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Abstract

The present work focuses on the development, testing, and assessment of several new quantitative

analysis methods for nitric oxide planar laser-induced �uorescence experiments. The methods are

based on performing a spectral scan with a pulsed laser, exciting multiple nitric oxide transitions,

and analyzing the resulting spectra. The nitric oxide �uorescence spectra is processed using the

developed quantitative analysis methods to produce temperature, mole fraction and heat �ux. The

temperature measurement is based on �tting a �uorescence model to the spectra from multiple tran-

sitions. The mole fraction measurement uses the �uorescence signal combined with the principle

of conservation of mass. The heat �ux measurement uses the principle of conservation of energy

combined with temperature and velocimetry measurements. To assess these methods, experiments

were performed at NASA Langley’s 31-in. Mach 10 wind tunnel, in Hampton Virginia, USA.

A nitric oxide planar laser-induced �uorescence experiment investigating a hypersonic boundary

layer was performed. The boundary layer was seeded with nitric oxide through a slot located near

the leading edge. A pulsed laser was directed into the boundary layer from above, exciting the ni-

tric oxide, and spectrally scanning across six �uorescence transitions. The data received from this

experiment were processed using the quantitative analysis methods developed, to produce temper-

ature, mole fraction and heat �ux measurements. To assess the accuracy of the present methods,

each quantitative measurement was compared to computational �uid dynamics (CFD) simulation

results. Temperature measurements agreed with CFD predictions within 3-7% in most regions

of the boundary layer. Mole fraction measurements agreed with CFD predictions within 6-10%

and the heat �ux measurement was approximately 26% lower than CFD results. Finally, impor-

tant experimental design considerations are discussed to enhance these analysis methods in future

applications. Overall, nitric oxide planar laser-induced �uorescence measurement methods are

demonstrated and applied to a hypersonic boundary layer in a Mach 10 �ow, with good agreement

when compared to CFD results.
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Preface

The main contributions of the author in this work include the development and analysis of multiple

quantitative PLIF measurements. Speci�cally, NO-PLIF spectra-�tting thermometry methods, NO

mole fraction measurement methods, and heat �ux measurement methods were developed. The au-

thor also post-processed some of the Navier-Stokes simulations to compare with the experiments.

The experiments were performed by Dr. Paul Danehy, Dr. Brett Bathel, and Dr. Jennifer Inman of

the NASA Langley Research Center. The Navier Stokes simulations were originally performed by

Chris Arisman, who was a previous Masters student under the supervision of Dr. Johansen.

Part of this work was presented at the 2018 AIAA 2018 Aerodynamic Measurement Technol-

ogy and Ground Testing Conference in Atlanta, USA, and at the 2018 Lisbon Laser Symposium in

Lisbon, Portugal.
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Chapter 1

INTRODUCTION

Measuring and predicting properties of hypersonic �ows has been a major focus of aerospace re-

search, recently [Anderson Jr, 2006, de Luca et al., 1995]. Topics include heat ablation on vehicle

surfaces, supersonic combustion engine designs, attaining supersonic and hypersonic speeds, and

simulating the conditions of these high Mach number �ows, among others Danehy et al. [2009a],

Cantu et al. [2016], Johansen et al. [2014], Arisman [2014], Arisman et al. [2015], Hinman and

Johansen [2017]. Two methods of investigating hypersonic �ow are 1) experimental testing in

high-speed facilities, and 2) computational modelling of the �uid dynamics occurring in hyper-

sonic �ows. Computational �uid dynamics (CFD) software has been available for decades, but has

constantly been improved and validated to meet new and more challenging problems. Improve-

ments have included various solvers for speci�c applications (chemical species reactions, thermal

non-equilibrium, among others). Validation of CFD codes using experimental data increases the

con�dence in CFD simulation results. Validation with experiments can be done using various di-

agnostic techniques to determine thermodynamic and �uid dynamic properties. Diagnostics that

intrude on the �ow (calorimeters, surface thermocouples, pitot tubes etc.) often determine precise

values, but have two signi�cant drawbacks. One is intrusion in the �ow, in which the probe inter-

feres with the experiment resulting in inaccurate data. The other drawback is often a restriction

to single-point measurements, with no extension to variable maps of the whole test section. Due

to these problems, non-intrusive diagnostics are very valuable in experimental facilities [Peterson,

1979].
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Figure 1.1: Schlieren Photography of T-38 Talon Aircraft [Heineck et al., 2016]

1.1 Non-Intrusive Diagnostics in High-Speed Aerodynamics

Non-intrusive imaging techniques such as Schlieren photography, shadowgraphy, Coherent Anti-

Stokes Raman Spectroscopy (CARS), Rayleigh scattering, and Laser-Induced Fluorescence (LIF)

have all been utilized in hypersonic �ow experiments. Schlieren photography relies on a collimated

light source directed into the �uid of interest. This light source is affected by the refractive index

of the �uid, and therefore is used to visualize density gradients in the �uid. An example of this

imaging technique is shown in Figure 1.1 of a T-38 Talon experimental aircraft developed by

NASA [Heineck et al., 2016].

CARS is a more complex method, employing three lasers to cause the sample to emit coherent

radiation. Rayleigh scattering experiments observe the scattering of light by particles in the �ow

that are smaller than the wavelength of the probed light source. LIF experiments use a laser to

excite speci�c transitions within a tracer species, causing �uorescence radiation to be given off

after excitation. This radiation is a result of the tracer species dropping to energy states lower than

2



Figure 1.2: Kr Planar LIF, simulated signal vs. measured signal, reproduced from Narayanaswamy
et al. [2011]

the excited level. An example of a planar LIF image in an underexpanded jet is shown in Figure

1.2 [Narayanaswamy et al., 2011]. By applying non-intrusive diagnostics, the properties of the

�uid of interest are preserved. Therefore, quantitative methods of analyzing the data from these

non-intrusive imaging techniques can be very valuable in determining the properties of the �uid of

interest.

1.2 Quantitative vs. Qualitative Experimental Data

Non-intrusive measurement techniques can be used for qualitative purposes (i.e., �ow visualiza-

tion) or quantitative purposes (e.g., temperature measurement). Flow visualization is used to show

the behavior of �uid that is invisible to the naked eye. For example, �ow visualization can be used

to determine when an air�ow becomes turbulent.

Quantitative measurements from non-intrusive techniques focus on determining the properties

3



Figure 1.3: MTV NO-PLIF radial velocity measurements in the NASA Langley Hypersonic Ma-
terials Environment Test System (HyMETS). Reproduced from Inman et al. [2013].

of the �uid (ie. temperature, pressure, velocity etc.). One example of quantitative non-intrusive

imaging is molecular tagging velocimetry (MTV). Shown in Figure 1.3 is quantitative MTV imag-

ing of an arcjet test section [Inman et al., 2013]. High quality quantitative property measurements

can reveal unexpected �ow properties (e.g., properties in regions of turbulent �ow), which is im-

portant in highly complicated �ows where CFD simulations have not yet been validated [Reid

et al., 2013].

1.3 Numerical Model Validation

Quantitative experimental measurements can be compared directly to CFD simulation results, in

order to identify and quantify errors in the CFD model. This process is called validation, where the

accuracy of the CFD results is quanti�ed and is compared to what is considered a satisfactory

range of accuracy (speci�c to the application) [Oberkampf and Trucano, 2002]. The velocity
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measurements shown in Figure 1.3 were later compared to CFD predicted velocity of the HyMETS

arcjet [Inman et al., 2013, Bathel et al., 2012]. This allowed for the error of the CFD model to be

quanti�ed, with respect to the velocity �eld. However, accurate and robust (i.e. can be used reliably

in future experiments) quantitative analysis of imaging diagnostics must be proven �rst. First, the

quantitative imaging technique is validated in a simple experiment where the �ow properties are

known. Once these analysis methods are validated, they can be used to investigate more complex

�ows. The quantitative imaging technique can then be used to validate CFD results in complex

�ows.

1.4 Objectives

The objective of this work is to develop and test methods to quantitatively analyze raw Nitric

Oxide (NO) Planar-Laser Induced Fluorescence (PLIF) experimental data. Speci�cally, temper-

ature, mole fraction and heat �ux measurement techniques are developed. To assess the quality

and accuracy of the measurement techniques, results are compared against previously validated

Computational Fluid Dynamics (CFD) simulations. The temperature and heat �ux measurement

techniques are developed to investigate the thermal boundary layer for applications to hypersonic

vehicle design. The mole fraction measurement technique is developed to validate diffusion mod-

elling in the CFD simulations. The main objective is to develop methods that are robust enough

to analyze more complex, high-speed �ows. Finally, the present work aims to determine exper-

imental design recommendations that must be considered for experiments intending to perform

quantitative PLIF thermometry, or mole fraction and heat �ux measurements.
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Chapter 2

LITERATURE REVIEW

In 1917, Albert Einstein laid the foundations for the development of the laser in his paper Zur

Quantentheorie der Strahlung [Einstein, 1917]. After this discovery, research groups began to in-

vestigate the feasibility of lasers and masers. These devices were mainly investigated by Charles H.

Townes and Arthur L. Schawlow [Gordon et al., 1955, Schawlow and Townes, 1958]. It took over

40 years to develop the �rst laser, demonstrated in 1960 by Theodore Harold Maiman [Maiman,

1960]. This discovery marked the beginning of laser-based research. Laser-induced �uorescence

did not appear until Richard N. Zare constructed the �rst laser-induced �uorescence experiment at

the University of Colorado, consisting of a cylinder �lled with gaseous potassium dimer molecules

[Tango et al., 1968]. The high-energy states observed in this experiment were a breakthrough in

physics, and was the beginning of the development of the LIF imaging technique [Tango et al.,

1968].

