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Abstract

The objective of this research is to improve the spatial resolution of UV Raman
scattering and laser-induced predissociative fluorescence (LIPF) system for the sudy of
microjet hydrogen diffusion flames. Nortintrusive, simultaneous, quantitative, point
measurements of temperature, major species O, N2, H>0O, H,) and OH concentrations are
made in hydrogen diffusion flames produced from various diameter (d = 0.2, 0.48, and 1 mm)
tubes. In addition to experimental measurements of the flames, numerical simulations are also
performed to test chemical kinetic mechanisms. Two types of reaction mechanisms are used
in the model; one is the relevant H,/O, reactions proposed byMiller and Bowman [39]
including 9 species and 20 reversible reactions, the other including 9 species and 21 reversible
reactions is proposed by Guthell et al. [29]. The first type of reaction mechanism is used to
simulate d = 1 mm flame with Re = 30 and 330. The calculated radial and axia profiles of
temperature and species concentrations are in good agreement with the measured data
Comparisons of the experimental measurements and numerical simulations indicate that the
relevant Hy/O, reactions in GRI-MECH 3.0 can properly predict laminar hydrogen diffusion
flames. The second type of reaction mechanism is used to simulate d = 0.2 and 0.48 mm
flames with Re = 30. Comparisons between the predicted and measured data indicate that the
trends of temperature, major species, and OH distributions are properly modeled. However,
the code does not properly predict the air entrainment and pre-heating enhanced
thermal-diffusive effects. The inability of the numerical simulations to correctly predict flame
structure in diffusion H, microflames, where air entrainment and thermal-diffusive effects are
dominant, suggests that a more detailed investigation of the chemical kinetic mechanism and
molecular transport data is warranted.

Keywords: Microjet diffusion flames, Raman Scattering, Laser-Induced Predissociative
Fluorescence (LIPF), Numerical simulation
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1

D (mm) | Thickness | Flowrate | Mass | Velocity | Reynolds | Measured
(mm) (cc/min) | flowrate | (m/s) number tube wall
(mg/s) temperature
(K)
1 0.17 1696.5 | 2.336 36 330 703
1 0.17 155.37 | 0.214 3.3 30 803
2
D (mm) | Thickness | Flowrate | Mass | Velocity | Reynolds | Measured
(mm) (cc/min) | flowrate | (m/s) number tube wall
(mg/s) temperature
(K)
0.2 0.17 31.07 0.043 16.48 30 943
0.48 0.09 77.68 0.107 7.16 30 1017
3
Burner diameter (mm) 0.20 0.48
Ue (M/S) 16.48 7.16
Re 30 30
Fr 1.39° 10° 1.09 " 10°
Trmea (K) 1786 1879
o (M) 26" 10* 9° 10”
D (nf/s) 6.02" 10 6.49° 10
up (M/s) 2.32 7.21
to (9 112" 10* 1.25° 10°
Pe 7 1
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Preliminary Study of Micro Reacting
System Using laser Diagnostic
Techniques

T. S. Cheng
Department of Mechanical Engineering, Chung
Hua University

Y.-C. Chao, C.-Y. Wu, G.-B. Chen, T. Yuan,
andT. S Leu
Institute of Aeronautics and Astronautics,
Space Science and Technology Center,
National Cheng Kung University

Abstract

The development of micro-electro-mechanical
systems (MEMS)-based micro reacting system has
been underway for severa years. In order to
investigate the effects of velocity, pressure, and
chemical reaction on the performance of micro
combustor, the state properties such as velocity,
pressure, temperature, and species concentrations
must be measured. A goal of this paper is to study
the potential of applying laser diagnostic techniques
to micro reacting system. A sample volume of 0.02
"~ 004" 0.04 mm® is used to resolve the flowfields
produced from 1 mm diameter tube. Radid profiles
of CH, concentrations are obtained to test the
applicability of the laser system. It demonstrates
that present laser system is capable of andysis
micro reacting channel.

Keywards:. MEMS, Laser Diagnostic Technique,
Microcombustor
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Raman-L | PF M easurements of Temperature, Major species, and OH ina
L aminar Hydrogen Jet Diffusion Flame

T. S. Cheng
Department of Mechanical Engineering, Chung Hua University

Y.-C. Chao, C.-Y. Wu, G.-B. Chen, T. Yuan,and T. S. Leu
Institute of Aeronautics and Astronautics, National Cheng Kung University

Abstract

Simultaneous, temporally and spatially resolved point measurements of temperature, major species
concentrations (N,, O,, H,O, H,), and hydroxyl radica concentration (OH) are obtained in a laminar
hydrogen jet diffusion flame using combined ultraviolet (UV) spontaneous vibrational Raman scattering and
laser-induced predissociative fluorescence (LIPF) techniques. Radia profiles are measured at three axid
locations for a jet exit Reynolds number of 330. The measurements indicate that the unburned fuel within the
potential core experiences significant preheating as it travels into downstream. Near the burner exit, the OH
peaks outer the stoichiometric contour defined by the intersection of the H, and O, concentration profiles.
Significant radid diffusion and hence flame expansion is found for such a small burner flame. The detailed
measurements of the flame properties provide information for validation of combustion models.

Keywords. Laminar hydrogen flame, Raman scattering, LIPF.

1. Introduction

Laser-based non-intrusive techniques, with
adequate temporal and spatia resolution, have been
applied to measure the state properties of gases in
combustion environments for many years [1].
One laser-based technique, spontaneous Raman
the capability of providing
simultaneous measurements of temperature and all

scattering, has

major species concentrations in  hydrogen and
hydrocarbon diffusion flames. Although Raman
scattering has a relatively weak signd, it has been
applied to simultaneously measure temperature and
al maor species concentrations in turbulent
hydrogen diffusion flames [2-7], hydrogen diluted
with argon flames [B-10] and hydrocarbon flames
[11-14].

From the search of published literatures, most
reports are on the measurements of turbulent flames.

There is a need to provide laminar flame data for
validation of combustion models. A god of this
paper is to provide a fine resolution and accurate
database for comparisons with comprehensive
numerical models of laminar hydrogen jet diffusion
flame. In addition, the fine resolutions of the laser
system may apply to the Micro-Electro-Mechanica
Systems (MEMS) based micro reacting systems.

2. Experimental Apparatus

The schematic diagram of the UV Raman
system is shown in Figure 1. A narrowband KrF
excimer laser (Lambda Physk LPX-250T)
produces UV light that is tunable from 247.9 to
2489 nm with a bandwidth of 0.003 nm. The
maximum pulse energy is 450 mJ with pulse
duration of 20 ns. For the present experiment, the
laser pulse energy is set to 150 mJ to avoid
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laser-induced air breakdown. The laser is tuned to
248,56 nm to minimize fluorescence interference
from OH and Q.. Light scattered by the 20 mm
focusing lens is measured by a PMT to provide a
relative measure of the laser pulse energy. The
laser is focused toward either the multi-element,
uncooled, flat-flame diffusion "Hencken" burner or
the jet. The "Hencken"
homogenous laminar post flame zone that is used

burner produces a

for evauation and calibration of the Raman system.

