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Abstract

This work furthers an ongoing effort to develop imaging Fourier-transform
spectrometry (IFTS) for combustion diagnostics and to validate reactive-flow
computational fluid dynamics (CFD) predictions. An ideal, laminar flame produced by
an ethylene-fueled (C,H4) Hencken burner (25.4 x 25.4 mm? burner) with N, co-flow was
studied using a Telops infrared IFTS featuring an Indium Antimonide (InSb), 1.5 to
5.5 um, focal-plane array imaging the scene through a Michelson interferometer. Flame
equivalency ratios of @ = 0.81, 0.91, and 1.11 were imaged on a 128 x 200 pixel array
with a 0.48 mm per pixel spatial resolution and 0.5 cm™ spectral resolution. A single-
layer radiative transfer model based on the Line-by-Line Radiative Transfer Model
(LBLRTM) code and High Resolution Transmission (HITRAN) spectral database for
high-temperature work (HITEMP) was used to simultaneously retrieve temperature (T)
and concentrations of water (H,O) and carbon dioxide (CO,) from individual pixel
spectra between 3100-3500 cm™ spanning the flame at heights of 5 mm and 10 mm
above the burner. CO, values were not determined as reliably as H,O due to its smooth,
unstructured spectral features in this window. At 5 mm height near flame center,
spectrally-estimated T’s were 2150, 2200, & 2125 K for ® =0.81,0.91, & 1.11
respectively, which are within 5% of previously reported experimental findings.
Additionally, T & H,O compared favorably to adiabatic flame temperatures (2175, 2300,
2385 K) and equilibrium concentrations (10.4, 11.4, 12.8 %) computed by NASA-
Glenn's Chemical Equilibrium with Applications (CEA) program. UNICORN CFD

predictions were in excellent agreement with CEA calculations at flame center, and
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predicted a fall-off in both T and H,O with distance from flame center more slowly than
the spectrally-estimated values. This is likely a shortcoming of the homogeneous
assumption imposed by the single-layer model. Pixel-to-pixel variations in T and H,O
were observed which could exceed statistical fit uncertainties by a factor of 4, but the
results were highly correlated. The T x H,O product was smooth and within 3.4 % of
CEA calculations at flame center and compared well with CFD predictions across the
entire flame. Poor signal-to-noise (SNR) in the calibration is identified as the likely
cause of this systematic error. Developing a multi-layer model to handle flame
inhomogeneities and methods to improve calibration SNR will further enhance IFTS as a

valuable tool for combustion diagnostics and CFD validation.
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STUDY OF LAMINAR FLAME 2-D SCALAR VALUES AT VARIOUS FUEL TO
AIR RATIOS USING AN IMAGING FOURIER-TRANSFORM
SPECTROMETER AND 2-D CFD ANALYSIS

I. Introduction

Motivation

Hyper-spectral remote sensing can be utilized to discern scalar values during
combustion events to include temperature and species concentrations. Developing tools
to increase the effectiveness and capabilities of these remote sensing methods can lead to
more efficient combustion diagnostics and turbulent flow field study. Improved
understanding of laminar and turbulent flow fields can in turn lead to improved
computational fluid dynamics (CFD) models and combustor designs in aircraft as well as

more efficient gas laser systems.

Research Topic

Imaging Fourier-Transform Spectrometers (IFTS) have been successfully
demonstrated by Gross et al. [1,2] among others as a means to efficiently and passively
recover spectroscopic data including species concentrations, temperature, and density.
These parameters are useful in the study of various flow fields, to include: jet engine
exhaust [1], smokestacks [2], near laminar burners [3], and turbulent flames to name a
few. These parameters can be accurately measured using laser-based spectroscopy
methods. However, tracking multiple species concentrations is difficult with lasers due
to the small bandwidth nature of laser sources. Additionally, laser-based techniques often

require an extensive laboratory setup [1].



