seeded with a water-glycol based fog produced with a Rosco vapour fog machine, resulting
in particles with a mean diameter on the order of 1 µm. The light beam emitted from
a Photonics DM20-527 high-speed Nd:YLF pulsed laser was passed through an optical
setup to illuminate the fog particles in a sheet along the plane of interest. Photron SA4
high-speed cameras were then used to record images of the flow. A LaVision timing unit
controlled through LaVision’s DaVis 8 software was used to synchronize the laser pulse
with the image acquisition.

For experiments on the flat plate, as shown in Fig. 3.5a, a single Photron SA4 high-
speed camera was used to capture the development of the laminar separation bubble formed
upstream of the vertically mounted fence at the mid-span plane (z = 0). The laser beam
was oriented normal to the test section downstream of the flat plate, as shown in Fig. 3.5a.
The laser beam was pointed at the optics setup for conditioning, which was mounted on
a breadboard. The beam was passed through a 90◦ turn mirror followed by a -75 mm
cylindrical lens, placing a laser sheet, approximately 1 mm thick, in the field of interest. A
Nikon 200 mm focal length macro lens was used with an f# of 5.6. The Photron camera
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was placed on a 3-axis traverse system to allow for controlled and repeatable positioning.
The image sensor was cropped to 1024 × 512 px and the camera was moved closer to
the flow as the Reynolds number was increased, such that the spatial resolution within
the separation bubble was maximized. A total of five fields of view were captured in
the streamwise direction (Fig. 3.4a), with an overlap of 3 mm, (3.4%, 4.0%, and 5.5% for
Reynolds numbers 27,000, 36,000, and 45,000, respectively) allowing for the time-averaged
velocity fields to be stitched together. A total of 2,500 images were acquired in double
frame mode at a frequency of 1,000 Hz. The ∆t was selected such that the temporal
average particle displacement in the free-stream was approximately 15px. A summary of
the important PIV parameters for the flat plate experiments is shown in Table 3.3.

For the experiments performed on the airfoil geometry, as shown in Fig. 3.5b, two
Photron SA4 high-speed camera were used to capture the laminar separation bubble form-
ing on the suction side at the mid-span plane (z = 0). Again, the laser beam was oriented
normal to the test section, downstream of the airfoil, as shown in Fig. 3.5b. The laser beam
was pointed at the optics setup for conditioning, which was mounted on a breadboard. The
beam was passed through a 90◦ turn mirror followed by a -75 mm cylindrical lens, placing
a laser sheet, approximately 1 mm thick, in the field of interest. Nikon 200 mm focal length
macro lenses were used with an f# of 4. The Photron cameras were placed on a fixed
optical rail setup on both sides of the test section and were adjusted at both Reynolds
numbers such that the spatial resolution within the bubble was maximized. The camera
sensors were cropped to 1024 × 512 px and an overlap of 13% and 20% was maintained
for Reynolds numbers of 80,000, and 120,000, respectively (Fig. 3.4b). A total of 5,000
images were acquired in double frame mode at a frequencies of 1,500 Hz and 100 Hz for
each Reynolds number. The dataset at 100 Hz allowed for time-averaged analysis as the
50 s measurement cycle captured low-frequency oscillations associated with the laminar
separation bubble, while the 1,500 Hz dataset allowed for time-resolved analysis of the
flow dynamics. The ∆t for each Reynolds number was selected such that the temporal
average particle displacement in the free-stream was approximately 16px. A summary of
the important PIV parameters for the airfoil experiments is shown in Table 3.4.

For all PIV measurements, the acquisition and processing was performed in LaVision’s
DaVis 8 software. The particle images were pre-processed using temporal sliding minimum
subtraction to minimize surface reflections. The resulting images were processed with a
multi-pass cross-correlation algorithm with window deformation [104]. The final window
size was 16 × 16 px with an overlap of 75%. In order to provide better spatial resolution
at the point of separation, a multi-pass sum of correlations (SOC) algorithm [105] with a
window size of 4× 4 px and an overlap of 75% was implemented. The different fields of view
and their corresponding processing algorithms for each experiment are shown in Fig. 3.4.
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Figure 3.4: PIV fields of view and corresponding correlation algorithms used for (a) flat
plate, and (b) airfoil experiments.

Table 3.3: Important PIV parameters for flat plate experiments.

Parameter ReL = 27, 000 ReL = 36, 000 ReL = 45, 000 Unit
Sampling Rate 1000 Hz
Images Acquired 2500
Frame Separation 100 60 40 µs

f# 5.6
Lens Focal Length 200 mm
Sensor Resolution 1024×512 px

Magnification Factor 0.44 0.53 0.71

Combined Field of View 218×23 183×19 133×14 mm
4.11×0.43 3.45×0.36 2.51×0.26 L

Final Window Size 16×16 px
SOC Final Window Size 4×4 px

Vector Pitch 0.180 0.152 0.113 mm
Outer Flow Displacement 16 15 15 px

The final vector fields were stitched together with a cosine weighted blending factor in the
overlap region. The vector fields for the airfoil geometry were then interpolated onto the
surface attached coordinate system (Fig. 3.3).

3.2.3 Infrared Measurements

The distribution of surface temperature for each model was measured with an Optris PI640
infrared camera, with a thermal sensitivity of 75 mK. The image sensor was cropped to
a size of 640 × 120 px, from the full size of 640 × 480 px, allowing for an increased frame
rate. A 60◦ × 33◦ lens was used, enabling the region of interest to be captured within the
infrared field of view (Figs. 3.2b and 3.3b). For experiments on the flat plate, the field
of view spanned from 545 to 1016 mm (10.28L − 19.17L) from the leading edge, with a
width of 84 mm (1.58L) (Fig. 3.2b). The center of the field of view was offset by 83.5 mm
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Table 3.4: Important PIV parameters for airfoil experiments.

Parameter Rec = 80, 000 Rec = 120, 000 Unit
Sampling Rate 100 & 1500 Hz
Images Acquired 5000
Frame Separation 90 50 µs

f# 4
Lens Focal Length 200 mm
Sensor Resolution 1024×512 px

Magnification Factor 0.49 0.58

Combined Field of View 70×14 64×12 mm
0.35×0.07 0.32×0.06 c

Final Window Size 16×16 px
SOC Final Window Size 4×4 px

Vector Pitch 0.164 0.137 mm
Outer Flow Displacement 16 17 px

(1.58L) from the plate center as the flat plate has a channel milled for the pressure tap
installations at the center-span. For the airfoil experiments, the infrared camera captured
a region along the entire chord, with a width of 35 mm (0.175c) centered at the mid-span
location (Fig. 3.3b).

Since the test section walls do not transmit radiation within the spectral range of the
infrared camera (7.5 µm − 13 µm), a 45 mm view hole was drilled in the top surface of the
test section, which allowed for placement of the infrared camera directly above the field of
interest. The camera was placed on a customized mount, resulting in the lens of the camera
being flush with the inner wall of the test section such that it did not disturb the flow. To
increase thermal contrast, the surface was externally heated using a set of 3×500 W halogen
lamps placed 0.40 m above the test section. Figure 3.5 shows the placement of the infrared
camera and the halogen lamps with respect to the test section. Once the halogen lamps
were turned on, the model was given sufficient time to heat up and achieve a steady-state
temperature before the image acquisition process was initiated. The transient temperature
distribution for the heating of each model is displayed in Appendix A. Measurements of the
surface temperature were acquired in both quiescent and flow conditions. Measurements in
quiescent conditions allowed for evaluation of non-uniform heating and conduction losses,
whereas in-flow measurements allowed for analysis of the convective cooling within the
region of interest.

For the airfoil experiments, the infrared images were transformed to the surface at-
tached coordinate system at each angle of attack. Markers were placed at 0.1c increments
along the chord and imaged with the infrared camera. The location of the markers in the
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Figure 3.5: Configuration of experimental equipment for the (a) flat plate, and (b) airfoil
experiments. 1 Infrared camera and customized mount; 2 Halogen lamps; 3 Vertically
mounted fence; 4 Optics; 5 Breadboard; 6 High-speed camera; 7 Laser.
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Table 3.5: Important infrared thermography parameters for each experimental investiga-
tion.

Parameter Flat Plate Airfoil Unit
Camera Optris PI640

Sensor Resolution 640×120 px
Thermal Sensitivity 75 mK
Spectral Range 7.5− 13 µm

Lens 60◦ × 33◦
Sampling Rate 10 Hz
Images Acquired 1000

Physical Field of View 471× 84 200× 35* mm
8.89L× 1.58L 1.00c× 0.175c

Heating Applied 1500 W
* Streamwise direction is cropped to size of the airfoil

thermal images were then related to the corresponding x/c locations and a fourth-order
polynomial fit was used for interpolation. For all experiments, the image acquisition was
triggered using the Optris Connect software with post processing performed in MATLAB.
The temperatures were adjusted based on an ambient calibration between the infrared
camera and a thermocouple, correcting for differences in perceived emissivity on the model
surface. For each condition, a total of 1,000 images were collected at a frequency of 10 Hz.
The temperature fields were temporally averaged to remove thermal noise as suggested
by Ricci & Montelpare [28]. A spatial filter with a kernel of 5px was then applied to the
resulting temperature fields to mitigate spurious artifacts. An additional 5px spatial filter
was applied to all computed line distributions to allow for clearer data presentation. A
summary of all parameters for the infrared measurements is given in Table 3.5.

3.3 Expected Thermal Behaviour of a Laminar Sepa-
ration Bubble

In order to estimate the locations of separation, transition, and reattachment for the lami-
nar separation bubble using infrared measurements, a methodology for doing so must first
be established. The following section will present the expected behaviour of convective heat
transfer intensity and surface temperature beneath the laminar separation bubble. The
laminar separation bubble will be broken into several distinct regions, as shown in Fig. 3.6,
which correspond to different flow developments. The convective heat transfer within the
different regions will be characterized based on comparisons to similar, well-studied flows.
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Figure 3.6: Pressure gradient and boundary layer characteristics in a laminar separation
bubble. 1 Laminar flow subject to a favourable pressure gradient; 2 laminar flow subject
to an adverse pressure gradient; 3 dead-air region; 4 later stages of transition leading
to reattachment; 5 developing turbulent boundary layer.

It should be noted that all descriptions provided will be based the assumption of a constant
wall heat flux, with a temperature profile of Tw(x). The film temperature, Tf is assumed
to be constant and equal to the free-stream fluid temperature T∞, with Tw > T∞.

Upstream of the separation point, in regions 1 and 2 in Fig. 3.6, the boundary layer
can be reasonably modelled as an attached laminar boundary layer on a flat plate. The heat
transfer within a laminar flat plate boundary layer is well-studied and has been shown to
follow theoretical predictions [106]. As shown in Eq. 2.7, the analytical solution of this flow
predicts the convective heat transfer coefficient decreasing at a rate inversely proportional
to the square root of the local Reynolds number [97, 98]. The decreasing convective heat
transfer coefficient results in a simultaneous increase in the surface temperature due to
Eq. 2.1 paired with the assumption of a constant wall heat flux. The growth of a laminar
boundary layer with an increasing surface temperature is shown in Fig. 3.7. Figure 3.7
depicts the situation for air with Pr ≈ 0.7, where the thermal boundary layer thickness
exceeds the velocity boundary layer thickness at a given location.

The difference between regions 1 and 2 in Fig. 3.6 is due to the presence of a
favourable and adverse pressure gradient, respectively. In region 1 , the laminar bound-
ary layer is subject to a favourable pressure gradient, which decreases the boundary layer
thickness and increases the wall-shear stress and convective heat transfer coefficient [107–
110]. As the flow approaches the suction peak, the favourable pressure gradient diminishes,
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Figure 3.7: (a) Formation of thermal and velocity boundary layers on a flat plate subject
to a constant heat flux, and (b) corresponding wall temperature development along the
streamwise direction.

reaching a zero pressure gradient at the suction peak, and an adverse pressure in region
2 . The adverse pressure gradient in region 2 decelerates the near-wall flow, increasing
the rate of boundary layer growth and decreasing the local skin-friction [107, 111, 112].
The skin-friction decreases along the chord, reaching a value of zero at the point of sep-
aration [46, 49, 113–115]. The assumptions established in Section 2.4 while deriving the
Reynolds analogy fail to hold true for flows subject to a pressure gradient. Therefore, the
location corresponding to zero skin-friction does not result in a minimum of the convective
heat transfer coefficient. Here, the convective heat transfer coefficient decreases, and its
streamwise gradient reaches a minimum at the point of separation [114].

Region 3 in Fig. 3.6 coincides with the dead-air region where the streamwise pressure
gradient is approximately zero [6, 33, 49, 50]. In this region, the shear stress is negligibly
small due to the slow-moving or stagnant fluid in the near-wall region [50, 114, 115]. With
the onset of transition, amplified velocity fluctuations in the separated shear layer begin to
enhance momentum and energy exchange near the surface, causing a rapid increase in the
shear stress at the wall. This results in a simultaneous rise in the convective heat transfer
coefficient, which reaches a maximum streamwise gradient around the mean transition
location [114]. Similar to the transition region described for a flat plate in Section 2.4, the
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rapidly increasing convective heat transfer coefficient in the transition region results in a
rapid decrease in the surface temperature due to Newtons law of cooling Eq. 2.1.

The location of mean reattachment lies between regions 4 and 5 in Fig. 3.6. As the
flow reattaches to the surface, fluid entrained from the outer flow periodically impinges on
the surface causing a further increase in the convective heat transfer coefficient downstream
of the mean transition location, reaching a peak value in the vicinity of mean reattachment.
Downstream of reattachment, the attached turbulent boundary layer develops and the
skin-friction quickly recovers before undergoing an exponential decay with growth of the
turbulent boundary layer [46, 50, 114, 115]. The developing turbulent boundary layer in
region 5 is similar to a turbulent boundary layer on a flat plate, with empirical correlations
available for the convective heat transfer coefficient as described in Eq. 2.8 [97, 98]. The
expected variation of convective heat transfer coefficient and surface temperature within
this region are shown in Fig. 2.4.
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Chapter 4

Streamwise Flow Development of a
Laminar Separation Bubble on a Flat
Plate

In this chapter, laminar separation bubbles formed on a flat plate, upstream of a verti-
cally mounted fence, are investigated. Measurements are performed at Reynolds numbers
(ReL), based on the fence height, between 24, 000 and 48, 000, with the ReL = 27, 000,
ReL = 36, 000, and ReL = 45, 000 cases analyzed in detail. Surface pressure and velocity
field measurements allow for flow development within the laminar separation bubble to be
appropriately described, providing context for observed trends in the surface temperature
distribution. Additionally, velocity field and surface pressure measurements provide initial
estimations for locations of mean separation, transition, and reattachment. Infrared ther-
mography is employed to obtain surface temperature and convective heat transfer coeffi-
cient estimates at each flow condition. The streamwise development of surface temperature
and convective heat transfer coefficient is analyzed and methodologies for estimating mean
separation, transition, and reattachment locations are proposed. The estimated character-
istic locations are evaluated based on their accuracy and robustness.