The laser beam is focused by a single 200 mm
spherica lensto a 0.02 ~ 0.04 mm profile in the
sample volume where the largest dimension is
paralel to the direction d the jet flow. The probe
length as determined by the magnification ratio of
collection optics (2.34) and the opening dit of
spectrometer (100 mm) is 0.04 mm in the direction
Stokes Raman and
fluorescence signads emanating from the sample
focused by a
Cassegrainian optics (magnification ratio 2.34)
through a 10 mm thick butyl acetate liquid filter and
relayed to the entrance dit of a 0.275 m, /3.8
spectrometer (Acton Research Co., SpectraPro-275)
with a 1200 groovesmm grating (3 nm/mm
disperson) and a 05 m, f/4 spectrometer
(SPEX-500M) with a 1800 grooves'mm grating
(2.1 nm/mm dispersion) for dispersion and separate

of beam propagation.

volume ae collected and

measurement. An intendfied CCD camera
(Princeton Instruments, 576 x 384 array, 22 x 22
mm pixels) is aligned at the exit plane of the
spectrometer for monitoring the Stokes Raman and
fluorescence signals. The Raman and fluorescence
signds are digitized with a 14-bit A/D cad
connected to a persona computer for data reduction.
The spectral coverage of the 0.5 m spectrometer is
13.8 nm, which is insufficient to measure al the
major species Raman signals. Hence, it is used for
the G, (258.4 nm) and N, (263.7 nm) Raman signal

measurements. The spectral coverage of the 0.275
m spectrometer is 36.3 nm, which is used to
measure H,O (273.2 nm) and H, (277.1 nm) Raman
signals as well as OH (297 nm) fluorescence in
hydrogen flames. Both the 0.5 m and 0.275 m
spectrometers are aligned by placing a200 nm wire
at the center of the probe volume and centering the
image onto the respective dits. This procedure
ensures that both No Stokes and anti-Stokes Raman
signals are measured from the same sample volume.

The flow facility is a 1 mm inner diameter
vertical straight tube. Fud is introduced through
the jet into the still atmospheric air without coflow.
The jet is mounted on a 3D trandation stage while
the optical system remains fixed.

3. Calibrationand Data Reduction

The Raman system is calibrated with the
flat-flame "Hencken" burner operated at several
known equivaence ratios from lean to rich. For
each flame condition, the flame temperature is
obtained by comparison of a measured N, Stokes
spectrum with a calculated theoretical spectrum
[15]. The spectrd method is an excellent tool for
laminar flame temperature measurement especially
the
thermocouple melting temperature. The measured

for flame temperatures higher than
flame temperature and measured flow rates are used
to calculate equilibrium species concentrations and
calibrate the Raman and OH fluorescence signals.
For gpecies concentration measurement, the
integrated charge Q from an ICCD camera
collecting the Raman scattering signal from species
i isgiven by the equation [11] :

Q =K, QNIf,(T) (1)
where [N;j] is the number density of species i, Q, is
the incident laser energy, K; is a proportionality
constant dependent on the vibrational Raman cross



13 March 29, 2004

section, geometry, and optical efficiency, and f;(T)
is bandwidth factor
temperature-dependent distribution of molecules in
their allowed quantum sates. The bandwidth
factor can be theoretically caculated for diatomic

molecules;, however, the calculation is less reliable
for polyatomic molecules. Hence, the terms K;

and fj(T) are combined to give the calibration factor
Ci = VK;|fj(T) which is obtained from calibration.

which accounts for the

For the OH concentration measurement, the
use of laser-induced predissociative fluorescence
(L1PF) technique has been described elsewhere [3].
The measured OH fluorescence intensity is related
to the OH number dengity as follows:

A
WIL[NOH]‘:B(T) @

. =C
where C is a constant dependent on optica and
detector efficiency, A is the fluorescence rate, Q is
the collisonal quenching rate, P is the
predissociating rate, 1, isthe incident laser intensity,
[Now] is the OH number density, and f_ (T) is the
temperature dependent Boltzmann  population
fraction. Since P is about 20 times greater than A

plus Q, hence Eq. (2) can be smplified as:

e =CA1 [N 1 fo(T) ®

The number density of OH molecules is
linearly proportional to the measured intensity if
fluorescence is measured from the v¢ = 3 date.
Since the laser is not tuned to a single resonant line,
the OH fluorescence is from the excitation of the
resdual broadband output (~10 mJ) of the
narrowband KrF excimer laser. The OH LIPF
linearly proportiona to the OH
The OH relationship is
in the Hencken burner & 5 cm
the OH radcds have
recombined to an equilibrium concentration. The

signa is
concentration. linear
calibrated

downstream where

OH fluorescence signd is cdibrated from lean to

rich flame conditions. The O, fluorescence
interferes with the OH fluorescence signa at high
temperature lean conditions and is corrected by
monitoring the O, fluorescence at 268 nm.

The perfect gas law is used to arrive at the
temperature measurement by adding the number
densities of the major species. The mixture fraction,
f, is a conserved scalar that describes the gtate of
mixing between fuel and oxidizer. The mixture
fraction is calculated from the Raman scattering
measurements of the major species concentrations
for each laser shot as the mass originating from the
fuel stream divided by the total mass[2,8]:

qH,]1+H,0]

= ®
32(0,]+ 28N, ] +19H,0] +2[H,]

The contribution of HO in the room air and the
flame radicals (i.e., OH, H) to the mixture fraction
caculation is smal (< 0.001) and is neglected. The
mixture fraction is 1 in pure hydrogen, O in pure air,
and 0.0283 at stoichiometric.

The results of cdibration of the single-pulse
Raman system over a wide range of fuel/air ratios
in the Hencken burner are shown in Figs. 25. At
each fuel/air ratio, 200 laser shots are recorded. The
mean and standard deviation values for each flame
condition are presented by symbols and error bars
theoretical  adiabatic
equilibrium curves. The variations of mixture
fraction are corrdlated to all maor species
to Eg. (3). The
experimental  relative standard deviation for
sngle-shot N concentration measurements is 3%

and ae compared to

concentrations  according

a room temperature and 7% in a stoichiometric
flame at 2300 K (see Fig. 4c). The relative standard
deviation for temperature and OH concentration
is 13% ad 1% in the

flame, respectively. The

measurements
stoichiometric
well-calibrated Raman system is then capable of
analyzing flows where conditions are unknown.
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4. Results and Discussion
A laminar hydrogen jet diffusion flame is
formed by injecting fuel through a straight tube (D
= 1 mm) into still atmospheric air. The jet has an
exit velocity of 36 m/s, which is caculated based
on the flowrate and the jet exit diameter (Reynolds
number = 330). Raman and L1PF measurements are
made in the radia direction at three axial locations:
x/D =1, 3, and 5. At each measurement location
200 independent laser shots are taken. For each
the thermodynamic dState
temperature  and

laser shot,

(eg.
concentrations) are measured in the flame. Other

single
properties Species
guantities such as density and mixture fraction can
be calculated.

Figures 6-8 show the radia profiles of the
mean temperature, major species (O,, N, H,O, H,),
and OH concentrations at different axial locations
for the flame. Figure 6 details the radia profile
1. The
temperature rapidly rises from the cool unburned

across the potentiad core a x/D =

core to 2155 K, where it plateaus across the
reaction zone. As expected, the maximum flame
temperature occurs at the stoichiometric contour
defined by the intersection of the H, and O,
concentration profile. At this axial position, the N,
has diffused into the central jet and the OH pesaks
outer the stoichiometric contour. The peak OH
concentration (Xon = 0.00943) is about a factor of
156 higher than the equilibrium value that
corresponds to a measured mixture fraction. This
superequilibrium OH concentration is caused by the
dow three-body recombination reactions and hence
results in a lower flame temperature [3]. It is noted
that the maximum OH concentration at this axial
position do not coincide with the location of
maximum temperature. This is due to more radia
diffuson with a smaler burner than that with a

larger burner [15].