This chapter will review the literature on PLIF imaging, beginning with how it was initially uti-

lized. After, the review will focus on PLIF experiments in high-speed �ows, both for visualization

and quantitative measurement purposes. Finally, a speci�c review of the literature is done on three

quantitative PLIF measurements: 1) temperature, 2) mole fraction and 3) heat �ux. These are the

properties measured in the present work. These properties are important for heat shield design and

validation of CFD diffusion models [Danehy et al., 2009a, Arisman et al., 2015].

2.1 PLIF Overview

LIF imaging was improved to include more spatial information of the �uid being imaged. This

was done by creating a laser plane using sheet-forming optics, instead of a single laser beam. In

this way, spatial non-uniformity in the LIF signal can be observed in two dimensions. The cover
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of the research journal Applied Optics in 1982 showed one of the �rst PLIF images generated by

Kychakoff et al. [1982] at Stanford University in 1982, shown in Figure 2.1. This experiment

involved PLIF imaging of OH in methane/air �ames.

Other groups such as Dyer and Crosley [1984], Allen et al. [1986], Seitzman et al. [1985],

and Kyachakoff et al. [1984] all used some form of PLIF to investigate stationary �ames in the

1980s. Dyer and Crosley [1984] focused on visualization of the �ame using the naturally-occurring

radical OH. The image received by their analysis showed the population of the ground state OH

concentration throughout different regions of the �ame. This work was one of the �rst attempts at

quantitative PLIF imaging. Images of their �ndings are shown in Figure 2.2.

Allen et al. [1986] used PLIF to excite CH and C2 radicals in a hydrocarbon-air �ame. Using

PLIF, they were able to determine the position of the reaction zone in the �ame. Seitzman et al.

[1985] used a seeded tracer species to �nd instantaneous temperature �elds in combustion �ows.

By using a single laser pulse and a known seeded mole fraction of NO, the group was able to

instantaneously measure temperature throughout the combustion �ow. Kyachakoff et al. [1984]

used OH-PLIF to visualize transition to turbulence in �ame-fronts.

PLIF was later utilized to analyze other problems both in combustion and �uid dynamics.

These areas included �ow mixing visualization, laminar to turbulent transition, and high speed

�ows.

2.2 PLIF Visualization in High-Speed Flows

PLIF has been used in many applications to visualize complex �ow structures in high-speed wind

tunnels. The literature includes examples such as Johansen et al. [2012] who used NO-PLIF to in-

vestigate the �ow behind reaction control system jets on the mars science laboratory capsule. This

included 3D visualizations reconstructed from 2D images of the �ow using PLIF. Danehy et al.

[2009a] used NO-PLIF to investigate the �ow �eld behind two different nozzle con�gurations on

the Mars Science Laboratory (MSL) RCS jets in a Mach 10 �ow. Johansen et al. [2014] used OH-
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Figure 2.1: Cover of Applied Optics from September 15, 1982.
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Figure 2.2: OH-PLIF images, reproduced from Dyer and Crosley [1984]
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PLIF to visualize combustion in a supersonic ramjet engine model. Streamwise 2D images were

obtained using PLIF, showing the turbulent �ame structure of the combustion reaction. McRae

et al. [2015] later used these images to analyze the turbulent supersonic combustion occurring in

the supersonic ramjet. Cantu et al. [2016] investigated a similar experiment using OH-PLIF in a

supersonic ramjet. Combs et al. [2014] investigated heat shield ablation using Naphthalene PLIF

on a model of the NASA Orion Multipurpose crew vehicle in a Mach 5 �ow. By using PLIF, this

group visualized the transport of ablation products (e.g. PICA, Silicon Carbide, among others)

through the boundary layer into the free-stream.

These qualitative PLIF measurements increased the understanding of high-speed �ows for the

purposes of hypersonic vehicle design. High-quality visualization can be used to establish some

�uid properties (e.g., laminar vs. turbulent �ow) and locations of �ow features (e.g., shockwaves).

This information is valuable in modern aerospace studies.

2.3 Quantitative PLIF Measurement Techniques

PLIF can also be used to quantitatively measure �ow properties. These include temperature, ve-

locity, pressure, mole fraction, density and heat �ux (e.g. Palma et al. [1998], Inman et al. [2013],

Danehy et al. [2006], Shi et al. [2010]). The following sections evaluate the current techniques for

temperature, mole fraction and heat �ux measurements. The literature reviewed focuses on PLIF

experiments in high-speed �ows, similar to the current work.

2.3.1 PLIF Thermometry Techniques

Initial PLIF thermometry techniques focused on clever experimental design. For example, �uo-

rescence equation of many tracer species can be simpli�ed if values such as pressure and tracer

species concentration can be controlled. As mentioned earlier, Seitzman et al. [1985] used a �ow

with constant NO mole fraction in order to simplify the temperature measurement. His method

included a calibration to the maximum known temperature in the �ame, and calculating the rela-
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tive change in Boltzmann fraction from that reference point. When a reference point is not known,

usually a method called two-line thermometry is performed Palma [1999]. In this method, two

separate transitions are excited and their relative intensity is dependent on temperature. Publi-

cations such as Hanson et al. [1990], Giezendanner-Thoben et al. [2005], Nygren et al. [2001],

Bessler et al. [2001], McMillin et al. [1993], Palma et al. [1998], O’Byrne et al. [2002], Ruyten

et al. [1998] all proposed or used forms of two-line or multi-line thermometry. An example of this

concept is shown in Figure 2.3, where two-line thermometry is applied to a hypersonic �ow over

a cylinder [Palma, 1999]. The inset graph shows the pro�le intensity of different transitions, and

how their relative intensities change over the bow shock. It is possible to extract temperature from

the relative intensity of two of these transitions. In Palma [1999], he used the J�=18.5 and J�=27.5

transitions (where the J� value indicates the rotational energy level) to generate the temperature

map in Figure 2.3.

A step further than this method is to use multiple excitation lines. Ruyten et al. [1998] used

a two-run, three-line, excitation strategy in order to increase the sensitivity of the measurement.

Their results were reported in a shock tunnel, in which they achieved a con�dence of � 65 K on

a 468 K temperature measurement. V. Naik et al. [2009] used a more complex method, using a

�uorescence model to �t for the temperature of a LIF spectra. This group used a model depen-

dent mainly on the Boltzmann fraction of the spectra, and did not include temperature-dependent

Doppler broadening V. Naik et al. [2009]. Their �uorescence model best-�t for temperature is

shown below in Figure 2.4.

There are many other examples of PLIF-based temperature measurement techniques. For ex-

ample, the vibrational temperature can be determined by exciting vibrational modes instead of

rotational modes, then �tting the resulting data with a Boltzmann plot (a plot that linearly relates vi-

brational energy levels to temperature) in [Palma, 1999, Biloiu et al., 2006]. Also, the vibrationally

excited nitric oxide monitoring (VENOM) technique has been used in studies to determine both

temperature and velocity simultaneously [Pan et al., 2016, S·anchez-Gonz·alez et al., 2012]. This

11



Figure 2.3: PLIF images of the �ow over a cylinder. Images (a), (b) and (c) are �uorescence
signals produced by exciting the J�00 =18.5, 27.5 and 38.5 transitions, respectively. Image (d)
is the temperature map. The inset shows horizontal cross sections through the stagnation region.
Reproduced from Palma [1999]

.
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Figure 2.4: Spectra �t of the J�=5 transition pair in the NO tracer molecule. Reproduced from
V. Naik et al. [2009]

method is advantageous in its results (multi-dimensional, multi-property, time resolved measure-

ments) however requires two separate lasers. This causes problems in high-Mach number facilities

that do not have the optical access for two perpendicular lasers and multiple camera views [Pan

et al., 2016].

2.3.2 PLIF Mole Fraction Measurement Techniques

Most PLIF mole fraction measurements depend on using a calibration measurement prior to the

experiment. By empirically calibrating the PLIF signal to the known mole fraction, that developed

empirical formula can be then applied to the main experiment [Thurber and Hanson, 2001, Reid

et al., 2013, Fox et al., 2001]. These studies all used calibration points, while choosing excitation

transitions that minimize temperature or pressure dependencies. For example, Fox et al. [2001]

used multiple transition lines that cancel out their temperature dependencies. Therefore, for the

temperature range that is expected in their application (fuel injector into supersonic �ow), the
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PLIF signal is not sensitive to temperature. The results of the measurements are shown in Figure

2.5.

Many groups have measured mole fraction along with other properties of the �uid in experi-

ments using only PLIF. Rothamer et al. [2010] used OH-PLIF to quantify concentration of com-

bustion products as well as temperature �elds in an internal combustion engine. Thurber and

Hanson [2001] used a dual-wavelength PLIF set-up to determine mixture fraction and temperature

measurements simultaneously. This method uses the two-line thermometry technique to take into

account temperature dependencies in the acetone PLIF signal.

Some groups have achieved multi-species mole fraction measurements. Battles & Hanson

measured NO and OH mole fraction in a methane �ame [Battles and Hanson, 1995]. Other groups

have combined the PLIF technique with other quantitative imaging techniques to determine addi-

tional measurements. Cheng et al. [1992] used PLIF and Raman scattering techniques to measure

oxygen, nitric oxide, nitrogen and water mole fractions in a �ame. Degardin et al. [2006] used ace-

tone PLIF combined with Rayleigh scattering measurements to determine temperature and mole

fraction �elds.

2.3.3 PLIF Heat Flux Measurement Techniques

Two groups have used temperature and velocity �elds to determine heat �ux through surfaces in

their experiments [Jaworski and Piccolo, 2012, Shi et al., 2010]. Vaidyanathan and Segal [2007]

approached the problem differently, and correlated the heat �ux directly to OH-PLIF signal �ux.