4.1 Baseline Flow Measurements

As discussed in Section 2.2.1, the location and extent of a laminar separation bubble can
be determined through analysis of the surface pressure distribution. More specifically,
the onset of a pressure plateau indicates separation of the boundary layer as the dead-
air region consists of relatively stagnant fluid [4]. This pressure plateau is followed by
a region of rapid pressure recovery, with the onset of pressure recovery coinciding with
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Figure 4.1: Methodology employed by Boutilier & Yarusevych [7] for estimation of the
characteristic points in a laminar separation bubble using static pressure distributions
shown with an example pressure distribution (ReL = 27, 000).

the mean transition location, and the end of pressure recovery marking the location of
mean reattachment [6, 33]. Due to the ambiguity associated with identifying the exact
locations of separation and reattachment, a more precise methodology followed by Boutilier
& Yarusevych [7] is implemented here. An example case of this methodology is applied to
ReL = 27, 000 in Fig. 4.1, with all highlighted Reynolds numbers shown in Fig. B.1. Lines
of constant slope passing through measured pressure values are used to robustly identify
the mean separation and reattachment locations, with the onset of pressure recovery used
to estimate the mean transition location. The point of mean separation is located at
the intersection of dashed lines upstream, and within, the pressure plateau region. The
reattachment location coincides with the intersection of lines within, and downstream, of
the rapid pressure recovery region. In Figs. 4.1 and B.1, and for the results presented in
this thesis, the nominal locations of the characteristic points correspond to the pressure
tap nearest to the appropriate intersection location, with uncertainty estimated as local
pressure tap spacing.

Laminar separation bubble development is typically studied on airfoils [30, 32–34, 38–
41, 49] and flat plates with contoured bodies [9, 12, 31, 35–37, 42, 44, 46, 47, 50]. In order
to confirm the fidelity of laminar separation bubble topology formed upstream of a fence
on a flat plate, the measured pressure distribution was compared to inviscid solution pre-
dictions. An inviscid pressure solution was obtained using the methodology presented by
Durand [116], where it is compared to measured pressures (ReL = 27, 000) in Fig. 4.2. The
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Figure 4.2: Comparison of inviscid and measured pressure distributions at ReL = 27, 000.

pressure distributions upstream of separation show good agreement, with deviation occur-
ring within the separated region. Downstream of the pressure plateau, measured pressure
values rapidly recover throughout the transition region and tend towards the inviscid so-
lution at reattachment. The results suggest laminar separation bubbles, similar to those
produced on airfoils and flat plates with contoured bodies, can be formed on a flat plate
geometry simply with the placement of a vertical fence. Fence placement and height can
be adjusted to alter the location and extent of the separated region. This approach allows
for more straight-forward and repeatable results compared to other methods of imposing
adverse pressure gradients on a flat plate model, such as implementation of a contoured
body [9, 12, 31, 35–37, 46, 47] or boundary layer suction [42, 44, 50].

Measurements of surface pressure depicted in Fig. 4.3 show the presence of a laminar
separation bubble at each highlighted flow condition. The onset and completion of the
pressure plateau region identifies estimated locations of mean separation and transition,
shown with circle and diamond markers, respectively. The location of mean reattachment
is shown at the downstream boundary of the rapid recovery region, identified with a square
marker in Fig. 4.3. A summary of these estimated locations, along with their corresponding
uncertainty, is shown in Table 4.1. Results from the full dataset (Table 3.1) are shown in
Fig. A.1.

The results presented in Fig. 4.3 and Table 4.1 exhibit the effect of Reynolds number on
the time-averaged location and extent of laminar separation bubbles. As Reynolds number
is increased, the onset of boundary layer separation is delayed and the mean separation
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Figure 4.3: Distribution of static pressure coefficient for highlighted flow conditions.
Circle, diamond, and square markers represent estimations of mean separation, transition,
and reattachment, respectively.

location shifts in the downstream direction, contrary to trends shown for an airfoil geometry
[7]. This suggests that the effect of increased adverse pressure gradient magnitude in the
upstream flow field is less substantial than the increase of near-wall momentum from higher
free-stream velocity. The near wall flow is therefore able to further withstand the adverse
pressure gradient and remain attached for longer. In contrast, the mean transition and
reattachment locations are shown to shift upstream as the Reynolds number is increased.
A higher Reynolds number results in a more pronounced instability within the separated
shear layer, due to both an increase in free-stream velocity and decrease in boundary layer
thickness. Both effects result in larger wall-normal velocity gradients in the separated shear
layer, which have been linked to the Kelvin Helmholtz instability mechanism [10]. Higher
disturbance growth rates are therefore experienced by disturbances in the separated shear
layer, promoting an earlier onset of mean transition and subsequently mean reattachment.
The upstream movement of mean separation and reattachment as Reynolds number is
increased results in a reduction of separation bubble extent, from 3.07L at ReL = 27, 000,
to 2.35L and 1.97L at ReL = 36, 000 and ReL = 45, 000, respectively.

Although measurements of surface pressure established estimations of laminar sepa-
ration bubble location and extent at each flow condition, little information is provided
regarding the topological characteristics of the separated region. In this regard, two-
component, planar PIV measurements were performed, allowing for detailed analysis of
flow development. Time-averaged fields of streamwise velocity are shown for highlighted
Reynolds numbers in Fig. 4.4, with the reverse flow region marked with the lowest contour
level. The mean dividing streamline and displacement thickness are shown with dashed
and dotted lines, respectively. Since velocity measurements near the wall are prone to
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Figure 4.4: Contours of mean streamwise velocity at highlighted Reynolds numbers.
Circle, diamond, and square markers denote estimated locations of separation, transition,
and reattachment, respectively. Dashed and dotted lines correspond to the mean dividing
streamline and displacement thickness, respectively.

higher uncertainty, a linear fit following the slope of the mean dividing streamline was
extrapolated to the model surface to yield locations of mean separation and reattachment,
following an approach employed in previous studies [9, 74]. The location of mean transition
can be estimated where shape factor reaches a maximum value [56, 75]. The distribution
of shape factor and corresponding estimates of mean transition are shown in Fig. 4.5. The
locations of mean separation, transition, and reattachment estimated from PIV measure-
ments are indicated in Fig. 4.4 on the mean dividing streamline with circle, diamond, and
square markers, respectively. Summarized estimates of these locations along with their
corresponding uncertainty values are given in Table 4.1.

The time-averaged flow fields presented in Fig. 4.4 show the presence of a laminar
separation bubble at each flow condition, closely resembling the topology put forth by
Horton [4] (Fig. 2.2). The results exhibit downstream movement of mean separation,
and upstream movement of mean transition and reattachment, as the Reynolds number
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Table 4.1: Estimated locations of mean separation, transition, and reattachment from
pressure and PIV measurements.

Flow Condition Measurement Technique xS/L xT/L xR/L

ReL = 27, 000 Pressure Measurements 14.01± 0.11 15.94± 0.38 17.08± 0.38
PIV Measurements 13.80± 0.36 16.30± 0.03 17.01± 0.09

ReL = 36, 000 Pressure Measurements 14.35± 0.11 15.56± 0.38 16.70± 0.38
PIV Measurements 14.19± 0.32 15.95± 0.03 16.48± 0.05

ReL = 45, 000 Pressure Measurements 14.35± 0.11 15.56± 0.38 16.32± 0.38
PIV Measurements 14.21± 0.34 15.54± 0.03 16.14± 0.09

is increased. As observed in surface pressure measurements (Fig. 4.3), this results in a
reduction of separation bubble extent, from 3.21L at ReL = 27, 000, to 2.29L and 1.93L
at ReL = 36, 000 and ReL = 45, 000, respectively. Corresponding to the reduction in
streamwise extent, the laminar separation bubble also exhibits a reduction in maximum
height at higher Reynolds numbers. As such, a nearly linear trend exists between maximum
displacement thickness and total streamwise extent (Fig. A.2), agreeing with observations
in previous studies [33].

Comparison of the estimated mean separation, transition, and reattachment locations
from pressure and PIV measurements (Table 4.1) shows overall agreement in laminar sep-
aration bubble location and extent within the bounds of uncertainty. Surface pressure
measurements exhibit larger experimental uncertainty in the identification of mean transi-
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tion and reattachment locations compared to identification of the mean separation location
due to the limited spatial resolution of embedded pressure taps (Fig. 3.2). Conversely, PIV
estimations are associated with a larger experimental uncertainty in locating the mean
separation location compared to transition and reattachment locations. This is due to the
inherent difficulty of resolving low, near-wall velocities within a thin boundary layer using
PIV, along with uncertainty in the exact wall location. Similar higher uncertainty bounds
have been seen in previous PIV studies of laminar separation bubbles [11, 56]

Time-averaged statistics of fluctuating velocity uncover details associated with laminar
separation bubble dynamics. Contours of root-mean-square (RMS) velocity fluctuations
are presented in Figs. 4.6 and 4.7 for the streamwise and wall-normal components, re-
spectively. Estimated locations of mean separation, transition, and reattachment from
PIV measurements are shown with circle, diamond, and square markers, respectively. The
RMS of fluctuating velocity components (Figs. 4.6 and 4.7) exhibit trends commonly ob-
served in laminar separation bubbles, such as the existence of peaks at a given streamwise
location, particularly pronounced at, and downstream of, the maximum bubble height lo-
cation [11, 56, 59]. The most prominent peak is observed in the streamwise component, at
the wall-normal location of displacement thickness, marked with a dotted line. This peak
extends to the fore portion of the separated region and has been attributed to shear layer
flapping [74]. Towards the maximum bubble height, both streamwise and wall-normal fluc-
tuating velocity components reach significant amplitudes earlier as the Reynolds number is
increased. This is linked to the upstream movement of mean transition, as perturbations in
the separated shear layer undergo stronger amplification. As shown in further detail later,
this eventually leads to shear layer roll-up into vortices near mean transition. The inher-
ently unsteady roll-up and shedding of vortices induces significant velocity fluctuations,
which increase throughout the transition region. Shed vortices follow a trajectory aimed
at the surface, resulting in periodic flow impingement and subsequent vortex breakdown
in the reattachment region. The reattaching flow is therefore associated with significantly
increased momentum exchange, as shown with contours of Reynolds shear stress (RSS) in
Fig. 4.8.

Dynamics of the laminar separation bubble associated with shear layer vortex shed-
ding are shown in Fig. 4.9 with contours of instantaneous spanwise vorticity. FOV 4
shows the formation and evolution of a vortex over several sequential vorticity fields. The
vortex entrains fluid from the outer flow, eventually recovering enough streamwise mo-
mentum to shed from the separated shear layer. As the shed vortex convects downstream
(Fig. 4.9(FOV 5)), it partially impinges on the surface, entrains induced near-wall vortic-
ity, and breaks down to smaller-scale structures. Vortex impingement results in significant
velocity fluctuations and RSS, causing maximum values to be attained in the vicinity of

40



0.0

0.1

0.2

0.3

y/L

ReL = 27, 000

0.0

0.1

0.2

0.3

y/L

ReL = 36, 000

13.5 14.0 14.5 15.0 15.5 16.0 16.5 17.0

x/L

0.0

0.1

0.2

0.3

y/L

ReL = 45, 000

0.00 0.05 0.10 0.15 0.20 0.25
u′rms

U0

Figure 4.6: Contours of the streamwise RMS component of fluctuating velocity. Circle,
diamond, and square markers denote estimated locations of separation, transition, and
reattachment, respectively. Dashed and dotted lines correspond to the mean dividing
streamline and displacement thickness, respectively.

mean reattachment(Figs. 4.6–4.8).
Streamwise flow development shown in Figs. 4.4 and 4.6–4.8 can be used to gain in-

sight into expected trends in convective heat transfer and surface temperature beneath
the laminar separation bubble. In the case of elevated wall temperature facilitated in
the recent study, deceleration of the near-wall flow, boundary layer separation, and near-
stagnant fluid in the fore portion of the bubble are expected to hinder local convective
heat transfer and therefore increase surface temperature. In contrast, the amplification
of velocity fluctuations associated with transition, and the periodic vortex impingement
associated with reattachment are expected to significantly increase local convective heat
transfer, reducing temperature at the surface. The following section (Section 4.2) presents
time-averaged surface temperature distributions, and corresponding estimates of the con-
vective heat transfer coefficient. These distributions are related to observations in velocity
and pressure measurements in order to characterize near-wall flow behaviour.
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Figure 4.7: Contours of the wall-normal RMS component of fluctuating velocity. Circle,
diamond, and square markers denote estimated locations of separation, transition, and
reattachment, respectively. Dashed and dotted lines correspond to the mean dividing
streamline and displacement thickness, respectively.

4.2 Time-Averaged Thermal Analysis

Results presented in Section 4.1 put forward an overview of the spatio-temporal flow devel-
opment, and overall flow topology, associated with a laminar separation bubble formed on
a flat plate upstream of a vertically mounted fence. Initial estimates for the location and
extent of the separated region are provided though analysis of surface pressure and PIV
measurements. Additionally, a brief overview of expected trends in surface temperature
and convective heat transfer distributions are presented. In this section, time-averaged
surface temperature distributions obtained with infrared thermography are presented for
highlighted flow conditions. Additionally, surface temperature distributions are used to
characterize convective heat transfer at the plate surface. Analysis of the surface tem-
perature and convective heat transfer coefficient distribution is performed and related to
trends expected from PIV and surface pressure measurements. Methodologies for char-
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Figure 4.8: Reynolds shear stress contours. Circle, diamond, and square markers de-
note estimated locations of separation, transition, and reattachment, respectively. Dashed
and dotted lines correspond to the mean dividing streamline and displacement thickness,
respectively.

acterizing the separated region based on surface temperature measurements are proposed
and evaluated based on their accuracy and robustness.

Infrared thermography allows for surface temperature distributions on the flat plate
to be attained. Contours of surface temperature in the field of view defined in Fig. 3.2b
are shown for highlighted flow conditions in Fig. 4.10. The contour levels are shown in
0.5◦C increments, with PIV estimations of mean separation, transition, and reattachment
shown with dotted, dashed, and dash-dotted lines, respectively. The temperature fields
are time-averaged, and spatially filtered with a 5px kernel to mitigate spurious artifacts in
the temperature distribution. An additional 5px spatial filter is applied to all presented
spanwise-averaged distributions, ultimately allowing for a clearer representation of surface
temperature development.

Surface temperature contours shown in Fig. 4.10 exhibit a band of increased tempera-
ture within the region associated with a laminar separation bubble at all Reynolds numbers
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Figure 4.9: Instantaneous contours of spanwise vorticity at ReL = 36, 000. Two indepen-
dent fields of view are shown corresponding to the fourth and fifth field of view in Fig. 3.2.
∆t between frames is 1 ms such that one complete cycle of vortex shedding is captured.
Estimations of mean transition and reattachment are shown with extended tick markers.
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presented. The location of maximum surface temperature shifts slightly downstream with
increased Reynolds number, while the downstream edge of the elevated surface temperature
band shifts in the upstream direction. Overall, these effects result in a reduction in stream-
wise extent of the elevated surface temperature band, agreeing with trends associated with
laminar separation bubbles arising from increases in Reynolds number (Table 4.1) [7, 10].
The increased surface temperature band location observed in Fig. 4.10 supports the obser-
vations of Montelpare & Ricci [27], who identified laminar separation bubbles on an airfoil
with the presence of a spanwise band of elevated surface temperature.

The surface temperature development observed in Fig. 4.10 can be interpreted with
consideration of the known near-wall flow behaviour. Upstream of mean separation, due
to growth of the attached boundary layer, the convective heat transfer coefficient is ex-
pected to gradually decrease in the streamwise direction (Eq. 2.7), therefore resulting in
a gradually increasing surface temperature (Eq. 2.1). This behaviour is expected to be
amplified due to the deceleration of near-wall flow caused by the presence of an adverse
pressure gradient [107]. Slow moving fluid in the fore portion of the separation bubble is
associated with minimal convective heat transfer intensity, and consequently a maximum
surface temperature [34, 114]. The onset of transition causes rapid intensification of con-
vective heat transfer, and a corresponding reduction in surface temperature, downstream
of the absolute maximum temperature location. This is due to a significant increase in fluc-
tuating velocity and momentum exchange in the near-wall region. Periodic impingement
of shear layer vortices near mean reattachment results in minimum surface temperature,
and therefore maximum levels of convective cooling. Flow in the vicinity of mean reat-
tachment behaves similar to impinging jets [117] and other separating-reattaching flows
[118], which experience a maximum convective heat transfer coefficient in the reattaching
region. Downstream of mean reattachment, a gradual increase in surface temperature,
and decrease in convective heat transfer coefficient, is expected due to turbulent boundary
layer development (Eq. 2.8). The rate of temperature increase in this region however is
less notable than in attached laminar flow (Fig. 4.10 and Eqs. (2.7) and (2.8)).