The IFTS device uses a high frame rate, passive sensor with high resolution
across a broad bandwidth. These qualities are particularly useful when attempting to
attain flow field data outside of a laboratory [1]. Gross et al. provides an excellent
example of IFTS utility by quantifying species concentrations in a non-reacting turbulent
exhaust plume exiting a coal-fired power plant [2]. Another example, provided by Rhoby
et al., is determining two-dimensional scalar measurements of flame properties. These
flame data are useful for studying combustion phenomenon and validating/verifying
chemical kinetic and numerical models [3].

Near laminar burners such as the Hencken burner are commonly used to calibrate
measurement devices or validate experimental temperature measurement methods. The
Hencken burner can be setup to produce a nearly steady, almost adiabatic and nearly
laminar flame [4]. This thesis will expand upon the work of Mr. Rhoby by comparing
several additional fuel/air ratios at a much higher resolution to CFD results while also

utilizing the next evolution of data fitting methods.

Research Objectives

Determine relevant scalar values of near-laminar flames using an IFTS for
comparison to CFD and previous results. These additional data points are required to
further validate and refine data reduction methods, provide a better understanding of
laminar flame burners, and further validate IFTS as an efficient method to passively

obtain spectral data and resulting scalar measurements.



Overview

This document will cover some background information of traditional methods
for remote sensing spectroscopy, Fourier-Transform Spectroscopy (FTS), specific
instruments used in the experiment, and relevant past work using the instrument. In
addition the theory behind the single-layer radiance model used for this experiment will
be covered along with a brief description of the CFD code utilized for comparison
purposes. Methodology for the experiment will be covered in detail to include limitations
faced. This will be followed by results and analysis showing where the model works

well and where it breaks down and a conclusion.

I1. Background and Theory

Background

Traditional Methods

Several methods of non-intrusive combustion diagnostics have been used in the
past to identify temperatures, pressures, species concentrations, flow rates, etc. Some
examples of laser based spectroscopy techniques include laser-induced polarization
spectroscopy [5], planar laser induced fluorescence, and coherent anti-Stokes Raman
scattering [4]. Basically, a laser is tuned to a specific frequency range enveloping
natural resonance frequencies of a species of interest. In the case of laser-induced
fluorescence, a laser operating in a tuned frequency range locally excites a point of
interest which causes light to be emitted at specific frequencies from species with natural
resonances in the frequency range. The frequencies and corresponding intensities of the

emitted light can be used to determine temperature, species concentrations, etc. Raman



scattering uses inelastic scattering of photons to the same ends. Monochromatic light
from a laser source is focused onto a gas. The polarizability of the subject atoms and
molecules cause photon inelastic scattering, altering the photon frequency. These altered
frequencies correspond to specific energy transitions of specific atoms/molecules in a
particular state. The intensities of the transitions correspond to temperature, species
concentrations, etc. of the subject gas. NASA’s Glenn Research Center developed a
method to provide quantitative measurements of major species concentration and
temperature in high-pressure flames using spontaneous Raman scattering. Their goal is
to provide a spontaneous Raman scattering calibration database. The lab apparatus
required for this effort is quite extensive [6].

Fourier-Transform Spectroscopy (FTS)

Energy interacts with materials in a variety of ways. CO,, for example, can
occupy a multitude of atomic, vibrational, and rotational “states” depending on how
much energy it has gained. When CO, transitions from a higher state to a lower one it
will emit a photon with a frequency specific to that particular transition. All of the CO,
transitions together form a “spectrum” of intensity vs. wavelength. All species present in
a scene have their own spectrum which can yield temperature and concentration
information.

An interferometer is a device (such as the Michelson interferometer shown in
figure 1) that splits a light source beam, varies the optical path of the split beam, and then
recombines the two beams to create interference patterns. This allows one to determine
the frequency of light entering the device. Mapping the intensity of the light exiting the

interferometer to wavelength creates an interferogram. This interferogram is the Fourier-



transform of the spectra of a scene. Thus, FTS involves taking the Fourier-transform of
interferograms in order to produce a spectrum of a scene. Analyzing the spectrum allows
determination of types of materials present (vegetation, water, man-made, etc) as well as
species of gases and their temperatures and concentrations.