This approach is signi�cantly different, as this was a direct method to measure heat �ux using

�uorescence. The attempts by [Jaworski and Piccolo, 2012, Shi et al., 2010] required PLIF to �rst

measure temperature and/or velocity, and then use those variable �elds to measure heat �ux. In

general, PLIF imaging of heat �ux through surfaces has not been thoroughly investigated in the

literature.
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Figure 2.5: Fuel mole fraction outside a fuel injector for a supersonic ramjet. Reproduced from
Fox et al. [2001]

.
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Chapter 3

FLUORESCENCE MODELLING

In this chapter, the physics involved in PLIF imaging is reviewed. Each term in the main �uores-

cence equation pertinent to the current work is de�ned and explained.

3.1 Two-Level Model for LIF

The two-level model is a simpli�ed physical explanation for NO �uorescence Palma [1999]. It

describes the NO transitions that occur when the molecule interacts with photons of speci�c ener-

gies.

In this simpli�ed model, all NO molecules are in the ground state. As well, a second excited

state exists such that the energy difference between the two levels equals h n , which is Plancks

constant multiplied by a speci�c frequency. If a photon incident on the molecule is of the same

energy as the difference between the excited and ground states, the photon has a possibility of being

absorbed. The result is that a portion of the ground state population is elevated to the higher energy

state. The population in the higher energy state returns to the ground state through radiation [Palma,

1999, Di Rosa, 1996, Engleman, 1970]. The radiation emitted by the NO species is �uorescence

radiation, which is observed in PLIF experiments. This radiation is the signal that is measured by

a camera system.

3.2 Fluorescence Equation

The governing equation of the two-level model for NO �uorescence is shown in Equation 3.1:

S f =
1

1 + s
cNT B12FBIGFtdetV

W
4p

h (3.1)
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where s, c , NT , B12, FB, I, G, F, tdet , V , W, h represent the saturation parameter, �uorescence

species mole fraction, total population of molecules per unit volume, Einstein B absorption coef�-

cient, Boltzmann fraction, laser irradiance, spectral overlap integral, �uorescence yield, detection

time of the detector/camera, volume probed by the laser, detection solid angle, and the detector ef-

�ciency of the camera being used, respectively [Palma, 1999, Reisel et al., 1992, Engleman, 1970].

This model is derived from the steady rate equations based on a two-level energy representation of

�uorescence. The following sections detail the terms that will be manipulated in this study. The re-

maining terms can either be estimated or are not required for the measurement methods presented.

The variables not required do not need to be exactly calculated by using speci�c measurement

techniques that are outlined in the following sections.

3.3 NT - Population of Absorbers

This term represents the number of �uorescence molecules per unit volume. This is obtained by

using the Boltzmann form of the ideal gas law:

PV = NoKBT (3.2)

where No is the number of absorbers, T is the temperature (K), P is the pressure (Pa), KB is the

Boltzmann constant, and the volume V . From this we rearrange to obtain the number of molecules

per unit volume No=V :

NT =
No

V
=

P
KBT

(3.3)

3.4 B12 - Einstein B Absorption Coef�cient

The Einstein B12 absorption coef�cient represents the probability of an incident photon being

absorbed by the �uorescence molecule. These values are speci�c to each transition in the NO
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molecule. In the current work, they were taken from Reisel et al. [1992] for use in the quantitative

measurement techniques.

3.5 G - Spectral Overlap Integral

The spectral integral term represents the overlap between the laser lineshape function (laser dis-

tribution in frequency space, centred on the laser frequency) and the absorption Voigt function

(absorption distribution in frequency space, centred on the transition frequency of the desired tran-

sition line). Ideally, these pro�les would be delta functions, exchanging the exact laser energy per

second of illumination with electrons in the targeted energy level [Palma, 1999, Di Rosa, 1996].

The laser lineshape function is dependent on the quality of the laser. Some lasers may be approx-

imated as perfect, single frequency lasers if the deviation is negligibly small as compared to the

width of the Voigt absorption pro�le. The Voigt pro�le can be broadened due to natural, collisional

and Doppler effects. Due to this, the laser and absorption pro�les cannot always be assumed to be

Delta functions Palma [1999], Di Rosa [1996].

3.5.1 Natural Broadening

Previously the two-level �uorescence model was described. However, the energies of these levels

are uncertain, as described by the Heisenberg uncertainty principle:

DEDt �
hp

2p
(3.4)

where DE is the energy difference in the transition, Dt is the �uorescence lifetime, and hp is

Planck’s constant. Replacing DE with its equivalent hDn we can rearrange Equation 3.4 to read

Dn �
1

2pDt
(3.5)

where Dnu is the difference in frequency between the lower and upper states. The above equation

represents the natural broadening width.
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3.5.2 Collision Broadening & Shift

Collisional broadening is a homogeneous broadening mechanism. This means all absorbers are

affected equally, due to the absorbers themselves being indistinguishable. The absorption pro�le

is broadened due to colliding particles which interfere with regular absorption and emission of

�uorescence radiation. The Lorentzian pro�le is widely accepted as the lineshape of collision

broadening, shown below. Di Rosa gives a complete review of the classical & semiclassical aspects

in Chapter 3 of his thesis [Di Rosa, 1996].

FC(n) =
DC=4p2

(n�no +Dcs)2 +(DC=4p)2 (3.6)

The width of this Lorentzian pro�le, Dc, is the collisional broadening term. This term can be

determined using the following empirical formula from Di Rosa [1996]:

Dc = På
i

2cgTo(
To

T
)m (3.7)

where m is an experimentally measured exponent, To is a reference temperature, T is the tempera-

ture, g is the FWHM collision width per unit pressure, a d P is pressure. There is also an induced

shift in centre frequency of the transition, which is known as collisional shift. This term can be

determined using the following empirical formula from Di Rosa [1996]:

Dcs = På
i

cd To(
To

T
)n (3.8)

where d is the collision shift per unit pressure, and n is an experimentally measured exponent.

3.5.3 Doppler Broadening & Shift

The Doppler effect is the changing of observed frequency due to the relative velocity of an observer

in a certain reference frame to a wave travelling in a different reference frame. Doppler broaden-

ing is an inhomogeneous broadening mechanism. This means each atom or molecule is affected

differently due to its individual characteristics (in this case, velocity). In a system of particles like
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the one being modelled, the distribution of velocities follows a Maxwell-Boltzmann speed distri-

bution. Therefore, there will be many combinations of velocity and frequency that the �uorescence

species can absorb to undergo the desired transition. Assuming that the velocities of the particles

are non-relativistic, we can express their transition frequency as follows:

n = no(1�
v
c
) (3.9)

where n is the Doppler shifted frequency for a single atom, no is the original desired transition

frequency, c is the speed of light, and v is the velocity of the absorber.

The Maxwell-Boltzmann speed distribution is of the form

fb(E) = Ae�
E

KBT (3.10)

where E is the kinetic energy, and A is an integration constant. The kinetic energy of a free particle

is given by 1
2mv2. Making this substitution yields:

fb(E) = Ae�
mv2

2KBT (3.11)

This distribution must be normalized by determining A, resulting in Equation 3.12. The proce-

dure for this derivation can be found in Palma [1999].

fb(n) =
r

m
2KBTp

e
�mc2(n�no)2

2n2o KBT (3.12)

The standard deviation s is de�ned in equation 3.13 as:

s =
no

c

r
KBT

m
(3.13)

The Full-Width Half-Maximum (FWHM), which is known as the Doppler broadening width DD,

is de�ned as:

DD = 2
p

2ln(2)s (3.14)
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DD =
2no

c

r
2ln(2)KBT

m
(3.15)

The centre frequency can also be shifted due to the Doppler effect. The equation representing

this shift is given by 3.16:

dD =
noV

c
(3.16)

3.5.4 Convolution

The homogeneous and inhomogeneous broadening sources must be combined into a single line-

shape. These scattering processes, if independent, can be convolved, resulting in the Voigt function

(convolution of a Gaussian with a Lorentzian):

Y (n) =
2a

pDD

r
ln2
p

Z ¥

�¥

ey2

a2 +(x� y)2 dy (3.17)

where

a =
p

ln2
DC
DD

(3.18)

x = 2
p

ln2
(n�no)

DD
(3.19)

The Voigt integral cannot be calculated analytically, and needs numerical methods to resolve.

Therefore, methods to simplify this expression effectively are valuable.

3.5.5 Triple Gaussian Approximation

In the literature, an approximation to the Voigt pro�le has successfully been applied to other NO-

PLIF experiments in order to gain an analytical solution. Instead of Lorentzian broadening mech-

anisms, all mechanisms are approximated as having a Gaussian lineshape [Ivey et al., 2011]. This

21



approximation is valid at low pressure. This is known as the triple Gaussian approximation:

G =

s
4ln(2)

p[D2
D +D2

L]
exp

�
�4ln(2)

[(n�no)]2

D2
D +D2

L

�
(3.20)

where n is the laser wavenumber, and no is the center transition wavenumber. This includes the

width of the laser as well. By integrating the resulting function in equation 3.20, G can be solved

analytically.

3.6 F - Fluorescence Yield

Collisions between absorbers and other species can result in non-radiative transitions within the

absorber. For example, an excited absorber can drop energy levels from collision interactions with

other molecules. That lack of radiation release causes a quenching effect, where the theoretical

radiation expected to be emitted is not reached [Palma, 1999, Di Rosa, 1996]. This term is called

the �uorescence yield, as it is the expected amount of radiation divided by the amount of collisional

re-distribution of energy.