Although the infrared field of view was not centered about the mid-span of the flat
plate (Fig. 3.2b), it is demonstrated in Fig. 4.10 that reasonable spanwise uniformity
of surface temperature was obtained for all Reynolds numbers. This suggests that the
spanwise-averaged distribution of mean surface temperature can be used to represent the
time-average surface temperature distribution. Distributions of spanwise-averaged sur-
face temperature, and corresponding streamwise temperature gradients, are presented in
Fig. 4.11. Such distributions allow for a more quantitative analysis of convective heat trans-
fer trends, such that the locations of mean separation, transition, and reattachment can be
estimated. The measured ambient temperature, T∞, is subtracted from the surface tem-
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Figure 4.10: Contours of time-averaged temperature measured on the flat plate surface.
Estimations of mean separation, transition, and reattachment from PIV measurements are
shown with dotted, dashed, and dash-dot lines, respectively.

perature in Fig. 4.11, with (T −T∞) serving as an approximation of the inverse convective
heat transfer coefficient (Eq. 2.1). Using the theoretical predictions introduced in Sec-
tion 3.3, and the methodology discussed below, locations of mean separation, transition,
and reattachment are estimated from the temperature distributions shown in Fig. 4.11,
where they are identified with circle, diamond, and square markers, respectively. Supple-
mentary results containing surface temperature distributions and corresponding streamwise
temperature gradients from the full dataset (Table 3.3) are shown in Fig. A.4.

Spanwise-averaged distributions of surface temperature allow for quantitative charac-
terization of the laminar separation bubble. Upstream of mean separation, the surface
temperature, and corresponding streamwise temperature gradient, increase due to growth
of the attached laminar boundary layer and near-wall flow deceleration. The temperature
gradient attains a maximum value near the point of mean separation, where a minimum
gradient of convective heat transfer coefficient has been observed in convection dominant
flows [114]. Downstream of separation, the streamwise gradient of surface temperature de-
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Figure 4.11: Time- and spanwise-averaged distributions of surface temperature and its
streamwise gradient. Estimated locations of mean separation, transition, and reattachment
are marked with circle, diamond, and square markers, respectively.

creases due to the upstream movement of cool fluid entrained during the transition process.
Therefore, the point of mean separation can be estimated at the location where the stream-
wise gradient of surface temperature attains a maximum value. This is supported by DNS
results of Spalart & Strelets [114], where the location of separation is shown to coincide
with the steepest decrease of convective heat transfer coefficient. The surface temperature
achieves a maximum value within the fore portion of the separated region, before rapidly
decreasing with the onset of transition. The location of maximum surface temperature is
expected to coincide with the minimum convective heat transfer coefficient, which has been
shown to occur in the fore portion of separation bubbles in previous studies [34, 46, 114].
Downstream of the maximum temperature location, significant increases in fluctuating ve-
locity and fluid entrainment rapidly increase the convective heat transfer coefficient [114],
consequently resulting in a rapid decrease of surface temperature Fig. 4.11. Following an
approach employed in previous studies of near-wall transition prediction [19, 20, 24, 82–
85], the location of mean transition is estimated where the streamwise gradient of surface
temperature achieves a minimum value.

Temperature at the surface is further reduced downstream of mean transition, achiev-
ing a minimum value in the vicinity of mean reattachment. Periodic vortex impingement
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and amplified levels of fluctuating velocity in the reattaching region result in a maximum
convective heat transfer coefficient [34, 114, 117]. However, disagreement persists regarding
the exact location of mean reattachment in relation to the point of maximum convective
heat transfer in reattaching flows. For example, Pucher & Gohl [34] found the reattachment
location to lie just upstream of the maximum convective heat transfer coefficient location
when comparing thermal measurements from heated thin-film sensors to measurements of
surface pressure on an airfoil. Conversely, Spalart & Strelets [114] show the reattachment
location to lie slightly downstream of the maximum convective heat transfer location in
a numerical study of laminar separation bubbles on a flat plate, with others suggesting
the reattachment location coincides with the location of maximum convective heat trans-
fer [28, 118–120]. Following the justification introduced in Section 3.3, it is proposed here
that the mean reattachment location can be estimated where surface temperature reaches
a local minimum, downstream of the increased temperature band. This location approx-
imately corresponds to a maximum in the convective heat transfer coefficient for flows
where forced convection is the dominant mode of heat transfer (Eq. 2.1). Characterization
of mean reattachment employing this methodology allows for a robust estimation which
does not rely on ad-hoc thresholding to slightly offset mean reattachment from the location
of maximum convective heat transfer coefficient or minimum surface temperature.

Following the methodology presented above, estimated locations of mean separation,
transition, and reattachment are identified in Fig. 4.11, with a summary of their locations
and associated uncertainty values provided in Table 4.2. The location of mean separation
is shown to shift in the downstream direction as the Reynolds number is increased, agree-
ing within uncertainty bounds with the results from PIV and surface pressure data at all
Reynolds numbers. However, it should be noted that the location of mean separation deter-
mined with distributions of surface temperature is estimated at a weakly defined peak value
of streamwise temperature gradient. This introduces relatively large methodological uncer-
tainty as the identification is performed within a region of relatively constant temperature
gradient, resulting in an identification which is sensitive to small spatial fluctuations in sur-
face temperature. The location of mean transition estimated from the surface temperature
gradient agrees well with estimations provided by surface pressure and PIV measurements.
Mean transition estimates are located at a well-defined maximum gradient value which re-
mains relatively unchanged across the span, resulting in estimations which are associated
with relatively low methodological uncertainty. Estimations of mean reattachment from
surface temperature distributions agree with those from PIV and pressure measurements
at ReL = 27, 000. However, temperature-based estimates deviate more at ReL = 36, 000
and ReL = 45, 000, where the estimated location of mean reattachment remains effectively
unchanged as the Reynolds number is increased. This is due to a temperature plateau
experienced in the aft portion of the separation bubble (Fig. 4.11), resulting in a weakly
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Figure 4.12: Time- and spanwise-averaged distribution of normalized quiescent surface
temperature. Unshaded area represents the general region where laminar separation bub-
bles were observed in this study.

defined location of minimum surface temperature. Mean reattachment estimations from
surface temperature measurements are therefore vulnerable to small spatial fluctuations in
surface temperature resulting in a less precise characterization.

An apparent issue with the proposed methodology of characterizing laminar separation
bubbles using distributions of surface temperature is the validity of assuming constant
radiative heat flux at the surface, and negligible, or constant, conductive heat flux within
the model, as both assumptions affect initial uniformity of surface temperature. Although
careful attention was paid to placement of the halogen lamps in order to ensure uniform
radiative flux at the surface, uniform surface heating is difficult to achieve in practice
without the use of specialized surface heating elements. Moreover, the wall-normal tem-
perature gradient through the flat plate model and the aluminium sections present on both
sides of the Lexan centerpiece (Fig. 3.2a) inherently affect heat conduction intensity in the
wall-normal and streamwise directions, respectively. The effect of non-uniform model heat
flux can be visualized in the distribution of surface temperature in quiescent conditions,
as shown in Fig. 4.12. The results exhibit a non-uniform surface temperature, varying by
approximately 5% within the region associated with the laminar separation bubble, where
a maximum quiescent temperature is achieved approximately in the same location as that
with forced convection (Fig. 4.10).

While the observed non-uniformities in the quiescent temperature distribution are not
substantial, it is of interest to account for them, particularly in situations where larger
variations are observed, in order to yield a more accurate characterization of the laminar
separation bubble. For a flat plate heated to thermal equilibrium with negligible conduc-
tion, the surface heat flux in quiescent conditions per unit area can be written as:

q′′Rad = hFree(TQ − T∞) (4.1)
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Similarly, for a heated model in thermal equilibrium which is subject to forced convection,
the surface heat flux per unit area can be written as:

q′′Rad = h(T − T∞) (4.2)

Equating Eqs. (4.1) and (4.2) and rearranging, a normalized local convective heat transfer
coefficient, h∗, can be obtained as follows:

h

hFree
= h∗ = (TQ − T∞)

(T − T∞)
(4.3)

Since hFree is expected to be approximately constant along the horizontal flat plate, Eq. 4.3
accounts for non-uniformities in incident heating with use of the quiescent temperature
distribution. Equation 4.3 is applied at every pixel location on the flat plate to compute
h∗(x, z), which is then averaged across the span (z), yielding an estimated distribution
of normalized convective heat transfer coefficient along the streamwise direction. Such
distributions can be used to obtain estimates of mean separation, transition, and reattach-
ment locations using the methodology established above. More specifically, the locations
of mean separation and transition can be estimated where the streamwise gradient of the
convective heat transfer coefficient reaches minimum and maximum values, respectively.
The location of mean reattachment can be estimated where a maximum convective heat
transfer coefficient is observed. Distributions of h∗ and its corresponding streamwise gra-
dients are shown for each highlighted Reynolds number in Fig. 4.13. Estimated locations
of mean separation, transition, and reattachment are identified with circle, diamond, and
square markers, respectively. A summary of these locations with corresponding uncertainty
estimates is shown in Table 4.2.

The streamwise distributions of h∗ shown in Fig. 4.13 follow expected trends of con-
vective heat transfer beneath a laminar separation bubble. A reduction in convective heat
transfer coefficient is observed upstream of mean separation, with a minimum value occur-
ring in the fore portion of the separated region. However, a nearly linear decrease of h∗ is
observed upstream of the absolute minimum, consequently making it difficult to estimate
mean separation at the minimum streamwise gradient of h∗. Therefore, without significant
loss of accuracy, the mean separation location is identified at the intersection of linear lines
passing through the regions of plateau and subsequent rapid increase of ∂h

∗/h∗Min
∂x/L

, as shown
in Fig. B.2. The rapid increase in both h∗ and its streamwise gradient downstream of this
identified location is due to both the increase in reverse flow magnitude, and the rapid
onset of transition within the separated region. The value of h∗ reaches a maximum in the
reattaching region, as observed in other separating-reattaching flows [118]. This is followed
by a gradual decrease in h∗ due to development of the attached turbulent boundary layer.
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Figure 4.13: Time- and spanwise-averaged distributions of h∗ and its streamwise gradient.
Estimated locations of mean separation, transition, and reattachment are identified with
circle, diamond, and square markers, respectively.

The locations of mean separation, transition, and reattachment estimated from dis-
tributions of h∗ overall exhibit reasonable agreement with those estimated from PIV and
surface pressure measurements. Although the locations of mean separation estimated from
distributions of h∗ are shown to agree within the bounds of uncertainty associated with
PIV estimations, the identified mean separation locations appear to be biased in the down-
stream direction. This is likely due to uncertainty associated with locating the minimum
streamwise gradient of h∗, as a region of relatively constant slope is observed near mean sep-
aration (Fig. 4.13). The location of mean transition agrees with estimations from PIV and
pressure measurements for each Reynolds number, and is identified at a distinct peak loca-
tion of the streamwise gradient of h∗. Peak values of h∗ used to identify mean reattachment
produce estimates which agree reasonably well with PIV and surface pressure estimations
at ReL = 27, 000; however, there may be a slight downstream bias in mean reattachment
location estimates at ReL = 36, 000 and ReL = 45, 000. This can be attributed to the
relatively shallow peak observed in the distribution of h∗ near mean reattachment, such
that the estimated location is susceptible to small spatial variations in measured surface
temperature.

The validity of assuming negligible conductive heat flux within the flat plate model is
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evaluated in Appendix C. Through a complete differential energy balance at the surface and
within the model, considering heat flux through free and forced convection, streamwise and
wall-normal conduction, as well as incident and outgoing radiation, the dominating modes
of heat transfer become apparent. It is shown that negligible streamwise conduction can
be reasonably assumed due to the insignificant difference in local streamwise temperature
gradient between quiescent and flow conditions, and low thermal conductivity of the model
material. Heat flux in the wall-normal direction occurs due to conduction within the
model and convection at the bottom surface, while radiative cooling occurs due to the
temperature difference between the model surface and the surroundings. Both downward
heat flux and radiative cooling are shown to exhibit the same streamwise variation as that
of forced convection, with radiative heat loss being of a comparable magnitude to that
of forced convective heat loss at the top surface. In order to accurately determine the
nominal value of convective heat transfer coefficient, these heat fluxes must be considered.
However, it is shown that the forced convection at the top surface, the wall-normal heat
flux, and the heat flux through radiative cooling are all dependent on O

( (TQ−T∞)
(T−T∞)

)
, which

appears in the expression for h∗ (Eq. 4.3). Therefore, locations where extrema are observed
in distributions of h∗ are effectively unchanged with consideration of the downward and
radiative heat losses, which is the main interest of the proposed methodology.

The effect of considering, and partially correcting for, non-uniform surface heating be-
comes evident when comparing estimated locations of mean separation, transition, and
reattachment established with distributions of surface temperature and h∗ (Table 4.2).
Although both methodologies estimate mean separation locations which agree within un-
certainty bounds of those from surface pressure and PIV measurements, the uncertainty
associated with such estimations is relatively large. This can be attributed to the measure-
ment noise propagation to the streamwise gradient distributions, used for the estimation
of mean separation. As a consequence, mean separation estimates show increased sensi-
tivity to minute thermal fluctuations. The locations of mean transition estimated from
both methodologies are also shown to agree well with estimations from PIV and surface
pressure measurements. This is due to substantial gradients of temperature and convective
heat transfer coefficient present within the transition region, allowing for an accurate and
robust identification, a result which has been observed in previous studies [19, 20, 24, 82–
85]. Although the identified location of mean reattachment is effectively unchanged when
estimated from distributions of surface temperature and h∗, a less substantial plateau is ob-
served in the reattachment region with distributions of h∗. This highlights the importance
of considering non-uniformities in radiative and conductive heat flux, as these effects cause
distributions of mean surface temperature to experience a more significant plateau near
mean reattachment, resulting in less precise estimations associated with higher method-
ological uncertainty.
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Table 4.2: Estimated locations of mean separation, transition, and reattachment on the
flat plate from each measurement technique.