Telops Specifics

The Telops Hyper-Cam interferometer features a high-speed 320x256 indium
antimonide (InSb) (1.5-5.5um, 1200 Hz full-frame) focal-plane array (FPA) coupled with
a Michelson interferometer [3]. Figure 1 shows a basic diagram of a Michelson

interferometer.

Fixed Retroreflector

Optical Path
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Z—
O ‘
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Retroreflector
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Figure 1: Michelson Interferometer Diagram
InSh is a type of semiconductor commonly used in thermal cameras, detecting
light at a region of the spectrum dominated by thermal emission. Semiconductors are
necessary components for any detector as they absorb the energy of incoming
electromagnetic waves, converting them into carrier electrons. Each type of

semiconductor is able to operate within a specific range of frequencies dependent upon



its particular atomic structure. The FPA of the Telops IFTS contains 81,920 individual
InSb detectors arranged in a 320x256 grid, one for each pixel of the scene image.
Acquisition rate is a function of several parameters including spectral resolution,
spatial resolution, instrument mirror speed, and integration time [3]. Spectral information
is encoded as an interference pattern at each mirror position. The measured intensity is a
resulting interference of all wavelengths. Spectral information for each of the mirror
positions is collected to form spectral data “cube.” This spectral cube contains a full

spectrum (within InSb detection limits) for each pixel in the scene.
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Figure 2: Interferogram cube representation where x and y axes are spatial (pixels) and X is
wavelength corresponding to optical path difference of the IFTS.

Hencken Burner Specifics
The Hencken burner used in this experiment is a non-premixed near-laminar
flame burner often used for temperature calibration of other instruments. The cylindrical

burner is composed of glass marbles and particulates in the lower region mixing each gas



in separate compartments in order to produce a consistent flow across the exit area of the
burner. Air travels up through a 1 square inch (25.4 mm) of honeycomb structure
providing approximately 480 oxidizer channels as seen in figure 3 below. About 173
stainless steel fuel tubes with 0.508 mm and 0.813 mm inside and outside diameters
respectively are surrounded by six oxidizer channels resulting in fuel and air mixing just
above the surface of the burner [7]. This mixture method helps reduce heat transfer into
the burner as the flame does not touch the surface of the burner. The square flame region
is bordered by a % inch (6.4 mm) wide region of identical honeycomb structure used for
inert gas co-flow, which helps stabilize the flow field and minimize entrainment of
outside air [7].

Top View
Oxidizer channel

O

L LI
v w

6.4mm

i /
Fuel tube
(0.8mm o.d.)
Co-flow region

Figure 3: Hencken burner top view. ~173 fuel tubes with 0.813 mm outer diameter and 0.508 mm
inner diameter, ~480 oxidizer channels

Honeycomb matrix



Remote Identification and Quantification of Industrial Smokestack Effluents

via IFTS

Gross et al. demonstrated the usefulness of using IFTS to quantitatively measure
the flow rates and species concentrations of smokestack emissions remotely. If
developed further a lone operator could complete emissions compliance testing within a
few hours with a complete set of calibrated plume measurements at his/her disposal.
Temperature and species concentrations were estimated for the two-dimensional area just
above the smoke stack with the use of a radiative transfer model. High resolution spectra
enabled identification of CO,, H,0, SO,, NO, HCI, and CO. Effluent concentrations
were also accurately quantified. Additionally, spectral imagery retrieved from the IFTS
system was shown to have promise in the study of fluid dynamics and atmospheric
effluent dispersion.

Application of IFTS to Determine 2D Scalar Values in Laminar Flames

Rhoby et al. explored the usefulness of using an IFTS to analyze a laminar flame.
The Telops IFTS was used to record two-dimensional spectral intensity measurements of
an ethylene flame produced by a Hencken burner. Temperature and species
concentrations were estimated at varying heights above the burner using a single-layer
spectral model fit to IFTS data. Results correlated favorably with acCEAted intrusive
and laser based measurement techniques [8]. Mr. Rhoby was also able to observe
intensity fluctuations from vortices caused by buoyancy effects in the flame using the
high speed infrared camera capabilities of the Telops IFTS. These results validated the
use of the IFTS as a practical means for combustion diagnostics as well as highlighting

its possible usefulness in flow field fluid dynamics.