F =
Ae

Ae + Qc
(3.21)

Here, A is the Einstein A coef�cent and Qc is the collisional quenching term. The quenching term

can be represented as a superposition of the quenching factors from each species. For each species,

the quenching effect is proportional to the total density of all species (N), the mole fraction of that

species (c), the average velocity (v), and the quenching cross section (s ). This can be represented

as a sum of all involved species i:

Qc = N å
i

(cvs)i (3.22)
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This equation can be more explicitly de�ned using theory outlined by Palma [1999]:

Qc = N
r

8KBT
pma

å
i

cisi
1
mi

ma+mi

(3.23)

where ma is the mass of the absorber species, and mi is the mass of species i in the �ow. Quench-

ing cross sections s are experimentally determined by estimating the coef�cients in the equation

shown below Palma [1999].

sNO = c0 + c1e�c2(Tre f =T ) + c3e�c4(Tre f =T ) (3.24)

3.7 FB - Boltzmann Fraction

The Boltzmann fraction term represents the fraction of molecules that have been excited to a higher

energy state due to the absorption of incoming radiation [Di Rosa, 1996]. The energy levels of the

NO molecule are primarily characterized by two quantum numbers (J� rotational and v� vibra-

tional) [Palma, 1999]. In the current work, the speci�c NO transitions that are targeted in this

model are populated in the Gamma band. More speci�cally, transitions are observed from the

NO�c2P state, to the NO�A2S state. Equations 3.25 to 3.27 show the Boltzmann factor Fb, Par-

tition function Z, and the Boltzmann fraction FB. The Boltzmann factor indicates the energy par-

titioned in energy level J�. The Partition function indicates the total energy of the atom/molecule

held in all energy levels. The Boltzmann fraction is the ratio of energy held in a speci�c energy

level, to the total energy available.

Fb = (2J� + 1)exp

"

�
1

KB

� g(v�)
Tvib

+
f (J�;v�)

Trot

�
#

(3.25)

Z = 2
7

å
v�=0

2

å
i=1

90:5

å
J�=0:5

(2J� + 1)exp

"

�
1

KB

� g(v�)
Tvib

+
f (J�;v�)

Trot

�
#

(3.26)

23



FB =
Fb
Z

(3.27)

The functions g and f are speci�c to the vibrational and rotational energy levels, respectively

[Palma, 1999, Di Rosa, 1996]. In the current work, the only populated vibrational level is v� = 0.

It is also assumed that the rotational (Trot) and vibrational (Tvib) temperatures are in equilibrium.

3.8 s - Saturation

Saturation is an effect that occurs when NO present in the �uid is exposed to a high-intensity

laser. The ground state can be depleted under high irradiance, particularly in low density condi-

tions where the mechanisms for re-�lling the depleted levels are slow (collisional energy transfer)

[Palma, 1999]. The term s represents the saturation effect, and is dependent on laser intensity and

the NO transition’s spectroscopic parameters. A de�nition is given in the literature to calculate an

approximate value of s [Palma, 1999]:

s =
I(B12 + B21)

Ae + Qc
(3.28)

where Ae, B21 and Qc are the Einstein A coef�cient, Einstein emission B21 coef�cient, and collision

quenching term, respectively. Saturation also affects the width of the transition. The relationship

between the saturated width gs and the saturation parameter s is given below [Demtroder, 2008]:

gs = gus
p

1 + s (3.29)

where gus is the unsaturated transition width. Figure 3.1 shows the saturation effect on two sep-

arate transitions at three different laser energies. This was generated using the NO �uorescence

modelling in the previous sections, combined with saturation modelling. Due to the differences

between the B12 coef�cient of each transition, saturation affects each transition differently at each

laser energy. Therefore, depending on the laser energy, the relative amplitudes and widths of the
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transitions change signi�cantly. This can affect quantitative measurements that are reliant on these

properties of the �uorescence spectra (such as thermometry).

Figure 3.1: Effect of laser energy on saturation

3.9 Laser Absorption

Radiation absorption by NO is governed by Beer’s Law, which indicates the intensity of the radi-

ation decreases exponentially as the radiation propagates the through NO cloud [Melton and Lipp,

2003]. As well, due to each transition having a different Einstein B12 coef�cient, each frequency

is absorbed at a different rate [Reisel et al., 1992, Palma, 1999, Di Rosa, 1996]. Also, the absorp-

tion term is dependent on the species mole fraction pro�le in the direction of laser propagation.

However, the amount of absorption can change due to saturation effects occurring from high laser

energy. Due to the many factors that affect absorption, it is a dif�cult term to quantify Palma

[1999].
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Chapter 4

EXPERIMENTAL SETUP

This chapter will outline the different aspects of the experimental facility, the experimental design,

and how the PLIF data was acquired.

4.1 31-in Mach 10 Facility

NO PLIF measurements were obtained for the boundary layer �ow over a 10 degree half-angle

wedge in the NASA Langley 31 in. Mach 10 facility. The test section has a square cross-section,

with a side-length of 31 inches. Previous studies in this facility have focused on PLIF visualization

and molecular tagging velocimetry (MTV) of the same �ow Inman et al. [2013]. The facility has

been characterized in the past by Hollis [1996] to determine real gas �ow properties in the test

section. A rendered image of the facility is shown in Figure 4.1.

4.2 Wedge Model

In the current study a 10 degree half-angle wedge was oriented in the wind tunnel with the top

surface at a 5 degree angle of attack with respect to the oncoming �ow. The wedge was positioned

in the �ow using a sting (see Fig. 4.2). The hypersonic �ow causes an oblique shock to form at

the leading edge, followed immediately by the development of laminar hydrodynamic and thermal

boundary layers. The NO ejection slot marks the beginning of the NO concentration boundary

layer, extending the remaining length of the surface. A detailed summary of this set up is shown

in Figure 4.3, accompanied by the �ow conditions in Table 4.1.
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Figure 4.1: Rendered image of the 31-in Mach 10 Facility. Reproduced from Arisman et. al.
Arisman et al. [2015]

Figure 4.2: Wedge model schematic showing gas seeding. Reproduced from Danehy et al. [2009b].
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Figure 4.3: Experimental set up of a 10 degree half-angle wedge in the NASA Langley 31 in.

Mach 10 air tunnel.

Table 4.1: Computed experimental �ow conditions used in the NASA Langley 31-inch air tunnel

facility
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4.3 Laser and Camera Setup

The laser sheet was oriented in the x�y plane. The laser was pulsed at a frequency of 10 Hz, with a

pulse time of approximately 9 ns. Although a LayerTec �lter was used to block the laser frequency,

scatter is observed at the wedge surface in the PLIF images. A 12-bit UV sensitive intensi�ed CCD

camera (PCO DiCam Pro) was oriented perpendicular to the laser sheet outside of the facility. The

laser used was tuned to a wavelength of 226.222nm (44204.37 cm�1) and was scanned spectrally

over 75 seconds to 226.232nm (44202.31 cm�1). The step size between pulses was 0.000016 nm

(0.0033 cm�1). 629 images were obtained, each 512 x 512 pixels. The resolution of the pixels was

0.104 and 0.106 mm/pixel in the x and y directions, respectively.

4.4 Transition Information

Three pairs of transitions exist in the spectral range scanned by the laser. The relevant transitions

are: Q1(J�=6.5), QP21(J�=6.5), R1(J�=0.5), RQ21(J�=0.5), Q2(J�=17.5), QR12(J�=17.5). Each �u-

orescence transition has a different sensitivity to temperature due to their varied J� values. The

different J� values impact the Boltzmann fraction (FB) term in Equation 3.1, which is also a tem-

perature dependent term. However, there are only three distinct excitation lines in the experimental

data, as three pairs of transitions have very similar excitation frequencies, resulting in their transi-

tions being overlapped. These will be referred to as transition pairs, and are illustrated in Figure

4.4. Each transition pair has the same rotational quantum number J�. By choosing more than one

transition pair, the relative amplitudes can be used to determine temperature. These amplitudes are

mainly governed by temperature, the Boltzmann fraction FB, and Einstein absorption coef�cient

B12 terms. Ideally the wavelength scan would extend farther to include more �uorescence transi-

tions. However, limitations in run time of the 31 in. Mach 10 air tunnel restricted the number of

transitions available, resulting in three transition pairs being chosen. The properties of each indi-

vidual transition are outlined in Table 4.2. For the J� = 0:5 transition pair, Einstein B12 coef�cients

were found in a previous code by Palma [1999], but cannot be found elsewhere in the literature.
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Figure 4.4: Transitions excited in the NO-PLIF experiment (T=450 K, P=230 Pa)

Table 4.2: Table of constants for the targeted transitions in the experiment

The program ImageJ was used to visualize and sample the experimental data. Dot card mea-

surements were used to de-warp the images in ImageJ and determine the resolution in pixels/mm.

The physical size of one pixel was 0.011 mm2. In order to increase the signal-to-noise ratio, and

minimize losses in spatial resolution, the image was binned in 3x3 pixels. The wall temperature
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was estimated using a thermocouple taped to the hollow interior of the steel wedge model. The

wall temperature increased linearly over the run from 307 K to 321 K. The effect of unsteady wall

temperatures on the ratio thermometry techniques was partially corrected for by normalizing the

temperature to the middle transition pair (J� = 0:5).
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Chapter 5

COMPUTATIONAL FLUID DYNAMICS

CFD simulation results are used as a means for comparison to the quantitative measurements ob-

tained in the present work. These simulations were completed by a previous student, Chris Aris-

man, and have been published in the literature [Arisman et al., 2015, Arisman, 2014]. The simu-

lation data used in this work were obtained from simulations performed in previous work. A brief

summary of the simulation details is provided here. Full simulation details can be found in the

original work [Arisman et al., 2015, Arisman, 2014]. The temperature �eld from these CFD sim-

ulations is assumed to be accurate due to the laminar nature of the boundary layer. Also, previous

velocimetry has validated the CFD velocity �eld. However, the accuracy of the CFD mole fraction

�eld is unknown, due to diffusion modelling that has not been validated.

The simulations were performed for the �ow around a 10 degree half-angle wedge in the NASA

31 inch Mach 10 facility at the conditions shown in Table 4.2.