Flow Condition Measurement Technique xS/L xT/L xR/L

ReL = 27, 000

Pressure Measurements 14.01± 0.11 15.94± 0.38 17.08± 0.38
PIV Measurements 13.80± 0.36 16.30± 0.03 17.01± 0.09
T Distribution 13.70+0.92

−0.83 15.94+0.28
−0.49 16.94+0.35

−0.14
h∗ Distribution 14.41+0.60

−0.67 16.25+0.17
−0.24 16.92+0.11

−0.09

ReL = 36, 000

Pressure Measurements 14.35± 0.11 15.56± 0.38 16.70± 0.38
PIV Measurements 14.19± 0.32 15.95± 0.03 16.48± 0.05
T Distribution 14.41+0.42

−1.52 15.76+0.24
−0.20 16.92+0.16

−0.22
h∗ Distribution 14.71+0.55

−0.56 15.94+0.20
−0.14 16.89+0.10

−0.20

ReL = 45, 000

Pressure Measurements 14.35± 0.11 15.56± 0.38 16.32± 0.38
PIV Measurements 14.21± 0.34 15.54± 0.03 16.14± 0.09
T Distribution 14.58+0.38

−2.05 15.64+0.20
−0.21 16.92+0.34

−0.32
h∗ Distribution 14.89+0.54

−0.55 15.79+0.24
−0.15 16.89+0.10

−0.43

The results presented in this chapter demonstrate the feasibility of using infrared ther-
mography to identify the location, size, and extent of laminar separation bubbles formed on
a flat plate. Through the analysis of surface temperature, estimations of mean separation,
transition, and reattachment can be established. Effects of non-uniform radiative heat flux
and non-zero conductive heat flux were partially compensated for with consideration of
quiescent temperature distributions and the attendant heat transfer. The distribution of
normalized convective heat transfer coefficient was estimated and used to locate charac-
teristic points of the laminar separation bubble. The results obtained from distributions
of both surface temperature and convective heat transfer coefficient generally agree with
estimations from PIV and surface pressure measurements. However, the mean reattach-
ment location was shown to be relatively unchanged as Reynolds number was increased for
both methodologies. This can be attributed to the plateau region observed in the vicinity
of reattachment, which was shown to be more significant in distributions of surface tem-
perature. The following chapter applies the proposed methodology to an airfoil geometry,
providing further analysis of thermal behaviour beneath laminar separation bubbles.
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Chapter 5

Streamwise Flow Development of a
Laminar Separation Bubble on a
NACA 0018 Airfoil

In this chapter, laminar separation bubbles formed on a NACA 0018 airfoil are investi-
gated in terms of their spatio-temporal development and corresponding thermal signature.
Measurements presented pertain to an angle of attack of 4◦ and two chord-based Reynolds
numbers: Rec = 80, 000 and Rec = 120, 000, with supplementary results from the full
dataset (Table 3.2) shown in Appendix A. These conditions were selected as they produce
typical short laminar separation bubbles previously observed on various airfoil geometries
[7, 38, 81, 121]. Two-component, planar PIV measurements were performed in order to an-
alyze laminar separation bubble development, and estimate the corresponding location and
extent. Additionally, PIV measurements provide context for observed behaviour in surface
temperature distributions. Infrared thermography was employed, allowing for analysis of
the surface temperature and convective heat transfer coefficient within the separated re-
gion. The laminar separation bubble characterization methodologies proposed in Chapter 4
are applied and the corresponding characteristic locations are compared to those obtained
from PIV measurements. Additionally, distributions of the convective heat transfer coef-
ficient are estimated using transient surface temperature measurements. The distribution
of convective heat transfer coefficient is used to characterize the location and extent of the
separated region, and the proposed methodologies are compared to one another in terms
of their accuracy and robustness, with PIV estimations serving as a baseline.
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Figure 5.1: Contours of time-averaged streamwise velocity at each highlighted flow condi-
tion. The mean dividing streamline and displacement thickness are shown with dashed and
dotted lines, respectively. Estimations of mean separation, transition, and reattachment
are shown with circle, diamond, and square markers, respectively.

5.1 PIV Measurements

Two-component, planar PIV measurements were performed at the airfoil mid-span, as
shown in Fig. 3.3b. Time-averaged streamwise velocity fields identify the presence of a
laminar separation bubble at each Reynolds number (Fig. 5.1). The presented data were
acquired at 100Hz, and processed using a sum-of-correlations scheme in the separation
region, as shown in Fig. 3.4b. Lines indicating the mean dividing streamline and displace-
ment thickness are shown with dashed and dotted lines, respectively. Similar to the results
in Chapter 4, locations of mean separation and reattachment are estimated where a linear
fit applied to the fore and aft portions of the mean dividing streamline intersects with the
model surface. The location of mean transition is estimated at the point of maximum shape
factor [56, 75], as shown in Fig. 5.2. The estimated locations of mean separation, transi-
tion, and reattachment are indicated in Fig. 5.1 with circle, diamond, and square markers,
respectively, and are summarized with respective uncertainty estimates in Table 5.1.

The point of mean separation is shown to shift downstream as the Reynolds number is
increased. Although this result contradicts findings from previous studies on NACA 0018
airfoils at similar conditions employing PIV [11] and surface pressure measurements [7],
the downstream shift is within the bounds of uncertainty such that the mean separation
location can be considered constant. Mean transition and reattachment locations are
shown to advance upstream as Reynolds number is increased (Table 5.1 and Fig. 5.1),
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Figure 5.2: Shape factor distributions with associated transition estimates.

Table 5.1: Estimated characteristic locations based on PIV measurements.

xS/c xT/c xR/c

Rec = 80, 000 0.27± 0.04 0.52± 0.01 0.60± 0.04
Rec = 120, 000 0.28± 0.03 0.44± 0.02 0.50± 0.02

agreeing with results from similar studies [7, 102]. This can be attributed to a larger wall-
normal velocity gradient, resulting in a more pronounced instability within the separated
shear layer. Therefore, higher Reynolds number flow experiences larger disturbance growth
rates, consequently resulting in an earlier onset of mean transition and reattachment.
Primarily due to advancement of the mean reattachment location, the spanwise extent of
the laminar separation bubble is shown to decrease at higher Reynolds number, from 0.33c
at Rec = 80, 000 to 0.22c at Rec = 120, 000.

Contours of fluctuating velocity components, shown in Figs. 5.3 and 5.4, offer insight
into laminar separation bubble development and the associated transition process. The
results exhibit distinct wall-normal peak values of fluctuating velocity, with single and
multiple peaks observed in the wall-normal and streamwise components, respectively. The
presence of such peaks agrees with observations from previous studies of laminar separa-
tion bubbles [11, 56, 59]. Other than the amplification of streamwise velocity fluctuations
observed in the fore portion of the separation bubble, which has been attributed to shear-
layer flapping [74], the most prominent amplification of velocity fluctuations is seen in the
separated shear layer approaching the maximum bubble height location (Figs. 5.3 and 5.4).
Elevated levels of fluctuating velocity upstream of mean transition can be attributed to
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Figure 5.3: Contours of the streamwise RMS component of fluctuating velocity. The
mean dividing streamline and displacement thickness are shown with dashed and dotted,
respectively. Estimations of mean separation, transition, and reattachment are shown with
circle, diamond, and square markers, respectively.

the formation and development of vortices in the separated shear layer. These vortices
shed near the point of mean transition and tend toward the airfoil surface, where the as-
sociated enhanced momentum exchange in the near-wall region leads to reattachment in
the mean sense [54]. This process is associated with significant amplification of Reynolds
shear stress, as depicted in Fig. 5.5. Increased levels of RSS become evident near mean
transition, increasing downstream and achieving maximum levels near mean reattachment.

The amplification of fluctuating velocity and Reynolds shear stress is associated with
significant changes in separation bubble dynamics. The periodic process of vortex forma-
tion, shedding, and impingement for Rec = 120, 000 is depicted in Fig. 5.6 with contours
of instantaneous spanwise vorticity. Individual vortices are tracked with dotted lines for
illustration purposes. The onset of shear layer roll-up is shown to occur near x = 0.43c,
just upstream of the mean transition location. This occurs once velocity fluctuations reach
about 10% of the free stream velocity (Figs. 5.3 and 5.4), agreeing with observations from
previous studies [54]. The shed vortices tend towards the surface, entraining fluid and
momentum from the outer flow in the process. This amplifies the level of velocity fluctu-
ations and Reynolds shear stress, which achieve maximum values in the vicinity of mean
reattachment (Figs. 5.3–5.5), where vortices impinge on the surface and rapidly breakdown
to smaller structures (Fig. 5.6). Mean reattachment is followed by a loss of coherence and
diffusion of vorticity to the surrounding flow. As observed in experiments performed on
the flat plate (Chapter 4), the mean flow reorientation present in the aft portion of the
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Figure 5.4: Contours of the wall-normal RMS component of fluctuating velocity. The
mean dividing streamline and displacement thickness are shown with dashed and dotted,
respectively. Estimations of mean separation, transition, and reattachment are shown with
circle, diamond, and square markers, respectively.

separation bubble, coupled with a significant increase in near-wall velocity fluctuations, is
expected to result in a notable increase of convective heat transfer intensity.

5.2 Time-Averaged Thermal Analysis

Measurements of temperature on the airfoil surface were realized with the use of infrared
thermography, following the configuration shown in Fig. 3.5b. Distributions of surface
temperature are analyzed in this section and related to the flow development presented in
Section 5.1. Methodologies for characterizing laminar separation bubbles based on time-
averaged surface temperature distributions, as proposed in Section 4.2, are evaluated on the
airfoil surface. Locations of mean separation, transition, and reattachment are estimated,
and the proposed methodologies are compared in terms of identification robustness and
accuracy.

Time-averaged surface temperature distributions are presented in Fig. 5.7. Locations
of mean separation, transition, and reattachment from PIV measurements are shown with
dotted, dashed, and dash-dotted lines, respectively. A spatial filter with a kernel of 5px
was applied to the presented temperature distributions to mitigate spurious data. A band
of elevated surface temperature is observed for each flow condition, roughly coinciding
with the marked location of the laminar separation bubble estimated from PIV measure-
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Figure 5.5: Reynolds shear stress contours. The mean dividing streamline and dis-
placement thickness are shown with dashed and dotted lines, respectively. Estimations of
mean separation, transition, and reattachment are shown with circle, diamond, and square
markers, respectively.

ments. As the Reynolds number is increased, the downstream edge of the increased surface
temperature band shifts in the upstream direction, reducing the bands streamwise extent.
These results support observations from the flat plate experiments (Fig. 4.10), and claims
of Montelpare & Ricci [27] suggesting a band of increased surface temperature can be used
as an indicator of laminar separation bubble presence.

Similar to thermal behaviour observed on the flat plate (Fig. 4.10), the airfoil expe-
riences a gradually increasing surface temperature upstream of mean separation due to
near-wall deceleration in the attached laminar boundary layer flow (Eq. 2.7). The near-
stagnant flow in the vicinity of mean separation is associated with minimal convective heat
transfer intensity [34, 114], resulting in a maximum temperature attained in the fore por-
tion of the separation bubble. Intensified cooling of the surface is initiated with the rapid
onset of transition, where increased levels of fluid entrainment and near-wall velocity fluc-
tuations progressively enhance the magnitude of convective heat transfer in the aft portion
of the bubble. The surface temperature reaches a minimum level near mean reattachment,
where mean oblique flow impingement combined with high near-wall velocity fluctuations
induced by shear layer vortices (Figs. 5.3, 5.4, and 5.6) produce maximal convective heat
transfer at the surface. As the turbulent boundary layer redevelops downstream, a gradual
streamwise decrease in the convective heat transfer coefficient occurs, with the rate of heat
transfer decay being characteristically lower than in the laminar boundary layer upstream
of separation [114]. This brings about a mild increase in surface temperature towards the
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Figure 5.6: Contours of instantaneous spanwise vorticity at Rec = 120, 000. Each frame
is separated by 667 µs, and the locations of mean transition and reattachment are indicated
with extended tick markers.
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Figure 5.7: Contours of time-averaged temperature measured on the airfoil surface. Esti-
mated locations of mean separation, transition, and reattachment from PIV measurements
are shown with dotted, dashed, and dash-dotted lines, respectively.

trailing edge of the airfoil Fig. 5.7.
For both Reynolds numbers investigated, distributions of surface temperature exhibit

adequate spanwise uniformity within the infrared field of view (Fig. 5.7). Therefore,
spanwise-averaged temperature distributions can be used for characterization of the sep-
arated region, as discussed in Section 4.2. Distributions of spanwise-averaged (T − T∞),
and corresponding streamwise gradients, are shown for each Reynolds number in Fig. 5.8.
An additional 5px spatial filter is applied to all spanwise-averaged data for visual clarity.
The points of mean separation and transition are estimated at locations of maximum and
minimum streamwise temperature gradient, respectively. The mean reattachment location
is estimated where the surface temperature attains a minimum value, downstream of the
absolute maximum. Mean separation, transition, and reattachment locations are indicated
in Fig. 5.8 with circle, diamond, and square markers, respectively. These locations are
summarized in Table 5.2 along with their associated uncertainty estimates.

Identified locations of mean separation, transition, and reattachment, following the
surface temperature-based methodology described above, yield good agreement with the
corresponding estimates obtained from PIV measurements (Table 5.2). The estimated lo-
cation of mean separation remains invariant with the increase in Reynolds number, similar
to the trend observed in PIV measurements within the experimental uncertainty. The
estimated locations of mean transition and reattachment from surface temperature mea-
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Figure 5.8: Time- and spanwise-averaged distributions of surface temperature and its
streamwise gradient. Estimated locations of mean separation, transition and reattachment
are indicated with circle, diamond, and square markers, respectively.

surements are shown to shift in the upstream direction with increasing Reynolds number,
reducing the overall extent of the separated region, agreeing with trends observed in PIV
measurements (Fig. 5.1) and previous studies [7, 10, 102]. Relative to observations from
flat plate experiments (Fig. 4.11), the surface temperature distributions in Fig. 5.8 facili-
tate a more precise identification of mean separation and reattachment at the locations of
maximum temperature gradient, and minimum surface temperature, respectively. This is
likely attributed to the presence of an air-filled core in the NACA 0018 airfoil design, as
extra consideration was paid to minimizing the wall-normal conductive heat flux compared
to flat plate experiments. The addition of an air-filled core acts as an insulating layer, en-
suring the surface heat transfer is dominated by forced convection, as shown with a full
energy balance in Appendix C.

The presented characterization of surface temperature distributions requires assump-
tions regarding radiative and conductive heat fluxes to be made (Eq. 2.1). As explained in
Section 4.2, uniformity of radiative heat flux is difficult to achieve in practice without the
use of specialized surface heating elements. To evaluate the validity of these assumptions,
the distribution of mean surface temperature in quiescent conditions is shown in Fig. 5.9.
Similar to flat plate experiments (Fig. 4.12), a non-uniform streamwise distribution of
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Figure 5.9: Time- and spanwise-averaged distribution of normalized surface temperature
in quiescent conditions. The unshaded region locates approximate bounds where laminar
separation bubbles were observed in this study.

surface temperature is observed in quiescent conditions. Variations in quiescent surface
temperature can be attributed to non-uniformities in radiative heat flux, differences in
perceived emissivity resulting from airfoil curvature, and non-zero streamwise conductive
heat flux. These non-uniformities are shown to be less than approximately 5% within the
area associated with the laminar separation bubble (Fig. 5.9). Computing distributions
of h∗ (Eq. 4.3) along the chord, similar to the procedure followed in Section 4.2, allows
for partial correction of the present non-uniformities. The variation of h∗ along the air-
foil surface is shown in Fig. 5.10, along with distributions of corresponding streamwise
gradients. Distributions of h∗ exhibit overall trends expected based on the earlier compar-
ative analysis of flow field measurements (Figs. 5.1 and 5.3–5.5) and surface temperature
distributions (Figs. 5.7 and 5.8). In particular, the convective heat transfer coefficient de-
creases towards mean separation, attaining minimum values within the fore portion of the
separation bubble. As the separated shear layer undergoes transition and reattaches to
the surface, the convective heat transfer coefficient rapidly increases, attaining maximum
values in reattaching region (Fig. 5.10). Downstream of this location, a gradual decrease
in the convective heat transfer coefficient is observed as the attached turbulent boundary
layer develops.

Locations of mean separation, transition, and reattachment can be estimated from dis-
tributions of h∗, shown in Fig. 5.10 with circle, diamond, and square markers, respectively.
Similar to the methodology implement for flat plate flow (Section 4.2), the locations of
mean separation and transition are estimated where the streamwise gradient of h∗ achieves
a minimum and maximum value, respectively. The absolute maximum value of h∗ in the
aft portion of the separation bubble is used to estimate the location of mean reattachment.
Characteristic points identified with this methodology are summarized with correspond-
ing uncertainty estimates in Table 5.2, where they are compared to estimations from PIV
measurements. The location of mean separation is shown to shift downstream as Reynolds
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Figure 5.10: Time- and spanwise-averaged distributions of h∗ and its streamwise gradient.
Estimated locations of mean separation, transition and reattachment are indicated with
circle, diamond, and square markers, respectively.

number is increased, similar to the downstream progression observed in PIV measurements.
The locations of mean transition and reattachment are shown to advance in the upstream
direction as Reynolds number is increased, agreeing within uncertainty bounds of the PIV
estimations.