CFD Modeling of flames

CFD modeling of laminar and turbulent flames has been explored extensively
with the UNsteady Ignition and COmbustion with ReactioNs (UNICORN) Navier-Stokes
based simulation program. UNICORN began in 1992 and has matured to the point where
it can effectively model the diffusion characteristics of a pre-mixed flame. It has been
used extensively in conjunction with many experimental tests and validated with laser
diagnostics [9]. UNICORN provides the ability to model a large variety of jet flames
from ignition to extinction and every time-step in between. Understanding combustion
phenomena on a much deeper level than time-averaged results of the past is invaluable in
the study of jet flames. UNICORN allows insight into combustion chemistry and
buoyancy effects that were impossible to perceive with time-averaged single-point

measurements [9].

Theory

Single-layer Spectral Model

The spectral radiance, L(v) from a non-scattered source in local thermodynamic

equilibrium can be approximated by

*k (7,57 ds”
S

()= La(?)e 4 [T ®

where Lug (') is the background spectral radiance and k(77,s") is the absorption

coefficient. The first term gives the radiance of the background modified by attenuation

through the source. Strong absorbers are also strong emitters. Thus, in the optically thin



limit, k(v,s")ds"is the gas emissivity at s' and B(v,T) is Planck’s blackbody radiance at

temperature (T), B#(T) = 2hc*7° In the second term, k(v,s")B(v,T(s"))ds'

1
exp[hcv/(ksT)]-1 *

represents the photons born at the point s'. The exponential, e_js'k(ﬁ’s")ds" accounts for the
attenuation of these photons through the remainder of the source (i.e. Beer’s law). If the

source can be approximated as a single homogeneous layer, (1) can be approximated as
L(V)=z(V)e(V,&)B(V,T), (2)
where 7(v) is the atmospheric transmittance between the flame and the instrument.
Atmospheric transmittance is the frequency dependent coefficient of light that is not
absorbed by the atmosphere for a given path length and atmospheric conditions and can

be approximated using the high-resolution transmission (HITRAN) molecular absorption

database. &(v,&«)is gas emissivity, a function of wave number, v and gas mole fraction,

Sk
Background radiation is negligible and is ignored in this simplified model.

Temperature and gas concentrations are found from the expression for emissivity,

e(V)=1-exp[-O_ &ow(v, T)NI], (3)

where N =P /(k,T) is the gas number density, lis the optical path length through the

flame, and o« is the Boltzmann-weighted absorption cross-section for a particular species
k at temperature T . Line-by-Line Radiative Transfer Model (LBLRTM) [12] along with
the high-temperature extension of the HITRAN spectral database [13,14] are used to

compute CO, and H,O absorption cross-sections.
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Equation (2) was used to fit the LBLRTM generated spectrum to collected data in
the 3100 to 3500 cm™ spectral region. This region contains emission lines from both CO
and H,O while also having minimal atmospheric signal attenuation due to absorption.
The chosen spectral envelope also benefits from being optically thin, which allows light
from the interior of the flame to travel out to the instrument. There is also no instrument
self-emission, meaning the subject spectral region isn’t changed by thermal emission
from the instrument itself.

From (3) and (2) it can be seen as species concentrations &« increase so does
emissivity (v, &k) which in turn increases spectral radiance L(v). Spectral radiance

will also increase with temperature due to the blackbody radiance temperature
dependence.

2-D CFD Model

UNICORN utilizes an axis-symmetric, time-dependent mathematical model that
solves conservation equations for momentum, enthalpy, continuity, and species [9]. The
model performs these calculations at user specified grid points and a constant time-step.
The results for each grid point at each time-step are calculated from adjacent grid points
and previous time steps, eventually iterating to reach an accurate representation of a real
flame. The governing equations and a more detailed description of how UNICORN

functions have been described by Roquemore [9] and Katta [15,16,17] et al.
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I11. Methodology

IFTS Setup

The general lab setup is illustrated in Figure 2Figure 4(a) below.