5.1 OpenFOAM Solver

Simulations were all performed using the open-source software, OpenFOAM. Speci�cally, the

compressible �ow solver rhoCentralFOAM was used. rhoCentralFOAM is a density based solver

of the compressible Navier-Stokes equations. rhoCentralFOAM uses the �ux scheme of Kurganov

et al. [2000], which provides high-order, non-oscillatory results near �ow discontinuities such as

shock waves.In the current work, a Mach 10 oblique shock forms at the leading edge of the wedge

model. rhoCentralFOAM has been extensively veri�ed and validated in the literature. Speci�cally,

it has shown agreement with experiments [Hinman and Johansen, 2015, 2016, 2017], popular

commercial solvers [Arisman et al., 2015, Arisman, 2014], and reduced order solvers [Hinman

and Johansen, 2016]. rhoCentralFOAM does not natively support multi-species �ows or chemical
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reactions. Therefore, these capabilities were added to the software by the authors of the previously

mentioned works.

5.2 2-Dimensional Computational Grid and Boundary Conditions

The simulations of the experiment (cited in this study) were performed in two dimensions (2D)

on a hex-dominant grid generated using the built-in meshing utility blockMesh. The �ow was

simulated assuming a laminar �ow (no turbulence modeling) as the plate Reynolds number of the

experiment was 3:4x105. Because of the low temperature and high speeds in the Mach 10 tunnel,

thermophysical properties were modeled in CFD using modi�ed NASA polynomials for enthalpy

and heat capacity, and a custom low temperature viscosity law [Hollis, 1996]. The seed gas was

injected from a 2D slot in the simulation.

5.3 Veri�cation and Validation

Simulations were performed with and without NO chemistry effects and it was observed that the

NO chemistry did not have a signi�cant impact on the results. As well, the effect of high Knudsen

number leading edge effects were examined and found to be negligible. A detailed grid sensitivity

study was performed and showed a negligible impact of further grid re�nement on the accuracy

of the results. Surface pressure data and molecular tagging velocimetry (MTV) were used in the

experiment and compared to CFD. The CFD results agreed well for both measurements Bathel

et al. [2012].

5.4 Flow Field

The CFD results are shown in Figures 5.1, 5.2 and 5.3. The results shown in these �gures corre-

spond to the imaging region, with the axes being de�ned by Figure 4.3. Because of the rigorous

examination of the CFD results in previous work, including comparison to experiment, there is a
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Figure 5.1: Temperature distribution from OpenFOAM in the imaging region

Figure 5.2: Velocity distribution from OpenFOAM in the imaging region

high con�dence in the accuracy of the CFD results Bathel et al. [2012]. Because of this con�dence

in the results, they are used in the present work as a bench mark to examine the accuracy of the

developed quantitative PLIF methods. The one exception is the mole fraction �eld, as the diffusion

model used is not validated.
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Figure 5.3: NO mole fraction distribution from OpenFOAM in the imaging region
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Chapter 6

THERMOMETRY METHODS

A program developed in MATLAB was used to �t the experimental data for speci�c temperatures

using 5 �tting methods. These �tting methods were composed of 3 thermometry methods partially

combined with 2 laser-saturation models. Each thermometry method was designed with different

levels of physics, and to target different features of the �uorescence signal. Both the relative

magnitudes and widths of the transitions were used in these methods due to their dependence

on temperature [Di Rosa, 1996, Palma, 1999]. As well, saturation effects were estimated in two

different methods. Each method uses a Non-Linear Least Squares (NLLS) regression to minimize

the sum of the squared residuals for the target �t, which in turn, maximizes the R2 statistic. In every

method, the Gaussian approximation is implemented to replace the spectral overlap integral. In the

Gaussian approximation, collision effects (broadening and shift) are assumed to be negligible due

to the low pressure environment in the facility (60-250 Pa). In total, 5 separate temperature �tting

methods are presented. Table 4.2 details an indexing system that will be used when describing

each thermometry method. In this table, k represents the index of the speci�c transition (ie. Q1).

In all of the �tting methods, n is the independent variable. For the �rst three methods (FSFM,

SPM, DBM) saturation effects are neglected (s = 0). As well, a translation factor ds is used to

account for any inaccuracies in the center frequency no of each transition. These shifts occur from

having slight differences in transition centers between air and vacuum environments.

6.1 Methods for Temperature Measurement

6.1.1 Full Spectra Fit Method (FSFM)

The Full Spectra Fit Method (FSFM) accounts for the temperature dependencies in the width and

relative amplitude of the transition pro�le [Di Rosa, 1996, Palma, 1999]. The non-temperature

36



dependent terms in the �uorescence equation are included in the scaling constant WA.

WA = cNT I
F
Z

tdetV
W
4p

h (6.1)

The temperature dependency in the width and relative amplitudes is due to Doppler broadening

DD, and the Boltzmann factor Fb, respectively. In FSFM thermometry, the relative amplitudes and

widths are �t for temperature, while overall amplitude and the translation factor are left as free

parameters. The resulting equation for �tting the �uorescence signal is:

SFSFM(T;k) =
WAB12(k)Fb(T;k)
q

DD(T )2 +D2
L

e
�4ln(2)(n�no(k)�ds)

DD(T )2+D2
L (6.2)

The above equation for all six transitions is summed together to give:

SFSFM(T ) =
6

å
k=1

SFSFM(T;k) (6.3)

Therefore, the �t parameters for FSFM when performing the NLLS regression are T , WA, and ds.

6.1.2 Spectral Peak Method (SPM)

The SPM accounts for temperature dependencies in the relative amplitudes of each transition pair

[Di Rosa, 1996, Palma, 1999]. The temperature dependence in the relative amplitudes is due to

the Boltzmann factor of each transition. The widths of the Gaussian function are �t as a free

parameter with no temperature dependence. In SPM thermometry, the relative amplitudes are �t

for temperature, while the widths, overall amplitude and translation factor terms are left as free

parameters. The resulting equation for �tting the �uorescence signal is:

SSPM(k) = WAB12(k)Fb(k)e
�4ln(2)(n�no(k)�ds)

D2
W (6.4)

The above equation for all six transitions is summed together to give:

SSPM =
6

å
k=1

SSPM(k) (6.5)
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Therefore, the �t parameters for SPM when performing the NLLS regression are T , DW , WA, and

ds.

6.1.3 Doppler Broadening Method (DBM)

DBM accounts for the temperature dependence in the width of the transitions [Di Rosa, 1996,

Palma, 1999]. The scaling constant WB for each transition takes into account all other non-

temperature dependent �uorescence terms, shown below:

WB = cNT IFB12
Fb
Z

tdetV
W
4p

h (6.6)

The temperature dependence in the widths is due to Doppler broadening. The amplitude of each

transition pair is to be �t as a free parameter with no temperature dependence. In DBM thermom-

etry, the widths are �t for temperature, while the overall amplitudes of each transition pair and

translation factor terms are left as free parameters.

SDBM(k) = WB(k)e
�4ln(2)(n�no(k)�ds)

D2
D+D2

L (6.7)

The above equation for all six transitions is summed together to give:

SDBM =
6

å
k=1

SDBM(k) (6.8)

The �t parameters for DBM when performing the NLLS regression are T , WB(k), and ds.

6.2 Methods for Laser-Saturation Correction

There are many factors that make a correction for laser saturation challenging. First, the spatial

laser pro�le is not known. The full-width-half-maximum (FWHM) value was measured to be 0.5

mm. The laser sheet was estimated to be 75 mm wide. Second, shot-to-shot (differences between

laser pulses) variability and drift in the laser energy results in large uncertainty into the estimation

of laser irradiance. The laser energy was estimated to be 1:5�0:5 mJ/pulse. Finally, the spectral
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distribution of the laser is not known. A wavemeter has measured the laser line width of 0.14 cm�1.

As a result of these uncertainties, an exact saturation correction, as suggested by previous works

cannot be used [Di Rosa, 1996, Palma, 1999]. Due to this, two approximate saturation corrections

are used.

6.2.1 Width Correction Method (WCM)

The Width Correction Method (WCM) was developed to approximate saturation by measuring

the saturated width of each transition pair. Equation 3.29 is solved for 1 + s in terms of gs and

gus, where gs is the saturated width and gus is the theoretical unsaturated width. This expression

is used to replace the saturation term 1 + s in Equation 3.1. The width of each transition pair

is measured, and is assumed to be equal to the saturated width gs. The unsaturated width is not

transition dependent, therefore each transition has the same unsaturated width. By placing these

terms into the �uorescence equation in place of 1+ s, the SPM equation can be re-derived with the

WCM included:

SPMWCM(k) =
g2

us
g2

s (k)
WAB12(k)Fb(k)e

�4ln(2)(n�no(k)�ds)
D2

W (6.9)

The unsaturated term gus is identical for each transition k, and is therefore combined with the

scaling coef�cient WA. The WCM is an estimate of the saturation term as each transition width

measured is a superposition of two widths. Therefore this method will most likely not be sensitive

to small-scale saturation changes, but will be sensitive to large scale changes. The WCM is applied

only to SPM due to the inability to calculate gus. In FSFM the unsaturated width would have to be

known to include it as a width parameter in the Gaussian �t. This saturation method is therefore

only applied to SPM, denoted SPMWCM. Equation 6.9 is summed over all six transitions to form

the �nal equation:

SPMWCM =
6

å
k=1

SPMWCM(k) (6.10)
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The �t parameters for SPMWCM when performing the NLLS regression are T , WA and ds.

6.2.2 Maximum Saturation Method (MAX)

The MAX saturation correction method describes the transitions as completely saturated. The

following adjustment to Equation 3.1 is a result of assuming s >> 1.

S f =
1

I(B12 + B21)
cNT B12FBIGAtdetV

W
4p

h (6.11)

This can be used to modify the SPM algorithm to produce SPMMAX , the completely saturated

model.