Comparing the results presented in Figs. 4.13 and 5.10, it can be seen how minimizing
the downward heat flux can improve the precision of estimated characteristic locations
based on distributions of the convective heat transfer coefficient. Compared to the distri-
butions of h∗ presented for the flat plate experiments (Fig. 4.13), a more distinct location
of minimum streamwise gradient is observed, allowing for a more robust estimation of
mean separation. Furthermore, distributions of h∗ on the airfoil surface exhibit a more
pronounced peak h∗ location used to identify mean reattachment, resulting in an h∗ dis-
tribution which more closely resembles expected trends from DNS investigations [114].

As shown in Table 5.2, accounting for a relatively minor non-uniformity in quiescent
surface temperature and computing distributions of convective heat transfer coefficient did
not have an appreciable effect on the characterization of the laminar separation bubble.
However, distributions of h∗ display an improved agreement with the expected variation
of convective heat transfer coefficient beneath a laminar separation bubble put forth by
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Table 5.2: Estimated locations of mean separation, transition, and reattachment from
PIV and temperature-based measurements on the airfoil.

Flow Condition Measurement Technique xS/c xT/c xR/c

Rec = 80, 000

PIV 0.27± 0.04 0.52± 0.01 0.60± 0.04
T Distribution 0.28± 0.03 0.50± 0.03 0.60± 0.02
h∗ Distribution 0.26+0.03

−0.06 0.52± 0.02 0.59± 0.02
h Distribution 0.31+0.11

−0.04 0.49+0.10
−0.09 0.58+0.08

−0.05

Rec = 120, 000

PIV 0.28± 0.03 0.44± 0.02 0.50± 0.02
T Distribution 0.28+0.05

−0.02 0.45± 0.02 0.54± 0.02
h∗ Distribution 0.28+0.04

−0.08 0.45± 0.02 0.53± 0.02
h Distribution 0.32+0.05

−0.08 0.46+0.08
−0.09 0.54+0.10

−0.06

Spalart & Strelets [114], as secondary heat transfer modes are partially compensated for.
Therefore, it is expected that distributions of h∗ more accurately resemble the actual
variation of convective heat transfer intensity within a laminar separation bubble.

5.3 Transient Heat Transfer Analysis

Results presented in Section 5.2 demonstrate how distributions of convective heat transfer
coefficient can be estimated by relating steady-state surface temperature measurements in
quiescent and flow conditions, where constant radiative heat flux is assumed between such
conditions. However, it necessitates time-averaged measurements of surface temperature in
quiescent conditions, which may not be possible in some situations, and otherwise requires
a relatively uniform or known heating/cooling of the model surface. Thus, it is of interest
to explore a method that would allow for estimation of the convective heat transfer coef-
ficient distribution directly from in-flow measurements, with less restrictive requirements
for incident heating/cooling. This can be achieved using transient surface temperature
measurements. Specifically, a transient decline of surface temperature can be measured
with infrared thermography, initiating once the incident radiative heating is stopped. The
measured transient surface temperature history can then be related to the convective heat
transfer coefficient through the first law of thermodynamics. In the formulation presented
below, conduction and radiative cooling are neglected, and a uniform temperature distri-
bution is assumed within a small volume element, V , of the airfoil model shell, with the
surface temperature measured on a small area element, A. The rate of change of internal
energy of the shell element can then be related to convective heat transfer as:

ρsV cp,s
dT

dt
= −hA(T − T∞) (5.1)
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Equation 5.1 can be written as:

dT

dt
= −Kh(T − T∞) (5.2)

where K = A/ρscp,sV is a dimensional constant. Integrating Eq. 5.2 yields:

T (t) = (T0 − T∞) exp(−Kht) + T∞ (5.3)

where T0 is the temperature of a given surface element at the transient onset, i.e. T (t = 0).
Thus, the local convective heat transfer coefficient can be estimated based on the rate of
decay of measured surface temperature. To facilitate this, infrared measurements were
initiated at time t = t0 = 0, while radiative heating was simultaneously removed by
turning off the halogen lamps and covering the test section roof with a neoprene sheet to
minimize residual radiative heat flux. Infrared measurements were acquired at a frequency
of 1Hz for a total of 30 min per Reynolds number. The transient surface decline was then
fit with an exponentially decaying function at each location on the airfoil (Eq. 5.3), from
which, the product Kh(x, z) was extracted. The obtained Kh(x, z) estimates were then
averaged across the span (z), yielding a spanwise-average distribution of Kh(x). A spatial
filter with a kernel of 5px was applied to the results presented in Fig. 5.12, where a 10px
kernel was applied to the results shown in Fig. 5.13.

An example of the measured transient surface temperature decline is shown on a semi-
logarithmic scale in Fig. 5.11. The data presented in Fig. 5.11 serve to illustrate the effect
of transient duration on the exponential fit, which is related to the estimate of Kh. The
exponential fit is shown to reasonably model the measured surface temperature during the
initial transient, before deviation from the exponential trend is observed. The degradation
of model accuracy at higher times is likely due to the progressively increasing influence of
conduction on internal energy redistribution within the model, which is neglected in the
present formulation (Eq. 5.1). The effect of transient sample duration on the estimated
Kh distribution is illustrated in Fig. 5.12. It is shown that the number of data points
considered in the exponential fit should be maximized in order to reduce spatial fluctua-
tions. However, only the data which follow the exponential trend should be considered, as
including subsequent data points deteriorates the accuracy of the convective heat transfer
coefficient estimate. Considering the results presented in Figs. 5.11 and 5.12, a transient
duration of 6 s was selected for the subsequent analysis as a compromise between random
error reduction and model accuracy.

Distributions of the convective heat transfer coefficient, and its streamwise gradient,
are shown in Fig. 5.13. Presented distributions are normalized by the minimum value of
Kh along the chord, yielding distributions of h/hMin. Agreeing with the estimated varia-
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Figure 5.11: Transient development of surface temperature resulting from a step change
in radiative heating at x ≈ 0.5c and Rec = 120, 000. Dashed lines indicate exponential fits
(Eq. 5.3) applied with different transient durations. The y−axis is plotted on a natural
logarithmic scale.

tion of convective heat transfer coefficient from quasi-steady state measurements shown in
Fig. 5.10, the profiles in Fig. 5.13 exhibit trends expected due to the laminar separation
bubble presence. More specifically, a reduction in convective heat transfer is observed up-
stream of separation due to laminar boundary layer development and deceleration of the
near-wall flow. Minimum convective heat transfer is attained within the fore portion of the
separated region, followed by rapid intensification of convective heat transfer associated
with the onset of transition and subsequent reattachment.

Being based on a single experimental realization, the estimated distributions of con-
vective heat transfer coefficient exhibit significant spatial fluctuations, which are amplified
substantially in estimates of the streamwise gradient (Fig. 5.13). Although a location of
minimum streamwise gradient immediately upstream of the minimum h location can be
identified and used to locate separation, the magnitude of the corresponding extremum is
comparable to the extrema at surrounding locations. Therefore resulting in an identifica-
tion of separation associated with relatively high levels of methodological uncertainty, as
shown in Fig. D.7. A less precise, yet less ambiguous, characterization of the separation
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Figure 5.12: Distribution of convective heat transfer coefficient calculated from transient
thermal decline plotted on an arbitrary scale. Numerous profiles correspond to different
transient durations considered for fitting the thermal time series.

location is implemented here, where separation is estimated at the location of minimum
convective heat transfer coefficient. Although this location is likely downstream of the
true separation location, it is associated with significantly less methodological uncertainty
as it is not based on a gradient distribution. The location of transition is estimated at
the location of maximum gradient in the convective heat transfer coefficient, which can be
located within reasonable uncertainty bounds due to the relatively pronounced peak value.

In addition to significant noise propagation, a clear maximum convective heat transfer
coefficient is not attained near reattachment, as the value of h/hMin continues to increase
towards the trailing edge. This can be attributed to insufficient thermal and temporal
measurement resolution, and the deterioration of assumptions made in the initial energy
balance (Eqs. (5.1)–(5.3)). The weakly defined maximum convective heat transfer coeffi-
cient suggest that the increased convective heat flux associated with vortex impingement
was not sufficiently resolved within the measurement resolution, as comparable levels of
estimated convective heat transfer coefficient are observed in the developing turbulent
boundary layer downstream. The convective heat transfer coefficient is shown to signif-
icantly increase towards the trailing edge, which is likely due to the implied assumption
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Figure 5.13: Spanwise-averaged distribution of normalized convective heat transfer co-
efficient and its streamwise gradient calculated with a transient time of 6 s. Estimated
locations of separation, transition and reattachment are indicated with circle, diamond,
and square markers, respectively.

of a spatially invariant value of K. More realistically, as the airfoil thickness decreases
below twice the shell thickness, the quotient A/V in K, an inverse of wall-thickness, in-
creases due to the thinning airfoil geometry. This results in an increase of K downstream
of x ≈ 0.8c, artificially increasing the convective heat transfer coefficient. Considering the
decreased model accuracy downstream of transition, the reattachment location is identified
at the first local maximum of convective heat transfer coefficient downstream of the rapid
increase of h, which coincides with the maximum h location attained at shorter transient
durations (Fig. 5.12). The locations of separation, transition, and reattachment are shown
in Fig. 5.13 with circle, diamond, and square markers, respectively, while a summary of
these locations and their associated uncertainty is provided in Table 5.2.

The locations of separation, transition, and reattachment estimated from distributions
of h/hMin (Fig. 5.13) demonstrate reasonable agreement with locations established from
PIV measurements (Table 5.2). Additionally, the values of h/hMin observed in Fig. 5.13
are of similar magnitude to those of h∗/h∗Min presented in Fig. 5.10. Although a reason-
able characterization of the separation bubble was obtained, distributions of the convective
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heat transfer coefficient streamwise gradient exhibit significant spatial fluctuations due to
increased noise propagation, requiring averaged results from several transient decay cycles
in order to reduce the fluctuations to levels observed in time-averaged methodologies. Ad-
ditionally, a weakly defined local maximum convective heat transfer coefficient is observed
in the vicinity of reattachment, followed by an increase towards the trailing edge, differing
from expected trends (Fig. 5.10) and previous investigations [114]. The aforementioned ef-
fects inherently reduce the precision associated with the estimated characteristic locations
and introduce increased levels of methodological uncertainty relative to the estimations
from time-averaged methodologies.

A comparison of the results from time-averaged thermal measurements (Section 5.2)
with those established from transient thermal measurements (Section 5.3) is shown in Ta-
ble 5.2. Although differences between the presented methodologies exist at specific charac-
teristic points, the locations identified with each methodology are shown to agree with PIV
estimations within uncertainty bounds. However, differences between time-averaged and
transient-based methodologies are observed in the magnitude of methodological uncertainty
associated with the estimated characteristic points. Thermal fluctuations, which are re-
duced through temporal averaging, are inherently more pronounced in the transient-based
results. Such fluctuations are amplified in the streamwise gradient distribution, affecting
the precision of separation and transition estimates, to the extent where separation is more
precisely identified at the minimum convective heat transfer location. However, a similar
reduction in measurement noise can be achieved with the transient-based methodology by
repeating the measurement cycle multiple times and averaging the results. As this is gen-
erally more time consuming, the transient methodology should be restricted to cases where
quasi-steady measurements are not available, or the underlying assumptions employed in
this analysis cannot be sufficiently satisfied.
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Chapter 6

Conclusions

The feasibility of characterizing laminar separation bubbles using infrared thermography
was evaluated in a comparative analysis on two model geometries. Results are first pre-
sented from a study of laminar separation bubbles formed on a flat plate, upstream of a
vertically mounted fence. Three highlighted flow conditions are analysed in detail, per-
taining to fence height-based Reynolds numbers of ReL = 27, 000, 36, 000, and 45, 000.
Secondly, results from a follow-up study of laminar separation bubbles formed on a NACA
0018 airfoil are presented. Here, two main flow conditions are highlighted, pertaining to
an angle of attack of 4◦ and chord-based Reynolds numbers of Rec = 80, 000 and 120, 000.
Measurements of PIV, and surface pressure for the flat plate study, are used to provide
a topological description of the laminar separation bubble formed at each flow condition.
Infrared thermography is utilized to obtain surface temperature distributions, which are
related to PIV observations and used to estimate the location and extent of the separated
region.

6.1 Laminar Separation Bubble Development On a
Flat Plate Geometry

It is demonstrated that typical laminar separation bubbles can be attained upstream of a
vertically mounted fence on a flat plate. Pressure and velocity field measurements show
that as the Reynolds number is increased, the mean separation location moves downstream,
while transition and reattachment locations advance in the upstream direction. This re-
duces streamwise extent of the separation bubble at higher Reynolds number, agreeing
with previous experimental investigations [7, 10, 102].

Statistics of fluctuating velocity and Reynolds shear stress provided insight into the
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transition process, and allowed for expected trends in convective heat transfer to be es-
tablished. Relatively low amplitudes of fluctuating velocity and Reynolds shear stress are
observed in the fore portion of the separated region, with significant increases occurring
with the rapid onset of transition in the separated shear layer. The magnitudes of fluc-
tuating velocity and Reynolds shear stress are amplified throughout the transition region,
achieving maximum levels near mean reattachment. Periodic shear layer roll-up and shed-
ding is observed, which is linked to the significant increase in fluctuating velocity and
Reynolds shear stress throughout the aft portion of the separation bubble.

Measurements of time-averaged surface temperature portray trends expected from PIV
observations regarding the variation of convective heat transfer coefficient within the lam-
inar separation bubble. A band of increased temperature exists on the model surface
where a laminar separation bubble is detected with PIV measurements. A quantitative
laminar separation bubble characterization technique has been proposed based on PIV ob-
servations and results from previous investigations. The locations of mean separation and
transition have been identified where spanwise-averaged distributions of the streamwise
(T − T∞) gradient achieved maximum and minimum values, respectively. The location of
mean reattachment has been identified at a minimum value of (T − T∞), approximately
corresponding to a maximum of the convective heat transfer coefficient. Mean separation
and transition locations determined from the proposed methodology have been shown to
exhibit good agreement with locations estimated from PIV and surface pressure measure-
ments. However, this methodology results in mean reattachment estimations which remain
relatively unchanged with Reynolds number, which is attributed to the non-uniformity of
conductive and radiative heat fluxes not accounted for in this simplified approach.

A differential energy balance has been employed to mitigate effects of non-uniform
conductive and radiative heat flux, yielding an estimated streamwise distribution of nor-
malized convective heat transfer coefficient, h∗. Following a similar methodology as that
developed from the characterization of surface temperature distributions, locations of mean
separation, transition, and reattachment have been identified and subsequently compared
to those estimated from surface pressure and PIV measurements. The results demonstrate
the importance of considering non-uniformities in conductive and radiative heat fluxes.
Although similar quantitative estimates of the key locations along the laminar separa-
tion bubble have been achieved between both methodologies, a more accurate variation
of convective heat transfer beneath the laminar separation bubble is likely to be achieved
with distributions of h∗. This is due to the less restrictive assumptions regarding incident
radiative heat flux in distributions of h∗ compared to those of mean surface temperature.
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6.2 Laminar Separation Bubble Development On a
NACA 0018 Airfoil

Time-averaged fields of streamwise velocity from PIV measurements demonstrate the pres-
ence of a laminar separation bubble at each investigated Reynolds number, allowing for
estimation of the mean separation, transition, and reattachment locations. With increas-
ing the Reynolds number, the mean separation location remains relatively unchanged,
while upstream advancement of mean transition and reattachment takes place, agreeing
with previous experimental investigations of laminar separation bubbles formed on similar
airfoil geometries [7, 8, 102]. Contours of fluctuating velocity, Reynolds shear stress, and
instantaneous spanwise vorticity have been considered, providing insight into the transition
process and expected thermal development due to laminar separation bubble presence.