Figure 7 shows the radial profile for the flame
a x/D = 3. At this axial location, the centerline H,
mole fraction decreases to 0371 and the
temperature rises to 1640 K. The maximum
temperature has reached to 2323 K and is aso
located at the stoichiometric contour but not
coincided with the pesk OH location. The
depressing of temperature a outer flame zone is
aso due to superequilibrium OH effect. The
maximum value of OH is 0.0087.

Figure 8 shows the radial profile for the flame
a x/D = 5. At this axial location, the centerline H,
mole fraction decreases to 0279 and the
temperature rises to 1782 K. Here, the peak
temperature (T = 2310 K) dightly shifts outward
away from the stoichiometric contour. However,
the maximum OH and HO concentrations at this
axial postion coincide with the location of
maximum temperature. Note that the maximum
value of OH has decreased from 0.0087 to 0.004
and results in a temperature close to an adiabatic
equilibrium value.

5. Conclusions
UV Raman scattering combined with LIPF
has been applied to alaminar hydrogen jet diffusion
flame. The spatiad resolution is improved over
previous UV Raman system. Simultaneous,
spatialy
temperature,

temporaly  and resolved  point

measurements  of major  Species
concentrations (O,, N,, H,O, H,), and hydroxyl
radica concentration (OH) are measured. In
addition to obtaining an accurate and detailed
mapping of temperature and species concentrations,
we found that fuel has not been completely
consumed at the measured three axia positions. We
also found that the maximum OH concentration

does not coincide with the location of maximum



temperature at x/D =
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1 and 3. The detaled

measurements of the flame properties provide

information for combustion mode!s validation.
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UV RAMAN/LIPF DIAGNOSTICSIN A MESOSCALE NONPREMIXED
HYDROGEN JET FLAME

T.S. Cheng

Department of Mechanical Engineering
Chung Hua University

Y.-C. Chao, C.-Y. Wu, G.-B. Chen, T. Yuan,and T. S Leu

Institute of Aeronautics and Astronautics
National Cheng Kung University

i 707, Sec. 2, Wufu Rd., Tungshiang, Hsinchu, Phone: 886-3-5186489, Fax: 886-3-5373771, E-mail:
tscheng@chu.edu.tw

ABSTRACT

The application of single-pulse UV Raman scattering and laser-induced predissociative fluorescence (L1PF)
techniques for future study of micro channel/tube reacting flows is examined with a probe volume of 0.02" 0.04" 0.04
mn. A 1 mm diameter tube is used for the present investigation. UV Raman scattering combined with LIPF is
applied to amesoscale H; jet diffusion flame. Simultaneous, temporally and spatially resolved point measurements of
temperature, major species concentrations (O, N2, H,0O, Hy), and hydroxyl radical concentration (OH) are made in the
radial and axial directions. Quantitative OH concentration measurement and qualitative 2-D OH imaging indicate that
two reaction zones (diffusion and premixed) coexist in this small tube flame, due to flame quenching and subsequently
air leaking into the fuel stream. Comparisons between the measured and calculated data indicate that the flamelet
approach predicts favorable results for temperature and major species concentrations except for OH radicals. The
present study demonstrates that future application of this Raman/LIPF system to micro catalytic channel/tube flows is
feasible.

Keywords Raman scattering, LIPF, mesoscale nonpremixed flame, micro reacting flows

1mm (N2, Oz, H20, Hy)
(OH) OH
OH
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INTRODUCTION

With increasing demands on micro devices
such as micro satellite and micro airplane, needs for
amicro power source to activate these systems have
been increased as well [1]. These systems require
high energy density power source to provide a long
period of time of operation. Generdly, the energy
density of typica hydrocarbon fuels is about 100
times higher than that of latteries. Even regarding
the heat losses in the process of extracting power
from the fuel, a micro scale propulsion system has
been considered as a viable dternative to the
batteries [2]. Various propulsion devices such as
micro heat engine, gas turbine, rocket engine, and
thruster have been successfully demonstrated [2, 3].
Along the development of micro propulsion
sysems, one of the mgor problems is the
combustion in a miniature volume of combustor.
Two new chalenges such as the limited flow
residence time for complete combustion within the
combustor and an increase of hesat loss to the walls
of the combustor due to increased surface
area-to-volume ratio are encountered. Existing
literature on combustion is insufficient for
understanding the physical thenomena in a volume
that is comparable to a laminar flame thickness.
Intensive theoretical and numerical efforts have
been underway to face the new challenges [4, 5].
However, these models require benchmark data for
assessments. Therefore, experimental
measurements of pressure, velocity, temperature
and reactive scalars either inside the combustor or
in the combustor exhaust are needed not only to
gain a better insight into the physics but aso to
provide information for the input and validation of
theoretical models.

Laser-based non-intrusive techniques, with
adequate temporal and spatia resolution, have been
applied to measure the state properties of gases in
combustion environments for many years [6]. One
laser-based  technique, spontaneous Raman
scatering, has the capability of providing
simultaneous measurements of temperature and all
maor species concentrations in  hydrogen and
hydrocarbon diffuson flames. Although Raman
scattering has a relatively weak signd, it has been
applied to smultaneously measure temperature and
al maor species concentrations in turbulent
hydrogen diffusion flames [7-9], hydrogen diluted
with argon flames [10, 11] and hydrocarbon flames
[12-15]. From the search of published literatures, al
reports are on the measurements of large-scde
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turbulent flames. There is a need to verify whether
such a system can aso be applied to micro reacting
flows.

In the present study, we attempt to apply
spontaneous Raman scattering technique to a jet
flame that is produced from a 1 mm diameter tube.
The laser system is then applied to a laminar
nonpremixed hydrogen jet flame. Simultaneous
measurements of temperature and multi-Species
concentrations in the flame provide fine resolution
and accurate database for validation of combustion
models. The present study demonstrates that future
application of this system to micro channel/tube
reacting flows is feasible.

EXPERIMENTAL APPARATUS

The schematic diagram of the UV Raman
system is shown in Figure 1. A narrowband KrF
excimer laser produces UV light that is tunable
from 247.9 to 248.9 nm with a bandwidth of 0.003
nm. The maximum pulse energy is 450 mJ with
pulse duration of 20 ns. For the present experiment,
the laser pulse energy is reduced to avoid
laser-induced air breakdown. The laser wavelength
is tuned to 248.56 nm to minimize fluorescence
interference from OH and O, and two-photon H,O
photodissociation. Light scattered by the 200 mm
focusing lens is measured by a PMT to provide a
relative measure of the laser pulse energy. The laser
beam is focused by a single 200 mm spherica lens
toa 0.02 ~ 0.04 mm profile in the sample volume
where the largest dimension is pardld to the
direction of the jet flow. The probe length as
determined by the magnification ratio of collection
optics (2.34) and the opening dit of spectrometer
(100 Mm) is 0.04 mm in the direction of beam
propagation. Stokes Raman and fluorescence
signds emanating from the sample volume are
collected and focused by a Cassegrainian optics
(magnification ratio 2.34) through a 10 mm thick
butyl acetate liquid filter and relayed to the entrance
dit of a 0.275 m, /3.8 spectrometer with a 1200
grooves/mm grating and a 0.5 m, f/4 spectrometer
with a 1800 grooves'/mm grating for dispersion and
separate measurement. An intensified CCD camera
(Princeton Instruments, 576 x 384 array, 22 x 22
mm pixels) is aigned at the exit plane of the
spectrometer for monitoring the Stokes Raman and
fluorescence signals. The Raman and fluorescence
sgnas are digitized with a 14-bit A/D cad
connected to a persona computer for data reduction.
The flow facility isa 1 mm inner diameter vertical
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straight tube. Fud is introduced through the tube
into the still atmospheric air without coflow. The jet
is mounted on a 3-D trandation stage while the
optical system remains fixed. The resolution of
trandation stageis 1 mm.