SPMMAX(k) =
WAB12(k)Fb(k)
B12(k)+ B21(k)

e
�4ln(2)(n�no(k)�ds)

D2
W (6.12)

These equations are summed together to form SPMMAX :

SPMMAX =
6

å
k=1

SPMMAX(k) (6.13)

The �t parameters for SPMMAX when performing the NLLS regression are T , WA, DW and ds. Note

that the width of SPMMAX is not corrected. It is unknown how the approximations made in the

magnitude of the �uorescence will propagate into the width term gs [Paul et al., 2015]. This will

be investigated in a future study.
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Chapter 7

MOLE FRACTION MEASUREMENT METHODS

The mole fraction can be determined in a two-step process. First, a relative mole fraction (crel)

pro�le is determined using a proportionality relation derived from the well-known LIF equation

taken from Palma [1999], shown below as Equation 7.1:

crel =
c

cwall
=

( 1
S f

1
1+sNT B12FBIGFtdetV W

4p h)wall

( 1
S f

1
1+sNT B12FBIGFtdetV W

4p h)
= C1

S f

NT FB
= C2

T S f

FB
(7.1)

The ratio in Equation 7.1 eliminates many of the parameters (B12; tdet ;V;W;andh) that are in-

sensitive to position in the �ow. Since the pressure in the boundary layer is low (230 Pa), the rate

of collisional quenching of NO is assumed to be small. The maximum variation in the �uores-

cence yield through the boundary layer was computed to be 15%. Although the overlap integral

has a temperature and pressure dependence, the laser frequency is centered on the J�=0.5 transi-

tion pair, making the term relatively insensitive to changes in the vertical direction. Calculations

of the spectral integral G using CFD variable pro�les has shown less than a 5% variation in G over

the boundary layer thickness. Both the effects of saturation and absorption are also assumed to

be negligible, thus eliminating s and I. As a result, crel can be computed by using a normalizing

constant, C1 = (FBNT
S f

)wall , which corresponds to the wall value computed at each x position. Using

the ideal gas law, and assuming a zero pressure gradient in the wall-normal direction, Equation

7.1 can be further simpli�ed using a new normalizing constant, C2 = FB
T S f wall

, which only requires

the temperature, T , and the �uorescence, S f , at the wall since FB is only a function of T . For this

analysis the J�=0.5 transition pair was chosen due to its relatively low temperature sensitivity com-

pared to the other transitions. This minimizes error propagated into the mole fraction measurement

from the previous PLIF thermometry results, by reducing the dependency of this measurement on

temperature.
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The absolute mole fraction measurement relies on incorporating the relative mole fraction pro-

�le with a scaling constant derived from conservation of mass:

�mNO =
Z d

0
rNOudy = constant (7.2)

where �mNO is the NO mass �ow rate ejected through the seeding slot, rNO is the NO species

density, u is the streamwise velocity, and d is the boundary layer thickness. This equation can be

expressed as the following:

�mNO =
Z d

0

W crelPMNO

RuT
udy = constant (7.3)

where MNO is the molar mass of NO, and Ru is the universal gas constant. A scaling factor, W ,

multiplied by the relative mole fraction pro�le, crel , is introduced to replace the absolute mole

fraction, cNO. Equation 7.3 is then re-arranged for the scaling constant, W :

W =
�mNORu

MNOP
Rd

0
crelu

T dy
(7.4)

The absolute mole fraction is obtained by multiplying the relative mole fraction pro�le by W :

cNO = W crel (7.5)

The velocity can be provided by either experimental or numerical data, or an assumed similarity

pro�le. Note that prior MTV experimental data performed on the same experimental setup is used

in the present work [Bathel et al., 2012]. While the wall-normal pressure gradient was assumed

to be negligible, the viscous interaction that occurs at the leading edge leads to a stream-wise

pressure gradient [de Luca et al., 1995]. However, the imaging region is in the �weak viscous

interaction� region of the boundary layer, resulting in a negligible stream-wise pressure pro�le

[Anderson Jr, 2006]. Therefore the pressure was assumed to be a constant 230 Pa in the boundary

layer, measured with a pressure tap in the experiment. Temperature is provided using NO-PLIF

thermometry methods described in the previous section. In the experiment, the mass �ow rate of
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NO was controlled by a mass-�ow controller (MFC) located between the NO supply bottle and

the wedge model. In situations where the mass �ow rate is not known, the scaling constant, W ,

can be computed with an alternate method. This method involves integrating Equation 7.3 for two

separate x-positions, and imposing conservation of mass on the �ow of both air and NO in the

boundary layer. This results in Equations 7.6 and 7.7, which form a simple system of equations

that can be solved for W1 and W2. These variables represent the scaling constants for x-positions 1

and 2.

Z d

0

W1crel;1P1

T1
u1dy =

Z d

0

W2crel;2P2

T2
u2dy (7.6)

Z d

0

(1�W1crel;1)P1

T1
u1dy =

Z d

0

(1�W2crel;2)P2

T2
u2dy (7.7)
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Chapter 8

HEAT FLUX MEASUREMENT METHODS

Wall heat �ux (qy) can be calculated by using the mole fraction and temperature results obtained

in the previous sections. Integration of the conservation of energy equation in the boundary layer

yields the following relation:

Z y

0
ru

¶
¶x

(h +
V 2

2
)dy +

Z y

0
rv

¶
¶y

(h +
V 2

2
)dy =�[qy]

y
0 +[tu]y0 (8.1)

where qy is solved from this relation by integrating two boundary layer pro�les of velocity and

temperature at a short distance apart (dx = 0:104 mm in this work). There are two principal meth-

ods by which this can be done. If complete and high-quality temperature and velocity boundary

layer pro�les are available, then the integration can be performed over the entire boundary layer

(from 0 to dv). In this case, it is known that at y = dv, q(y;dv) = 0 and tud = 0 and at y = 0,

tu0 = 0. Therefore, the above equation can be manipulated to give:

qy;0 =
Z dy

0
ru

¶
¶x

(h +
V 2

2
)dy +

Z dy

0
rv

¶
¶y

(h +
V 2

2
)dy (8.2)

When accurate temperature and velocity pro�les are not available out to the edge of the bound-

ary layer, the heat �ux can still be solved by integrating to the temperature maxima of the boundary

layer pro�les. In this case, since at y = yT max, q(y;yT max) = 0 and tu(yT max) = um ¶u
¶y , Equation

8.2 becomes:

qy;0 =
Z yT max

0
ru

¶
¶x

(h +
V 2

2
)dy +

Z yT max

0
rv

¶
¶y

(h +
V 2

2
)dy�m

¶uyT max

¶y
(8.3)

A velocity pro�le must be known to calculate the wall heat �ux qy;0 with the above equations.

This can be achieved through an accompanying velocimetry measurement such as MTV, or with an

approximation such as the Blasius similarity pro�le. Wall heat �ux was calculated in the present
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work using Equation 8.3 (as the experimental temperature data did not extend all the way to the

edge of the boundary layer) and MTV velocity data.

8.1 Near-Surface Temperature Correction

The heat �ux measurement determined in the previous section can be used to correct near-wall

temperature measurements in our work. The near-surface temperature is dif�cult to obtain in

tracer-seeded PLIF experiments due to camera resolution issues combined with absorption and

saturation effects. Other studies have also had dif�culty measuring near-surface temperatures using

PLIF thermometry [Yoo, 2011, O’Byrne et al., 2002]. The temperature is corrected by estimating

a heat �ux and then using Fouriers Law, shown below.

Q =�kt
dT
dy

(8.4)

where kt is the thermal conductivity of the �uid mixture. This equation is rearranged to solve for

the temperature gradient from the heat �ux.
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Chapter 9

RESULTS & DISCUSSION

This chapter will discuss the results of applying each measurement technique to the Mach 10 PLIF

data set. Agreement with CFD predicted �elds will be discussed. Possible sources of error are

observed and corrected for when possible.

9.1 Thermometry

The results from all 5 �tting methods, along with CFD results [Arisman et al., 2015] from rhoCen-

tralReactingFoam are presented in Figure 9.1 for one representative x position. Other x position

pro�les are provided in the Appendix. The maximum difference in the temperature measurements

for these methods was less than 20 K (3-4%). The exception to this was DBM thermometry, which

consistently over predicted temperature compared to CFD results. This error may have been caused

by saturation effects which can cause broadening to occur, introducing a large bias error into the

DBM thermometry results. Each method had a different quality of �t. Comparisons between the

SPM and SPMWCM methods at the surface of the wedge model are shown below in Figures 9.2 and

9.3.