Infrared measurements of time-averaged surface temperature demonstrated thermal
behaviour which agrees with expected trends established from PIV observations. The
locations of mean separation, transition, and reattachment estimated from temperature
distributions following the previously established methodology have been shown to agree
with those determined from PIV measurements within the bounds of uncertainty. In order
to account for non-uniformities in radiative heat flux, streamwise conduction, and surface
emissivity, time-averaged surface temperature measurements have been used to estimate
the distribution of normalized convective heat transfer coefficient, h∗. These distributions
provide estimates for mean separation, transition, and reattachment locations that agree
with those estimated from PIV measurements. The characteristic locations estimated
with both time-averaged methodologies were shown to be nearly identical at each flow
condition; however, increased accuracy is likely to be achieved with distributions of h∗ as
non-uniformities in radiative heat flux can be partially accounted for.

A differential energy balance has been formulated in order to directly calculate the
variation of convective heat transfer coefficient from the transient decay of surface temper-
ature. The calculated variation of convective heat transfer coefficient has been shown to
reasonably follow expected convective heat transfer trends up to the reattachment location.
Additionally, these distributions have been shown to estimate locations of mean separation,
transition, and reattachment which agree within uncertainty bounds of PIV estimations.
However, the variation of convective heat transfer coefficient is sensitive to the duration
over which measurements were performed, and is inherently sensitive to random measure-
ment errors. Although improvements could be made by performing multiple measurement
cycles and then averaging the results, it is recommended that transient-based method-
ologies should only be applied when quiescent surface temperature measurements are not
available, and/or the underlying assumptions employed in the time-averaged methodologies
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cannot be satisfied.
Results presented from both investigated geometries demonstrate the feasibility of ap-

plying infrared thermography as a near-wall diagnostic technique for laminar separation
bubbles. Comparison of the characterization achieved in the presented experimental in-
vestigations shows the importance of minimizing wall-normal conductive heat flux, as im-
proved characterization precision is achieved on the airfoil geometry where convection is
the dominant mode of heat transfer. For such situations where heat transfer is dominated
by forced convection, time-averaged measurements of surface temperature acquired in qui-
escent and flow conditions can be utilized to estimate the variation of convective heat
transfer coefficient. Such distributions can then be used to provide reliable estimates of
mean separation, transition, and reattachment.
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Chapter 7

Recommendations

The following recommendations are made based on the findings of this thesis:
1. The importance of minimizing wall-normal conduction was established when compar-

ing the results obtained between experiments performed on the flat plate and airfoil
geometries. As such, it is recommended that the proposed methodologies are applied
in situations where forced convection is the dominant heat transfer mode. Otherwise,
conductive heat transfer should be explicitly taken into consideration.

2. Throughout this investigation, comparison of the measured surface temperature dis-
tributions within the laminar separation bubble with previous experimental investi-
gations was difficult due to the limited experimental-based literature describing heat
transfer variation within a laminar separation bubble. This type of experimental
characterization can be performed with infrared thermography. However, accurate
characterization of the convective heat transfer would require the use of embedded
joule heating elements, such that the surface heating could be controlled and uni-
formly distributed.

3. In order to decrease fluctuations observed in transient convective heat transfer esti-
mates, the transient decay should be measured several times to reduce the adverse
influence of random measurement errors. The results from several runs could be
averaged, producing a result with reduced random measurement error.

4. To improve the accuracy and precision associated with transient convective heat
transfer estimates, a more advanced infrared camera should be implemented. The
maximum acquisition frequency which can be consistently achieved with the propri-
etary Optris Connect software is 1Hz, whereas more advanced research-grade infrared
cameras are capable of acquiring in the kHz range, at thermal sensitivities on the
order of 10 mK. An infrared camera with these capabilities would increase the num-
ber of data points available to fit with an exponential function, while decreasing the
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thermal fluctuations associated with each temperature measurement.
5. The results presented in this thesis are aimed at improving the validity of using

infrared thermography for instantaneously obtaining near-wall flow characteristics
on surfaces where laminar separation bubbles are formed. Although the presented
experimental investigation was performed in a controlled laboratory setting, the feasi-
bility of applying the proposed methodologies to in-field measurements is of interest.
The time-averaged methodologies should be performed when quiescent temperature
measurements are available, or non-uniform surface heating can be accurately mod-
elled. Conversely, the transient based methodology should be employed in applica-
tions where quiescent surface temperature measurements are not obtainable, or in
periodic flows where the results can be averaged. For example, the transient-based
methodology could be applied to obtain phase-locked temperature measurements on
a wind turbine blade in operation.
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Appendix A

Supplementary Results

The results presented in Chapters 4 and 5 highlighted the main findings of both experi-
mental investigations. However, in order to keep the discussion concise, a subset of the
data collected could not be presented in the thesis body. Such results are presented here,
in the order of which they are discussed in Chapters 4 and 5, to provide the reader with
the entire dataset collected throughout the experimental investigations.

A.1 Flat Plate Data

Measurements presented in Chapter 4 were focused for Reynolds numbers ReL = 27, 000,
ReL = 36, 000, and ReL = 45, 000. Due to the relative simplicity of surface pressure
measurements, data were measured at a number of supplementary flow conditions, as
shown in Table 3.1. These results provided initial estimates of the location and size of
the separated region. Distributions of CP are shown for each condition in Fig. A.1, with
locations of mean separation, transition, and reattachment identified with circle, diamond,
and square markers, respectively. These locations are summarized in Fig. A.4, where trends
of the laminar separation bubble due to changes in Reynolds number can be visualized.

It is mentioned in Section 4.1 that a nearly linear trend is observed between the max-
imum displacement thickness and total streamwise bubble extent as measured with PIV.
This is shown in Fig. A.2, where the ratio of maximum displacement thickness to total
streamwise extent of the separation bubble is plotted. The data points are fit with a linear
function, which is shown to pass through the three data points, agreeing with previous
experimental investigations [10, 33].

The estimated distributions of h∗ presented in Section 4.2 were calculated with surface
temperature distributions which assumed thermal equilibrium in quiescent and flow con-
ditions. In order the validate this assumption, the surface temperature was recorded at
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Figure A.1: Measured surface pressure distribution on the flat plate at each investi-
gated flow condition. Circle, diamond, and square markers indicate estimated locations of
separation, transition, and reattachment, respectively.
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Figure A.2: Linearity shown between maximum displacement thickness and total sepa-
ration bubble length measured with PIV in flat plate experiments.

15 s intervals while the flat plate was continuously heated with the halogen lamps. The
transient development of surface temperature at specified streamwise locations is shown in
Fig. A.3. The surface temperature is shown to rapidly increase during the initial transient
before asymptotically approaching a steady state temperature. The surface temperature
is shown to increase less than 1◦C between t = 120min and t = 180min, allowing for a
reasonable assumption of thermal equilibrium. In this regard, measurements of quiescent
surface temperature were initiated after the t = 180min warm-up period.

Just as measurements of surface pressure were acquired at a number of additional flow
conditions, so too were measurements of time-averaged surface temperature. Shown in
Fig. A.4a are distributions of surface temperature across all investigated Reynolds numbers,
with the corresponding streamwise gradients shown in Fig. A.4b. Using these measure-
ments of time-averaged surface temperature and the mean quiescent surface temperature
shown in Fig. 4.12, the variation of h∗ was computed at each investigated flow condition.
Distributions of h∗ are shown for each investigated Reynolds number in Fig. A.5a, with
the corresponding streamwise gradients shown in Fig. A.5b.

Using the distributions of surface pressure, surface temperature, and h∗ shown in
Figs. A.1, A.4, and A.5, the characteristic locations were estimated at each flow condition,
following the methodologies discussed in Sections 4.1 and 4.2. The estimated locations of
mean separation, transition, and reattachment are compared between each technique in
Fig. A.6. Estimations based on time-averaged surface pressure are shown to agree with the
generally established trends associated with laminar separation bubbles formed on a flat
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Figure A.3: Transient surface temperature development with the onset of radiative heat-
ing in quiescent conditions shown at specified streamwise locations on the flat plate.

plate subject to an increase in Reynolds number. More specifically, the mean separation
location is shown to shift downstream, while transition and reattachment advance in the
upstream direction. However, limited spatial resolution of the embedded pressure taps
results in a discrete movement of the mean transition and reattachment locations. The
locations of mean separation and transition established from distributions of surface tem-
perature and h∗ are shown to generally agree with those predicted from surface pressure
distributions. However, the mean separation location estimated from these distributions is
identified at a weakly defined extrema in the streamwise gradient, and is therefore subject
to a lower estimation precision. This is particularly evident in the estimated separation
location from surface temperature distributions at ReL = 48, 000, where the decreased
precision results in an estimated location significantly upstream of that estimated with
surface pressure. The locations of mean reattachment estimated from mean surface tem-
perature distributions remain relatively unchanged with increases in Reynolds number due
to the region of temperature plateau observed in the after portion of the bubble (Fig. A.4).
Although a more pronounced peak convective heat transfer coefficient is observed in dis-
tributions of h∗ (Fig. A.5), the reattachment location estimated from distributions of h∗

is also shown to remain relatively unchanged with increasing Reynolds number. Thus,
signifying that the reattachment location estimated from h∗ is associated with relatively
large bounds of methodological uncertainty.
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Figure A.4: Time- and spanwise-averaged distributions of (a) surface temperature, and
(b) streamwise temperature gradient for each investigated experimental condition on the
flat plate.
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Figure A.5: Time- and spanwise-averaged distributions of (a) h∗, and (b) its streamwise
gradient for each investigated experimental condition on the flat plate.
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Figure A.6: Locations of mean separation, transition, and reattachment estimated from
distributions of surface pressure, surface temperature, and h∗, at each flat plate flow condi-
tion. Separation, transition, and reattachment locations are indicated with circle, diamond,
and square markers, respectively. A slight offset from the measurement Reynolds number
is applied for visual clarity.

A.2 Airfoil Data

Just as with the experiments performed on the flat plate, the transient development of
surface temperature while the airfoil model was being heated by the halogen lamps was
investigated. Shown in Fig. A.7 is the temperature at specified streamwise locations over
a period of 120 min. The radiative heating is shown to rapidly increase the surface tem-
perature during the initial transient, with slower temperature increase observed at higher
times. As the temperature reaches a relatively constant value, thermal equilibrium can
be assumed at the surface. A time of 120 min was employed before measurements were
initiated.

As established in Table 3.2, the results presented in Chapter 5 represented a mere
subset of the total flow conditions investigated. At an angle of attack of 4◦, a total of
nine Reynolds numbers were investigated, spanning from Rec = 70, 000 to Rec = 150, 000.
The time-averaged surface temperature distributions from these conditions are shown in
Fig. A.8a, with the corresponding distributions of streamwise gradient shown in Fig. A.8b.
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Figure A.7: Transient surface temperature development with the onset of radiative heat-
ing in quiescent conditions shown at specified streamwise locations on the airfoil.

Additionally, at the highlighted Reynolds numbers of Rec = 80, 000 and Rec = 120, 000,
surface temperature distributions were measured from α = 2◦ to α = 8◦. The time-averaged
distributions of surface temperature measured for these angles of attack are shown in
Fig. A.9a-b, with the corresponding streamwise gradient distributions shown in Fig. A.9c-
d. Distributions of h∗, and corresponding streamwise gradient, were also computed at
each of the flow conditions. The distributions of h∗ at α = 4◦ and each investigated
Reynolds number are included in Fig. A.10a, while the corresponding streamwise gradients
are shown in Fig. A.10b. Likewise, the distributions of h∗ across each investigated angle of
attack at Rec = 80, 000 and Rec = 120, 000 are shown in Fig. A.11a-b, with corresponding
streamwise gradients shown in Fig. A.11c-d.

Following the proposed methodology discussed in Section 5.3, the locations of mean
separation, transition, and reattachment are identified at each flow condition. The es-
timated locations from surface temperature and h∗ distributions at α = 4◦ across all
Reynolds numbers are shown in Fig. A.12, while the locations identified at highlighted
Reynolds numbers of Rec = 80, 000 and Rec = 120, 000 at all investigated angles of attack
are shown in Fig. A.13. The results in Figs. A.12 and A.13 show that the characteris-
tic points estimated from surface temperature and h∗ generally agree with the expected
behaviour associated with laminar separation bubbles. Although a general trend in the
separation location cannot be reasonably obtained due to changes in Reynolds number, the
estimated separation location displays an identifiable upstream shift as the angle of attack
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Figure A.8: Time- and spanwise-averaged distributions of (a) surface temperature, and
(b) streamwise temperature gradient for each investigated Reynolds number at α = 4◦.
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Figure A.9: Time- and spanwise-averaged distributions of (a) surface temperature at
Rec = 80, 000, (b) surface temperature at Rec = 120, 000, (c) streamwise temperature
gradient at Rec = 80, 000, and (d) streamwise temperature gradient at Rec = 120, 000, at
each investigated angle of attack.
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Figure A.10: Time- and spanwise-averaged distributions of (a) h∗, and (b) its streamwise
gradient, for each investigated Reynolds number at α = 4◦.
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Figure A.11: Time- and spanwise-averaged distributions of (a) h∗ at Rec = 80, 000, (b)
h∗ at Rec = 120, 000, (c) streamwise h∗ gradient at Rec = 80, 000, and (d) streamwise h∗
gradient at Rec = 120, 000, at each investigated angle of attack.
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Figure A.12: Locations of mean separation, transition, and reattachment estimated from
each measurement technique at α = 4◦ and each investigated Reynolds number. Mean
separation, transition, and reattachment locations are indicated with circle, diamond, and
square markers, respectively. A slight offset from the measurement Reynolds number is
applied for visual clarity.

is increased (Fig. A.13). The locations of mean transition and reattachment are shown to
advance upstream with increases in Reynolds number and angle of attack, resulting in a
streamwise reduction of the bubble extent. The trends observed as the angle of attack is
increased are confirmed with data from Gerakopulos et al. [8] plotted in Fig. A.13. Similar
to the trends observed in the present investigation, an identifiable upstream movement of
the mean separation, transition, and reattachment locations is observed as the angle of
attack is increased.
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Figure A.13: Locations of mean separation, transition, and reattachment estimated
from each measurement technique at (a) Rec = 80, 000, and (b) Rec = 120, 000 and each
investigated angle of attack. Characteristic locations estimated from surface pressure mea-
surements are included from Gerakopulos et al. [8]. Mean separation, transition, and
reattachment locations are indicated with circle, diamond, and square markers, respec-
tively. A slight offset from the measurement Reynolds number is applied for visual clarity.
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Appendix B

Characterization of the Laminar
Separation Bubble with Linear
Fitting Techniques

In order to improve the precision of estimated mean separation, transition, and reattach-
ment locations on the flat plate geometry, linear fits were applied to distributions of surface
pressure and h∗, as discussed in Chapter 4.