CALIBRATION AND DATA REDUCTION

For hydrogen flame measurements, the Raman
system is calibrated with the flat-flame "Hencken"
burner operated at several known equivalence ratios
from lean to rich. The calibration procedure for
major species (N,, O,, H,, and H;O) and OH
concentration measurements is similar to that
described elsewhere [8]. The perfect gaslaw is used
to arrive at the temperature measurement by adding
the number densities of the maor species. The
experimental  relative standard deviation for
gngle-shot N, concentration measurements is 3% at
room temperature and 7% in a stoichiometric flame
a 2300 K. The relative standard deviation for
temperature and OH concentration measurements is
9% and 19% in the stoichiometric flame,
respectively. Typica single-shot relative standard
deviations in this range are comparable to other UV
Raman systems [16, 11]. The wdl-calibrated
Raman system is then capable of analyzing
hydrogen jet flames.

In addition, the qualitative 2D OH imaging is
also employed to visudize the flame structure [18].
For the OH imaging, the laser wavelength is tuned
to 248.46 nm to excite the B(8) rotationa line of
the A-X (3,0) trangition. The laser beam is formed
to a thin sheet of 34 mm height and 0.2 mm thick
by a single cylindrical lens (f = 1000 mm) and
intersected verticaly through the flame axis. Only
the 20 mm centra portion of the laser sheet, where
the laser intendity is high and uniform, is used for
imaging. The OH fluorescence signal is imaged
onto an intensified CCD camera with a UV camera
lens (Nikkor, f = 105 mm, f/4.5). A 10-mm-thick
butyl acetate liquid filter is placed in front of the
camerato rgect the Rayleigh light.

RESULTS AND DISCUSSI ON

Before applied the present system to hydrogen
jet flame measurement, we examine the flat-flame
first. The laser energy is set to 200 mJpulse
corresponding to a power density of 1.25 TW/cnt
in the probe volume. No gas breakdown is found
from the visual oObservation and spectra
measurements. A laminar hydrogen jet diffusion
flame is formed by injecting fuel through a straight
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tube into ill atmospheric air. The jet has an exit
velocity of 36 m/s, which is calculated based on the
flowrate and the jet exit diameter (Re = 330).
Raman and LIP~OH point measurements are made
in the radid and axial directions. At each
measurement location 200 independent laser shots
are taken. For each sdingle laser shot, the
thermodynamic state properties (e.g., temperature
and species concentrations) are measured in the
flame. Other quantities such as density and mixture
fraction can be calculated. Figures 25 show the
measured radia profiles of the mean temperature,
major species (O,, N,, H,O, H,), and OH
concentrations with the calculated results obtained
from a postprocessing of flamelet model for the
flame. The experimenta data are indicated by
symbols and those from the flamelet model are
denoted by solid lines. The predicted data are
derived from the measured mixture fraction and a
flamelet library. Figure 2 details the radial profile
across the potential core a xD = 1. The
temperature rapidly rises from the cool unburned
core to 2008 K, where it plateaus across the
reaction zone. As expected, the maximum flame
temperature and the peak OH location occur at the
stoichiometric contour defined by the intersection
of the H and O, concentration profile. The peak
OH concentration (Xon = 0.018) is about a factor of
3 higher than the adiabatic equilibrium value that
corresponds to a measured mixture fraction of
0.029. This superequilibrium OH concentration is
caused by the dow three-body recombination
reactions and hence results in a flame temperature
(T = 2134 K) lower than the adiabatic equilibrium
caculations (T = 2370 K). Comparisons between
the predicted and measured data are in favorable
agreement except that for OH concentration. The
flamelet model predicts a broader distribution of
OH radicas. The flamelet modd predicts a broader
distribution of OH radicals. It should be noted that
one might argue that the superequilibrium OH is
produced from the photofragment of two-photon
H,O photodissociation. If this were true, then the
measured OH concentrations must be much higher
than the flamelet predictions. Figure 2 declares that
the superequilibrium OH concentration is caused by
the slow three-body recombination reactions.

Figure 3 shows the radial profile for the flame
a xD = 5. At this axid location, the N, has
diffused into the central jet and the temperature and
peak OH shift toward outer radiad postion. The
maximum temperature has reached to 2224 K and is
also located with the peak OH at the stoichiometric
contour. The depressing of temperature is aso due
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to superequilibrium OH effect. The maximum vaue
of OH is Q017. Comparisons of the predicted and
measured data aso indicate that the flamelet model
predicts a broader OH distribution at this axia
position. Figure 4 shows the radia profile for the
flame a x/D = 25. At this axia location, the
centerline temperature has increased to 1874 K and
the centerline H, decreases to 0.155. Two
temperature and OH peaks are found at the radial
position of r/D = 1.4 and 4. This indicates that two
reaction zones are formed in the flame a this
downstream location. The flame structure measured
a this axia location contradicts to a generd
concept that only one reaction zone exists in a
laminar hydrogen diffusion flame. The reason for
causing two reaction zones will be explained later
with the 2D OH imaging. Comparisons between
the predicted and measured data are dso in
favorable agreement except that for temperature
and OH concentration.

Figure 5 shows the radial profile for the flame
at x'D = 50. At this axid location, the centerline
temperature has increased to 1970 K and the
centerline H, decreases to 0.065. One of the OH
peaks has shifted toward the centerline of the jet,
while the other is located a r/D = 1.6 where
maximum temperature (T = 2161 K) occurs.
Comparisons of the predicted and measured data
indicate that the flamelet model under-predicts the
H,O and over-predicts the OH mole fractions at this
axia position.

Figure 6 shows the axia profile aong the
centerline of the flame. The measured maximum
temperature and OH concentration locate at x/D =
60, where is close to the axid postion of the
stoichiometric contour. Note that the predicted
major Species concentrations are in good agreement
with the measured values. However, the flamelet
model over-predicts the temperature and OH
concentrations.

In order to verify the two reaction zones
measured at x/D = 25 and 50 (Figures 4 and 5), the
qualitative 2D OH imaging is taken for the entire
flame as shown in Figure 7. Figure 7 is an average
of 20 single-pulse images and composes of 4
segments. The first segment is taken at 1 mm above

the jet exit to reduce Mie scattering from the tube.

Because the OH intensity reaches a maximum value
in the flame front, the measured 2-D imaging of OH
indicates the instantaneous shape of the reaction
zone. The OH distribution in Figure 7 shows that
two reaction zones exist in the flame; one is in the
mixing layer between the fuel stream and the
ambient air, and the other locates in the centra
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flame from D = 20 to 45. The reaction zone
formed in the mixing layer is normaly found in a
jet diffuson flame. High OH concentration
appeared in the central portion of flame, which at
first sight seems contradictory to diffusion flame
structures, is due to flame quenching and
subsequently air leaking from the upstream of the
jet exit. In alaminar diffusion flame, with a smaller
burner, the axial diffuson upstream of the burner
exit is dgnificant [19]. The flame envelope is
extended to the negative direction of the jet exit and
the flame can be quenched by the tube surface. As
the jet exit velocity is high (Re = 330), the ambient
air is sucked into the fuel stream from the contact
surface of the flame and tube. The air is then mixed
with fuel, convected downstream, and burned to
form an inner premixed flame at x/D = 20 to 45.