Mass Flow Controllers

Air %

on Gimble Telops
- Controller =
Figure 4: (a) Experimental Setup (not to scale). (b) Picture of setup

The Hencken burner was placed level with the line of sight of the Telops IFTS
and surrounded by cardboard walls painted flat black to minimize both outside air current
interaction and reflections or other light sources, Figure 4(b). The walls were tapered
above the flame up to a vent which removed exhaust gases.

Two blackbodies were placed on either side of the walled off burner area to
provide calibration sources. The blackbody on the left, an Electro Optical Industries
CES200, was set at 200°C. The other, a LES600 series blackbody, was set at 500°C.

The CES200 has emissivity of 0.97 +0.02 while the LES600 has emissivity of
0.94 £0.02. These blackbodies were placed on either side of the walled off burner area.

Due to an excessive amount of heat produced from the 500C blackbody and its close
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proximity to the Telops instrument, a flat black metal plate was used as a heat shield
when data was not being collected from the blackbody.

MKS Instruments ALTA digital mass flow controllers (model
no. 1480A01324CS1BM) connected to a MKS Instruments Type 247 4 Channel Readout
control unit were used to regulate the flow of the ethylene, air, and nitrogen co-flow in
standard liters per minute (SLPM) per Table 1. SLPM is a flow rate corrected to standard
atmospheric pressure and temperature. After allowing the mass flow control unit to reach
equilibrium operating temperature the mass flows were adjusted using a Bios
International Definer 220-H (Rev C) flow meter to fine tune mass flow. Mass flow
settings were duplicated from the work of Meyer et al. [8] in order to provide an accurate

comparison to the authors’ diode-laser-based UV absorption sensor spectroscopy results.

Table 1: Gas Flow, Standard Liters per Minute (SLPM) and Corresponding Fuel-Air Equivalence
Ratio (®)

(0) C,H4 SLPM Air SLPM N; Coflow SLPM

0.81 0.69 +0.005 12.2 +0.05 12.0 £0.05
0.91 0.78 £0.005 12.2 +0.05 12.0 £0.05
1.11 0.95 +0.005 12.2 +0.05 12.0 £0.05

Fuel-air equivalence ratios were derived from

3 fuel to oxidizer ratio 3 (Nfuet/Nox)
(fuel to oxidizer ratiO)stoichiometric (nfueI/nox)stoichiometric

¢ , 4)

where nis number of moles. For a stoichiometric ethylene-air reaction,

C,H,+3(0,+3.76N,) — 2CO, + 2H,0+3.76*3N,) , the fuel to oxidizer ratio of moles
is

1

- -007, (5)
3(1+3.76)

(fuel to oxidizer ratiO)stoichiometric =
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If we want @ to be 0.91 then from (4) and (5), the fuel to oxidizer ratio would
have to equal 0.064. Setting air flow equal to 12.2 SLPM we simply multiply by 0.064 to
arrive at the fuel SLPM of 0.78.

The Telops IFTS was placed on top of a Moog QuickSet pan and tilt system to
ensure a consistent scene after rotating to collect interferogram data cubes from both
blackbodies. The Telops was fitted with near-field optics allowing the instrument to
focus on a scene as close as 31cm away. The Telops was then set up with 33 cm from the
center of the Hencken burner flame to the front lens of the optic. Due to the intensity of
the flame and blackbodies a Spectrogon ND-IR-1.45 (25.4x1 mm) neutral density
germanium filter was used to keep the FPA from reaching saturation. The Telops was set
to a 128x200 pixel (~61x95mm) spatial resolution with 55 ms integration time and
0.5 cm™ spectral resolution. 32 interferogram cubes were collected for each blackbody
and flame. Each set of 32 cubes was then averaged together to produce an average
interferogram for each of the 25,600 pixels.