The methodology followed by [7] is followed in this thesis, allowing for a more precise
characterization of the laminar separation bubble with surface pressure measurements. As
explained in Section 4.1, the location of mean separation can be estimated at the inter-
section of linear lines passing through the pressure distribution upstream, and within, the
pressure plateau region. The location of mean transition can be precisely identified in
the pressure distribution at the onset of pressure recovery, and therefore does not require
employing lines of best fit. Mean reattachment can be estimated where lines within, and
downstream, of the rapid pressure recovery region intersect. This is applied to each high-
lighted Reynolds number in Fig. B.1, with the estimated characteristic location taken as
the pressure tap nearest to the corresponding intersection point.

As shown in Section 4.2, the location of minimum streamwise gradient was not easily
identifiable in the distribution of h∗, which coincides with the estimated location of mean
separation. Linear lines passing through the streamwise gradient of h∗ were therefore
used to estimate this location. Mean separation was estimated at the intersection of lines
passing through the regions of ∂h∗/h∗Min

∂x/L
plateau, and subsequent increase. This is expected

to provide a reasonable estimate for the minimum streamwise gradient location as it locates
the point where convective heat transfer coefficient no longer decreases at the fastest rate.
This methodology is applied at each highlighted Reynolds number, as shown in Fig. B.2.
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Figure B.1: Methodology employed by Boutilier & Yarusevych [7] for estimation of the
characteristic locations in a laminar separation bubble using the static pressure distribution
at each highlighted Reynolds number. Uncertainty bounds are indicated with local pressure
tap spacing.

Figure B.2: Methodology used for detection of mean separation using distributions of h∗
on the flat plate at highlighted Reynolds numbers.
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Appendix C

Detailed Energy Balance

In order to perform a detailed energy balance, the heat transfer both above and within the
model should be considered. In this section, the temperature distribution within the solid
part of the model is computed with a numerical simulation of two-dimensional conduction.
The temperature distribution within the model allows for an estimation of the wall-normal
temperature gradients, which are then used in a detailed energy balance at the model
surface in order to evaluate the dominant heat transfer modes, as shown for the flat plate
and airfoil models in Appendices C.1 and C.2, respectively.

C.1 Flat Plate Analysis

The temperature distribution within the model is governed by the following steady-state
heat conduction equation:

∂2T

∂x2 + ∂2T

∂y2 = 0 (C.1)

This governing equation is solved in the domain shown in Fig. C.1a, which represents the
infrared field of view in the flat plate experiments, with the domain thickness corresponding
to the thickness of the flat plate. A Dirichlet boundary condition is employed on the upper
surface, where the measured surface temperature is prescribed. On the left- and right-hand
boundaries, a symmetry boundary condition is applied, where the temperature is based
on wall-normal heat conduction between the upper and lower surfaces. On the bottom
surface, a Robin boundary condition is applied, where the conductive heat flux through
the model is equated to the sum of convective and radiative heat fluxes below the model.
This is shown in continuous and discrete form in Eqs. (C.2) and (C.3), respectively.

ks
∂T

∂y
= hB(T (x, Y )− T∞) + σε(T (x, Y )4 − T 4

∞) (C.2)
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(a)

(b)

Figure C.1: Thermal diagram showing (a) the coordinate system and boundary condi-
tions applied for the numerical thermal analysis within the flat plate model, and (b) the
differential element considered in the energy balance. Note: image is not drawn to scale.

T (x, Y ) = T (x, Y − 1)− ∆y
ks

(
hB(T (x, Y )− T∞) + σε(T (x, Y )4 − T 4

∞)
)

(C.3)

In Eq. C.3, y = Y represents the bottom surface and y = Y − 1 represents the temper-
ature node directly above the bottom surface. The convective heat transfer coefficients
at the bottom surface in quiescent and flow conditions, hB,Q and hB, are estimated to be
1.5 and 25 W m−2 K−1, respectively. The quiescent convective heat transfer coefficient is
estimated based on a flat plate free convection correlation (Eqn. 9.32 in [122]), whereas
the forced convective heat transfer coefficient is estimated from the turbulent boundary
layer correlation shown in Eq. 2.8.

With the boundary conditions described above, Eq. C.1 is discretized using second order
central differences within the domain core, and the resulting system of algebraic equations
is then solved numerically using a Jacobi iterative numerical solver. The results obtained
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Figure C.2: Time-averaged temperature distribution within the flat plate model in (a)
quiescent, and (b) flow conditions (ReL = 27, 000) determined with numerical analysis.

for the quiescent and flow conditions are shown in Fig. C.2. While the employed boundary
conditions at the left- and right-hand boundaries are a relatively course approximation, the
results are expected to provide a reasonable approximation of the temperature distribution
within the domain core, under the laminar separation bubble. Thus, using the temperature
distributions shown in Fig. C.2, a quantitative evaluation of the dominant heat transfer
modes can be performed.

Considering a differential element on the flat plate surface (Fig. C.1b), the energy
balance in thermal equilibrium, considering streamwise conduction, free convection, wall-
normal heat flux (including conduction through the model, convection at the bottom sur-
face, and radiative cooling at the bottom surface), and radiative heating and cooling, can
be written as:

qRad + qCond,Streamwise + qWall−Normal + qConv + qRad,Out = 0 (C.4)

Assuming the incident radiative heat flux to be positive, and the convective, conductive,
wall-normal, and radiative cooling heat fluxes to be negative, as shown in Fig. C.1b, Eq. C.4
can be expanded and rearranged for quiescent conditions, yielding:

qRad

∆z = ks∆y
∂TQ
∂x

+ ks∆x
∂TQ
∂y

+ hFree∆x(TQ − T∞) + εσ∆x(T 4
Q − T 4

∞) (C.5)
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where the derivative terms are obtained from the solution of the numerical analysis (Fig. C.2).
A similar analysis can be performed on in-flow temperature measurements, where the

differential energy balance can be written as:

qRad

∆z = ks∆y
∂T

∂x
+ ks∆x

∂T

∂y
+ h∆x(T − T∞) + εσ∆x(T 4 − T 4

∞) (C.6)

Equating Eqs. (C.5) and (C.6), and simplifying the expression yields:

ks∆y
∂T

∂x
+ ks∆x

∂T

∂y
+ h∆x(T − T∞) + εσ∆x(T 4 − T 4

∞) =

ks∆y
∂TQ
∂x

+ ks∆x
∂TQ
∂y

+ hFree∆x(TQ − T∞) + εσ∆x(T 4
Q − T 4

∞)
(C.7)

Solving for the convective heat transfer coefficient, h, and simplifying the expression yields:

h =
ks∆y

(
∂TQ

∂x
− ∂T

∂x

)
∆x(T − T∞)

+
ks
(
∂TQ

∂y
− ∂T

∂y

)
(T − T∞)

+ hFree

(
TQ − T∞
T − T∞

)
+ εσ

(
T

4
Q − T

4

T − T∞

)
(C.8)

Table C.1: Summary of variables, and their respective values, used in the full energy
balance on the flat plate model.

Variable Description Value
∆x differential streamwise coordinate 0.0007m
∆y differential wall-normal coordinate 0.0007m
hFree free convective heat transfer coefficient 3Wm−2K−1*

ks thermal conductivity of the plate 0.20Wm−1K−1

ε surface emissivity 0.95*

σ Stefan-Boltzmann constant 5.67× 10−8Wm−2K−4

T mean in-flow temperature measured
TQ mean quiescent temperature measured
T∞ ambient temperature 21◦C

* Assumed value

In the expression shown in Eq. C.8, the first term is related to the difference in stream-
wise conduction between quiescent and flow conditions, the second term is related to the
difference in wall-normal heat flux between quiescent and flow conditions, the third term
is related to free convection, and the fourth term is related to the difference in radia-
tive cooling between quiescent and flow conditions. With such an arrangement, the rela-
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Figure C.3: Contribution of each heat transfer mode to the variation of convective heat
transfer coefficient in the flat plate energy balance. Data pertains to ReL = 27, 000.

tive contribution to the variation of convective heat transfer coefficient can be quantified.
Equation C.8 is computed at each streamwise location with the various parameters sum-
marized in Table C.1. The results presented in Fig. C.3 highlight the relative contribution
of each heat flux term to the overall convective heat transfer coefficient. It can be seen
from Fig. C.3 that the component of Eq. C.8 contributing to streamwise conduction is
of negligible magnitude, and simply contributes to the spatial fluctuations. Additionally,
Fig. C.3 shows that the wall-normal heat flux, the heat flux associated with convection,
and the radiative cooling heat flux exhibit a similar streamwise variation with compara-
ble magnitudes. The resulting variation of convective heat transfer coefficient is shown in
Fig. C.4, highlighting the difference in convective heat transfer coefficient distribution when
secondary modes of heat transfer are considered. The results show that the magnitude of
convective heat transfer coefficient and its streamwise gradient are affected when secondary
modes are considered; however, the extrema locations do not change appreciably. Addi-
tionally, the variation of convective heat transfer coefficient and its streamwise gradient
exhibit increased spatial fluctuations when secondary heat transfer modes are considered.
It can therefore be concluded that the characteristic locations of the laminar separation
bubble can be reasonably estimated by considering only the convective heat transfer mode.
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Figure C.4: Normalized distributions of convective heat transfer coefficient where the
effect of considering radiative cooling and wall-normal heat flux is assessed. Data are
presented with corresponding streamwise gradients at ReL = 27, 000.

C.2 Airfoil Energy Balance

Similar to the flat plate analysis, the temperature distribution within the 5 mm airfoil shell
is governed by two-dimensional heat conduction (Eq. C.1). Equation C.1 is solved in the
domain shown in Fig. C.5a with the associated boundary conditions. On the upper surface,
a Dirichlet boundary condition is employed, where the time- and spanwise-averaged surface
temperature is prescribed. Due to the thermal insulation provided by the air-filled airfoil
core, a Neumann boundary condition is prescribed at the bottom surface of the airfoil shell,
such that the wall-normal heat flux is equal to zero. A symmetry boundary condition is
applied to the left- and right-hand boundaries, where the temperature is governed by
the wall-normal conductive heat flux. Due to the zero-flux boundary condition at the
bottom surface, and the prescribed temperature at the top surface, the symmetry boundary
condition on the left- and right-hand boundaries results in a constant temperature along
the side edges of the domain. Although this is a course approximation, it is assumed that
the area of interest (i.e. beneath the laminar separation bubble) is sufficiently far from the
boundaries such that the temperature in this region is not sensitive to minute changes in
the boundary condition.

Equation C.1 is discretized using second order central difference within the domain
shown in Fig. C.5a, and the resulting system of algebraic equations is then solved with
a Jacobi iterative numerical solver. The resulting temperature within the airfoil shell is
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(a)

(b)

Figure C.5: Thermal diagram showing (a) the coordinate system and boundary conditions
applied for the numerical thermal analysis within the airfoil model, and (b) the differential
element considered in the energy balance. Note: image is not drawn to scale.

shown for quiescent and flow conditions in Fig. C.6. Here, the surface curvature, specifically
where laminar separation bubbles are observed, is assumed to be sufficiently small such
that the airfoil shell can be modelled in orthogonal cartesian coordinates. Additionally,
it is assumed that the boundary conditions applied provide a reasonable approximation
of the physical boundary conditions, such that the airfoil core temperature distribution in
the streamwise region associated with laminar separation bubbles is sufficiently accurate,
allowing for a quantitative evaluation of the dominant heat transfer modes.

Following the same approach as the one established in Appendix C.1, an energy balance
on a differential element at the airfoil surface (Fig. C.5a) can be performed. In thermal
equilibrium, an energy balance for the differential element can be written as:

qRad + qCond,Streamwise + qCond,Wall−Normal + qConv + qRad,Out = 0 (C.9)
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Figure C.6: Time-averaged temperature distribution within the airfoil model in (a) qui-
escent, and (b) flow conditions (Rec = 80, 000) determined with numerical analysis.

Assuming the incident radiative heat flux to be positive, and the convective, conductive,
and outgoing radiative heat fluxes to be negative, as shown in Fig. C.5b, Eq. C.9 can be
expanded and rearranged for quiescent conditions, yielding:

qRad

∆z = ks∆y
∂TQ
∂x

+ ks∆x
∂TQ
∂y

+ hFree∆x(TQ − T∞) + εσ∆x(T 4
Q − T 4

∞) (C.10)

A similar analysis can be performed for in-flow temperature measurements, yielding:

qRad

∆z = ks∆y
∂T

∂x
+ ks∆x

∂T

∂y
+ h∆x(T − T∞) + εσ∆x(T 4 − T 4

∞) (C.11)

Equating Eqs. (C.10) and (C.11), and simplifying the expression yields:

ks∆y
∂T

∂x
+ ks∆x

∂T

∂y
+ h∆x(T − T∞) + εσ∆x(T 4 − T 4

∞) =

ks∆y
∂TQ
∂x

+ ks∆x
∂TQ
∂y

+ hFree∆x(TQ − T∞) + εσ∆x(T 4
Q − T 4

∞)
(C.12)

which can be solved for the convective heat transfer coefficient, h, and simplified, yielding:

h =
ks∆y

(
∂TQ

∂x
− ∂T

∂x

)
∆x(T − T∞)

+
ks
(
∂TQ

∂y
− ∂T

∂y

)
(T − T∞)

+ hFree

(
TQ − T∞
T − T∞

)
+ εσ

(
T

4
Q − T

4

T − T∞

)
(C.13)
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Table C.2: Summary of variables, and their respective values, used in the full energy
balance on the airfoil model.

Variable Description Value
∆x differential streamwise coordinate 0.0006m
∆y differential wall-normal coordinate 0.0006m
hFree free convective heat transfer coefficient 5Wm−2K−1

ks thermal conductivity of the airfoil shell 0.20Wm−1K−1

ε surface emissivity 0.95*

σ Stefan-Boltzmann constant 5.67× 10−8Wm−2K−4

T mean in-flow temperature measured
TQ mean quiescent temperature measured
T∞ ambient temperature 19.5 ◦C

* Assumed value

Equation C.13 is computed at each streamwise location with the various parameters
summarized in Table C.2. The results presented in Fig. C.7 show the relative contributions
of each heat transfer mode to the variation of convective heat transfer coefficient. Again,
it is shown that the streamwise conduction does not contribute significantly and can be
reasonably neglected. The convective, radiative, and wall-normal heat flux terms all exhibit
a similar streamwise variation with comparable magnitudes. The effect of considering
such secondary heat transfer modes in regards to the variation of convective heat transfer
coefficient is shown in Fig. C.8. Similar to the flat plate experiments, it is shown that the
streamwise variation of convective heat transfer coefficient is altered in terms of magnitude
when the secondary heat transfer modes are considered; however, the extrema locations
remain relatively unchanged within the experimental uncertainty limits. Therefore, these
secondary heat transfer modes can be reasonably neglected for the characterization of
laminar separation bubbles.
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Figure C.7: Contribution of each heat transfer mode to the variation of convective heat
transfer coefficient in the airfoil energy balance. Data pertains to Rec = 80, 000 and α = 4◦.
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Figure C.8: Normalized distributions of convective heat transfer coefficient where the
effect of considering radiative cooling and wall-normal conduction is assessed. Data are
presented with corresponding streamwise gradients at Rec = 80, 000 and α = 4◦.
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Appendix D

Experimental Uncertainty

As the objective of this thesis was to provide a comparative analysis of laminar separation
bubble characterization between several measurement techniques, it is important to quan-
tify the uncertainty associated with these techniques. The uncertainty estimates presented
are quantified using the nth order approach, described in detail by Moffat [123–125], which
considers significant uncertainty contributions from n sources. For a particular quantity,
R, the total uncertainty, ψR, is given by the root-sum-square of the individual uncertainty
contributions:

ψR = ±
√√√√ n∑
i=1

ψ2
i (D.1)

For the cases where uncertainty cannot be directly determined, uncertainty propagation
must be implemented. For a particular quantity, R, which is calculated based on a known
function, the total uncertainty can be calculated:

ψR = ±

√√√√ n∑
i=1

(
∂R

∂εi
ψεi

)2

(D.2)

where εi is a measured variable which is used in the calculation of R, associated with
an uncertainty ψεi . The uncertainty values calculated in this chapter are summarized in
Tables D.1 and D.2 for experiments on the flat plate and airfoil geometries, respectively.