CONCLUSIONS

UV Raman scattering combined with LIPF
has been applied to a mesoscale hydrogen jet
diffusion flame with a probe volume of 0.02 ~ 0.04
" 0.04 mn?. Simultaneous, temporally and spatially
resolved point measurements of temperature, major
species concentrations (O,, N,, H,O, H,), ad
hydroxyl radical concentration (OH) are measured
in the radial and axia directions. In addition to
obtaining an accurate and detailed mapping of
temperature and species concentrations for
combustion model assessment, we found that fuel
has not been completely consumed up to x/D = 60.
We aso found that the measured maximum OH
concentration coincides with the location of
maximum temperature at radial and axia positions.
Quantitative OH concentration measurement and
quaitative 2-D OH imaging indicate that two
reaction zones (diffusion and premixed) coexist in
the flame, due to flame quenching and air leaking
into the fuel stream. Comparisons between the
measured and calculated data indicate that the
flamelet approach predicts favorable results for
temperature and maor species concentrations
except for OH radicals. The present study
demonstrates that future application of this
Ramar/LI1PF system to micro catalytic channel/tube
flowsisfeasible.
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Figure 1. Schematic diagram of UV Raman.
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of microscale hydrogen diffusion flames
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Abstract

Characteristics of microscale hydrogen diffusion flames produced from sub-millimeter diameter
(= 0.2 and 048 mm) tubes are investigated using non-intrusive UV Raman scattering coupled with
LIPF technique. Simultaneous, temporally and spatially resolved point measurements of temperature,
major species concentrations (Oz, Nz, H>0, and H:), and absolute hydroxyl radical concentration
(OH) are made in the microflames for the first time. The probe volume is 0.02:x 0.04 x 0.04 mm~>. In
addition, photographs and 2-D OH imaging techniques are employed to illusirate the flame shapes
and reaction zones. Several important features are identified from the detailed measurements of micro-
flames. Qualitative 2-D OH imaging indicates that a spherical flame is formed with a radius of about
| mm as the tube diameter 5 reduced to 0.2 mm. Raman/LIPF measurements show that the coupled
effect of ambient air leakage and pre-heating enhanced thermal diffusion of H; leads to lean-burn con-
ditions for the flame. The calculated characteristic features and properties indicate that the buoyancy
effect is minor while the flames are in the convection—diffusion controlled regime because of low Peclet
number. Also, the effect of Peclet number on the flame shape is minor as the flame is m the convection-
diffusion controlled regime. Comparisons between the predicted and measured data indicate that the
trends of temperature, major species, and OH distributions are properly modeled. However, the code
does not properly predict the air entrainment and pre-heating enhanced thermal-diffusive effects. There-
tore, thermal diffusion for light species and different combustion models might need to be considered in
the simulation of microflame structure.

© 2004 by the Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Microflames; Raman scattering; LTPF; Numerical simulation

1. Introduction vehicle, needs for a micropower source to acti-
vate these systems have significantly increased

Recently, with increasing demands on mic- [1]. These microsystems require high-density
rodevices such as microsatellite and microaerial power source to provide long periods of time

of operation. Generally, the energy density of
typical hydrocarbon fuels is about I[00 times

* Corresponding author. Fax: +886 3 51863521, higher than that of batteries. Even regarding
E-mail address tscheng@chu edutw (T.S. Cheng). the heat losses in the process of extracting power

(OE2-07EYS - see front matter © 2004 by the Combustion Institute. Published by Elsevier Inc. All rights reserved.
doi: 10,1016/ proci. 2004 07.025
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from the fuel, a microscale combustion system 2. Experimental setup 104
has been considered as a viable alternative to
batteries. To develop such combustion systems, The microscale hydrogen diffusion flames 105
an understanding of the physics of microflames investigated here are stabilized on vertical straight 106
must be made. stainless-steel tubes with inner diameters (d) of 0.2 107

There have been some studies of microflames and .48 mm, and the corresponding wall thick- 108
experimentally, amnalytically, and numerically. nesses 0.09 and 0.17mm. Fuel 15 introduced 109
Ban et al. [2] have performed experimental and through the tube into the quiescent atmospheric 110
theoretical studies on convection—diffusion con- air with mass flowrates of 0.043 and 0.107 mg/s 111
trolled laminar microflames to investigate the corresponding to the bulk velocity of 16.48 and 112
magnitude of diffusive-transport and its effect 7.16m/s for d=02 and 048 mm, respectively. 113
on the microflame structure. They found that The Reynolds number, based on the exit condi- 114
the buoyancy effect in the millimeter-size flames tions of fuel, is Re = 30 for both flames. The jet 115
is negligible, while the axial diffusion is impor- is mounted on a precision 3-D translation stage 116
tant in these flames. Ida et al. [3] conducted the while the optical system remains fixed. The resolu- 117
extinction limit study of microdiffusion flames tion of the translation stage is | pm. For Raman/ 118
using microscopic shadowgraph and CH* emis- LIPF measurements, the scanning step is 50 and 119
sion imaging techniques. They reported that the 100 pm for 4 = 0.2 and (.48 mm, respectively. 120
quenching zone 1s located near the flame base, The schematic diagram of the UV Raman/ 121
and the derived extinction curve can be described LIPF system 1s shown n Fig. 1. A narrowband 122
by Reynolds number times jet diameter. Matta et KrF excimer laser (Lambda Physik LPX-250T) 123
al. [4] used flame visualization and chemilumines- produces UV light that is tunable from 2479 to 124
cence measurement techniques along with analyt- 248.9 nm with a bandwidth of 0.003 nm. The 125
ical approaches to investigate the extinction maximum pulse energy is 450 mJ with a pulse 126
process In microscale diffusion flames. They duration of 20ns. For the present experiment, 127
found that the measured quenching and blow- the laser pulse energy 1s reduced to avoud laser-in- 128
off limits are in agreement with the predicted val- duced air breakdown. The laser wavelength is 129
ues, and concluded that the behavior of minia- tuned to 2438.56 nm to minimize fluorescence 130
ture diffusion flames can be adequately modeled interference from OH and O, and two-photon 131
by the laminar jet diffusion flame theory. In addi- Hz0 photodissociation. Light scattered by the 132
tion to the experimental and theoretical studies, 200 mm focusing lens i1s measured by a photomul- 133
Makamura et al. [5-7] have performed a series tiplier tube (PMT) to provide a relative measure 134
of numerical simulations to investigate the of the laser pulse energy. The laser s focused to- 135
burner size effects on microflame structures using ward the multi-element, uncooled, flat-flame diffu- 136
one-step and detailed reaction mechanisms. sion “Hencken’ burner or the jet. The ““Hencken” 137
The predicted CH distribution and flame heights burner produces a homogeneous laminar post- 138
were in good agreement with expenimental flame zone that is used for evaluation and calibra- 139
measurements. tion of the Raman/LIPF system. The laser beamis 140