Also included are each model’s spectra at � 50 K from the surface temperature best �t, to

illustrate the temperature sensitivity of the models. Of all the models, SPM had the best �t to the

data, as indicated by the largest R2 statistic (see Figure 9.1). The �t quality is an indicator of model

�exibility rather than model accuracy. In contrast, SPMWCM, which is more constrained through

the incorporation of additional physics, has a lower R2 statistic. Note that the maximum deviation

in R2 between all of the models near the wall (y < 1 mm) is less than 1%. It was found that most

measurements of temperature within the boundary layer (0.25 mm < y < 2 mm) were relatively

insensitive to the �t method (i.e., FSFM, SPM, SPMWCM, and SPMMAX ) when compared to CFD.
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9.1.1 Off-Body Temperature Deviation

Above 2�2:5 mm, all of the methods showed poor agreement to the CFD results, indicating either

a major error common to all of the methods or some unknown phenomena affecting �uorescence

in this region. Understanding the source of this error has been a major focus of the current inves-

tigation. A likely source of this error is due to re�ection of �uorescence off the rear wind-tunnel

wall (opposite to the camera). The wedge was positioned in front of a large steel plate mounted to

the wall of the wind tunnel, which was normal to the +z direction [Ivey et al., 2011]. There is a dis-

tinct minima in the R2 statistic shown at y = 3:2 mm in Figure 9.1. This indicates the experimental

data had a poorer quality of �t when compared to the near-surface. However at y = 4 mm, the R2

statistic returns to a good �t value (R2 = 0:95). It is believed that when the R2 reaches its minimum,

re�ection of �uorescence radiation off the rear wall interferes with �uorescence produced in the

boundary layer. As a result, the signal is a superposition of �uorescence from two different regions

of the �ow (with different temperatures). Because each thermometry method assumes a unique

temperature, a poor �t ensues, which is evident in the lower R2 statistic. This region is referred

to as the transition region, which is between the re�ection-dominant (off-body) and �uorescence-

dominant (near-surface) regions. In addition, the re�ection-dominant region’s temperature map

is similar to the temperatures close to the wall. Since the near wall has the highest mass frac-

tion of tracer species, this would be the region of largest �uorescence signal, and therefore would

contribute the most to the re�ection-dominant region’s signal intensity. Additionally, due to the

transitions chosen in this study, and subsequently due to the lack of �uorescence given off at low

temperatures by the J� = 17:5 transition, it is more susceptible to re�ection interference at lower

y-positions. Figure 9.1b shows the emission from the J� = 17:5 transition drops signi�cantly prior

to the other two transitions. Due to this, a two-transition pair thermometry method (as opposed to

three) between the J� = 6:5 and J� = 0:5 transition pairs is planned in future work to extend the

accurate region of temperature measurement.
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9.1.2 Near-Surface Temperature Deviation

Each of the methods explored here deviated signi�cantly from the CFD close to the wall (within

0.25 mm). Problems determining near-surface temperatures have been found in the literature [Yoo,

2011]. The near-surface temperature deviation can be attributed to experimental error associated

with the surface temperature measurement. The boundary condition used in the CFD simulations

was a constant 314 K, when in reality the thermocouple temperatures between 307 K to 321 K

throughout the run. Since the thermocouple was attached to the hollow interior of the wedge, the

true change in surface temperature over the duration of the run is unknown. The temperature of the

wedge surface was measured using a thermocouple attached to the surface within the wedge model

[Bathel et al., 2012]. Although the steel plates that make up the walls of the wedge have a high

thermal conductivity, a spatially non-uniform temperature distribution in the x-direction is expected

to occur due to the presence of a sharp leading edge. Temperature gradients in the wall-normal

direction through the thickness of the steel plates of the wedge may exist as well. Additional heat

transfer analysis through the plate needs to be completed to investigate these possibilities.
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(a) (b) (c)

Figure 9.1: (a) Temperature pro�les for each thermometry method, (b) Signal and CFD NO mole fraction pro�les, and (c) R2 statistic

pro�les at x = 85mm
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Figure 9.2: SPM spectral �t at x = 85 mm and y = 0 mm

Figure 9.3: SPMWCM spectral �t at x = 85 mm and y = 0 mm

9.1.3 Absorption & Saturation Effects

Some physical aspects of near-wall PLIF thermometry may also explain the near wall (y <0.25mm)

inaccuracy. Laser absorption effects may contribute to the observed discrepancy in the near-wall

temperature. Near the surface, the NO mole fraction is large and laser absorption is increased.
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Absorption affects each transition differently due to the different Einstein B12 absorption coef�-

cients, resulting in problems predicting the spectra. Absorption effects are also closely related to

saturation. The saturation term appears in the absorption coef�cient which reduces the laser energy

absorbed by each volume element approaching the surface [Watanabe et al., 1953].

Some deviation from the CFD temperature pro�le is also due to inaccuracies in the saturation

modeling. One indication of this effect can be observed in the experimental data shown in Figure

9.4. The saturated width increases with increasing y-position, both due to saturation and Doppler

broadening effects. However, at y = 0:55 mm and y = 1:48 mm the temperatures are equal, mean-

ing their unsaturated widths should be the same. The larger widths at y = 1:48 mm indicates higher

saturation than what occurs at y = 0:55 mm. The measured saturated widths are shown in Figure

9.4. This saturation effect is shown in the spectra in Figure 9.4b. Saturation effects are dif�cult

to estimate and correct in this set of experimental data due to the uncertainty in the laser energy

(1:5� 0:5 mJ/pulse). Saturation affects each transition differently, causing the spectra to change.

Therefore, this effect causes problems when attempting PLIF thermometry.

Figure 9.4: Saturation broadening effect observed in NO-PLIF spectra at different y - positions

(T =380 K)
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9.1.4 Thermometry Method Quality

To evaluate the effectiveness of each thermometry method, the �uorescence-dominant region within

2 mm of the wall must be focused on. Three different indicators of quality were used to estimate

the boundary of the �uorescence-dominant region. The �rst occurs when the second transition

signal reaches 5% of its surface signal value S f o. At this point, two of the three transition pairs do

not have usable signal. Four of the �tting methods (FSFM, SPM, SPMWCM and SPMMAX ) require

two transitions for reliable temperature measurement. The second indicator is when the NO mole

fraction c computed by rhoCentralFoam reaches 5% of its surface value co. The third indicator

is when the R2 statistic decreases by 5% of its maximum value. The thermometry method used to

calculate this indicator was SPMWCM. R2 decreasing indicates the �t is beginning to deteriorate,

with re�ection becoming a larger component of the measured signal. All indicators are included as

horizontal lines in Figure 9.1. For all x positions, the 95% R2
max indicator approximately correlated

with the y-position at which the thermometry method stopped conforming to the CFD temperature

pro�le (see Appendix).

Figure 9.5: SPM thermometry x = 85 mm Figure 9.6: SPMWCM thermometry x = 85 mm

To demonstrate the performance of the present thermometry method, individual temperature

plots of each method were cropped by the R2
max indicator to determine the reliability of each ther-

mometry method. The region included in these Figures is de�ned as the area that stayed above
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95% of the maximum R2 value. Figures 9.5 and 9.6 show the SPM and SPMWCM temperature

pro�les. SPM was the most accurate and had the largest R2 statistic, making it the most robust

thermometry method explored in this work. The SPM NO-PLIF temperature �eld is compared

directly to CFD temperature �eld in Figure 9.7. An average deviation from the CFD temperature

pro�le was calculated for SPM, resulting in an absolute error of 14 K, and corresponding relative

error range of 3.5-4.5%.

Overall, the present study has demonstrated the potential of PLIF thermometry as an advanced

diagnostic technique in high speed wind and shock tunnels. The poor accuracy in some areas

has demonstrated considerations which must be made in experimental design and �uorescence

modeling in order to achieve acceptable thermometry data.

Figure 9.7: SPM NO-PLIF thermometry is compared to the CFD temperature �eld

9.2 Mole Fraction

Figure 9.8 illustrates the relative mole fraction measurement computed from Eq. 7.1, compared to

CFD mole fraction, which has also been normalized to its surface value. The absolute mole fraction

measurement is calculated using an NO mass �ow rate measured by the Mass Flow Controller
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(MFC). The absolute mole fraction map is compared to CFD mole fraction results in Figure 9.9.

Mole fraction pro�les are compared to CFD in Figure 9.10 for 3 different x-positions (x=60, 85,

and 110 mm). The error bars in the �gure include uncertainty in determining the edge of the

concentration boundary layer and the error propagated from the NO-PLIF thermometry data.

The mole fraction measurement deviates from the mole fraction predicted by CFD by an av-

erage of 5.8%. The maximum deviation between the CFD and PLIF predicted mole fractions is

approximately 18%. The mole fraction measurement showed better agreement with CFD further

downstream. A likely cause of this discrepancy is inaccuracies during integration of the bound-

ary layer, as the NO-PLIF temperature pro�le is less accurate upstream. It is not clear why the

wall-normal mole fraction gradient at the wall is non-zero. Error in the temperature predictions,

or a combination of absorption and saturation effects, which were assumed to be negligible in the

current work, could have contributed to the discrepancy.

Figure 9.8: Relative mole fraction measurement compared with CFD results (x = 85 mm)
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Figure 9.9: Absolute mole fraction �eld compared with CFD results
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Figure 9.10: NO mole fraction pro�les compared with CFD results at (a) x=60 mm, (b) x=85 mm,

and (c) x=110 mm

9.3 Heat Flux

The results are shown in Figure 9.11 and are compared to the heat �ux predicted by CFD. The

heat �ux measurement was found to be 26.8% lower than the CFD heat �ux on average. This

difference is attributed to neglecting enthalpy convection in the y-direction. The error bars shown

in the �gure are based on an analysis of this enthalpy �ux from the CFD. The additional error

in both directions is the standard error associated with the scatter of data points. The lack of

a wall-normal velocity measurement is a limitation of using MTV data, which contains only x-

direction velocity information [Bathel et al., 2012]. An additional error could arise from CFD

heat �ux calculations from the imposed temperature boundary condition based on an approximate

thermocouple temperature. The plate temperature boundary condition was set at 314 K, which was
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measured from an average thermocouple reading taken on the inner hollow surface of the wedge

[Bathel et al., 2012]. This error is challenging to estimate. As such, its contribution is not included

in the error bars of Figure 9.11.

Figure 9.11: NO-PLIF surface heat �ux compared to CFD values

9.3.1 Surface Temperature Correction

The temperature measurement from this experiment was corrected close to the wall by assuming

that the pro�le should be approximately linear in this region. The linear region was approximated

as the distance halfway to the peak temperature in the boundary layer. For x=85 mm this distance

was approximately 0.46 mm off the surface. The heat �ux at x=85 mm was calculated to be 4227

W=m2, which was measured from the curve �t on Figure 9.11. Figure 9.12 shows the temperature

correction using Fouriers law at x=85 mm. The correction was applied to the best-performing

thermometry method, SPM thermometry. This correction was carried out by assuming that the

slope of the temperature pro�le in this region should be equal to the to the slope found from the
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integral heat �ux prediction and Fourier’s law. As shown in the �gure, near-wall temperature

measurements are corrected by approximately 30-35 K, bringing them closer to the CFD.