D.1 Uncertainty in Experimental Conditions

The uncertainty associated with free-stream Reynolds number depends on uncertainty in
the characteristic length, kinematic viscosity, and free-stream velocity. The characteristic
length can be measured to an accuracy of ±0.5mm, or ±1% and ±0.5% of the character-
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Table D.1: Summary of uncertainty estimates for flat plate experiments.

Quantity Conditions Uncertainty * Applies to
ReL ±2%
CP [±0.03,±0.02,±0.02] Figs. 4.1–4.3, A.1, and B.1
T ±0.04◦ C Figs. 4.10–4.12, A.3, and A.4
h∗ [±0.006,±0.007,±0.01] Figs. 4.13 and A.6
xS Pressure ±0.11L Figs. 4.1–4.3, A.1, and B.1 and Ta-

bles 4.1 and 4.2
xS PIV [±0.36L,±0.32L,±0.34L] Figs. 4.4, 4.6–4.8, 4.10, A.2,

and A.6 and Tables 4.1 and 4.2
xS T [+0.92

−0.83L,
+0.42
−1.52L,

+0.38
−2.05L] Figs. 4.11 and A.6 and Table 4.2

xS h∗ [+0.33
−0.44L,

+0.25
−0.26L,

+0.20
−0.24L] Figs. 4.13, A.6, and B.2 and Ta-

ble 4.2
xT Pressure ±0.38L Figs. 4.1–4.3, A.1, and B.1 and Ta-

bles 4.1 and 4.2
xT PIV ±0.03L Figs. 4.4–4.10, A.2, and A.6

and Tables 4.1 and 4.2
xT T [+0.28

−0.49L,
+0.24
−0.20L,

+0.20
−0.21L] Figs. 4.11 and A.6 and Table 4.2

xT h∗ [+0.17
−0.24L,

+0.20
−0.14L,

+0.24
−0.13L] Figs. 4.13 and A.6 and Table 4.2

xR Pressure ±0.38L Figs. 4.1–4.3, A.1, and B.1 and Ta-
bles 4.1 and 4.2

xR PIV [±0.09L,±0.05L,±0.09L] Figs. 4.4, 4.6–4.10, A.2, and A.6
and Tables 4.1 and 4.2

xR T [+0.35
−0.14L,

+0.16
−0.22L,

+0.34
−0.32L] Figs. 4.11 and A.6 and Table 4.2

xR h∗ [+0.11
−0.09L,

+0.10
−0.20L,

+0.10
−0.43L] Figs. 4.13 and A.6 and Table 4.2

* 95% confidence interval

istic length for the flat plate and airfoil experiments, respectively. The kinematic viscosity
depends on both ambient temperature and pressure, which are associated with relative
uncertainties of ±0.2% and ±0.01%, respectively. Combining these uncertainties yields an
uncertainty in the kinematic viscosity of ±0.2%. The free-stream velocity within the test
section is based on measurements of static pressure drop across the contraction, which was
calibrated in an empty test section against a Pitot-static tube. The pressure uncertainty
was dominated by transducer accuracy, which is ±0.14% of full-scale, or ±0.70Pa. Ad-
ditional uncertainty was introduced in the calibration of the pressure transducer, where
known input pressures were applied to the transducer with a Druck DPI 610 LP pressure
calibrator and related to the output voltage. A line of best fit was applied to the data,
where the root-mean-square error of the linear fit introduced an uncertainty of ±0.16Pa.
Combining the uncertainties in measured pressure with Eq. D.1 results in a total uncer-
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Table D.2: Summary of uncertainty estimates for airfoil experiments.

Quantity Conditions Uncertainty * Applies to
Rec ±2%
T ±0.04◦ C Figs. 5.7–5.9 and A.7–A.9
h∗ [±0.005,±0.009] Figs. 5.10, A.10, and A.11
xS PIV [±0.04c,±0.03c] Figs. 5.1, 5.3–5.5, and 5.7 and Tables 5.1

and 5.2
xS T [±0.03c, +0.05

−0.02c] Figs. 5.8, A.12, and A.13 and Table 5.2
xS h∗ [+0.03

−0.06c,
+0.04
−0.08c] Figs. 5.10, A.12, and A.13 and Table 5.2

xS h [+0.11
−0.04c,

+0.08
−0.04c] Fig. 5.13 and Table 5.2

xT PIV [±0.01c,±0.02c] Figs. 5.1–5.7 and Tables 5.1 and 5.2
xT T [±0.03c,±0.02c] Figs. 5.8, A.12, and A.13 and Table 5.2
xT h∗ [±0.02c,±0.02c] Figs. 5.10, A.12, and A.13 and Table 5.2
xT h [+0.10

−0.09c,
+0.08
−0.09c] Fig. 5.13 and Table 5.2

xR PIV [±0.04c,±0.02c] Figs. 5.1–5.7 and Tables 5.1 and 5.2
xR T [±0.02c,±0.02c] Figs. 5.8, A.12, and A.13 and Table 5.2
xR h∗ [±0.02c,±0.02c] Figs. 5.10, A.12, and A.13 and Table 5.2
xR h [+0.08

−0.05c,
+0.10
−0.06c] Fig. 5.13 and Table 5.2

* 95% confidence interval

tainty in pressure of ±0.72Pa. This uncertainty in the static pressure drop measurement is
propagated to the free-stream dynamic pressure using Eq. D.2 and the relationship between
contraction pressure drop and dynamic pressure determined in the test section calibration.
The resulting uncertainty in free-stream dynamic pressure was calculated to be ±3.1%
at the lowest velocity investigated, corresponding to the highest relative uncertainty. Us-
ing this value and an uncertainty in air density of ±0.2%, the uncertainty in free-stream
velocity was calculated to be less than 1.5% for all experimental conditions. Combining
the uncertainty in free-stream velocity with those of kinematic viscosity and characteristic
length using Eq. D.2 yields a relative uncertainty in Reynolds number of less than ±2%
for all flow conditions investigated.

D.2 Uncertainty in Pressure Measurements

Static pressure distributions on the flat plate were measured with Setra model 239 high-
accuracy pressure transducers, with a full range of ±250Pa. As previously mentioned, the
error associated with measured pressure is due to both the transducer accuracy (which ac-
counts for hysteresis, non-linearity, and non-repeatability), and the pressure transducer cal-
ibration, resulting in a total pressure error of ±0.72Pa. As 20,000 samples were performed
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for each pressure measurement, the error associated with temporal variance is assumed to
be negligible. The distributions of static pressure are presented non-dimensionalized by
the dynamic pressure, such that the error associated with dynamic pressure must also be
considered. For each Reynolds number, the error in measured pressure is combined with
the error in dynamic pressure, resulting in a maximum total uncertainty in CP of ±0.03
at ReL = 27, 000, and ±0.02 at ReL = 36, 000 and 45, 000.

D.3 Uncertainty in PIV Measurements

Quantifying the uncertainty associated with PIV is difficult due to the number of contribut-
ing factors. As the estimated characteristic locations are the only quantitative values of
interest in this study, only the factors which contribute significantly to these estimations are
considered. The primary sources of uncertainty associated with characterizing the laminar
separation bubble are: i) random errors in measured PIV velocity which are propagated
to the mean dividing streamline estimates, and ii) uncertainty in the exact location of the
model surface in PIV images.

Random errors associated with PIV measurements can be caused by a number of factors,
such as out of plane particle motion resulting in a loss of particles between frames, camera
noise levels, and high velocity gradients [126]. In this study, the random error associated
with PIV measurements is computed using the particle disparity method built into DaVis
8 [126]. For the flat plate experiments this was found to be approximately ±1% of the
free-stream velocity near separation, and less than ±2% in the aft portion of the bubble.
Similarly for the airfoil experiments, the random PIV error was found to be approximately
±2% of the free-stream velocity in the fore portion of the bubble, and less than ±4% in the
aft portion of the bubble. The error in measured velocity was added and subtracted from
the time-averaged velocity fields, and the characteristic locations were estimated for each
case, with the most extreme location used as the uncertainty bound for each characteristic
location.

Another factor which significantly contributed to the estimated characteristic locations
was uncertainty in the exact location of the model surface in PIV images. The model
surface was located in PIV calibration images with an associated uncertainty of ±0.20mm.
For each flow condition, the model surface was shifted up and down by the wall location
uncertainty, and the locations of mean separation and reattachment were identified. The
most extreme locations estimated from the intersection of the mean dividing streamline
with the model surface established the associated uncertainty limits. Another source of
uncertainty associated with PIV measurements applies only to the estimated reattachment
location at Rec = 80, 000 in the airfoil experiments due to failure in capturing reattach-
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ment within the field of view. Consequently, the linear fit applied to the mean dividing
streamline in the aft portion of the bubble at Rec = 80, 000 was based on fewer points
than at Rec = 120, 000, such that the linear fit introduced an additional uncertainty of
±0.02c. Considering uncertainty contributions from each of the aforementioned sources,
the total uncertainty associated with the characteristic location estimates was computed
with Eq. D.1, with the resulting values summarized in Tables D.1 and D.2 for the flat plate
and airfoil experiments, respectively.

D.4 Uncertainty in Thermal Measurements

The uncertainty associated with characterization of the laminar separation bubble using
thermal techniques is comprised of contributions from: i) random errors due to the infrared
camera thermal sensitivity, ii) error in averaged quantities associated with spanwise and
temporal variations, iii) error associated with spatial calibration of the infrared camera,
and iv) reduced resolution introduced by data smoothing. These sources are each discussed
and quantified, yielding a total estimated uncertainty associated with each characteristic
location summarized in Tables D.1 and D.2 for the flat plate and airfoil experiments,
respectively.

Since the Optris PI640 camera has a thermal sensitivity of 75mK, the uncertainty asso-
ciated with the temperature resolution is ±37.5mK. Additionally, the streamwise profiles
used for separation bubble characterization were based on time- and spanwise-averaged
measurements, such that the spatial and temporal variation should be considered. To do
so, the standard deviation of surface temperature was computed over time, and over the
spanwise direction, at each pixel location. The random errors contributions by spatial
and temporal fluctuations were quantified as twice the standard deviation divided by the
square root of the number of samples [123–125]. Due to the large dataset acquired, these
contributions were found to be negligible compared to the thermal sensitivity of the cam-
era, such that the uncertainty associated with each surface temperature measurement is
±37.5mK. Bias errors due to accuracy of the infrared camera are not considered here as
they do not affect characterization of the laminar separation bubble.

Once time- and spanwise-averaged profiles of surface temperature were computed, it
was found that the thermal sensitivity of the infrared camera introduced a fluctuating com-
ponent to the temperature profile. In this regard, assuming random distribution of errors
in space, a spatial filter of kernel size N was applied to the surface temperature distribu-
tion to minimize the propagation of random spatial temperature variations into gradient
estimates. However, the spatial filter reduces the spatial resolution, limiting it to ±1

2 filter
width. A spatial filter of 5px was applied to all distributions of time- and spanwise-averaged
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Figure D.1: Time- and spanwise-averaged distribution of the streamwise gradient of
surface temperature for each highlighted Reynolds number on the flat plate with associated
uncertainty bounds.

surface temperature and h∗, with an additional 5px filter applied to their gradient profiles.
This allowed for a significant reduction in random error propagation to the gradient pro-
files, while only contributing additional uncertainty due to spatial resolution reduction of
±0.07L and ±0.01c to the characteristic locations determined from the variation of surface
temperature and h∗, and a spatial uncertainty of ±0.10H and ±0.02c to the characteristic
locations determined from the variation of their streamwise gradient, for the flat plate and
airfoil experiments, respectively. With the spatial filter applied, the combined uncertainty
in surface temperature and h∗ is relatively small (Tables D.1 and D.2) and is not included
in the corresponding plots for clarity. The uncertainty is propagated into the numerical
gradient estimation by a factor of 1√

2∆x . The streamwise gradients of surface tempera-
ture and h∗ with associated uncertainty bounds are shown for the flat plate and airfoil
experiments in Figs. D.1 and D.2 and Figs. D.3 and D.4, respectively.

The final source of uncertainty associated with the temperature-based estimations is
due spatial calibration of the infrared camera with the model surface. Markers of known
position were placed on the surface of each model and the locations were recorded in the
acquired infrared images. For the airfoil model, the coordinates were then transformed to a
surface attached system to match the PIV results. The corresponding error due to spatial
calibration of the infrared camera was determined to be ±0.05L and ±0.01c for the flat
plate and airfoil experiments, respectively.

In order to quantify the uncertainty associated with each characteristic location esti-
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Figure D.2: Time- and spanwise-averaged distribution of the streamwise gradient of h∗
for each highlighted Reynolds number on the flat plate with associated uncertainty bounds.

mated from an extremum location, a methodology shown in Fig. D.5 was employed. The
uncertainty for characteristic locations estimated at local maxima was estimated based on
the region where the upper uncertainty bound is above the absolute maximum of the lower
uncertainty bound. Similarly for the characteristic locations estimated at local minima,
the uncertainty was estimated based on the region where the lower uncertainty bound is
below the absolute minimum of the higher uncertainty bound. For the separation location
estimated from distributions of h∗ in the flat plate experiments, where lines of best fit were
used to find the minimum gradient location, the uncertainty bounds were determined with
the most upstream and downstream intersection locations of linear lines passing through
the streamwise gradient of h∗, within the associated uncertainty limits. For each char-
acteristic location, the total uncertainty was estimated by combining the aforementioned
contributions using Eq. D.1.

To quantify the uncertainty associated with the transient-based estimations, a similar
approach as discussed above was implemented. The error in the measured temperature due
to the infrared camera thermal sensitivity was propagated to T−T∞

T0−T∞ , allowing for the error
associated with the exponential fit to be quantified. The upper and lower bounds of the ex-
ponential fit established the uncertainty associated with the distribution of h/hMin, which
is shown in Fig. D.6. Due to the increased fluctuations associated with the transient-based
measurements, a spatial filter with a kernel of 10px was applied to the h/hMin profile and
its streamwise gradient, resulting in spatial errors of ±0.03c for separation and reattach-
ment, and ±0.06c for transition estimates. The uncertainty in each characteristic location
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Figure D.3: Time- and spanwise-averaged distribution of the streamwise gradient of
surface temperature for each highlighted Reynolds number on the airfoil with associated
uncertainty bounds.

was estimated using the same methodology as for the time-averaged data, illustrated in
Fig. D.5. These uncertainty estimates were combined with those from spatial filtering and
the spatial calibration using Eq. D.1, with the total uncertainty for each characteristic
location summarized in Table D.2.
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Figure D.4: Time- and spanwise-averaged distribution of the streamwise gradient of h∗
for each highlighted Reynolds number on the airfoil with associated uncertainty bounds.

Figure D.5: Example of the methodology employed for estimating the uncertainty in
each characteristic location shown for the separation estimate from surface temperature
gradient profiles on the airfoil geometry.

123



0.0 0.2 0.4 0.6 0.8 1.0

x/c

1.0

1.5

2.0

2.5

3.0

h/hMin

Rec = 80, 000

0.0 0.2 0.4 0.6 0.8 1.0

x/c

Rec = 120, 000

Figure D.6: Spanwise-averaged distribution of the convective heat transfer coefficient
from transient-based measurements with associated uncertainty bounds.
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Figure D.7: Spanwise-averaged distribution of the streamwise gradient of convective heat
transfer coefficient from transient-based measurements with associated uncertainty bounds.
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