In view of the above experimental studies, node- focused by a single 200 mm spherical lens to a 141
tailed measurements of thermophysical properties 0.02x0.04 mm profile in the sample volume 142
of microscale diffusion flames were reported. where the largest dimension is parallel to the 143
Therefore, experimental measurements of tempera- direction of the jet flow. The dimension of the fo- 144
ture and reactive scalars are needed not only togain cal point 1s marked on a sensitive paper and mea- 145
a better insight into the physics but also to provide sured by a microscope. The probe length as 146
information for the input and validation of com- determined by the magnification ratio of collec- 147
bustion models for CFD calculations. In the pres- tion optics (2.34) and the opening slit of spectrom- 148
ent study, we apply temporally and spatially eter (100 pm) is 0.04 mm in the direction of beam 149
resolved UV Raman scattering coupled with la- propagation. Stokes Raman and fluorescence sig- 150
ser-induced predissociative fluorescence (LIPF) nals emanating from the sample volume are col- 151
techniques to measure the thermophysical proper- lected and focused by a Cassegrainian optics 132
ties of microscale hydrogen diffusion flames. The {magnification ratio 2.34) through a 10 mm thick 153
results represent what we believe to be the first butyl acetate liquid filter and relayed to the en- 154
simultaneous measurements of temperature, major trance slit of a 0.275 m, {/3.8 spectrometer (Acton 1355
species (2, N2, H>0, and H3), and OH concentra- Research, SpectraPro-273) with a 1200 grooves/ 156
tions in microscale hydrogen diffusion lames. Fur- mm grating (3 nm/mm dispersion) and a 0.5m, 157
thermore, numerical simulations of the f/4 spectrometer (SPEX-300M) with a 1800 158
microflames are performed and comparisons be- grooves/mm grating (1.1 nm/mm dispersion) for 159
tween the measured and predicted data are made dispersion and separate measurements. An inten- 160
to evaluate the capability of the CFD codes and sified CCD camera (Princeton Instruments, 161
to gain a better understanding of the characteristics 576> 384 array, 22 x22pum pixels) is aligned at 162
of microflames. the exit plane of the spectrometer for monitoring 163
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Fig. 1. Schematic diagram of UV Raman/LIPF system.

the Stokes Raman and fluorescence signals. The
Raman and fluorescence signals are digitized with
a 14-bit A/D card connected to a personal com-
puter for data reduction. The spectral coverage
of the 0.5 m spectrometer is 13.8 nm, which is
used for the O, (258.4 nm) and N, (263.7 nm) Ra-
man and O, fluorescence (267 nm) signal measure-
ments. The spectral coverage of the 0.275m
spectrometer 1s 36.3 nm, which is used to measure
H>0 (273.2 nm) and H> (277.1 nm) Raman signals
as well as OH (297.5 nm) fluorescence in hydrogen
flames. Both the 0.5 and 0.275 m spectrometers
are aligned by placing a 100 pm wire at the center
of the probe volume and centering the image onto
the respective slits. This procedure ensures that
Stokes Raman and fluorescence signals are mea-
sured from the same sample volume.

For hydrogen flame measurements, the Raman
system is calibrated with the flat-flame “‘Hencken™
burner operated at several known equivalence ra-
tios from lean to rich. The calibration procedure
for major species (N; O, H;, and H;0) and
OH concentration measurements is similar to that
described elsewhere [8,9]. The perfect gas law is
used to arrive at the temperature measurement
by adding the number densities of the major spe-
cies. The experimental relative standard deviation
for single-shot W3z concentration measurements is
3% at room temperature and 7% in a stoichiome-

tric flame at 2300 K. The relative standard devia-
tion for temperature and OH concentration
measurements is %% and 194 in the stoichiometric
flame, respectively. Typical single-shot relative
standard deviations in this range are comparable
to other UV Raman systems [10,11]. The well-cal-
ibrated Raman system is then capable of analyz-
ing microscale hydrogen jet flames.

In addition, the qualitative 2-D OH imaging is
also employed to visualize the flame structure
[12]. For the OH imaging, the laser wavelength is
tuned to 248.46 nm to excite the P2(8) rotational
line of the A—X (3,0) transition. The laser beam is
formed to a thin sheet of 34 mm height and
0.2mm thick by a single cylindrical lens
(f= 1000 mm) and intersected vertically through
the flame axis. Only the 20 mm portion of the laser
sheet, where the laser intensity is high and uniform,
is used for imaging. The OH fluorescence signal is
imaged onto an intensified CCD camera with a
UV camera lens (Nikkor, /=105 mm, {/4.5). A
10-mm-thick butyl acetate liquid filter is placed in
front of the camera to reject the Rayleigh light.

3. Numerical simulations

To numerically model microscale hydrogen
diffusion flames, the time-dependent ordinary sets
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of conservation equations (mass, momentum, en-
ergy, and species) are solved with the finite volume
method in a staggered grid system. Axisymmetric
2-D plane (r-x) is considered as the computa-
tional domain because of the axisymmetry of the
jet. A schematic illustration of computational do-
main coupled with boundary conditions is shown
in Fig. 2, which 1s similar to the one used in pre-
vious numerical studies [5-7]. Co-axial Poiseuille
flow of the pure hydrogen fuel 1s gjected upward
into a quiescent atmospheric air (101 kPa,
300 K, 21%/79% of oxygen/nitrogen mixture). As
seen in the figure, the burner is placed inside the
computational domain, and hence the property
located inside as well as outside the burner is cal-
culated. This takes into account the back-diffusion
of species into the tube. Far-field boundary condi-
tions are imposed to the open boundaries as
shown in the figure. Non-slip, non-catalytic reac-
tion, and constant temperature {300 K ) conditions
are applied on the burner surface. Normal gravity
is considered as the external force. Burner specifi-
cations {inner/outer diameter, etc.) and volumetric
flowrate for the corresponding burner are set to
meset the current experiments. Detailed transport
and multi-step reaction mechanisms including
nine species (Ha, Oz, N, HyO, H, O, OH, HO,
and H>03) and 21 reversible reactions for hydro-
gen—air mixture [13] are adopted for this study.
Thermal properties for species are given by
CHEMKIN database [14], while transport prop-
erties are determined by Smooke’s simplified
transport model [15]. Radiation heat loss from
the H»0O 1s included based on the simplified opti-
cally thin model [16].

Central difference scheme is applied to the flux
terms on the grid cell surface and the Euler impli-
cit method is used for the time integration. In each
time step, numerical iteration using the line-by-
line successive over-relaxation (SOR) method is

o Open boundary:
Arnbbant Ar X
*101 kPa .'_“F".“?‘:'_‘f i o T Yo, Yi}
“Teo =300 L
Youweo =01,21 Micro-Diffusion
jO;nn.-
“houndary
E‘dﬂ\jn-l]
s (F=vrvx)
) e Computatic- +*T=300K
Conled Jat nal Domain ~ ."*You
* Tw=300% =0.21
Joner diameter: d ORIGIN ¥ =0
*outer diamater: {rx)=(0.0)
ﬂmt
“dYidn=( F T
--“-----1‘
Inbat condilions; Opan boundary-
*Fual; hydrogen ; — * eifidx=0 {1; wrv)
*Poiseuile flow 'H_ﬁ—-_ “T= 300K
“TI=300K ! “You=0.21, =0
=10

Fig. 2. Schematic illustration of numerical model.
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conducted. SIMPLE algorithm i1s employed for
the pressure term in the Navier—Stokes equation
[17] Total number of meshes is 81 for the radial
and |41 for axial direction. Entire region of the
calculation is about 404 and 604 for the radial
and axial direction, respectively. Stretched meshes
are applied in both the directions; a minimal grid
size of df10 is placed near the burner and an en-
larged grid size is set toward the outer boundaries.
Calculahon 15 started from an initial time step of
1.0 x 10~* 5 and continuous until steady-state con-
dition is reached. Solution in steady-state condi-
tion is checked by increasing the time step to
show no dynamic response.