IFTS Setup Limitations

Due to physical space limitations of the laboratory the flame enclosure was not
perfectly symmetric with small cut-outs for immovable equipment from past
experiments. The hood vent fan was set to its lowest setting to minimize its effects on the
flame flow field. However, the resulting exhaust mass flow for this setting was not
measured. As a result, asymmetric airflow at an unknown but assumed small velocity

into the enclosure from the outside region could have affected the flames’ flow fields.
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Calibration Method

The following method was developed by Dr. Gross et al [1,2,3,10]. The optical
path difference (x) between two beams is varied using an interferometer, in this case, the

built-in Michelson interferometer. The resulting image intensity I, ; varies based on the

spectrum L ; (V) as

L. =%j[1+ cos(27vX) |G (V)L ; (7)dV = lpe +1,c (X) (6)

0
where i and j refer to FPA location (or pixel coordinates) and G (V) is the instrument
response, to include the spectral quantum efficiency of InSb. Spectral quantum
efficiency is the frequency dependent percentage of photons impacting the semiconductor

which are converted to carrier electrons. Ioc represents the broadband spectrally-

integrated signal while lac(x) is the modulated component. The constant, Ioc, combined

with lac(x) make up an interferogram, li, j(x), for a static scene.
The spectrum, L, ; (V) is created from a standard calibration [11] of the Fourier-

transformation of these i, j(x) interferograms and is shown in Figure 5 below for the

® = 0.91 flame at 5 mm above the burner surface. The finite maximum optical path
difference, OPD max = X max— X min , has the effect of essentially multiplying the
interferogram by a rectangle function of width, OPD max. This convolves the
monochromatic spectrum with the instrument line shape function in the Fourier domain,
ILS (V) = 2(OPD max) sinc(27zv(OPD ma)) , limiting spectral resolution but smoothing the

spectrum thereby reducing “false” features caused by instrument noise.
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Figure 5: Top: interferograms of ® =0.91 flame at 5mm above burner surface and two blackbodies.
Bottom: Raw spectrum from Fourier-Transform of interferograms.

The figure above may seem abnormal to some as traditional temperature
calibration normally uses high and low known temperature sources to sandwich the raw
data. However, spectral calibration uses the entire spectrum for calibration. The area
under the spectrum provides the overall intensity “seen” by the interferometer. The
500 °C blackbody provided a similar amount of intensity, nearly saturating the
interferometer, as the 2000 °C flame. It may appear that our raw signal has a higher
intensity due to the large feature in the 2000 to 2400 cm™ region but the 500 °C
blackbody curve makes up the area difference over the rest of the spectrum.

Nominally, a band pass filter would be used to remove CO, spectral features in
the 2000 to 2400 cm™ region. However, this filter was unavailable for use during the

limited time the instrument was available to me. These additional CO, features
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introduced a lot of signal to a part of the spectrum that was not used for fitting, thus
introducing more noise into the system. If the filter were used the instrument’s
integration time setting could have been increased without saturating the FPA, resulting
in greater signal to noise ratio for the spectral region of interest and therefore increasing
fitting accuracy.

The CO, features in question could not be used in the fitting process due to
atmospheric absorption causing calibration problems in that region. Atmospheric
absorption bands caused portions of the raw spectrum’s intensity to drop close to zero as
seen in the top part of Figure 6 below. Calculating radiance involved dividing by these
near zero intensities resulting in large false spikes in the spectrum in regions of high

absorption and very low signal, seen in the bottom part of Figure 6.
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Figure 6: Top: Gain curves used for calibration in counts per radiance. Blue gain curve was used for
this document’s results. Red smooth gain curve was developed afterward. Bottom: Resulting
radiance from calibrating with each gain curve. Blue spectrum was used for this document’s results.
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The smooth gain curve in the above figure was developed after the results
presented in this document revealed these calibration problems. The spectral window
used for fitting had to be limited from 3100 to 3500 cm™ in order to cut out the majority
of false spectrum spikes. Using a larger window would have allowed more accurate

fitting results by giving the model more spectral features to work with.,

CFD Setup

UNICORN utilizes ASCII text files as inputs to set up an experiment model. The
Hencken burner setup was approximated by stipulating mass fractions of fuel, air, and
water vapor, as well as their temperatures and velocities. Geometry of air-fuel, co-flow
region, and atmospheric air were input as “cards” with each card length determined from
the center of the flame. For example, the air/fuel mixture card length was set at 1.27 cm
(1/2 inch) and co-flow card length at 1.89 cm (or 0.64 cm from the end of the air/fuel
region at 1.27 cm). Two grid systems were utilized: one assuming there were no walls

and one including a wall boundary 33 cm away from the flame.
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Figure 7: Schematic of UNICORN CFD card setup.
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Due to space limitations, 33 cm was about as far as the hood walls could be
moved away from the burner. The farther away the walls can be placed the less affect
they will have on airflow around the flame. In the area of interest near the base of the
flame the difference between the two results was negligible. The grid system with no
walls was used for the remainder of the simulations since each run completed 3 times
faster than the grid system with walls.