Figure 9.12: Near-surface temperature correction using heat �ux measurement
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Chapter 10

CONCLUSION

This work has outlined detailed methods of obtaining multiple primitive and derived �ow proper-

ties in a hypersonic boundary layer from NO-PLIF imaging. Temperature, mole fraction, and heat

�ux measurements of NO PLIF images from NASA Langley Research Center’s 31 in. Mach 10

air tunnel were presented. Overall, the capabilities and limitations of these quantitative analysis

methods have been demonstrated. Speci�c conclusions are brie�y outlined here.

10.1 Thermometry

Five methods of thermometry were developed and assessed. When compared to the CFD temper-

ature pro�les, SPM and SPMWCM have the best agreement. However, SPMWCM has the lowest R2

statistic at all y-positions when compared to other methods. DBM �t the temperature pro�le the

least accurately, indicating that the transitions are partially saturated. A potential way to correct for

this effect is to perform a saturation study alongside the PLIF thermometry. The SPM �t the �uo-

rescence and the CFD temperature pro�le the most accurately, and is only dependent on the relative

magnitudes of each pair of transitions. SPM had a relative error of 3.5-4.5%, and corresponding

absolute error of 14.1 K. Off-body inaccuracies at the edge of the boundary layer were determined

to be �uorescence re�ection off the rear steel wall of the wind tunnel. Future experiments should

have opaque, non-re�ective surfaces in the facility to avoid this problem. Near-surface tempera-

tures deviated signi�cantly from CFD predicted values. This could be due to a limitation in the

CFD results due to an unreliable surface temperature measurement which was used as a boundary

condition. Future experiments should use a more reliable method to measure surface temperatures

needed for numerical models. Near-surface temperature deviations were corrected using the heat

�ux measurement. This was done by combining the heat �ux measurement with Fourier’s law. The
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surface temperatures were shifted approximately 30-35 K lower than the initial PLIF thermometry

measurements, aligning better with CFD predictions.

10.2 Mole Fraction Measurement

Absolute and relative NO mole fraction �elds within the boundary layer were determined, on

average, within 5.8% of CFD simulated results. There was better agreement further downstream

in the imaging region, with worse agreement near the start of the imaging region. This could be

attributed to measurement error or an error in the diffusion modelling used in the CFD simulations.

Measurement errors could include de�ning the integration distance in Equation 7.4, or errors from

the temperature measurement that was input into the mole fraction measurement. Alternatively,

the diffusion model used in the simulations was not validated, and therefore could account for the

error seen in these results.

10.3 Heat Flux Measurement

The heat �ux measurement followed the same overall trend as the CFD simulated curves. This

measurement was on average 26.8% lower than CFD simulated values, and was most likely due

to the absence of vertical velocity components in the MTV data set. This was accounted for using

CFD velocity values, and included as an additional error in the +y direction. Due to this, the

analysis could not account for wall normal enthalpy convection which is present in the derived

heat �ux equation. Since this energy loss could not be accounted for, the heat �ux measurement

was signi�cantly lower than the CFD results. This suggests that for optimal heat �ux measurement

using PLIF, the PLIF data should be complimented with well-resolved directional velocimetry.
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10.4 Recommendations and Future Work

The effectiveness of the thermometry methods developed in this work can be improved by maxi-

mizing temperature sensitivity when selecting �uorescence transitions. Work can be done to pick

the best possible spectral scan range for an expected temperature range. This can reduce error

and increase con�dence in the temperature measurement. Additional work can be done to further

quantify and correct for complex phenomenon such as absorption and saturation. A stand-alone ex-

periment quantifying these effects prior to a thermometry experiment would increase the accuracy

of the thermometry methods.

The quality of mole fraction measurement is dif�cult to quantify. In the current investigation,

errors in the diffusion model of the CFD simulation could have contributed to disagreement be-

tween PLIF and CFD predictions. Therefore, the mole fraction measurement needs to be validated

in an experiment where the true mole fraction values are known. An additional experiment could

be completed, where the mole fraction is known, in order to validate and evaluate the ef�cacy of

this measurement method.

The heat �ux measurement presented in this work showed promising results. It was shown that

the quality of this measurement could be improved by supplementing PLIF data with directional

velocimetry data. To examine this further, the heat �ux measurement could be validated on another

data set in which all terms in Equation 8.3 are known. For example, additional experiments could

be attempted in which the velocity is determined in both x and y directions, preventing the problems

encountered in this data set.

In general, all of these methods would bene�t from being applied to more complicated �ow

scenarios beyond a laminar boundary layer such as wakes, jets, or stationary shock waves. For

example, in the summer of 2017, experiments were performed in the NASA Langley HyMETS

arcjet, which is a thermally and chemically non-equilibrium high-speed test facility. Many of

these methods, including the recommendations presented here, are being pursued in this data set

to determine their performance in a more complex �ow.
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Appendix A

Additional Temperature Pro�les
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(a) (b) (c)

Figure A.1: (a) Temperature pro�les for each thermometry method, (b) Signal and CFD NO mole fraction pro�les, and (c) R2 statistic

pro�les at x = 60mm
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(a) (b) (c)

Figure A.2: (a) Temperature pro�les for each thermometry method, (b) Signal and CFD NO mole fraction pro�les, and (c) R2 statistic

pro�les at x = 110mm
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Appendix B

Error Analysis

Each �gure in Chapter 9 has included error bars, which have been produced using the following

error analysis. Some sources of error have been neglected, due to various reasons described later.

The error analysis methods, and the included sources of error, are outlined in this section.

B.1 Temperature Error Analysis

The error bars included on Figures 9.5 and 9.6 are 95% con�dence intervals (CI). CI can be related

to the standard deviation using the following relation:

CI = 1:96s (B.1)

where s is the standard deviation. CI indicates the spread of possible temperatures that the spectra

may represent, such that 95% of the sample data can be explained with spectra �ts at those temper-

atures. The 95% con�dence interval was chosen to balance the need for an accurate measurement,

while keeping a reasonable estimate of the possible measured temperature range. Other sources

of error that have been neglected were measurements of the spectral width of the laser pro�le,

and assuming pressure broadening was negligible. These sources of error were neglected due to

a high con�dence in the spectral width, con�rmed by another study using the same laser [Inman

et al., 2013]. As well, another study has assumed pressure broadening was negligible in similar

conditions, validating this assumption [Danehy et al., 2009b].
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B.2 Mole Fraction Error Analysis

The error bars included on the relative mole fraction measurement (shown in Figure 9.8) are added

in quadrature from two sources. The �rst source of error is the standard deviation in the predicted

temperature, which is propagated into the relative mole fraction measurement. The following

equation represents the conversion between temperature standard deviation (sT ) into temperature

relative error (ET ):

ET =
sT

T
(B.2)

This method is described in Taylor [1982]. The relative error in temperature is propagated into

the mole fraction measurement. This calculation is shown in the following equation:

sc;T = ET c (B.3)

The second source of error is determining the boundary layer thickness for the integral in

Equation 7.4. Under normal conditions, this would not be required due to the �uorescence signal

approaching zero near the edge of the concentration boundary layer. However, due to re�ection

problems off the rear steel plate, the signal does nto approach zero. Therefore, it was dif�cult to

de�ne the edge of the boundary layer. 2% of the wall value of c was determined to be optimal

when inspecting visually. A sensitivity analysis was done by comparing the thresholds of 1% and

3% to assess the error in the 2% threshold. This error is denoted sc;b. This error is then added in

quadrature with sc;T , shown below:

sc =
q

s2
c;T +s2

c;b (B.4)

This method is of adding errors in quadrature is outlined in Taylor [1982]. As well, this method

has been applied in another PLIF study [Rothamer et al., 2010]. Other errors that have been ne-

glected are from the temperature term in the integral, error in mass �ow rate of NO, and error
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associated with the MTV velocity data. The temperature error in the integral term was neglected

due to a lower contributing error in this term when compared to the temperature term in the nu-

merator of Equation 7.5. The error associated with the mass �ow rate of NO was unquanti�able

due to a faulty mass �ow controller that indicated a much higher variance than the true variance.

The error associated with the MTV velocity �eld was a much smaller contribution due to the high

accuracy of the velocity �eld validated in another study, and therefore was considered negligible

[Bathel et al., 2012].

B.3 Heat Flux Error Analysis

The error bars included in Figure 9.11 are added in quadrature from two sources. The �rst source

of error is from the standard deviation of the heat �ux curve �t. The following equation was �t to

the heat �ux measurements:

y = ax�0:5�b (B.5)

The �tted parameters were a and b. The standard deviation, sq; f , was determined from the

method of least squares �t with this equation. This is the only source of error in the negative y

direction. There is a second additional error associated with the positive y direction. This error is

from neglecting enthalpy convection in the positive y direction during analysis. This was neglected

due to the lack of y-component velocity in the MTV velocity �eld. The term was calculated using

the CFD velocity �eld to assess this error. The term calculated is shown below:

sq;e =
Z yT max

0
rv

¶
¶y

(h +
V 2

2
)dy (B.6)

This error was added in quadrature with the standard deviation from the �t, in the positive y

direction:

sq(+) =
q

s2
q;e +s2

q; f (B.7)
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The error in the negative y direction is just the standard deviation calculated from the least

squares �t:

sq(�) = sq; f (B.8)

Other sources of error that have been neglected were error in the MTV velocity �eld and error

in the temperature measurement. However, these were indirectly included in the uncertainty in the

linear �t, which contains contributions from both velocity and temperature errors.
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