4. Results and discussion
4.1, Flame visualization and OH imaging

Photographs and LIPF-OH images of the
microscale hydrogen diffusion flames with tube
diameters of 0.2 and 0 48 mm are shown in Fig. 3
for a fixed Reynolds number ( Re = 30). Direct pho-
tographs are taken (using Sony color CCD camera
with macrolens) with long exposure time due to
weak luminosity from hydrogen flames. Photo-
graphs show that the microflames are egg-shaped
and extend upstream of the burner port. The
bright-yellow color of the burner port indicates sig-
nificant heat loss from the flame to the burner. The
measured burner port temperature, using an IR
camera (Raytek MA2SC), is 943 and 1017 K for
d =0.2 and 0.48 mm flame, respectively. The qual-
itative single-pulse 2-D OH image corresponding to
each flame is also shown in Fig. 3. Each image 1s
taken at 0.1 mm above the burner port to reduce
Mie scattering from the burner surface. Because
the OH intensity reaches a maximum value in the
flame front, the measured 2-D imaging of OH indi-
cates the shape of the reaction zone. For the
d =048 mm flame, the shape of the OH imaging
1s quite similar to that observed by photograph.
However, as the tube diameter is reduced to
(0.2 mm, the reaction zone is spherical-shaped with
a radius of about | mm, which is different from the
photographic observation. This fact suggests that
photographs may misinterpret the reaction zone,
similar to conventional flames. A previous study
with C» class of hydrocarbon fuels indicated that
the flame is in convection—diffusion controlled re-
gime as it is spherical-shaped [2]. Further analysis
will be made to verify whether the flames studied
here are in this regime once we proceed to discuss
Raman resulis.

4.2, Thermophysical properties of the microflames
Simultaneous point measurements of tempera-

ture, major species (0, N;, H;O, and H,), and
OH concentrations are made in the radial direc-
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Fig. 3. Photographs and single-pulse LIPF-OH images of the microscale hydrogen diffusion flames with tube diameters

of 0.2 and 0.48 mm.

tion at three axial locations (x = 0.1, 1, and 2 mm)
of the microflames. At each measurement loca-
tion, 200 independent Raman/LIPF-OH spectra
are recorded and evaluated. For each single laser
shot, the thermodynamic state properties are mea-
sured in the flame. Other quantities such as den-
sity and mixture fraction can be derived from
the measured species concentrations. Figs. 46
show the comparison of measured radial profikes
of the mean temperature, major species (02, N,
H.0, and H,), and OH concentrations with the
calculated results using detailed reaction mecha-
nisms for the d =0.2mm flame. The measured
mixture fractions (f) are also shown in the figures.
The experimental data are indicated by symbols,
and solid lines denote those from the simulation.
Fig. 4 details the radial profile across the flame
at x = 0.1 mm. The temperature rapidly rises from
the center of the jet to 1786 K, where it decreases
across the reaction zone and then has a sudden
drop across the flame edge. The Oz and N; appear
at the center of the jet indicating leakage of ambi-
ent air into the flame. Recall that the microflame
envelops the tube (Fig. 3) and could be quenched
by the tube-wall, and consequently heating the
burner port temperature up to 943 K. Therefore,
a quenching gap may be produced between the
flame and the wall surface. It has been reported

that ambient air entrainment through this gap
could modify the combustion status [18], and it
has been experimentally observed in a mesoscale
hydrogen diffusion flame (d=1 mm, Re=330)
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Fig. 4. Comparison of measured mean temperature,
major species, and OH mole fraction with caleulated
radial profile for d = 0.2 mm flame at x = 0.1 mm. (): T,
() O, (Tl Wa, () HaO, (A0 Ha, (8 OH = 50, (B2
[ 25, and (—): caleulation,
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2000 rium value of Hz mole fraction of 0.065. The 359
experimental uncertainties (15%, due to a small 360
amount of H,) may cause the measured mixture 361
Lt fraction to be slightly shifted to the lean side 362
_ due to a large amount of O, and N, observed at 363
§ 1200 S the same I_ncatiml. Th_e experimental uncerta_in_tjf o4
k5] E coupled with pre-heating enhanced thermal diffu- 365
£ 2 sion of Ha, and ambient air leakage could be the 366
= a0 B cause of no H» appearance around the center of 367
= = the microflames. In addition, the calculated heat 368
transfer rate from the tube to the hydrogen jet is 369
400 57 W, and the amount of heat required to raise 370
the H: temperature to 400K 15 0.045W. This 371
means that most of the heat 1s dissipated by con- 372
0 duction through the tube, but not to initiate reac- 373
) tion at the nozzk outlet or inside the nozzle. Two 374
Radial (mm) OH peaks are found at the radial positions of 375
Fi . S ) ) r=045 and 1.15mm. This indicates that two 376
ig. 5. Comparison of measured mean temperature, . . ; )
major species, and OH mole fraction with calculated reaction zones are formed at this downstream 377
radial profile for 4= 0.2 mm flame at x = 1 mm. o (T} location in the flame. The flame structure mea- 378
& O, (O Na, (A): HaO, (A) Ha, (@) OH x50, (E): sured at this axial location contradicts to a general 379
f= 25, and (—): calculation, concept that only one reaction zone exists in a 380
laminar hydrogen diffusion flame. Comparisons 381
between the predicted and measured data indicate 382
2000 that the trends of temperature, major species, and 383
OH distributions are properly modeled. However, 384
the code does not properly predict the air entrain- 385
pes ment and hence results in an underprediction of 386
. 03 and N> near the jet centerline. Moreover, the 387
= 1200 E, assumption of 300 _K fm_' thf-, tube WEI!' tempera- 388
E s ture, and the chemical kinetic mechanism as well 389
fr e as simplified transport model used in this simula- 390
2 a0 B tion may lead to the overprediction of H; near the 391
= 2 burner exit. We have tried heated surface condi- 392
tion and found that the discrepancy between 393
400 experiment and simulation is remained. This 394
could be due to the fact that kinetic and transport 395
models used in the present study might be inade- 396
0 quate for the H» microflame simmlation. Mosbh- 397
acher et al. [19] have reported that flame 398
Radial (mm) curvature focusing could enhance H: diffusion, 399
Fi e S ) ) and the calculated flame structure 1s very sensitive 400
ig. 6. Comparison of measured mean temperature, 5 S :
major species, and OH mole fraction with caloulated to the chemical kmetlc_mac:hamsm am:_l |_nn_lecul_ar 401
radial profile for 4= 0.2 mm flame at x = 2mm. (s): T. transport data. Theretore, thermal diffusion for 402
(&) Oa, (O} Na, (&) HaO, (A): Ha, (8 OH % 50, (=) light species and different combustion and trans- 403
f= 25, and (—): caleulation. port models might need to be considered in the 404
simulation of microflame structure. 405
Figs. 5 and 6 show the radial profiles for the 406
[9]. Indeed, we found that the penetrated air has flame at x =1 and 2mm, respectively. At these 407
been heated up to 400K, and no H>O and Ha two axial locations, the temperatures distribute 408
are measured at the center of the jet. The disap- in a bell shape around the center of the jet and 409
pearance of H> at the axial position near the bur- have a mean temperature of 1650 and 1600 K, 410
ner exit in a microflame has never been reported respectively. The two OH peaks start to merge 411
for a normal laminar flame. We have examined into one broad peak at x =1 mm, indicating a 412
the averaged (200 shoots) H, spectra across the transition of reaction zones at this axial position. 413
radial direction at x=0.1 mm and compared to Reaction oocurred at the center of the jet resulting 414
those from the cahbration burner in rich flame in an increase of H,O and a decrease of O, and 415
conditions. The maximum integrated H, intensity N;. Comparisons of the predicted and measured 416
at the center of the jet is only comparable to the data at these two axial locations also indicate that 417
intensity corresponding to the equivalence ratio the model properly predicts the trends of temper- 418
ranges of 1.05-1.2, which has a maximum equilib- ature, major species, and OH distributions. How- 419
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ever, the higher prediction of temperature results
in an overprediction of HyQ and OH and under-
prediction of O3 and N,.