An initial run without swirl or buoyancy effects is normally required to allow
UNICORN to perform calculations and determine initial flame properties without
diverging. In this case a first run of 1000, 0.5 ms time step iterations was effective in
providing a starting point for a second run with more complex flame dynamics turned on.
This second run consisted of 20,000, 0.5 ms time step iterations. At 15,000 iterations the
flame is well established and in a “stable” condition. Average flame data were calculated
from the last 5,000 time steps (15,000 to 20,000).

CFD Setup Limitations

The multitude of fuel tubes and honeycomb oxidizer channels in three-
dimensional space was too complex to setup in the two-dimensional UNICORN code.
Therefore, the air-fuel and co-flow regions were modeled as concentric tubes with the air-
fuel being premixed. Also, since UNICORN is a 2-D simulation the flame is assumed to
be axis-symmetric with the burner base being circular. The Hencken burner however is
square at the base contributing to some differences between IFTS and CFD data,
especially at the edge of the flame near the burner surface. The velocity of the ambient

air around the outside of the burner was unknown and approximated as 0.01 m/s upwards.
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IV. Analysis and Results

Data Overview
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Figure 8: Averaged flame intensities created from averaging 32 IFTS interferogram data cubes.
Rectangles represent the lines of pixels that were fit to the model vertically and at 5 and 10 mm above
the burner surface for each flame.

The above figure shows the IFTS observed average flame intensities (arbitrary
units) for each of the three fuel-air equivalence ratio (®) flames observed. The flame is
said to be stoichiometric if the fuel-air equivalence ratio is equal to one. This means
there is just enough air to allow all of the fuel to burn. ® values less than one describe a
flame that has too much air (fuel lean) resulting in un-reacted oxidizer which has the
effect of cooling the overall flame temperature and thus lowering the average intensity
observed by the IFTS. ® values greater than one describe a flame that doesn’t have
enough air or is fuel rich. Un-burnt fuel exists in the flame because it has no oxidizer to

react with. As the flame travels upward buoyancy effects cause the flame to accelerate
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upward. The center of the flame has higher temperatures than the outside edges of the
flame causing the interior of the flame to accelerate faster than the exterior. Vortices are
formed from this velocity differential, as shown in Figure 9, and their circular motion
brings in outside air. This outside air then reacts with the un-burnt fuel causing the flame
to be much taller and have a higher temperature, increasing the average intensity. Flame
widths are approximately the same due to geometry of the burner, vertical mass flow

direction, and buoyancy effects causing mostly vertical gas acceleration and expansion.
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Figure 9: Example of flame fluctuation of ® = 1.11 flame, taken from 3 single frames of an IFTS
interferogram data cube. Buoyancy effects cause vortices, seen developing from left-most frame to
right frame, which entrain outside air causing further reactions with un-burnt fuel, raising flame
height and temperature.

Figure 9 shows three snapshots of the ® = 1.11 flame produced from a single
interferogram data cube. Each image is raw intensity data recorded by the IFTS at a

specific Michelson mirror position. Further analysis of this high speed imagery could be

21



utilized for flow field dynamics information such as intensity fluctuation rates due to
buoyancy.
The figure below shows the raw average spectrum for the three flames obtained

using the Telops IFTS.
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Figure 10: Full spectrum for all three flames at flame center, 5 mm above burner surface. Spectral
features rise in height as flame intensity increases. This is due to increases in temperature and
species concentrations.

The large feature on the left side is the 4.3 um asymmetric stretch feature of CO..
The downward slope from ~2300 to 2400 cm™ is a result of atmospheric CO, absorption.
Some features such as CO spectral