As the tube diameter is increased to (.48 mm,
comparisons of measured radial profiles of the
mean temperature, major species (O, N5, H50,
and H,), and OH concentrations with the calcu-
lated results are shown in Figs. 7-9 for x =0.1,
l, and 2 mm, respectively. The distributions of
temperature and species concentrations measured
in this flame are similar to those observed in
d =0.2 mm flame at the same axial position except
that the flame is larger. At x =0.1 mm, the mean
temperatures at the jet centerline (7T=784 K)
and within the reaction zone (T =17T80K) are
higher than those of the d =0.2 mm flame. The
higher centerline temperature indicates significant
heat loss from the flame to the entrained ambient
air and the tube. The calculated heat transfer rate
from the tube to the hydrogen jet is 111 W, and
the amount of heat required to raise H, tempera-
ture to 784 K is 0.543 W. Again, most of the heat
is dissipated by conduction through the tube, not
to initiate reaction at the nozzlke outlet. Preheating
of the entrained ambient air results in higher flame
temperature and OH concentration. The OH dis-
tribution also indicates two reaction zones exist-
ing at this downstream position (Fig. 7). Overall
comparisons between the predicted and measured
data also reveal that the model predicts a broader
flame and much higher temperature as well as OH
concentration.

Several important features are identified from
the detailed measurements of microflames. The
coupled effect of air entrainment and disappear-
ance of H» near the jet exit leads to lean-burn con-
ditions for the flame (mixture fraction kss than

T 2000
®* =01 mm |

1600

1200

800

Maole F action
Tempe atu & (K)

400

i} 1 2 3 4 5
Radial {mm)

Fig. 7. Comparison of measumed mean temperature,
major species, and OH mole fraction with calculated
radial profile for 4= 048 mm flame at x =0.1 mm. (=)
T, (<) On, (O): Na (&) H20, (M) Ha, (8): OH =50,
(B2} f= 25, and (— ) calculation.

Fx 25, and (

2000

1500

Mole F action
&
a

Tempe alu & (K}

500

Radial {mm)

Fig. 8 Comparison of measured mean temperature,
major species, and OH mole fraction with calculated
radial profile for 4= 0.48 mm flame at x = | mm. (e} T,
(%) O, (O) No, (k) H:O, () Ha, (8): OH = 50, (ED):
)z calculation.

o
o
Tempe atu & (K)

Meale F action

Radial (mm}

Fig. 9 Comparison of measured mean temperature,
major species, and OH mole fraction with calculated
radial profile for 4= 0.48 mm flame at x =2 mm. (e} T,
() O, (O) No, (k) HzO, () Ha, (8): OH = 50, (ED):
Fx 25, and (—): caleulation.

0.0283). Moreover, the flame extends upstream
of the burner port, suggesting that molecular dif-
fusive-transport would dominate over the buoy-
ant effect. A simple calculation, as suggested by
Ban et al. [2], is performed to verify whether the
flames studied here are convection—diffusion or
buoyancy controlled. Ban et al. reported that the
spherical flame occurs when the ratio of the mean
exit velocity, 4, (lowrate/burner port area), to the
diffusion velocity, up = Dfip (D 1s the mass-diffu-
sion coefficient, and [p 15 a characteristic diffusion
length in the flame), is less than 5 (Pe=u/
tup = udp/D) for the C; class hydrocarbon fuel.
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Table 1
Summary of calculated flame characteristics and
properties

Burner diameter (mmj) 0.20 048

1, (mis) 16.48 7.16

Re 30 30

Fr 139 % 10° 1.09x 104
Tnes (K 1786 1879

{p (m) 26310 93 10"

D (m3s) 6.02 %1074 6.49x 1074
1y, (mis) 2.32 721

to (s) lLizx1o? 125% 1077
Pe 7 1

For the present hydrogen flames, /p 15 defined as
the characteristic diffusion length from the inner
tube wall to the first OH peak from the jet cen-
terline at x= 0.1 mm {Figs. 4 and 7). The charac-
teristic diffusion time, p, i1s the ratio of /p to up.
The calculated characteristic features and proper-
ties are summarized in Table 1. The calculated
results indicate that the buoyancy effect is insig-
nificant compared to the momentum of jet, due
to large Fr in these flames. Also, the flames are
convection—diffusion controlled because of low
Peclet number. It is noted that the value of Pe
for the spherical flame (d=0.2mm) is seven
times larger than that of an egg-shaped flame
(@ =0.48 mm). This fact suggests that the effect
of Pe on the flame shape is insignificant as the
flame 15 m the convection—diffusion controlled
regime.

5. Conclusions

Characteristics of microscale hydrogen diffu-
sion flames produced from sub-millimeter diame-
ter (d=0.2 and 048 mm) tubes are investigated
using non-intrusive UV Raman scattering coupled
with LIPF technique. Simultaneous, temporally
and spatially resolved point measurements of tem-
perature, major species concenirations (g, Na,
H-0, and H2), and absolute hydroxyl radical con-
centration (OQOH) are made in the microfiames for
the first time. In addition, photographs and 2-D
OH imaging techniques are employed to illustrate
the flame shapes and reaction zones. Photographs
show that both flames are egg-shaped. However,
qualitatrve 2-D OH imaging indicates that a
spherical flame is formed with a radius of about
| mm as the tube diameter 1s reduced to 0.2 mm.
Raman/LIPF measurements show that ambient
air leaks into the flames, and no H:; molecules
are detected at x = 0.1 mm. The coupled effect of
ambient air leakage and pre-heating enhanced
thermal diffusion of H leads to lean-burn condi-
tions for the flame. Farther downstream (x =1
and 2mm), the temperature profiles become
bell-shaped. The calculated characteristic features

Jaya (CE) / Jayanthi (TE)

and properties indicate that the buoyancy effect is
insignificant while the flames are in the convec-
tion—diffusion controlled regime because of low
Peclet numbers. Also, the effect of Pe on the flame
shape is insignificant as the flame is in the convec-
tion—diffusion controlled regime. Comparisons be-
tween the predicted and measured data indicate
that the trends of temperature, major species,
and OH distributions are properly modeled. How-
ever, the code does not properly predict the air
entrainment and pre-heating enhanced thermal-
diffusive effects. The inability of the numerical
simulations to correctly predict flame structure
in diffusion H> microflames, where air entrain-
ment and thermal-diffusive effects are dominant,
suggests that a more detailed investigation of the
chemical kinetic mechanism and molecular trans-
port data is warranted.
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